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Abstract

Bottle Micro-Resonator Engineering with Surface Nanoscale Axial Photonics

Whispering gallery mode (WGM) micro-resonators have attracted significant attention

in recent years due to their diverse applications in sensing, optical communications,

and frequency comb generation. The Surface Nanoscale Axial Photonics (SNAP) plat-

form has risen as a notable technique for creating photonic structures with ultra-low

loss, characterized by extraordinary precision to the tune of 0.1 angstroms. This thesis

presents two novel and complementary approaches for fabricating WGM-based bottle

micro-resonators.

The first approach involves a permanent deformation method, wherein SNAP micro-

resonators are fabricated using a heat treatment process with a butane flame. The sec-

ond approach introduces a reversible deformation technique based on elastic bending,

offering tunability and adaptability for various applications. The non-disruptive nature

of this second method allows for its integration with other fabrication techniques. Both

methods provide angstrom-precise control over fabrication, resulting in stable and high-

quality bottle resonators.

We thoroughly investigate and experimentally validate these fabrication approaches,

demonstrating high fabrication precision and quality factors. A comparison of the

advantages and limitations of each method contributes to a deeper understanding of

SNAP-based micro-resonator fabrication and paves the way for future advancements in

the rapidly evolving field of photonics.

Keywords— Photonics - Bottle resonator - Tunability
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1 | Introduction

1.1 Motivation

Why photonics?

In our ever-evolving world of discovery and progress, we have come to expect

technologies to be outpaced by their cheaper, faster and more efficient successors.

Yet, photonics stands to shatter this paradigm, leveraging the unchallenged speed

of nature’s most fundamental currency for exchanging energy and information:

the photon. As the science of generating, manipulating, and detecting light, the

applications of photonics permeate every facet of our lives, spanning from com-

monplace experiences to the most cutting-edge scientific research. From agricul-

ture to art analysis, from communications and computing to sensing and medicine,

the applications of photonics are already everywhere, awaiting advancements in

standardisation and fabrication to unlock their true potential as the final frontier

of innovation.

Three main obstacles are often cited to be holding back the photonics industry:

- Integration and miniaturisation: Combining photonic parts with electronic sys-

tems and compact devices continues to be difficult. This requires innovative ap-

proaches to design, fabrication, and packaging.

- Efficiency and power consumption: Photonic devices, especially those involv-

ing active components like lasers, often have high power consumption and low

energy efficiency. Improving these factors would lead to more competitive and

environmentally friendly devices.

- Material limitations: The choice of materials used in photonic devices can im-
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pact their performance, cost, and scalability. Developing new materials and opti-

mising existing ones to overcome these limitations is an ongoing challenge.

A solution ?

To address these issues, whispering gallery mode (WGM) micro-resonators have

emerged as a prominent area of research within photonics due to their unique prop-

erties and diverse applications. WGM micro-resonators stand out by their ability

to confine light along the circumference of a dielectric structure, resulting in low

loss and high-quality factor resonances. These properties make WGM micro-

resonators highly attractive for various applications, such as frequency comb gen-

eration, a key technology for optical frequency metrology, spectroscopy, and ul-

trafast signal processing. Proposed in 2011, a SNAP resonator works by confining

light within a cylindrically symmetric dielectric structure through an effective ra-

dius variation (ERV) which is determined by multiplying the structure’s radius

with the material’s refractive index

reff(z) = r(z)n(z) (1.1)

where r represents the structure’s radius and n denotes its refractive index.

The ERVs required for efficient optical confinement are typically on the scale of

tens of nanometers and can be introduced by altering either the radius or refractive

index.

V. Vassiliev, PhD Thesis 2 Aston University 2023



The straightforward fabrication requirements and the ultra-low losses make SNAP

highly competitive.

Table 1.1: Photonics platforms comparison

Platform Illustration Loss Precision Footprint

Photonic crystals 0.01 dB/cm 10 nm 1 µm

Planar photonics 0.1 dB/cm 10 nm 100 µm

Micro resonators 0.0001 dB/cm 100 nm 10 µm

SNAP 0.0001 dB/cm 0.1 nm 10 µm

Why bottle resonators ?

Bottle micro-resonators, a specific type of WGM micro-resonator, have gained

considerable interest because they offer unique advantages over other micro-resonator

geometries. Their axial light confinement allows for highly sensitive and selective

mode coupling, essential for frequency comb generation and sensing applications.

However, the fabrication of high-quality bottle micro-resonators with the required

precision and control remains a challenge, necessitating the development of ad-

vanced fabrication methods.

fabrication challenge

The Surface Nanoscale Axial Photonics (SNAP) platform has emerged as a promis-

ing solution. SNAP allows for the creation of ultralow loss photonic structures

with unprecedented precision on the order of 0.1 angstroms. The platform relies
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on the precise manipulation of the axial geometry of optical fibres, enabling the

fabrication of micro-resonators with exceptional performance characteristics. By

harnessing the potential of the SNAP platform, researchers can push the bound-

aries of micro-resonator engineering and unlock new possibilities in photonics

applications.

Our solution

We present two novel fabrication methods for WGM-based bottle micro-resonators

using the SNAP platform. The first approach involves a permanent deformation

method, where SNAP micro-resonators are fabricated through a heat treatment

process using a butane flame. The second approach introduces a reversible de-

formation based on elastic bending providing tunability and adaptability. The

non-destructive nature of this method enables its use in combination with other

fabrication techniques, further expanding the potential of SNAP-based micro-

resonator engineering. Both ways create stable, high-quality bottle resonators

with Angstrom-precise control over fabrication processes.

What impact ?

The development and investigation of these two fabrication methods represent a

significant contribution to the field of photonics and pave the way for future ad-

vancements in the rapidly evolving domain of micro-resonator technology. By

exploring the capabilities of the SNAP platform for bottle micro-resonator fabri-

cation, this research aims to advance our understanding of WGM micro-resonator

engineering and expand the potential applications of these versatile devices in

sensing, optical communications, and photonic devices.
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1.2 Aim and Objectives

This thesis aims to establish a framework for fabricating WGM-based bottle micro-

resonators using the SNAP platform. The specific objectives are:

a. Develop a permanent deformation method for fabricating SNAP micro-resonators

using a heat treatment process with a butane flame.

b. Introduce a reversible deformation technique based on elastic bending for tun-

ability and adaptability in various applications.

c. Investigate both fabrication methods’ advantages, limitations, and potential

applications.

d. Advance our understanding of WGM micro-resonator engineering and expand

the potential applications of these versatile devices in sensing, optical communi-

cations, and photonic devices.
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1.3 Thesis Outline

This thesis explores innovative fabrication techniques within Surface Nanoscale

Axial Photonics (SNAP) for engineering high-precision Whispering Gallery Mode

(WGM) micro-resonators, offering significant advancements for photonics appli-

cations. The thesis is organized as follows:

Chapter 1 — Introduction

This chapter provides an overview of photonics, WGM micro-resonators,

and the motivation behind the research. The aim and objectives of the thesis

are also presented.

Chapter 2 — SNAP Platform

This chapter provides a comprehensive overview of the Surface Nanoscale

Axial Photonics (SNAP) platform, detailing its foundational principles, in-

cluding total internal reflection, evanescent fields, and frustrated total in-

ternal reflection. It introduces SNAP resonators, emphasizing their signif-

icance in photonics, and elaborates on the methods and theoretical under-

pinnings necessary for SNAP device fabrication and characterization.

Chapter 3 — Method 1 - Thermal Sculpting

The focus is on a novel method for fabricating whispering gallery mode

(WGM) micro-resonators using thermal sculpting. This approach employs

heat treatment to induce permanent deformation in SNAP micro-resonators,

highlighting the precision and quality achieved in resonator construction.

The chapter outlines the experimental setup, fabrication processes, and char-

acterizes the resonators, discussing the implications of this method on the

field of photonics.
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Chapter 4 — Method 2 - Side-coupled Optical Fibres

This chapter introduces a second innovative fabrication technique using

side-coupled optical fibers for reversible deformation, offering tunability

and adaptability in various applications. It covers the significance of this

method, experimental results, and provides a thorough comparison with ex-

isting techniques, demonstrating the advantages of side-coupled fibers in

the fabrication of SNAP devices.

Chapter 5 — Conclusions

The concluding chapter summarizes the achievements and methodologies

presented in the thesis, discusses significant discoveries, and outlines future

directions in SNAP fabrication techniques. It explores the potential appli-

cations of WGM micro-resonators in sensing, optical communications, and

highlights the impact of novel fabrication techniques on the field of photon-

ics.
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2 | SNAP platform

This chapter presents the SNAP platform and the required concepts for the ex-

perimental studies and findings discussed in subsequent chapters. After a concise

introduction to the fundamental principles of evanescent coupling, the WGM res-

onators and how the platform combines the two, we delve into the theoretical as-

pects of light propagation in cylindrical step-profile structures, drawing parallels

to Quantum Mechanics, and elaborate on light behaviour within SNAP resonators

and prevalent fabrication techniques. Lastly, we touch upon SNAP spectrograms,

an efficient data display method in SNAP.

2.1 TIR-related effects in SNAP

People are often familiar with total internal reflection (TIR) as an essential phe-

nomenon for guiding waves. Yet, there’s more to it, with related phenomena that

are just as important. More than just intriguing theory, these phenomena sit at

the core of the Surface Nanoscale Axial Photonics (SNAP) platform and play a

critical role in my research. In particular, the concept of frustrated TIR and the

evanescent field. They are essential tools in our understanding and application of

light within SNAP.

2.1.1 Total internal reflection

Total Internal Reflection (TIR) plays a vital role in optical fibres and resonators.

In optical fibres, it allows light to be confined within the fibre core, effectively

guiding it along the fibre’s length while minimising attenuation. For resonators,

TIR is crucial for sustaining high-quality resonances. When light is trapped within

resonant cavities, such as in whispering gallery mode (WGM) microresonators, it
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ensures that the light circulates multiple times within the cavity. TIR is a special

case of the law of refraction.

sin(θ1)

sin(θ2)
=
v1
v2

=
n2

n1

(2.1)

Total reflection occurs when a wave passes to a medium that allows a higher phase

velocity v2. As per the law, the beam is expected to refract at an angle θ2 larger

than its incident angle, θ1. Consequently, for a range of incident angles exceeding

a critical angle θc, the beam would have to refract at an angle greater than 90◦.

θc = arcsin(
n1

n2

) (2.2)

In such a scenario, refraction does not occur, and the partial reflection at the inter-

face of the two mediums becomes total. In standard optical fibres, light is guided

along the fibre’s axis via total internal reflection at the core-cladding interface.

This is made possible by a higher refractive index of the core than the cladding,

which confines the light within the core and facilitates its propagation over large

distances with minimal loss.

In contrast, the SNAP platform employs a significantly different approach. Here,

light travels within the cladding of the fibre, tracing a circular path thanks to total

internal reflection at the cladding-air interface. This unique light path, unlike the

linear one in traditional fibres, gives rise to a standing wave pattern known as a

Whispering Gallery Mode (WGM). We discuss the SNAP setup and its unique

opportunities for photonics applications later in this dissertation.
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Figure 2.1: (a) The reflection and refraction at the interface between a high refrac-
tive index core and a lower refractive index cladding. Four distinct incident angles
θ are shown. (b) Light beam’s propagation within the core of an optical fibre, un-
dergoing a series of TIR events as it travels along the fibre. (c) Cross-sectional
view of an optical fibre with the light beam circulating around the cladding-air
interface. As the beam encounters the cladding-air interface with an even lower
refractive index, it experiences TIR, resulting in the formation of WGMs. (d) Al-
ternative perspective of the WGMs within the optical fibre in (c).

2.1.2 Evanescent field

Although total internal reflection implies no continuous power flow across the

interface between the two media, an evanescent wave is carried by the external

medium, traveling along the interface with an amplitude that decreases exponen-

tially as it moves away from the interface.

This possibly prompts questions regarding the distribution of energy among the

incident beam, reflected beam, and evanescent waves present in the region be-

yond the interface. If all the light undergoes reflection at the interface, what en-

ergy source forms the electromagnetic fields in the region immediately adjacent
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to it? To address this, one must distinguish between two states of the system: the

transient state and the steady state. The transient state arises immediately after

the initiation of the light source. During this phase, a portion of the incident en-

ergy contributes to the formation of the evanescent waves, which are established

promptly and persist as long as the system remains undisturbed.

Subsequently, the system enters the steady state, where the waves have fully prop-

agated. In this state, if we were to calculate the perpendicular component of the

Poynting vector for the evanescent field, we would observe that the electric and

magnetic components are out of phase by 90 degrees. This phase difference results

in zero energy being carried away from the interface by the evanescent waves.

In the context of the Surface Nanoscale Axial Photonics (SNAP) platform, both

the launch and sensing of light within the resonator are achieved through evanes-

cent coupling, a mechanism that prominently features the evanescent field. This

field is generated when a tapered fibre, a fibre whose diameter has been strate-

gically reduced, is connected to a light source. The tapered design enables the

establishment of an evanescent field, an electromagnetic field that decays expo-

nentially with distance from the fibre’s surface. This field envelopes the tapered

region of the fibre and plays an instrumental role in the evanescent coupling pro-

cess, providing the necessary medium for light interaction. Thus, in the SNAP

platform, the evanescent field is not merely a byproduct of TIR; rather, it forms

the backbone of the system’s light manipulation capabilities, paving the way for

sophisticated photonics applications.

The tapering technique is quite simple for a standard 125um commercial optical

fibre. This process involves applying heat to an uncoated section of an optical

fibre, typically raising the temperature to around 1400 degrees Celsius. This ap-

plication of heat renders the fibre malleable and primed for shaping. Following the
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heating phase, force is gently applied to each end of the fibre, inducing a gradual

tapering.

As the fibre is drawn out and its diameter decreases, a narrowed ’waist’ forms.

This tapered region has both core and cladding considerably thinner than the orig-

inal fibre and can now facilitate the evanescent field, setting the stage for effective

evanescent coupling. The precise control over the tapering process allows us to

tailor the properties of the evanescent field, and by extension, the performance of

the SNAP platform, to specific applications.

Figure 2.2: Tapering process and outcome. (a) Depicts the tapering process,
where a compact fibre furnace is utilized to heat a specific portion of the opti-
cal fibre, rendering it malleable. Force is applied to either end of the fibre to
instigate gradual tapering. (b) Displays the result of the tapering process: a fibre
featuring a distinct tapered region, the critical site for generating and maintaining
the evanescent field.

In a tapered optical fiber, the evanescent field originates from the principles of total

internal reflection and changes in optical waveguide modes. Light introduced into

the fiber propagates within the core due to the refractive index difference between

the core and the cladding. As the fiber tapers, decreasing the diameter of both the

core and cladding, guided light modes can extend into the cladding, forming an

evanescent wave that decays exponentially with distance from the fiber surface.
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This phenomenon, determined by taper geometry and refractive index contrasts,

creates an evanescent field sensitive to changes in the surrounding medium’s re-

fractive index, a characteristic exploited in various applications such as refractive

index sensors and optical tweezers.

Figure 2.3: Evanescent Field in a Tapered Fibre. The figure provides a cross-
sectional depiction of a tapered optical fibre. The oscillatory light modes within
the fibre core and cladding are visible, illustrating how these guided modes extend
to form an evanescent field around the taper. This evanescent field, represented in
red, decays exponentially beyond the fibre boundary, this results from the wave
nature of light and the changing refractive index contrast from core to cladding
and surrounding medium.

2.1.3 Frustrated TIR

Total reflection is indeed complete if the external medium is lossless, continuous,

and infinitely extensive; however, it can be noticeably less than total if the evanes-

cent wave is absorbed by a lossy external medium or redirected by the external
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medium’s outer boundary or objects within it.

Frustrated Total Internal Reflection (FTIR) is a phenomenon that occurs when a

wave travelling in a medium encounters a boundary with a second medium of

lower refractive index, and a third medium with higher refractive index is placed

very close to the boundary.

In typical Total Internal Reflection (TIR), if the angle of incidence of light ex-

ceeds the critical angle (determined by the refractive indices of the two media),

the light is completely reflected back into the first medium, with an evanescent

wave present at the boundary. However, when a third medium with a higher re-

fractive index is brought close to this boundary (within the range of the evanescent

wave), the "total" internal reflection can become "frustrated."

The evanescent wave, which usually decays rapidly with distance from the bound-

ary, can now "tunnel" into the third medium. This phenomenon is called "tunnel-

ing" because the light seems to bypass or tunnel through the second medium (the

barrier) into the third medium. This is akin to some of the energy "leaking" into

the third medium, which is usually observed as a transmitted beam in that medium.

FTIR is a critical principle behind many technologies, including certain types of

sensors, thin-film optics, and even some touch-screen technologies.
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Figure 2.4: (a) Illustrates total internal reflection (TIR) within a prism, where
an incident light ray is fully internally reflected due to its angle of incidence.(b)
Depicts frustrated TIR in the presence of a second prism. Instead of complete
reflection, some light tunnels into the adjacent prism, disrupting the typical TIR
behavior.
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In a distinct scenario of frustrated TIR, one doesn’t merely observe diminished

reflection but rather a complete absence of it. This phenomenon hinges on two

factors: the precise distance between the prisms and the frequency of the incoming

light. Let’s consider a textbook example of this phenomenon. Glass hemispheres

have replaced the prisms to let the angle of incidence vary. The width ∆ of the air

gap is also variable.

Figure 2.5: Two glass hemispheres with an intervening air space can serve as a
model to illustrate frustrated TIR. A consistent light beam targets the top hemi-
sphere’s center at an angle θ. The distance ∆ of this air gap can be modified.

In the figure, the distinctions between s and p polarizations are crucial. The re-

flection coefficients for these polarizations differ, especially near Brewster’s angle

where p-polarized light shows no reflection, unlike s-polarized. Additionally, dur-

ing total internal reflection, their phase changes vary. This discrepancy is particu-

larly significant near critical angles and in studies like interferometry and evanes-

cent waves. Thus, distinguishing them offers a clearer picture of the underlying

optics.
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The subsequent figure presents calculated graphs comparing amplitude reflection

coefficients |rp| and |rs| against the angle of incidence θ, considering three sepa-

rate values of ∆.

Figure 2.6: The figure displays calculated amplitude reflection coefficients, |rp|
and |rs|, corresponding to p- and s-polarized illumination within the setup shown
in Figure 27.5. The hemispheres possess a refractive index n = 1.65. The em-
ployed beam has a wavelength λ= 650 nm, and the air gap widths are set at (a)
100 nm, (b) 300 nm, and (c) 400 nm. Courtesy of [1]

For the given values of ∆ at 100 and 300, the reflection coefficient’s change with

θ is as anticipated. With the perpendicular polarization, the reflection gradually

rises as the angle of incidence increases. The parallel polarization shows a similar

pattern, but notably, there’s no reflection around Brewster’s angle.

However for ∆ set at 400, there’s a stark contrast from the expected smooth

change. Notably, when θ is 20.7, both rp and rs drop to zero. This anomaly

is the special case of frustrated TIR we are interested in, when the thickness of

a transparent layer coincides exactly with an integer multiple of half the light’s

wavelength, its influence on the interplay of multiple beams is neutralized, essen-

tially rendering the layer non-contributive to the optical behavior.
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Frustrated Total Internal Reflection (TIR) plays a pivotal role in manipulating light

propagation. The SNAP platform uses it to channel light from a tapered fiber

directly into its resonators, enhancing the overall efficiency of the setup.

Figure 2.7: (a) Side view of a tapered fiber aligned to excite whispering gallery
modes in an untapered fiber. (b) Front view of the same arrangement where the
tapered fiber is now connected to a light source. The trajectory of the light is
illustrated with red arrows, indicating its path through the system.

2.2 SNAP resonators

So we have created light waves that circulate or "whisper" around the fibre’s cylin-

drical structure’s periphery with 125 µm of outer diameter. In this Whispering

gallery mode (WGM) the light is largely confined close to the external circumfer-

ence or boundary of the fiber’s cladding.
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However, commercial fibers are designed to guide light longitudinally down their

length so while there’s strong confinement radially due to the cladding-air refrac-

tive index difference, there’s no inherent mechanism in a straight fiber to confine

the light axially. Therefore, the light spreads out along the fiber’s axis, potentially

diminishing the WGM properties we’re trying to explore.

Here’s where innovation and technique come into play. To create a resonator effect

in a fiber, we must introduce feedback mechanisms to confine the light axially.

2.2.1 Localizing the Light to Form a Resonator

Some natural ideas to restrict light along the axial direction can be:

Loop Resonator: bending the fiber into a loop and coupling light back into the

same fiber. If done precisely, this can lead to the formation of a resonant cavity.

External Reflectors: Using external mirrors or other reflective surfaces at specific

positions along the fiber can help create a localized resonant cavity.

External Mechanisms: Wrapping the fiber around a dielectric or introducing a

medium with a different refractive index around specific sections of the cladding

can alter the total internal reflection conditions and can be used to introduce reso-

nances or localize the cladding modes.

Refractive Index Perturbations: Just as with Fiber Bragg Gratings for core modes,

introducing periodic refractive index variations in the cladding might be a way to

reflect certain wavelengths of WGMs, thereby creating a resonant structure. This

is more challenging to implement than standard FBGs.

Following the refractive index variation idea lead to a method that stood out by its

implementation simplicity and precision.
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2.2.2 Axial localisation by effective radius variation

The resonance conditions of WGMs are intricately tied to the radius of curvature

and the refractive index of the medium they propagate through. Consequently, tiny

changes in either the radius or the refractive index can lead to significant shifts in

the resonance frequencies of these modes. From the perspective of the WGMs,

radius variations and refractive index changes can be perceived interchangeably

in terms of their effect on the light’s propagation conditions.

This has led to conceptualising an "effective radius variation," which combines the

individual contributions from radius and refractive index variations. Considering

this parameter, one can design and control resonant structures with impressive

precision, enabling light confinement axially with effective radius variations on

the scale of mere angstroms. This sensitivity highlights the precision and control

WGM-based systems offer and underpins their potential for ultra-sensitive sensing

and detection applications.

Taking into account the variation of the effective radius with respect to z, the

effective refractive index can be expressed as:

∆reff(z) = r0nf (z) + nf0∆r(z) (2.3)

In typical optical fibres, the light of wavelength λ travels along the fibre’s core

and the propagation constant for this light is:

β0(λ) =
2πnf0

λ
(2.4)

However, due to this direction of light propagation in SNAP, the axial progression

is inherently sluggish ( β << β0(λ)) and restricted to the region of the radius
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variation.

Figure 2.8: Illustration of ERV localisation. On the left, (a) provides a side profile
of a 125 µm diameter fiber with a perfectly flat surface spanning 1 mm. Directly
beneath it, (b) illustrates the SNAP setup exciting WGMs in the fiber from (a)
without any axial localization. (c) shows a fiber surface with a distinct effective
radius variation structure. Its counterpart, (d), displays the result of this structural
change, showing clear axial localization.

2.3 Characterisation in SNAP

In the study of SNAP resonators, it is essential to utilize effective tools for precise

characterization. Among these, the SNAP spectrogram stands out as a fundamen-

tal instrument. This plot maps the resonant frequencies within a SNAP bottle

resonator to specific positions along its primary axis, providing a comprehensive

view of the resonator’s behaviour. In this section, we will explain how it is built.

2.3.1 Evanescent Spectroscopy

Unlike the example with prisms, achieving efficient coupling between a tapered

fiber and a resonator can be challenging and often requires careful experimental
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alignment and precise control over the resonator and fiber properties. However,

once optimized, this approach offers a powerful method for interrogating and con-

trolling resonator properties. The main parameters for a good evanescent coupling

are:

Resonance Condition: An optical resonator can only support specific frequencies

of light known as its resonance frequencies. The physical and geometrical proper-

ties of the resonator determine these resonance frequencies. If the light launched

from the tapered fiber has a frequency matching one of these resonance frequen-

cies, it will couple into the resonator. If not, it will largely continue its path in the

fiber.

Phase matching: It coordinates the phase velocities of the modes in the resonator

and the tapered fiber for effective evanescent coupling. If the modes are not phase-

matched, the efficient coupling will not take place even with the resonance condi-

tion respected.

Polarisation Dependence: The modes supported by optical resonators and fibers

are typically polarisation-dependent. This means that the orientation of the elec-

tric field of the incoming light (i.e., its polarisation) has to match the orientation

of the mode it’s trying to excite in the resonator. If the polarisation of the incom-

ing light doesn’t match the polarisation of any of the resonator’s modes, the light

won’t couple effectively into the resonator.

Spatial Mode Matching: Beyond just the frequency and polarization, the spatial

profile (or mode shape) of the light in the tapered fiber must also match the spatial

profile of the modes in the resonator. The tapering process can help with this,

by allowing for a transformation of the mode profile as it moves down the taper,

potentially matching the profile of one of the resonator’s modes.

Coupling Strength: The evanescent field of the light in the tapered fiber needs to
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overlap with the evanescent field of the resonator modes. This overlap is typically

stronger when the tapered fiber is closer to the resonator. If the fiber is too far

from the resonator, even light at the correct frequency and polarization might not

couple into the resonator efficiently.

External Perturbations: Any external factors that alter the properties of the res-

onator or the fiber can affect the coupling efficiency. This includes temperature

fluctuations, mechanical vibrations, or other environmental factors.

Depending on all these criteria, when light is launched into the tapered fiber, it

either couples into the resonator or continues through the tapered fiber. Placing a

detector at the output of the tapered fiber provides an invaluable tool for charac-

terizing the interaction between the light and the resonator.

By comparing the source data (input light) with the detector data (output light)

with and without coupling to a resonator, one can ascertain the amount of light

removed due to coupling into the resonator. This drop in intensity at specific fre-

quencies indicates the resonance frequencies of the resonator. Moreover, by ana-

lyzing the polarization state and phase of the output light, one can deduce the res-

onator’s polarization dependence and phase-matching conditions. The linewidth

and depth of the resonances give information about the resonator’s quality factor

(Q-factor) and its internal losses.

Any dynamic changes or shifts in the resonance frequencies can also indicate ex-

ternal perturbations or intrinsic properties of the resonator, such as thermal effects

or nonlinear interactions. Thus, a comprehensive understanding of the resonator’s

properties and interaction with light can be obtained by carefully comparing the

source and detector data.
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2.3.2 LUNA optical vector analyser

The primary instrument facilitating this characterization technique in my research

is the Luna OVA 5100, which integrates a source, detector, and analysis software.

It is particularly suitable for the burgeoning fields of silicon photonics and other

integrated photonics devices, as it offers both high resolution and rapid device

characterization.

The OVA uses an interferometric method, offering thorough analyses with a sin-

gle scan, allowing for simultaneous loss, polarization, dispersion, phase, and time

domain response measurements. This approach facilitates the direct measurement

of the linear transfer function, or the Jones Matrix, capturing its four complex

elements across every wavelength under examination. Drawing from this rich

dataset, the system extracts all standard linear parameter measurements, encom-

passing Insertion Loss, Return Loss, Group Delay, Chromatic Dispersion, Polar-

ization Mode Dispersion, and Polarization Dependent Loss.

Figure 2.9: An image of the Luna OVA device next to a laptop displaying its
analysis software interface.
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2.3.3 Insertion Loss

For resonator engineering, Insertion Loss (IL) is the most pivotal parameter mea-

sured by the LUNA optical spectrum analyzer, as it directly gives a fundamental

benchmark for the resonator’s overall performance. It provides insight into the

efficiency and quality of light coupling between the input and output of the res-

onator. By studying the wavelength dependence of the IL, one can discern reso-

nance conditions, mode profiles, and other critical parameters.

Insertion loss refers to the reduction in power intensity (attenuation) of an optical

signal when it passes through a device or component in an optical system, such as

a coupler, splitter, connector, or any other integrated optical device. It is generally

expressed in decibels (dB) and represents the logarithmic ratio between the input

power (Pin) and the output power (Pout) of the device or component. The formula

to calculate insertion loss in dB is:

IL(dB) = 10× log10

(
Pin

Pout

)
(2.5)

A higher insertion loss indicates that more optical power is lost (or absorbed,

scattered, etc.) as the signal traverses the device or component. In fibre optic

communications and photonics, it’s preferable to have members with low insertion

loss to ensure efficient transmission and minimal signal degradation.

In the context of SNAP, peaks in insertion loss adopt a unique significance, pro-

viding insights into the resonator’s behaviour. Since we monitor the insertion loss

of the taper used to launch light inside the resonator, a noticeable dip in intensity

at particular frequencies signifies the resonance frequencies of the resonator.
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Figure 2.10: SNAP spectroscopy and corresponding Insertion Loss. (a) Illustra-
tion depicting a SNAP scan with the taper precisely positioned at z = 0.1mm along
the fibre axis. (b) Insertion loss plot within the wavelength range of 1552.35 nm
to 1552.50 nm, corresponding to the taper position shown in (a).

The spike in the insertion loss at 1552.38 nm tells us the resonator’s resonance fre-

quency, which relates to a whispering gallery mode. By looking at how wide and

deep these spikes are, we can learn about the quality (Q-factor) of the resonator

and how much light it might be losing internally.
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2.3.3.1 Quality factor

The Q-factor is one of the valuable insights the resonance modes provide in the

insertion loss diagram. A resonator’s Q-factor, or quality factor, describes how

"sharp" or "selective" its resonance is, with a higher Q-factor indicating a sharper

resonance. The Q-factor can be determined for optical resonators using a res-

onance mode’s Full Width Half Maximum (FWHM). The formula to derive the

Q-factor from the FWHM in wavelength terms is:

Q =
λ0
∆λ

(2.6)

λ0 is the resonant wavelength. ∆λ is the FWHM of the resonance in wavelength

units.

Figure 2.11: Visualization of resonant wavelength and Full Width Half Maximum

In essence, the Q-factor represents the ratio of the resonant frequency to the band-

width (FWHM) of the resonance. A high Q-factor indicates that the resonance is

narrow compared to its central frequency, which typically signifies a low loss in

the resonator and a more robust internal field [6].
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The Q-factor is directly linked to the mode’s decay duration in an optical reso-

nance system. This duration is inversely associated with external and internal loss

rates [7]. External losses arise from light being coupled out:

Qext =
2πN

K
(2.7)

K is the coupling coefficient, and N is the mode number. When a single-mode

waveguide is linked with the microcavity, enhancing the coupling decreases the

quality factor [8]. We can write the Q factor as a sum of these components :

1

Q
=
∑(

1

Qint
+

1

Qcoupling

)
(2.8)

The intrinsic Q factor can be decomposed in the following contributions [9]:

1

Qint
=

1

Qmaterial
+

1

Qradiation
+

1

Qscattering
+

1

Qcontaminant
(2.9)

Qmaterial is the material loss, Qradiation the radiation loss, Qscattering the surface scat-

tering loss, and Qcontaminant the contaminant loss.

Besides Qmaterial, all other Q-factor components can be optimized during fabrica-

tion.

Radiation loss is attributed to the internal field curvature of the cavity, but this can

be alleviated by enlarging the microcavity. The quality of the surface primarily

influences surface scattering loss. Utilizing the surface tension properties of silica

optical fibres, the SNAP platform ensures smoother surfaces for the microres-

onators, thereby minimizing this loss. Contaminant loss stems from the presence

of surface impurities or the uptake of contaminants. By crafting microcavities in
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ultra-clean settings, this loss can be significantly reduced.

On the other hand, material absorption loss is mainly influenced by the microcav-

ity’s refractive index and wavelength [3]:

Qmaterial =
2πn

αλ
(2.10)

Here, the attenuation coefficient is α, n the refractive index, λ is the resonant

wavelength. In this context, choosing a suitable wavelength is more important to

reduce the loss and increase the quality factor.

For silica fibres like the one I used, the lowest attenuation is around the 1550 nm

wavelength (4.6× 10−6cm−1 [10] ).

2.3.3.2 WGM Spectral Shift

Another valuable information that the insertion loss diagram can provide is related

to the spectral shift of the resonant modes. A whispering gallery mode (WGM)

resonator exhibits a high degree of sensitivity to changes in its surrounding refrac-

tive index and variations in its radius due to its unique ability to trap light along

the periphery of a circular structure.

Alterations in the refractive index or the resonator’s radius can modify the optical

path length for the confined photons. This affects the phase condition required for

resonant modes, pivotal for the waves’ constructive interference. Consequently,

both these changes lead to shifts in the resonant wavelength of the WGM. Specif-

ically, an increase in either the refractive index or the radius generally results in

a redshift (toward longer wavelengths), whereas a decrease induces a blueshift

(toward shorter wavelengths).
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The refractive index and radius influence the spectral position of the WGM [11]:

mλ = 2πrneff (2.11)

m represents an integer corresponding to the azimuthal quantum number, while λ

denotes the resonant wavelength, r is the radius, and neff is the effective refractive

index experienced by the WGMs.

Figure 2.12: (a) Resonant wavelength spectral position for neff1. (b) Resonant
wavelength following an increase in refractive index to neff2, exhibiting a redshift
relative to (a).

Such shifts make WGM resonators invaluable for sensing applications, where

even minuscule environmental changes or specific molecular interactions can be

discerned by observing the consequent wavelength shifts, but they also hold sig-

nificance for designing SNAP microresonators.

By leveraging this sensitivity, one can achieve a meticulously detailed effective

refractive index or compelling radius variation profile, which is essential for fine-

tuning the resonance properties of these devices.
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2.3.3.3 Free spectral range

Lastly, another critical information that can be obtained from the insertion loss

diagrams is the Free Spectral Range (FSR) which denotes an optical resonator’s

frequency difference between two consecutive, same-order resonance peaks λm

and λm+1. It represents a complete light round-trip within the resonator.

The Free Spectral Range (FSR) in terms of wavelength for a round-trip optical

path length L and refractive index n is given by:

FSRλ =
λ2

nL
(2.12)

For a circular resonator, where L = 2πr, the equation becomes:

FSRλ =
λ2

2πnr
(2.13)

In terms of frequency, FSRν , the formula is:

FSRν =
c

nL
(2.14)

Where c is the speed of light.

The FSR’s value is dictated by the resonator’s size and refractive index, with

smaller resonators having a larger FSR. It’s a pivotal concept in optical communi-

cations, influencing filtering and wavelength division multiplexing.
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2.3.4 SNAP spectrograms

SNAP spectrograms represent an advanced step in understanding fiber resonances.

These spectrograms reveal the effective radius variation over a specific fibre sec-

tion by sequentially capturing insertion loss diagrams at consistent intervals along

the fiber axis. Additionally, they spotlight the resonant modes of any underlying

resonator, allowing for a detailed spatial and spectral analysis of the system. This

methodology provides a broad overview and fine-tuned insight into the fibre’s

characteristics and resonant structures.

While there are more direct methods to obtain a profile of the surface, such as

atomic force microscopy (AFM), transmission electron microscopy (TEM), or

scanning electron microscopy (SEM), these are technically challenging to imple-

ment due to the cylindrical geometry of microfibers. Moreover, these methods

don’t capture potential changes in the refractive index, which can be crucial for

comprehensive characterization.

In this work, our primary focus is on spatial SNAP spectrograms. However, it’s

worth noting that temporal SNAP spectrograms are also a valuable tool. These

temporal spectrograms are derived from insertion loss scans taken at a consistent

spatial point but across a set time interval. Such a method holds particular value

for sensing applications, allowing real-time monitoring and detection of changes

over time.

In practice, a SNAP spectrogram requires three translation stages: one for cou-

pling engagement with the target fibre, another for axial translation along the tar-

get, and a third for vertical adjustment on the tapered fibre. I automated these

movements using a MATLAB script in our setup, only requiring the scan section

length, sample number and scan parameters as inputs (see Appendix).
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The following figure illustrates the fifth scan of a series of transmission power

scans spaced by ∆z = 0.1mm. The first scan of this series is shown in Figure

2.10. The illustration is qualitative. It highlights a higher concentration of res-

onant frequencies within the bottle resonator than its exterior shown in the first

scan.

Figure 2.13: (a) Illustration depicting a SNAP scan with the taper positioned at z
= 0.5mm along the fiber axis. (b) Insertion loss plot within the wavelength range
of 1552.35 nm to 1552.50 nm, corresponding to the taper position shown in (a).
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The upcoming figures provide a visual guide to the construction of SNAP spectro-

grams. These spectrograms are pieced together from a sequence of transmission

power diagrams, mapping out the intricacies of the resonant behaviour within the

system.

Figure 2.14: The figure provides a visual representation of how the five scans,
discussed in figures 2.10 and 2.13, are combined to assemble a spectrogram.

In this depiction, the third dimension introduced by organizing the power transfer

diagrams represents the scan number axis, which can be directly correlated to the

z position along the fibre axis, given that each scan is consistently separated by

the same ∆z step.

By enhancing the spatial sampling resolution to 2 µm and visualizing the transfer

power through a colorbar representation, we achieve the standard SNAP spectro-

gram format used for characterizing the resonators explored in this study.

V. Vassiliev, PhD Thesis 34 Aston University 2023



Figure 2.15: SNAP spectrogram in 3D. The spatial resolution of a spectrogram
can be enhanced by increasing the number of transmission power samples along
the same fibre section.

Figure 2.16: Standard SNAP spectrogram format used for characterizing the res-
onators explored in this study. The wavelength resolution is 1.4 pm, the spatial
resolution is 2 µm.
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In summary, a spatial spectrogram for a resonator provides a detailed view of the

resonator’s behavior across a spatial dimension, revealing where certain frequen-

cies or modes are most prominent and how they’re distributed across the structure.

Here’s a breakdown for a spatial spectrogram of a resonator:

Spatial Axis: The horizontal axis represents the spatial dimension, such as dis-

tance along a waveguide or position within a resonator. As we move from left

to right, we observe how the wavelengths in the resonator change over different

spatial positions.

Wavelength Axis: The vertical axis corresponds to wavelength. Certain positions

exhibit specific dominant frequencies or modes depending on the resonator’s type

and characteristics.

Transmission power: The color on the spatial spectrogram indicates the intensity

of each wavelength at a given spatial position. Brighter colours indicate areas of

higher transmission power.

Resonant Peaks: In a spatial spectrogram of a resonator, we see distinct lines

or bands at particular wavelengths. These indicate spatial regions where specific

resonant modes are most prominent.

Mode Profiles: Unlike a temporal spectrogram, which might show the evolution

of modes over time, a spatial spectrogram will give insight into the spatial mode

profiles of the resonator. These profiles can be vital for understanding the propa-

gation and distribution of light within the resonant structure.

Spatial Harmonics: Depending on the nature of the resonator and the phenomenon

being studied, one might observe repeated patterns or harmonics in your spec-

trogram, representing repeated or periodic spatial variations in the frequency re-

sponse.
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2.4 Foundations of SNAP

2.4.1 Maxwell’s equations

We turn to Maxwell’s equations to understand the theoretical propagation of an

electromagnetic wave through an optical fibre. We derive the Helmholtz equation

for wave propagation by assuming a harmonic time dependence. The solutions

to this equation give us the possible modes. In a uniform and isotropic dielec-

tric medium, and in the absence of free electric charges and currents, Maxwell’s

equations can be described as:

∇× E⃗ = −µ∂H⃗
∂t

,∇× H⃗ = ϵ
∂E⃗

∂t
(2.15)

∇ · E⃗ = 0,∇ · H⃗ = 0 (2.16)

Where µ denotes the magnetic permeability, given by µ = µrµ0, and ε represents

the electric permittivity of the material, expressed as ε = εrε0. We derive the

Helmholtz equation by assuming a harmonic time dependence for the field and

applying the curl operation :

∇2Ψ+ k2Ψ = 0, Ψ = E⃗, H⃗ (2.17)

Given that k2 = ω2µϵ and ω = kc
n

we can write :

µϵ =
n2

c2
(2.18)
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n is the refractive index.

2.4.2 Step-index Fibre

A step-index fibre is an optical waveguide with a circular and consistent cross-

sectional profile. It features a core with a uniform refractive index, ncore, encircled

by a cladding with a consistent refractive index, nclad [12]. The core has a radius

denoted by rcore.

Figure 2.17: Refractive index profile of a step-index fibe.

In waveguides devoid of free charge sources, the Helmholtz equation (∇2Ψ +

k2Ψ = 0, Ψ = E⃗, H⃗) serves as an eigenvalue problem for k, having eigen-

functions denoted as E⃗(r⃗, k⃗). These eigenfunctions are referred to as field modes.

When considering harmonic fields in free space, a time-varying solution to this

equation results in a plane wave.

E⃗(r⃗, t) = E⃗0exp
i(k⃗.r⃗−wt) (2.19)

In cylindrical coordinates (ρ, ϕ, z), the fields are characterized with z as the lon-

gitudinal propagation direction, while (ρ, ϕ) serve as the transverse coordinates.
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E(ρ, ϕ, z) = e(ρ, ϕ)expikzz, H(ρ, ϕ, z) = h(ρ, ϕ)expikzz (2.20)

kz is the propagation constant along the z axis. The gradient operator in cylin-

drical coordinates is ∇f = ∂f
∂ρ
ρ̂ + 1

ρ
∂f
∂ϕ
ϕ̂ + ∂f

∂z
ẑ. For a field propagating along

the z-axis in an optical fiber, the fiber’s inherent cylindrical symmetry enables the

representation of the Helmholtz equation as:

The Helmholtz equation in these coordinates, specifically for the radial depen-

dence, is:
∂2Ψ

∂ρ2
+

1

ρ

∂Ψ

∂ρ
+

1

ρ2
∂2Ψ

∂ϕ2
+
∂2Ψ

∂z2
+ k2Ψ = 0 (2.21)

Where: Ψ represents the field component. k is the wave number.

Due to the very slow propagation of the WGMs, the field has very little variation

along the z axis, in this approximation ∂2z = 0 and we can write :

(
∂2

∂ρ2
+

1

ρ

∂

∂ρ
+

1

ρ2
∂2

∂ϕ2
+ k2T )ez(ρ, ϕ) = 0 (2.22)

and

(
∂2

∂ρ2
+

1

ρ

∂

∂ρ
+

1

ρ2
∂2

∂ϕ2
+ k2T )hz(ρ, ϕ) = 0 (2.23)

kT is the transverse wave number in this 2D eigenvalue differential equation.

k2T = k2 − k2z = ω2µϵ(ρ⃗T ) (2.24)

Using coordinate separation: ez(ρ, ϕ) ∝ R(ρ)Φ(ϕ) and hz(ρ, ϕ) ∝ R(ρ)Φ(ϕ), we

get second order differential equations:
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(
∂2

∂ϕ2
+m2)Φ(ϕ) = 0 (2.25)

(
∂2

∂ρ2
+

1

ρ

∂

∂ρ
+ k2T − m2

ρ2
)R(ρ) = 0 (2.26)

The harmonic azimuthal independent solutions for Equation 2.25 :

Φ(ϕ) = sin(mϕ)Φ(ϕ) = cos(mϕ) (2.27)

m is an integer number that indicates the number of nodes of the field ( m ≥ 0).

In the context of cylindrical waveguides, such as the core of an optical fibre, the

radial component of Equation 2.26 can be recast in the form of Bessel’s differen-

tial equation. For any given m, with 2m signifying the number of field nodes, the

general linear solution is described by the first kind of Bessel function.

Rm
ρ<rcore(ρ) = AmJm(kTρ) (2.28)

Beyond the core, assuming cladding to be infinite kz < ncladk, the boundary con-

ditions necessitate the use of specific Bessel function combinations, often referred

to as the Hankel functions of the first and second kind.

Rm
ρ>rcore(ρ) = BmH

(1)
m (kTρ) + CmH

(2)
m (kTρ) (2.29)

with

H(1)
m (kρ) = Jm(kρ) + iYm(kρ), H

(2)
m (kρ) = Jm(kρ)− iYm(kρ) (2.30)
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Establishing the boundary conditions results in the eigenvalue equation. Each

eigenvalue specifically corresponds to a distinct radial mode number, denoted as p.

Consequently, every mode is characterized by the two mode numbers: p (the radial

mode number) and m (the azimuthal mode number). The eigenvalue equation

for HEpm, EHpm, and whispering gallery modes, which possess a propagation

constant of β and a wave number k = 2π
λ

with a radius of ρ0, is expressed as:

(F1m(U) + F2m(W ))[F1m(U) +
n2
clad

n2
core

F2m(W )] = [
mβ

kncore

]2[
V

UW
]4 (2.31)

with

F1m(x) =
1

xJm(x)

dJm(x)

dx
, F2m(x) =

1

xH
(2)
m (x)

dH
(2)
m (x)

dx
(2.32)

U and W are defined by

U = r(k2n2
core − β2)

1
2 ;W = r(k2n2

cladβ
2)

1
2 (2.33)

V is defined as V = kr(n2
clad − n2

core)
1
2 . When the propagation constant is zero,

Equation 2.31 can be separated into two distinct equations. The equation for the

TE modes is presented as:

F1m(U0) + F2m(W0) = 0 (2.34)

And for TM modes as:
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F1m(U0) +
n2
clad

n2
core

F2m(W0) = 0 (2.35)

where U0 = ncorekr, and W0 = ncladkr.

2.4.3 Quantum analogy

In this section, we explore the intersections between guided wave optics and quan-

tum mechanics, laying the groundwork for understanding the theory of SNAP.

We’ll tackle the Helmholtz equation as applied to a fibre, drawing parallels with

the Schrödinger equation. By examining the one-dimensional versions of these

equations, we aim to shed light on the inherent similarities, providing a clearer

understanding of the behaviour of light at the surface of SNAP devices.

2.4.3.1 Helmholtz equation

The general solution for waveguide modes, or the electric field in the z-direction,

is given as:

Ez(x, z) = Ez(x)e
iβz (2.36)

The function Ez(x) represents the transverse eigenfunction of the guided mode

profile moving along the z-axis within a dielectric step-index waveguide having a

core width of 2d. Within the distance range of −d to d, the refractive index is set

to n1 — corresponding to the core’s refractive index. Outside of this range, either

beyond d or below −d, the refractive index is n2, associated with the cladding.

Given this setup, the Helmholtz equation can be expressed as:

V. Vassiliev, PhD Thesis 42 Aston University 2023



[
d2

dx2
+ k2T ]Ez = [

d2

dx2
+ (k2 − k2z)]Ez,

= [
d2

dx2
+ ω2µϵ(x)− k2z ]Ez,

= [
d2

dx2
+ k20n

2(x)− k2z ]Ez = 0,

(2.37)

The eigenvalue kT is defined as k2T = k2 − k2z , representing the transverse propa-

gation constant. Here, kz is the longitudinal propagation state and |k|2 = ω2µϵ(x).

Furthermore, k20n
2 describes the cross-sectional index profile.
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Figure 2.18: Solution of the 1D Helmholtz equation within a step-index dielectric
waveguide.

There are three key observations in the depicted figure, which illustrate the solu-

tion to the one-dimensional Helmholtz equation for a step-index dielectric waveg-

uide. Firstly, only specific, discrete propagation constant (kT ) values are viable.

Secondly, higher-order modes exhibit more nodes, where Ez(x) = 0. Lastly, ex-

tended waveguides with a pronounced index contrast can support a more diverse

set of modes, particularly when considering guided modes:
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nclad < neff < ncore (2.38)

2.4.3.2 Time-independent Schrodinger equation

Conversely, the time-independent Schrödinger equation provides a solution for

the wavefunction ψ(r), associated with an eigenvalue energy E for a particle of

mass m. This is visually represented in Figure 2.19 Notably, for distances outside

the range [−d, d], the potential is V2, while within this range, it is V1. The one-

dimensional representation of the time-independent Schrödinger equation can be

expressed as:

h̄2

2m

d2Ψ

dx2
+ V (x)Ψ− EΨ = 0 (2.39)

with wavefunctions (energy eigenstates) :

U(x, t) = Ψ(x)e−iE
h̄
t (2.40)
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Figure 2.19: One-dimensional solution to the time-independent Schrödinger equa-
tion.

Given that Ψ(x) represents the time-independent wave function, a comparison

between Equations 2.37 and 2.39 reveals noteworthy parallels. Specifically, the

potential V (x) in Schrödinger’s equation mirrors −n2(x) in the Helmholtz equa-

tion. Simultaneously, the energy (or eigenvalue) E corresponds to the propa-

gation constant along the z-axis, k2z . The energy levels are quantised within a

one-dimensional potential well, signifying that only distinct energy values are per-

missible. Moreover, wave functions with higher energy exhibit increased nodes,

where ψ(x) = 0. Both the depth and width of the potential well play a role in the

number of bounded states produced. For bounded states:
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V2 < E < V1 (2.41)

The correspondence between the two equations is concisely presented in the fol-

lowing table:

Table 2.1: The guided optical waves and Quantum mechanics

Guided wave Quantum mechanics
Helmholtz equation in a waveguide:

[∇2 + k20n
2(x)− β2]Ez = 0

1D time-independent Schrödinger
equation:

−h̄2

2m

d2Ψ

dx2
+ V (x)Ψ− EΨ = 0

Ez(x): x-sectional optical mode Ψ(x): time-independent wavefunc-
tion

k20n
2(x): x-sectional index profile V (x): potential energy

β2: propagation constant E: energy (eigenvalue)
Electric field along z-direction:

Ez(x, z) = Ez(x)e
iβz

Time-dependent wavefunction:

U(x, t) = Ψ(x)e−iE
h̄
t

Discretized propagation constant -
β values

Discretized energy levels - states

Transverse standing wave for con-
fined photon

Transverse standing wave for bound
particle

Longer with higher index contrast
waveguide, contains more modes

Broader and deeper potential well
contains more bounded states

Higher order modes support more
nodes (E = 0)

Wavefunction with higher energy
supports more nodes (Ψ = 0)

Guided modes: nclad < neff < ncore Bound states: V1 < E < V2

2.4.3.3 SNAP theory

Revisiting Equation 2.21, if we take into consideration that Ψ ∝ exp(imϕ) exp(iβz)

along the azimuthal direction, then ∂2z = −β2 and 1
ρ2
∂2φ = −m2

ρ2
, with m being
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the discrete azimuthal quantum number and β as the propagation constant. With

these considerations, the equation can be recast as Bessel’s differential equation.

∂2ρΨ+
1

ρ
∂ρΨ+ (k2 − m2

ρ2
− β2)Ψ = 0 (2.42)

This forms the foundation of the Helmholtz equation in cylindrical coordinates.

With this context, we delve into the SNAP theory. Several approximations are

made for a SNAP device exhibiting nanoscale radial variations. Initially, we pos-

tulate that the field propagates within the wall of a SNAP fibre, predominantly in

the z-direction. Furthermore, we presume the absence of input or output waveg-

uides in the fibre. This means the propagating field primarily rests on the whis-

pering gallery modes (WGMs) within the wall of the SNAP fibre. These WGMs

are characterized by azimuthal quantum numberm, radial quantum number p, and

the axial quantum number q. The axial component remains consistent within the

SNAP microresonator, but its amplitude is acutely sensitive to the fibre’s bridge.

Lastly, we model light propagation as adiabatic, indicating that SNAP’s effective

radius variation is gradual, ensuring the mode shape remains undisturbed, and,

consequently, the scale of the propagating light remains consistent. In cylindrical

coordinates (z, ρ, φ), the field distribution is characterized as [13].

Empq(z, ρ, φ) = exp(±imφ)Qmp(ρ)Ψmpq(z) (2.43)

where Ψmpq(z) represents the distribution of the WGMs along the z-axis. By

integrating this expression into the Helmholtz equation, we obtain:

(∇2 + k2) exp(±imφ)Qmp(ρ)Ψmpq(z) = 0 (2.44)
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A decomposition of the transversal (x, y) and longitudinal (z) fields can be em-

ployed to simplify this equation for cylindrical waveguides. As illustrated in

Equation 2.24, the propagation constant (k) can be expressed as k2 = k2T + k2z ,

where kT and kz denote the transverse and longitudinal propagation constants re-

spectively. When accounting for a lossless wave propagating within the wall of

a fiber, kz can be approximated as β. The distinct slowness of WGMs is high-

lighted by the diminutive value of their β(z), or equivalently, by how close their

wavelength λ is to the cutoff wavelength. Despite the cutoff wavelengths of the

WGMs with exceedingly large azimuthal quantum numbers m corresponding to

zero propagation constant, β = 0, this doesn’t conflict with the widely recognized

relationship kmpnext < λ < kmpncap for small m [14]. Consequently, we can

express:

k2 = k2T + β2 (2.45)

With this, Equation 2.44 becomes :

∇2(Ψmpq(z)Qmp(ρ) exp(±imφ)) + (k2T + β2)Ψmpq(z)Qmp(ρ) exp(±imφ) = 0

(2.46)

and then :

Ψmpq(z)∇2
⊥(Qmp(ρ) exp(±imφ)) + (Qmp(ρ) exp(±imφ))

d2Ψ

dz2
,

+K2
T (Ψmpq(z)Qmp(ρ) exp(±imϕ)) + β2(Ψmpq(z)Qmp(ρ) exp(±imφ)) = 0,

(2.47)
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We can split Equation 2.47 and rewrite it as :

1

Qmp(ρ) exp(±imϕ)
[∇2

⊥(Qmp(ρ) exp(±imϕ)) +K2
T ]Ψmpq(z)

+
1

Qmp(ρ) exp(±imϕ)
[
d2

dz2
+ β2]Ψmpq(z) = 0

(2.48)

By evaluating this equation, we derive the one-dimensional Schrödinger equation

as:

d2Ψmpq

dz2
+ β2(λ, z)Ψmpq = 0, β2(λ, z) = E(λ)− V (z) (2.49)

where the effective energy, representing the proportionality to the deviation of the

wavelength from the cutoff wavelength, is determined as:

E(λ) = −k2∇λ
λ0

(2.50)

and the effective potential of the wave corresponds to the variation in both radius

and refractive index, or equivalently, the change in the effective radius. This is

expressed as:

V (z) = −2k2
[
∆r(z)

r0
+

∆n(z)

n0

]
= −2k2

[
∆reff(z)

n0r0

]
(2.51)

where k = 2πn0

λ0
.

The first-order perturbation theory can be used to derive the propagation constant

of a slow Whispering Gallery Mode (WGM) [15]. The solution of the Helmholtz

equation in an axially symmetric optical fibre in cylindrical coordinates (ρ, z, φ)

is given as in Equation 2.43, where the functionQmp(ρ, φ) satisfies the differential
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equation [14].

d2Qmp(ρ, λ)

dρ2
+

1

ρ

dQmp(ρ, λ)

dρ
+

((
2πn(ρ)

λ(z)

)2

− m2

ρ2
− β2

mp(λ)

)
Qmp(ρ, λ) = 0

(2.52)

here, the radial distribution of the refractive index is denoted n(ρ). When consid-

ering WGMs with m ≫ 1, the cutoff wavelengths λmp correspond to a vanishing

propagation constant.

βmp(λmp) = 0 (2.53)

we rewrite 2.52 as :

LQmp(ρ, λ) = β2
mp(λ)Qmp(ρ, λ) (2.54)

L =
d2

dρ2
+

1

ρ

d

dρ
+

(
2πn(ρ)

λ

)2

− m2

ρ2
(2.55)

It can be inferred from Equation 2.55 that β2
mp(ω) is the eigenvalue of the operator

L. As a result, from Equation 2.53, the functions Qmp(ρ, λmp) are the eigenfunc-

tions of the operator.

L(0)
mp =

d2

dρ2
+

1

ρ

d

dρ
+

(
2πn(ρ)

λmp

)2

− m2

ρ2
(2.56)

and possess zero eigenvalues. In this context, we focus on scenarios where the de-

viation in the cutoff wavelength, λcut
mp(z) from λ0mp, and the discrepancy between
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the radiation wavelength and its cutoff, λ − λcut
mp(z), are minimal. This condition

holds true for minor variations in radii, ∆rint(z) and ∆rext(z), and for the evanes-

cent values of Qmp(ρ, z) in proximity to the inner wall surface. Based on these

assumptions, for small βmp(λ), we obtain:

L = L(0)
mp +∆L(0)

mp (2.57)

∆L(0)
mp =

(
2πn(ρ)

λ

)2

−
(
(2πn(ρ)

λmp

)2

≈ 2(2πn(ρ))2

λ3mp

(λmp − λ) (2.58)

Using Equation 2.58, we can determine the eigenvalues β2
mp(λ) in the first order

of the perturbation theory [16].

β2
mp(λ) = ⟨Qmp(ρ, λmp)|∆L(0)

mp |Qmp(ρ, λmp)⟩

=
8π2

λ3mp

⟨Qmp(ρ, λmp)|∆L(0)
mp |Qmp(ρ, λmp)⟩ (λmp − λ)

(2.59)

where functions Qmp(ρ, λmp) are normalized, ⟨Qmp(ρ, λmp)| |Qmp(ρ, λmp)⟩ = 1.

we can disregard the contribution of evanescent parts of Qmp(ρ, λmp) in Equa-

tion (2.59) which simplifies to:

β2
mp(λ) =

8π2

λ3mp

n2
cap(λmp − λ) (2.60)

Finally, to streamline the solution process for the Helmholtz equation in an optical

fibre, we can make the assumption that propagation in our system predominantly

relies on WGMs, which are localized along the axis. The inherent slowness of

WGMs is characterized by the minute magnitude of their propagation constant,

β, or equivalently, the closeness of their wavelength λ to the cutoff wavelength
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λ(cut)
mp (z). With this in mind, Equation (2.52) can be reduced to a wavelength-

independent form:

∂2ρQmp +
1

ρ
∂ρQmp +

((
2πn(ρ, z)(cut)(z)

λmp

)2

− m2

ρ2

)
Qmp = 0 (2.61)

The solution, taking into account the continuous refractive index profile and the

boundary conditions, is given as follows:

Qm,p(ρ, z) =

AJm(kmpncoreρ) for 0 < ρ ≤ rcore(z),

BJm(kmpncladρ) + CYm(kmpncladρ) for rcore(z) < ρ ≤ rclad(z).

(2.62)

Here, kmp = 2π
λmp

, where Jm(x) and Ym(x) are Bessel functions of the first and

second kinds, respectively. The coefficientsA,B, and C are determined by apply-

ing the electromagnetic boundary conditions, ensuring the continuity ofQmp(ρ, z)

and its derivative with respect to ρ at the core-cladding interface.

2.4.3.4 SNAP devices

SNAP devices are categorized into three distinct regimes, as depicted in Figure

2.20. The energy position, E, characterizes the SNAP device structure analogous

to the fundamental quantum mechanical phenomena [16]. In this context, E is

related to the wavelength detuning from the resonator. The location z1 designates

the microfiber’s position along the SNAP fiber.
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Figure 2.20: SNAP device classifications: a. WGM bottle-shaped microresonator
[2]]. b. Inward-curved fiber waist [2]. c. Gradual alteration in fiber diameter [2].

The initial regime reveals a bottle microresonator [17], analogous to a quantum

well, where the potential aligns with the negative shift in the effective radius. In

this regime, the presence of a microfiber induces the emergence of excited WGMs.

These modes are confined between zt1 and zt2 across different wavelength series,

giving rise to discrete states. At z1, the resonance transmission magnitude is gov-

erned by the WGM’s amplitude [2]. When the microfiber aligns with a WGM

node, the coupling is absent, leading to "dark" WGMs. These are marked as dark

states in Figure 2.20. Reflections at zt1 and zt2 due to effective radius variations

cause constructive interference [18].

The subsequent regime showcases a slight concave fiber waist, likened to a poten-

tial barrier. When energy surpasses the potential, non-localized WGMs emerge

V. Vassiliev, PhD Thesis 54 Aston University 2023



within the SNAP device. However, if it’s below, the excited WGMs experience

exponential decay from z1. In instances where effective radius variations are nil

(signifying a consistent fiber), WGMs exhibit a delocalized behavior. Thus, ex-

cited WGMs within a consistent fiber radiate axially. This resonance is seldom ob-

served due to Gaussian beam self-interference occurring near the surface. More-

over, the resonance quality factor is substantially lower, about 2.5 times, compared

to analogous modes in spheroidal microresonators [19].

Lastly, the third regime sees a consistent rise in the SNAP device radius approach-

ing z1. Here, excited WGMs moving toward a decreasing radius (or negative

SNAP device direction) from z1 collide with WGMs reflected from zt. Con-

versely, those in the positive direction experience destructive interference. As

a consequence, light propagation primarily occurs between zt and z1 within this

regime [18].

2.5 Existing SNAP fabrication techniques

The fabrication of Surface Nanoscale Axial Photonics (SNAP) devices involves

creating precise nanoscale modifications along the optical fiber to manipulate light

propagation. Here are several key techniques currently used in SNAP device fab-

rication:

Femtosecond Laser Micromachining: This method uses ultra-short pulses from a

femtosecond laser to induce localized changes in the refractive index of the fiber’s

core or cladding. The high precision and minimal thermal effects of femtosecond

lasers allow for the creation of axial variations with nanometer accuracy without

significantly damaging the fiber.

Ion Beam Irradiation: Ion beam irradiation modifies the refractive index of the
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fiber by bombarding it with focused beams of ions. The process can be finely

controlled to adjust the size and refractive index change of the modified regions,

enabling the creation of axial variations along the fiber.

Chemical Etching: In this technique, portions of the optical fiber are exposed to

chemicals that selectively remove material from the fiber’s surface. By controlling

the concentration of the etching solution, exposure time, and area of exposure,

axial variations with nanoscale precision can be achieved.

Photolithography and Etching: This involves coating the fiber with a photosensi-

tive material, then exposing it to light through a mask that defines the pattern of

the axial variations. The exposed areas are then developed, and the underlying

fiber is etched away, creating the desired nanoscale features.

CO2 Laser Processing: A focused CO2 laser beam can be used to locally heat

specific regions of the fiber, causing expansion or other modifications that alter

the optical properties of the fiber. This method allows for the adjustment of the

diameter of the fiber at nanoscale intervals along its axis.

Nano-Imprint Lithography: This technique involves pressing a mold with nanoscale

features into the surface of the optical fiber, transferring the pattern directly onto

the fiber. This method can efficiently produce uniform and repeatable nanoscale

features over long sections of fiber.

Each of these techniques offers different advantages in terms of precision, scala-

bility, and compatibility with various types of optical fibers. The choice of fab-

rication method depends on the specific requirements of the SNAP device being

developed, including the nature of the optical effects desired, the type of fiber

used, and the application’s sensitivity and resolution requirements. Researchers

continue to refine these techniques and explore new methods to enhance the capa-

bilities and applications of SNAP technology.
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3 | Method 1: Thermal sculpting

We delve into a novel technique to fabricate SNAP resonators utilising a sim-

ple butane torch. While prevailing fabrication methodologies offer precision in

effecting desired changes to the effective radius, they are contingent upon ac-

cess to niche equipment and materials, like CO2 lasers or photosensitive fibres.

This research demonstrates an alternative approach, enabling SNAP resonator

fabrication in settings with rudimentary SNAP setups complemented by a butane

torch. Through evanescent spectroscopy, we analyze the resonators birthed from

this method. The resultant transmission spectra substantiate that a flame-induced

effective radius variation can achieve complete light localisation. Furthermore,

the resonators forged in this manner can sustain exceptionally low-loss resonant

modes.

3.1 Reading a SNAP spectrogram

A brief primer on how to interpret spectrograms is essential, given that they rep-

resent the primary characterization tool utilized throughout my research. Under-

standing their nuances and intricacies is pivotal to fully grasping the findings and

analyses presented in this work.

Optical fibres often exhibit high-quality-factor optical resonance lines in their

WGM spectra [20] [21] [22]. These particular resonances align with what is

termed the cutoff wavelengths of light, denoted mp. In this context, m represents

the azimuthal quantum number and p the radial quantum number. Together, they

enumerate the modes travelling in an axially symmetric and uniform fibre. The

formulation for the electromagnetic field associated with these modes is factorized

when presented in cylindrical coordinates as [14]:
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E±
mpq(z, ρ, φ) = exp(±iβmp(λ)z + imφ)Qmp(ρ) (3.1)

The characteristic slowness of WGMs is evidenced by their small propagation

constant, βmp(λ), and by how closely their wavelength, λ, approaches the cut-

off wavelength, λcut
mp(z). It’s worth noting that the cutoff wavelengths for WGMs

with large azimuthal quantum numbers, m, meaning a zero propagation constant,

β = 0, is consistent with the established relation kmpnext < β < kmpn for

small m [14]. The function Qmp(ρ) declines exponentially outside the fibre for

ρ > rext. WGMs of primary interest are those close to the optical fibre surface.

As they approach cutoff wavelengths λmp, their propagation constants near zero,

βmp(λmp) = 0. Their sluggish axial propagation along the fibre enables them to

be influenced by angstrom-scale fibre radius variations, as utilized in SNAP [23].

As discussed later, similar effective radius changes can be instigated by shifts in

cutoff wavelengths λmp due to heat treatment (method 1) or due to the evanescent

coupling of WGMs with another fibre (method 2).

Figure 3.1 displays values of λmp within the wavelength range 1540 nm < λ <

1550 nm for quantum numbers up to p ≤ 5. The figure also depicts azimuthal

quantum numbers, m, which range from 347 to 393. These numbers are likely

to be detected in our experiments, on the other hand, WGMs with larger p values

might be challenging to detect due to their scattering at interfaces and consequent

high attenuation. It’s important to note that transverse magnetic (TM)-polarized

WGMs have lower quality factors compared to the TE-polarized ones. This dif-

ference is attributed to scattering from surface inconsistencies and bulk variations

[3].
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Figure 3.1: The cutoff wavelengths, represented by dots, correspond to TE-
polarized WGMs with values of p = 0, 1, 2, 3, 4, and 5 within the wavelength
range of 1540 nm < λ < 1550 nm. Adjacent to each dot, the respective azimuthal
quantum numbers m are indicated [3].

For illustration, Figure 3.2 presents a surface plot detailing the transmission power

P (z, λ) = |A(z, λ)|2 for a target fibre exhibiting effective radius variations achieved

by our Thermal sculpting method.
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Figure 3.2: Spatial SNAP spectrogram, corresponding to a heat-induced shift in
the cutoff wavelength of 0.25 nm.

The cutoff wavelength of the unaltered fibre is set to λamp = 1548.05 nm, we see

an increase of ∆λmp = 0.25 nm, shifting to λbmp = 1548.30 nm within the heated

zone. This adapted cutoff wavelength profile is analogous to a quantum well ef-

fectively acting as an optical microresonator. The horizontal resonance pathways

showcasing alternating nodes and antinodes are indicative of the axial eigenvalues

of this microresonator, characterized by quantum numbers q = 0, 1, 2, 3.... This

structure can aptly be termed a heat-induced bottle microresonator.

3.2 SNAP setup preparation

Before we dive into the nuances of the thermal sculpting technique, it’s imperative

to touch upon the target and tapered fibre briefly.
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3.2.1 Target Fibre Readying

The foundation for SNAP resonator fabrication is derived from a standard single-

mode optical fibre, initially measuring 125 µm in diameter. Given the heightened

surface sensitivity inherent to SNAP, removing the polymer jacket during the tar-

get fibre’s preparation plays a pivotal role in determining the quality of the resul-

tant resonator. The polymer can be removed chemically, but it can be challenging

due to the resilience of these coatings, designed to protect the delicate inner glass

fibre. Primarily, the polymer coating of an optical fibre is removed using mechan-

ical stripping tools designed specifically for that purpose:

Figure 3.3: Fiber Optic Stripper.

Figure 3.4: Close up of a 125 µm fibre with (right) and without polymer coating.
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While the chemical stripping method can remove most of the polymer jacket, the

outcome might not be flawless. A subsequent cleaning with isopropanol is often

required to ensure the complete removal of any residual polymer. The quality of

the surface can typically be assessed visually using a microscope :

Figure 3.5: Close up of a stripped 125 µm fibre before (a) and after (b) cleaning
it with isopropanol-soaked optical cleaning cloth.

An effective and definitive approach to gauge the surface quality of the target fiber

during preparation is through spectrogram analysis. While microscopic visual

inspection provides an initial assessment, capturing a spectrogram of a specific

fiber section offers a more detailed representation of its surface condition. Such

spectroscopic readings can highlight irregularities and imperfections, ensuring the

fiber is optimally prepared before further processing or utilization.
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Figure 3.6: Spectrograms of a 1.5 mm fibre segment, scanned at 2 µm intervals.
(a) Demonstrates a poorly cleaned fibre’s response, and (b) highlights the spec-
trogram after a thorough cleaning process.

Whispering Gallery Modes (WGMs) in a SNAP resonator are highly sensitive to

surface cleanliness. This is because WGMs reflect off the boundary between the

fibre’s cladding and the surrounding air. Even small amounts of dirt or impurities

on the fibre’s surface can disrupt these reflections. Essentially, a cleaner surface

ensures that the WGMs function properly, highlighting the importance of keeping

the fibre’s exterior pristine.
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3.2.2 Taper Readying

WGMs within the target fibre are examined by perpendicularly placing a mi-

crofiber against it. This microfiber, depicted below, originates from the identi-

cal stock fibre and boasts a biconical taper, with its waist diameter estimated at

roughly 1 µm [24]. This tapered optical fibre remains in direct contact with the

SNAP resonator during each Insertion Loss scan.

Figure 3.7: Close up of a stripped 125 µm fibre in contact with a tapered fibre.

Before characterising the SNAP resonators, it is imperative to ensure that the vari-

ations observed on the spectrogram arise from the resonator itself and not from the

taper. The taper, which functions as a light input conduit and a resonator charac-

terisation tool, can introduce variations if not properly calibrated or maintained.

The SNAP platform utilizes the tapered fibre as a crucial component to couple

light into the Target Fibre. A standard SNAP spectrogram of a regular commercial

125 µm fibre without a polymer jacket near 1550 nm wavelength looks as such :
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Figure 3.8: spatial SNAP spectrogram of an unaltered fibre.

We illustrated the scanning procedure for the spatial SNAP spectrogram in Figure

2.13.

The lines observed in the spectrogram of an unaltered fibre are indicative of the

resonant modes. When a repeating pattern is seen, it can mean several things:

Mode Families: Optical fibres can support multiple whispering gallery modes

(WGMs) classified into families. Within a family, you have radial, azimuthal, and

polar modes. The repeating pattern might be due to consecutive azimuthal modes

or other mode families.

Free Spectral Range (FSR): The spacing between consecutive resonant wave-

lengths for a particular mode family is termed the Free Spectral Range (FSR). It

represents the wavelength difference between two successive modes of the same

family. Regular patterns likely observe the FSR of the fibre for that mode family.

Birefringence Effects: Imperfections, bends, or asymmetry can introduce birefrin-

gence, leading to the splitting of degenerate modes. This can sometimes create
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closely spaced resonances appearing as repeating patterns.

Theoretical models and experimental data are used to accurately determine each

line’s mode or mode family. Matching theory and experiment for WGMs can be

challenging due to the sheer number of modes and their sensitivity to even minute

changes.

While the tapered section is designed to be uniform, it is sensitive to minute vari-

ations in its own radius, and any small change in the position of the contact point

along the tapered fibre can lead to very different spectrograms. This is unaccept-

able for consistently characterising a resonator. The extreme sensitivity empha-

sizes the importance of meticulous fabrication to maintain uniformity and the need

for precise measurement tools during the characterisation process.

To characterize the tapered fibre, one can adopt a modified approach from the

standard procedure used for the target fibre. Instead of maintaining a constant

contact point on the tapered fibre while varying the contact point on the target

fibre, the strategy is reversed. By keeping the contact point on the target fibre

static and adjusting the contact point along the tapered fibre, one can gain insights

into the taper’s profile and performance intricacies.
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Figure 3.9: Setup for spatial spectrogram measurement of the taper. (a) Initial
position for the scanning of the taper. (b) Final position for the scanning of the
taper (3000 scans separated by 5 µm to cover the 15 mm tapered region).

As explained in Chapter 2, the 3000 scans are combined to form a spatial spectro-

gram of the tapered fibre that maps the cutoff wavelengths at different positions

along the tapered section. This map can be used to find the optimal coupling posi-

tion with the unaltered target fibre and sets a reference to track and characterise the

changes that will be introduced in later experiments. The best position generally

has relatively low losses and offers sharp cutoff wavelength dips in the insertion

loss diagrams.
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Figure 3.10: Spectrogram of a tapered fibre commonly used for SNAP character-
isation, mapping the cutoff wavelengths of the target fibre at different positions.
The centre of the tapered section is at z = 10 mm.

We can see that coupling the target fibre at various regions along the taper results

in the emergence of distinct cutoff wavelengths. As the taper narrows towards its

centre, there’s an increased coupling of light into the target fibre. Even a minute

shift, as slight as half a millimetre along the taper, can yield markedly different

spectrograms. This underlines the precision and sensitivity of the system to posi-

tional changes during coupling.

In examining the spectrogram, a distinct symmetry emerges around the midpoint

of the tapered section at z = 10 mm. This inherent symmetry suggests that it’s

sufficient to consider just one half of the spectrogram for analysis purposes. By

focusing on this half, we can efficiently decipher and understand the various re-

gions it presents.
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Figure 3.11: A 90 degree rotated half of the previous spectrogram.

From the figure, we see that as we approach the centre of the tapered region,

both the losses and the number of cutoff wavelengths increase. This trend de-

marcates four distinct regions, each characterized by its unique cluster of cutoff

wavelengths. These clusters have been labelled as a, b, c, and d in the figure

for clearer reference and analysis. The following figures consider the four corre-

sponding regions that can be identified.
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Figure 3.12: First region, 9-7 mm from the middle of the taper, an insertion loss
of this region is inserted.

In the figure, we observe four distinct WGM cutoff wavelengths recurring at in-

tervals of approximately 4.25 nm. This pattern is consistent with the external

circumference of the target fibre. The losses are low, even the depth of the dips

corresponding to these cutoff wavelengths is less than 2 dB.
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Figure 3.13: Second region, 7-5 mm from the middle of the taper, with the corre-
sponding insertion loss diagram added.

Within 7-5 mm from the taper’s centre, we can discern four additional cutoff

wavelengths, recurring at intervals of 4.3 nm. This particular region is often the

preferred choice for SNAP characterization. Its appeal lies in its relatively low-

loss background and sharp resonance dips, indicative of a high Q-factor.
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Figure 3.14: Third region, 5-3 mm from the middle of the taper, with the corre-
sponding insertion loss diagram added.

On the figure, within the 5-3 mm range from the taper’s centre, four additional

cutoff wavelengths are noticeable, with a periodicity of 4.4 nm. As we move

closer to this region, an increasing amount of light couples into the target fibre.

This results in a more loss-laden background and resonance dips that are broader

and less distinct.
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Figure 3.15: Fourth region, 3-0 mm from the middle of the taper, with the corre-
sponding insertion loss diagram added.

The pattern continues with four more lines, however on the insertion loss insert

we can see what appears like positive peaks. In the context of photonics, Fano

resonances are observed in certain structures where a sharp resonance overlaps

with a broader one, leading to an asymmetric lineshape in the transmission or

reflection spectrum. This asymmetric profile is a hallmark of Fano interference

and has been exploited in sensors, modulators, and other photonic devices due to

its high sensitivity to changes in the system’s parameters.
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For the spectrograms discussed earlier, it’s notable that the lines may exhibit a

shift in wavelength when a different tapered fibre is utilized. However, the spacing

between these lines remains consistent when using the same target fibre. For the

experiments explored in this thesis, the taper’s second region (7-5 mm from the

centre) was used.

By characterizing the taper prior to experimentation, we can accurately pinpoint

the cutoff wavelengths post-experiment. The subsequent image presents a spectro-

gram of the target fiber, showcasing an effective radius structure achieved through

our Thermal Sculpting Method. The position along the taper is indicated with the

corresponding insertion loss, helping to identify the cutoff wavelengths:

Figure 3.16: Spectrogram of an effective radius structure achieved through our
Thermal Sculpting Method with the cutoff wavelengths identified thanks to the
taper characterisation.

The line pattern observed in the insertion loss at the taper position serves a pivotal

role in discerning the various cutoff wavelengths. This not only aids in a clearer

understanding of the underlying spectral features but also bolsters the efficiency

of characterizing our effective radius variation (ERV) engineering techniques.
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3.3 Introduction

Whispering Gallery Mode (WGM) Optical Microresonators: One of the fasci-

nating realms of optics revolves around whispering gallery mode (WGM) optical

microresonators. These resonators allow light to circulate or "whisper" around a

dielectric structure, hence the name. One commonly adopted technique to fabri-

cate these microresonators is through the melting of silica fibres [9]. Over time,

various methods have emerged to execute this melting process, including using a

flame, a CO2 laser beam, an arc discharge, and even an electric heater [25], [26],

[27].

The quest to achieve perfection in these resonators is often measured using the

Q-factor. A higher Q-factor represents fewer energy losses. In some instances,

melting-fabricated microresonators have astonishingly achieved Q-factors approach-

ing 1010 [9]. However, no method is without its challenges. The precision with

which we can reproduce this melting process typically hovers around a few mi-

crons [26]. One could argue that this level of precision leaves room for improve-

ment.

Post-Processing Techniques: To enhance this precision, researchers have intro-

duced post-processing techniques. For instance, hydrofluoric (HF) etching has

been found to potentially refine the microresonator’s surface potentially, leading

to better accuracy [28], [29].

Impact on Spectral Characteristics: It’s intriguing to note that even when WGM

microresonators are shaped identically and made from the same material, their

spectral characteristics can vary depending on the fabrication method. Etching, for

instance, does not affect the bulk material’s refractive index. However, methods

like CO2 laser and flame heating do introduce variations to the refractive index.
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The difference lies in how the optical material is heated: a laser beam heats from

within, while a flame influences the external surface [30], [31]. These variances

in heating techniques can result in different refractive index distributions, which

in turn influence the WGMs in the microresonators.

Flame-Based Annealing: In this study, we have delved into the use of flame to lo-

cally anneal the optical fibre, presenting an alternative to the conventional melting

approach. Remarkably, we discovered that annealing with a flame offers superior

precision over melting. But why is this the case? Annealing serves to release the

’frozen-in’ tension that gets introduced during the fibre drawing process. This re-

lease causes a much smaller deformation in the fibre material compared to when it

is melted. Consequently, the effective radius of the fibre undergoes only nanoscale

variations, accounting for changes in both its physical radius and refractive index.

This fine-tuned process gives rise to a unique and shallow bottle microresonator

termed the Surface Nanoscale Axial Photonics (SNAP) microresonator (SMR)

[2], [23]. Over time, efforts to fabricate SMRs have adopted varied approaches,

such as CO2 laser annealing [2], [23], femtosecond laser inscription [32], [33],

slow cooking [34], and even etching [29]. Our contribution to this burgeoning

field has been to advance a flame-based technique for SMR fabrication, boasting

exceptional precision at the angstrom level.

WGM Cutoff Wavelengths and Applications: Another pivotal finding from our

work pertains to the behaviour of WGM cutoff wavelengths. Specifically, we

observed a strikingly unscalable behaviour of these wavelengths across different

radial quantum numbers along the fibre length. Understanding and harnessing this

behaviour is paramount for various applications.
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3.4 Fabrication of SMRs

Figure 3.17: Methods employed in the fabrication of SNAP microresonators: (a)
gas flow with direct flame heating, (b) flame confined through an aperture, and (c)
flame heating without direct contact, taken from [4].

Experimental Setup Overview:

The equipment and setups used in our experiments are depicted in Figure 3.17.

Central to all these setups is the use of a torch powered by a mix of butane and

propane gases. We set up the apparatus such that the fibre segment remained hor-

izontal while the flame was projected vertically. This configuration was essential

V. Vassiliev, PhD Thesis 77 Aston University 2023



for precision and consistency in the annealing process.

Setup Descriptions:

Direct Flame Annealing (Figure 1(a)): The first setup, illustrated in Figure 3.17

(a), presents a straightforward annealing procedure. The optical fibre was posi-

tioned at a distance of 10 cm from the visible part of the flame. Here, the fibre isn’t

directly exposed to the flame but rather to the gas flow that’s sufficiently heated

from the flame. This localized flow of gas produces the necessary heat to induce

the desired permanent change in the fibre’s effective radius.

Aperture-aided Annealing (Figure 3.17 (b)): To refine our process, we introduced

an aperture into the setup as shown in figure 3.17 (b). This aperture was crafted

from sapphire tubes, boasting an outer diameter of 3 mm and an inner diameter of

1.2 mm. The aperture size for this specific experiment was set at 2 mm. Its role

was crucial as it allowed us to reduce the length of the microresonator along the

fibre’s axis, thus offering more control over the annealing process.

Indirect Annealing via a Heated Metal Rod (Figure 3.17 (c)): Moving on to fig-

ure 3.17 (c), we employed a more indirect method of annealing [35]. Rather than

using the flame or hot gas flow directly, an optical fibre was annealed through a

metal rod that was previously heated by the flame. The advantage? This method

considerably mitigated the disturbances from the gas flow, ensuring a more stabi-

lized heating temperature. When fabricating the SMR, the fibre was moved at a

speed of approximately 15-20 mm/s.

Translation of the Fibre:

In the setups outlined in figures 3.17 (a) to 3.17 (c), the fibre was moved at a

consistent speed perpendicular to both its axial direction and the direction of the

flame. This consistent speed meant that the fibre would be exposed to the heat for
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only a brief moment—fractions of a second—as it traversed the hot zone.

However, a notable exception was observed in the setup shown in figure 3.17 (c).

In this configuration, the fibre’s movement was first parallel to the direction of

the flame towards the heated rod and then immediately retraced its path away

from the rod. Even with this different movement pattern, the time the fibre spent

undergoing annealing remained roughly equivalent to the other methods.

3.5 Characterization of SMRs

Figure 3.18: Spectrograms showcasing SMRs produced using the techniques de-
picted in Figure 1: (a)–(c) Heating through remote gas flow, (d) Heating via a
flame within an aperture, and (e) Flame heating in an indirect manner.

Spectral Analysis Setup:

To assess the spectral characteristics of our fabricated SMRs, we utilized a bicon-

ically tapered optical fibre with a micron-scale waist, commonly referred to as a

microfibre. This was connected to an optical spectrum analyzer (OSA), specifi-
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cally, the Luna 5000 model. The microfibre was strategically positioned perpen-

dicular to the fibre segments we were evaluating.

Scanning and Measurement Process:

During the characterization phase, the microfibre slid along the axis of the fibre.

Throughout this translation, it would periodically come into contact with the fibre

at specific, evenly spaced points [2], [23]. It was at these contact points where

we measured the amplitude of resonant transmission through the SMRs. Our

observations from these experiments are visualized in Figure 3.18.

Observations and Findings:

Spectrogram Interpretation: Figure 3.18 consolidates the results derived from the

three fabrication approaches delineated in Figure 1. The presented spectrograms

illustrate the transmission power spectrum, P (z, λ), as it relates to the microfibre’s

position (z) along the SMR axis and the wavelength (λ). These spectrograms are

crucial for they clearly indicate the WGM cutoff wavelengths. These wavelengths

are not constant; rather, they fluctuate along the fibre axis and encapsulate the

spectrum of the fabricated SMRs. With our OSA resolution standing at 1.3 pm,

only the shorter SMRs, specifically those in figures 3.18 (b) and (d), displayed

spectra that were clearly discernible.

Choice of Fibre: Different fibres were chosen for various experiments. A standard

125 µm fibre was employed for results captured in Figures 3.18 (a), (b), and (e).

Meanwhile, a smaller 40 µm fibre was the choice for results in Figures 3.18 (c)

and (d).

Specific Spectrogram Observations: Looking closely at the figures:

Figures 3.18 (a) to 3.18 (c) highlight spectrograms of SMRs that underwent dis-

tance annealing as depicted in Figure 3.17 (a). Specifically, figure 3.18 (a) pro-
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vides insights into an "undersaturated" scenario where the inbuilt tension wasn’t

fully alleviated. Conversely, the SMR profiles in Figure 3.18 (b) indicate "over-

saturation", a condition where the heating temperature surpasses the annealing

threshold, leading to the fibre starting to soften and a dip in fabrication repro-

ducibility. Figure 3.18 (c) showcases a flat SMR profile that’s fully saturated [2].

Incorporating the sapphire tube aperture, as detailed in Figure 3.17 (b), granted us

the ability to create shorter SMRs, the spectrogram of which is captured in Figure

3.18 (d). Upon contrasting these SMR spectrograms with that of an untouched

fibre, we deduced that these SMRs were meticulously crafted with remarkable

precision – 5 pm in terms of wavelength and an impressive 0.7 angstrom concern-

ing the variation in the effective fibre radius. The Flame’s Precision: The results

conclusively showcased that the flame-based fabrication technique could attain

angstrom-level precision when producing SMRs.

SMRs via Indirect Heating: Our subsequent endeavour was the fabrication of

SMRs using indirect heating, following the blueprint provided in Figure 3.17 (c).

Here, the resulting spectrogram (Figure 3.18 (e)) revealed an intriguing pattern:

the axial profiles of cutoff wavelength variations related to diverse radial quantum

numbers were entirely non-scalable. This manifested as a triangular-shaped vari-

ation in the cutoff wavelength for a specific series of WGMs, while other series

remained largely unaffected by the annealing process. We surmise this unique

outcome is attributed to the distinct spatial (aligned with the fibre’s radial direc-

tion) and temporal fluctuations in the flame’s heating power, as evident in Figure

3.18 (e). This phenomenon starkly contrasted with the patterns witnessed in Fig-

ure 3.18 (a) and the characteristics observed when internally heating with a CO2

laser beam [2], [23].
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3.6 Discussion

Main Achievements:

A notable advancement in the fabrication of optical microresonators was achieved

through the use of an elementary flame torch. This technique, seemingly simple in

its application, has rendered the ability to craft microresonators with remarkable

angstrom precision. The ramifications of this achievement are profound, as they

herald a new era in the precision and efficiency of microresonator fabrication.

Characteristics of Fabricated SMRs:

The methodology we have pioneered produces SMRs that are distinguishable by

their smooth, elongated profiles. Upon a more intricate examination of the SMRs

— particularly those reflected in the spectrogram of figure 3.18 (a) (which isn’t

presented in this section) — an insightful observation emerged: the apexes of sev-

eral of the fabricated SMRs are characterized by a rigorously defined parabolic

contour. This precision in shaping is paramount for specific applications, notably

in the realms of crafting minuscule delay lines [36] and frequency comb genera-

tors [37].

Comparison with SNAP Technology:

The advent of Surface Nanoscale Axial Photonics (SNAP) technology has been

groundbreaking in its own right [32], [33], [34]. Yet, there remain certain chal-

lenges within this domain, particularly in the fabrication of specific SMR profiles.

Our flame torch technique seems to offer a promising alternative or supplement

to the existing SNAP methodologies, evident from the precision and efficacy we

have observed.
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Potential Applications:

The non-scalable behaviour of the cutoff wavelength, showcased in Figure 3.18

(e), unlocks potential avenues in the realm of all-optical manipulation. Here,

the propagation dynamics of robust control pulses and their weaker counterparts

could be directed by varying axial cutoff wavelengths [38], [39]. This implies that

the flame torch technique could be pivotal in achieving nuanced control over the

movement of whispering gallery light pulses.

Future Prospects:

Our sights are firmly set on refining and furthering this methodology. Upcoming

endeavours will involve experimental enhancement and fine-tuning of the setups

illustrated in figure 3.17. Furthermore, our research will be oriented towards mod-

elling the transient heating processes that are invoked by the flame. These steps,

we believe, will consolidate our approach’s position at the forefront of SMR fab-

rication techniques.
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4 | Method 2: Side-coupled optical fibres

In the preceding chapter, we demonstrated that light propagation in the form of

a Whispering Gallery Mode (WGM) along an optical fiber surface can be ma-

nipulated by infinitesimal nanoscale alterations in the effective fiber radius [23].

Remarkably, even a nanometer-fraction deformation of the fiber can completely

trap WGMs, creating a high-quality microresonator [2]. Such a variation in the

fiber radius required to regulate WGMs is significantly less than the light’s wave-

length. Leveraging this principle, the Surface Nanoscale Axial Photonics (SNAP)

platform facilitates the creation of resonant optical devices on the fiber surface

with unparalleled sub-angstrom precision and minimal loss [40] [36].

The advancements outlined in the ensuing sections harness the potential of the

SNAP platform, introducing a greater degree of adaptability. Whereas traditional

SNAP relied on WGMs controlled by nanoscale deformation of the optical fiber’s

outer surface, our contribution extends this paradigm. We posit that certain struc-

tures can be conceived without necessitating any tangible deformation.

In our earlier discussions, we established that incorporating SNAP resonators is

achievable through the deformation of the external surface and alterations in the

bulk fibre’s refractive index—permanent processes. Contrarily, we now propose a

non-destructive approach that is both reversible and highly adjustable. Our find-

ings suggest that WGMs traversing the microfiber can be influenced solely by

coupling to another bent target fiber, wherein the control hinges on the bend’s ra-

dius. We illustrate how such coupling can effectively trap WGMs and give rise to a

superior optical microresonator. When the microfiber is translated along the target

fibre, the resonator’s spectra reveal a series of resonances. These are instrumental

in ascertaining the contact region’s dimensions and the ensuing effective radius
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alteration. The capabilities of the optical spectrum analyzer deployed solely bind

the precision of our quality factor measurements. This revelation sets the stage for

a ground-breaking approach to SNAP resonator design and heralds a new era of

adjustable resonant photonic instruments. The research discussed in this chapter

was undertaken at the Aston Institute of Photonics Technologies (AIPT), Birm-

ingham, UK and is adapted from the subsequent publication [5].

Figure 4.1: Experimental setup for Side-coupling optical fibres.

Figure 4.2: Close up of the contact point.
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4.1 Significance

Monolithic Optical Microresonators and Their Significance:

Optical microresonators with high Q-factors (a parameter indicating the quality

of the resonator) are pivotal components in numerous scientific and technolog-

ical domains. These resonators are at the heart of innovations in classical and

quantum optical signal processing, microwave photonics, and ultra-precise sens-

ing. Beyond their technological applications, they also significantly advance our

understanding of optical and physical sciences at a fundamental level.

Challenges with Traditional Microresonators:

Despite their broad utility, these monolithic optical microresonators have inherent

limitations owing to their solid structure. One of the primary challenges has been

the difficulty in adjusting their free spectral range (FSR) - a key parameter defining

the frequency spacing between the successive resonances of the microresonator.

Achieving tunability in FSR is vital for several applications, yet it remained an

elusive feature for most monolithic microresonators until now.

Our Novel Approach: Side-Coupling of Coplanar Bent Optical Fibers:

This research presents a groundbreaking experimental approach to address this

limitation. We discovered that by side-coupling coplanar bent optical fibres, we

could induce a high Q-factor whispering gallery mode (WGM) optical microres-

onator.

The beauty of this method lies in its mechanical reconfigurability. By varying the

curvature radius of these fibers — ranging from the scale of centimetres down to

millimetres —we can craft optical microresonators whose dimensions span from

millimetres to as fine as 100 microns. This adaptability further translates to an
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FSR tunability that stretches from a picometre scale up to ten picometres.

Theoretical Framework and Experimental Validation:

We’ve also developed a comprehensive theoretical framework that elucidates the

formation of these novel microresonators. Impressively, our theoretical predic-

tions align reasonably well with the experimental data, showcasing the robustness

of our model.

Potential Applications:

The potential applications for these new microresonators are vast and transfor-

mative. They promise advancements in cavity Quantum Electrodynamics (QED),

microresonator optomechanics, and frequency comb generation with tunable rep-

etition rates. Furthermore, they open doors to innovations in tunable lasing and

optical pulses’ adaptable processing and delay.

4.2 Introduction

Microphotonic devices serve as fundamental building blocks in the realm of op-

tical technologies, playing pivotal roles in a vast array of applications [41], [42].

At their core, these devices consist of elements such as waveguides, which guide

light along a specific path, couplers that facilitate light transfer between differ-

ent pathways, and microresonators that selectively amplify or attenuate specific

wavelengths of light.

Achieving optimal functionality for these systems necessitates adherence to cer-

tain non-negotiable criteria. Foremost among these is the need for impeccable pre-

cision in fabrication, as even minor deviations can impact performance or result in

inefficiencies [42], [43]. Moreover, it’s imperative that these devices operate with

minimal losses to ensure the integrity of the signal’s strength and quality. Beyond
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these foundational requirements, the adaptability offered by tunability emerges as

a game-changer, paving the way for a broader spectrum of applications [44], [45].

In the broader landscape of micro photonics, there’s a delicate balance between

complexity and simplicity. While the allure of complex tunable circuits, capa-

ble of a vast array of signal transformations, is undeniable [41], the elegance of

standalone devices cannot be overlooked. For instance, tunable three-dimensional

microresonators, despite their seeming simplicity, offer a range of unique func-

tionalities that more intricate systems might struggle to replicate.

Efforts to enhance tunability in microresonators have led researchers down diverse

paths. Whether dealing with spherical, toroidal, or bottle-shaped resonators, var-

ious techniques have been applied, such as mechanical stretching, heating, and

the exploitation of nonlinear light effects [46], [47] [26] [48] [49]. Some of these

ventures have even delved into the crafting of monolithic or specifically coated mi-

croresonators to access distinct properties. However, a recurring challenge across

many of these methods is their limited tunability scope. While they allow adjust-

ments in resonant wavelengths, the separation between them often remains rigid,

posing challenges for applications needing more nuanced tuning capabilities.

Several applications in photonics underscore the significance of having microres-

onators that feature tunable eigenwavelength separation, particularly a tunable

free spectral range. These applications span a range of fields including cavity

QED [26], [50], [51], optomechanics [52], [53], frequency microcomb generation

[54], [55], optical signal processing and delay [44], [45], [56], and lasing [57],

[58], [59], [60].

A primary advantage of this tunability lies in the versatility it introduces. For

instance, researchers can craft optical frequency microcomb generators and mi-

crolasers by manipulating the free spectral range. This allows for continuous
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adjustments in both the repetition rate and wavelength. Furthermore, the capa-

bility to fine-tune the microresonator eigenfrequency separation in harmony with

its mechanical oscillations’ frequency opens up avenues for more advanced appli-

cations.

Attaining meaningful shifts in the eigenwavelength separation often demands sig-

nificant modifications either in the microresonator’s dimensions or its refractive

index parameters. In many cases, these changes must be comparable to the orig-

inal parameters of the microresonator, which presents challenges. A potential

solution to this predicament lies in the realm of Fabry-Perot microresonators. By

incorporating adjustable mirror separations and specifically housing optical mate-

rials of interest, these microresonators promise a degree of tunability [51], [60],

[61].

Enhancing the flexibility of such tuning mechanisms takes innovation. Two ap-

proaches stand out in this regard. One involves designing Fabry-Perot microres-

onators that contain a liquid material [60], providing dynamic refractive index

adjustments. In contrast, another technique strategically places a wedge-shaped

solid optical material inside the Fabry-Perot microresonator [62]. Translating this

material allows variably adjusting its dimensions, offering a unique pathway to

modify the resonator’s properties.

Another intriguing avenue to explore involves the challenge of achieving eigen-

wavelength separation tunability in three-dimensional monolithic high Q-factor

microresonators. Specifically, those of spherical, toroidal, and bottle shapes are

of great interest. The allure of these shapes extends beyond mere form, offering

potential advancements to the burgeoning applications of such microresonators.

As mentioned earlier, these encompass realms like QED, optomechanics, lasing,

and frequency comb generation.
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But there’s a significant roadblock when navigating this path. A primary obstacle

arises from the inherent structure of these monolithic microresonators. Achieving

the desired change in their eigenwavelength separation often necessitates defor-

mation. Yet, deforming these microresonators, especially to the degree that would

effect a considerable change, is a daunting challenge. In many cases, attempt-

ing such alterations proves unfeasible, given these devices’ solid and intricately

shaped nature.

This limitation poses a crucial question for researchers: How can one marry the in-

herent advantages of these three-dimensional structures with the desired tunability

without compromising their integrity or performance?

Amidst the challenges associated with achieving tunability in three-dimensional

monolithic microresonators, a shining exception emerges in the form of SNAP

(Surface Nanoscale Axial Photonics) microresonators [13]. What sets these mi-

croresonators apart is their innovative fabrication technique. Rather than conven-

tional means, SNAP microresonators come to life through the precise nanoscale

deformation of an optical fibre’s surface. This intricate process results in equally

precise variations in the cutoff wavelengths (CWLs). It’s these CWLs that reg-

ulate the slow propagation of the whispering gallery modes (WGMs) along the

fibre’s axis, a phenomenon elaborated upon in several studies [13], [63].

To better appreciate the potential of SNAP microresonators, consider the work

presented in [64]. Researchers showcased a SNAP microresonator that not only

was induced by localized heating of an optical fibre but was also fully recon-

figurable. In another notable study, [33], the spotlight was on the feasibility of

crafting a SNAP microresonator by locally bending an optical fibre. This study

expanded on the theme by emphasizing control over the microresonator’s dimen-

sions through this bending mechanism. Both these methods underscored the abil-
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ity to tune the eigenwavelength separation to degrees comparable to or even ex-

ceeding its original value.

However, no method is without its limitations. In these pioneering approaches,

the resultant microresonator shapes weren’t highly versatile. They exhibited char-

acteristic axial dimensions that couldn’t be shrunk below a few millimetres. This

limitation stemmed from the length constraints posed by the characteristic heat

distribution along the fibre for the microresonator induced by heating. In contrast,

for the microresonator crafted by bending, the size reduction encountered barriers

set by the smallest permissible curvature radius. Pushing this radius any further

risks reaching the fibre’s breaking point.

This work unveils a novel and groundbreaking variant of WGM optical microres-

onators that comfortably nestles within the SNAP microresonator family. One of

the standout aspects of our research revolves around the innovative use of side-

coupled coplanar bent fibres, as illustrated in Fig. 4.3. The design and alignment

of these fibres play a pivotal role in inducing a high Q-factor SNAP microres-

onator. Remarkably, this microresonator becomes localized right at the point

where the fibres couple.
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Figure 4.3: Optical fibres side-coupling configuration. (a) Bent optical fibres in
a coplanar arrangement making contact. Fibre profile adjustments are achieved
by bending and shifting the fibre tails, depicted by curved and straight arrows.
(b) Schematic showing the interaction between the input-output microfiber and
the WGMs in Fibre 1 and Fibre 2, particularly near their respective cutoff wave-
lengths. Image from [5].
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Fig. 4.3 doesn’t just serve as a mere illustration; it offers an insightful glimpse into

the flexibility inherent in our approach. Leveraging this configuration, we can ex-

pertly modulate the shape of the ensuing SNAP microresonators. This configura-

tional adaptability extends to their axial dimensions, too, allowing for a range that

spans from the hundred-micron scale all the way to the millimetre scale. Such

variability directly translates into our ability to fine-tune their eigenwavelength

separation. In more precise terms, our methodology permits adjustments ranging

from the ten-picometre scale right down to the singular picometre scale.

4.3 Results

4.3.1 CWLs behaviour in uncoupled and side-coupled straight

fibres

To gain a comprehensive understanding of the behaviour of CWLs, it’s essential to

study them in both uncoupled and side-coupled straight optical fibres. We began

by meticulously cleaving a 125-micron diameter, uncoated commercial optical

fibre to facilitate this exploration. This division yielded two distinct sections,

which we refer to as Fibre 1 and Fibre 2.

The next phase involved the precision alignment of these fibres. This meant ensur-

ing that the fibres were coaxially positioned and in direct contact for an expanse

of 3.5 mm. A visual representation of this alignment can be seen in Fig. 4.4 a.

Light’s entry point into our system was through Fibre 1. To ensure efficient light

transmission, we utilized a taper. This taper, distinctly characterized by its mi-

crometre diameter waist, functioned as an input-output microfibre. Additionally,

we employed an Optical Spectrum Analyzer (OSA) to refine the process further.
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Once introduced into Fibre 1, the light embarks on a fascinating journey, gradually

forming Whispering Gallery Modes (WGMs). These WGMs follow a determined

trajectory, predominantly gravitating towards the surface of the fibre. The region

where the two fibres intimately connect, as depicted in Fig. 4.4 a, becomes a

focal point of activity. Within this juncture, a compelling interaction occurs. The

WGMs established in Fibre 1 find their counterparts in Fibre 2, and, as a result,

coupling between the WGMs of the two fibres takes place.

In our quest to effectively understand the implications of interfiber coupling, it

was crucial to perform meticulous characterizations. As such, we embarked on

the task of measuring the spectrograms associated with our meticulously arranged

fibre system.

For this experiment, we relied on the input-output microfibre. With precision,

this microfibre was gradually moved along the length of Fibre 1, a setup visually

depicted in Figs. 4.3 b and 4.4 a. Ensuring utmost accuracy, we allowed it to

touch Fibre 1 intermittently, maintaining a spatial resolution of precisely 2 µm. As

the microfibre approached the termination of Fibre 1, we directed its movement

toward Fibre 2, ensuring a continuous scanning process across this second fibre.

Our primary goal here was to capture comprehensive data. Thus, we measured the

spectrograms of the transmission power, denoted as P (λ, z). This measurement

was undertaken with two variables in mind: the wavelength, represented by λ, and

the microfibre’s specific position, denoted by z, along the central axis of Fibre 1.
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Figure 4.4: CWL divergence in side-connected straight optical fibres. (a) Rep-
resentation of the side-attached straight optical fibre setup. (b) Spectral display
of this setup. Spectrograms herein and in subsequent images are adjusted based
on the output power’s peak value in the spectrogram. (c) Enlarged segment high-
lighted in spectrogram (b).
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The spectrogram we obtained from our fibre system can be visualized in Fig. 4.4

b. On inspecting this figure, it’s evident that the left and right segments of the

spectrogram pertain to the uncoupled Fibre 1 and Fibre 2, respectively. Within the

spectrogram presented in Fig. 4.4 b, discernible lines signify the CWLs associated

with both uncoupled and coupled fibres. We must underscore that these CWLs

are representative of WGMs, characterized by their distinct azimuthal and radial

quantum numbers.

For a closer examination, we present an enlarged view of the section demarcated

in Fig. 4.4 b, which can be seen in Fig. 4.4 c. Observing this magnified section, it

becomes evident that the CWLs manifest as linear traces that are slightly slanted

relative to the horizontal plane. We pinpointed the magnitude of this tilt from our

measurements to be ϵt = 0.015 nm/mm. Leveraging this, we computed the linear

change in the fibre radius as ∆rt = r0ϵt/λ0 = 0.6 nm/mm [65]. In this calcu-

lation, we employed values r0 = 62.5 µm and λ0 = 1.55 nm. By extending the

CWLs of both Fibre 1 and Fibre 2 linearly, as visualized by the white dashed lines,

it is reaffirmed that their intersections, marked by the horizontal black dashed line,

align perfectly at the termination points of these fibres.

Within the 3.5 mm contact zone, WGMs in Fibre 1 interact with those in Fibre

2, causing the associated CWLs to diverge. The layout and orientation of these

CWLs in the contact region are influenced by the coupling strength, a topic that

will be elaborated upon later. It’s worth noting that the detected CWL separation,

as seen in Fig. 4.4 c, approximates to 0.1 nm. This is consistent with typical CWL

alterations in SNAP microresonators [13], [63]. The positive shift of CWL within

the coupling area fosters the formation of a tunable microresonator, whose char-

acteristics can be altered by modifying the length of the side-joined fibre section.

In our recent tests, the Q-factor of the spawned SNAP resonator was subpar, a
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consequence of light scatter at the fibre ends that weren’t neatly severed, typi-

cally yielding about 70% WGM reflectivity [66]. Nonetheless, we advocate for

the potential application of this resonator in the fabrication of compact, widely

adjustable optical delay lines. This expands upon our earlier findings with fixed-

dimension SNAP microresonators [36], [29]. In such an apparatus, WGM pulses

navigate the fibre axis just once. As a result, light losses at the fibre terminations

may only curtail the emitted light intensity by a ballpark figure of 50%. Addition-

ally, we posit that with appropriate modifications, the Q-factor of these microres-

onators could be appreciably augmented, a matter to be discussed in subsequent

sections.

4.3.2 Basic experiment

In our preliminary tests, commercial silica optical fibres with a diameter of 125

microns were used, making contact as depicted in Fig. 4.3 a. To achieve the

desired contour near the coupling region (illustrated in Fig.4.3 b), the ends of both

Fibre 1 and Fibre 2 were manipulated. These fibres were either originally linear or

had been subjected to heat for permanent bending. As mentioned earlier, WGMs

were introduced into Fibre 1 via a laterally oriented microfibre linked to the OSA.

Given a sufficiently narrow gap between Fibre 1 and Fibre 2, WGMs transition

from the former to the latter.

For the most rudimentary configuration explored here, Fibre 1 remained straight

while the adjacent Fibre 2 exhibited a curve. The fibres were made to touch and

then pressed closer to augment the coupling area. An actual image of the fibres

arranged for this experiment is presented in Fig. 4.5 a. Analyzing this image, we

deduced the bent fibre’s curvature radius to be approximate R ≈ 30 mm (further

deliberations on the fibre profile will follow). Fig. 4.5 b offers the spectrogram

of the established assembly, assessed over a 3.5 nm bandwidth spanning an axial
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extent of 700 µm in Fibre 1. At the peripheries of this examination zone, where

inter-fibre coupling is minimal, CWLs remain largely constant with respect to

distance z, reflecting primarily the characteristics of Fibre 1. The distribution of

CWLs in these areas mirrors what’s seen in Fig. 4.4 b.

One of the critical highlights of our research becomes evident when focusing on

the central portion of the spectrogram depicted in Fig. 4.5 b. A myriad of CWLs

in this area demonstrates varying degrees of positive and negative shifts along the

axial dimension, denoted as z. For clarity, we’ve zoomed into specific regions of

this spectrogram, which can be examined more closely in Fig. 4.5 c and 4.5 d.

Upon inspection, the findings align with our initial hypotheses. Unlike the nega-

tive shifts, positive variations in the CWL result in the confinement of WGMs.

This confinement mechanism subsequently gives rise to the formation of mi-

croresonators. A deeper dive into our calculations, which are conveniently rep-

resented in the inset of Fig. 4.5 c, suggests that the Q-factor of the microresonator

we fabricated is rather remarkable. It’s worth noting that the precise quantification

of the Q-factor was constrained by the 1.3 pm resolution of the Optical Spectrum

Analyzer (OSA) employed in our setup. Nevertheless, our estimates place this

value in excess of 106.

The observed nuances in CWL fluctuations showcased in Fig. 4.5 c and 4.5 d

aren’t merely accidental artefacts. They are coherent with the underlying theory,

which will be elaborated upon in the ensuing sections of this chapter.
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Figure 4.5: Microresonators in side-coupled bent and straight optical fibers:
empirical vs. theoretical results. (a) Image of the side-connected fibers from
the study. The top fiber has a curvature with a radius R of approximately 30 mm,
while the bottom one exceeds a curvature radius of 1 m. (b) Spectral represen-
tation observed near these fibers’ coupling area. (c, d) Spectrograms detailing
the enlarged portions highlighted in spectrogram (b). (e, f) Numerically derived
spectrograms of the microresonators using the two-mode approach mentioned,
mirroring the empirical spectrograms in Fig. (c) and (d) respectively. Image from
[5].

4.3.3 Basic theory

We assume that the fibre bending is minimal, implying that light propagation

along the axial direction of side-coupled fibres (Fig. 4.3 b) can be conceptual-
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ized as traversing a singular waveguide. This waveguide exhibits an asymmetric

cross-section that encompasses both fibres. The wavelengths of slow WGMs ap-

proach the CWLs λn(z) of this combined waveguide. In order to deduce the

complex-valued CWLs λn(z), we introduce the foundational CWLs λ1n1 +
i
2
γ1n1

and λ2n2 +
i
2
γ2n2 of the unbent Fibre 1 and Fibre 2. Here, the imaginary portions

are predominantly influenced by intrinsic material losses and scattering of light at

the fibre surface.

Assuming there are N1 and N2 CWLs in Fibres 1 and 2, respectively, which are

integral to resonant transmission, we can express nj = 1, 2, . . . , Nj for j = 1, 2.

The integers n, n1, and n2 are referred to as the transverse quantum numbers.

The fluctuation in λn(z) arises from fibre bending and is primarily driven by their

mutual coupling in our setup [33].

In the scenario devoid of the input-output fibre, the CWLs of our system, λ =

λn(z), where n = 1, 2, . . . , N1+N2, are identified as the roots of the determinant:

det(λI −Ξ(z)) = 0 (4.1)

Here I is the unitary (N1 +N2)× (N1 +N2) matrix and matrix

Ξ(z) =

Λ1 +∆1(z) ∆12(z)

∆†
12(z) Λ2 +∆2(z)

 (4.2)

includes submatrices determined by the original CWLs of Fibre 1 and Fibre 2,

Λj = {λjnj
+ i

2
γjnj

}, couplings inside each of the fibres caused by bending,

∆j(z) = δ
(j)
mjnj(z), and interfere couplings ∆12(z) = δ

(12)
m1n2(z),mj, nj = 1, 2, . . . , Nj .

As in SNAP [13], remarkably subtle variations in the nanometre and sub-nanometre

scale of CWLs λn(z) along the compound fibre waveguide can localize WGMs,
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thereby inducing an optical microresonator with eigenwavelengths λqn possessing

axial quantum numbers q. Given the gentle and minuscule variation in CWL and

the closeness of the localized WGM wavelengths λqn to λn(z), the corresponding

eigenmode can be represented as:

Eqn(x, y, z) = Ψqn(z)Ωn(x, y, z)

In this expression, the transverse WGM distribution Ωn(x, y, z) is calculated at

the CWL λn(z). This distribution exhibits a parametrically slow dependence on z

[67]. Moreover, the function Ψqn(z) delineates the axial variation of the microres-

onator eigenmode amplitude and adheres to the one-dimensional wave equation

[13].

d2Ψn

dz2
+ β2

n(z, λ)Ψn = 0, βn(z, λ) =
23/2πnr

λ
3/2
n

√
λn(z)− λ (4.3)

Where nr is the refractive index of fibres

The coupling parameters κqn(z) between WGM Eqn(x, y, z) and the input-output

wave in the microfibre are ascertained by their overlap integral. The microfi-

bre diameter is typically considerably smaller than the characteristic axial varia-

tion length of Eqn(x, y, z). Consequently, mirroring the analogous approximation

found in the SNAP platform [13], [68], the coupling parameters κqn(z) correlate

directly with the values ofEqn(x, y, z) at the axial coordinate z of the input-output

microfibre.

Subsequent calculations, rooted in the Mahaux-Weidenmüller theory [69], [70],

[71], enabled us to represent the transmission power P (λ, z) through the input-

output microfibre connected to the fibre configuration shown in Fig. 4.3 b as:
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P (z, λ) =

∣∣∣∣∣∣∣∣
1 +

N1+N2∑
n=1

D∗
n(z)Gn(z, z, λ)

1 +
N1+N2∑
n=1

Dn(z)Gn(z, z, λ)

∣∣∣∣∣∣∣∣
2

(4.4)

Here, Gn(z1, z2, λ) denotes the Green’s function of Eq. 4.3. Equation 4.4 gen-

eralises the expression for the transmission power, which was previously derived

in Ref. [13]. As further shown below, functions Dn(z) can be described and are

characterised by values akin to the coupling D-parameters. These parameters have

been previously measured experimentally and typically manifest real and imagi-

nary parts approximately equal to 0.01 µm−1 [13],[68].

When conditions approach resonance, i.e., λ = λqn, and in instances where losses

are minimally small, coupling is limited, and CWLs λn(z) are isolated, solely one

Green’s function with the designated number n plays a role in the sums in Eq.

4.4. In such cases, Eq. 4.4 aligns with what was previously derived in Ref. [13].

Nonetheless, it’s worth noting that, more often than not, the cumulative influence

of multiple terms on the sums in Eq. 4.4 can be substantial.

Before diving into the in-depth examination of the spectrograms in Figs. 4.4 b

and 4.5 b, it’s imperative to note that the transmission power depictions in these

figures shed light on the CWLs of the intertwined fibre system, as governed by

Eq. 4.1, which are discerned by the input-output microfibre and, subsequently,

the OSA. This means that the CWLs of Fibre 2, even though they are solutions to

Eq. 4.1, remain obscured to the OSA when not coupled with Fibre 1. Intriguingly,

the total number of CWLs that might emerge in the coupling vicinity could surge

to as many as N1+N2, notably eclipsing the N1 number of discernible standalone

CWLs of Fibre 1, as depicted in Fig. 4.4 b.

To shed light on the intricate dance of coupling between the WGMs in neighbour-
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ing fibres, we steer our focus to the two-mode approximation, where N1 = N2 =

1. This is grounded on the assumption that the wavelength λ of the input illumi-

nation closely trails an unperturbed single WGM CWL λ11 +
i
2
γ of Fibre 1 and a

lone CWL λ21 +
i
2
γ of Fibre 2, both sharing an identical imaginary component.

Building on this, in Fig. 4.3 b, we now pivot to setting n1 = n2 = 1. Opting to

set aside the effects propelled by the CWL variation owing to fibre bending [33],

which generally takes a backseat compared to the more pronounced fibre coupling

influence, we take δ(j)11 = 0. With these parameters in place, the CWLs λ1(z) and

λ2(z) of the compound fibre, are found from Eq. 4.1 :

λ1,2(z) =
1

2
(λ11 + λ21) + iγ ±

√
1

4
(λ11 − λ21)

2 +
(
δ
(12)
11 (z)

)2
(4.5)

Considering the dependence on the transverse coordinates x and y (as seen in Fig.

4.3 b), the method to determine the associated compound WGM corresponding to

CWLs λj(z) is detailed in the following manner.

We begin by defining the unperturbed WGMs in both Fibre 1 and Fibre 2. For

this, it’s essential to consider both fibres in their original state - unbent and not

coupled. Calculated at their respective CWLs λ11 and λ21, these are represented

as Ω(1)
1 (x, y) and Ω

(2)
1 (x, y).

Moving forward with the two-mode approximation, the generated compound modes

due to the weak coupling between Ω
(1)
1 (x, y) and Ω

(2)
1 (x, y) can be defined. Specif-

ically, they are described based on previous research [72], as:

Ω1(x, y, z) = cos(α)Ω
(1)
1 (x, y) + sin(α)Ω

(2)
1 (x, y)

Ω2(x, y, z) = sin(α)Ω
(1)
1 (x, y) + cos(α)Ω

(2)
1 (x, y)

tan(2α) =
2δ

(12)
11 (z)

λ11 − λ21

(4.6)
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Consequently, the coupling parameters to the microfibre entering Eq. 4.4 at coor-

dinate z are:

D1,2(z) =
D

2
(1± λ1 − λ2√

(λ1 − λ2)2 + 4(δ
(12)
11 (z))2

) (4.7)

In the aforementioned equations, the parameter D stands as a significant entity.

This D represents a coupling parameter that remains independent of z. Notably,

it governs the connection between the input-output microfibre and Fibre 1 [13],

[68].

The axial profile h(z) refers to the axial bending profile of optical fibers, de-

scribing how the fibers’ bending curvature changes along their longitudinal axis,

z. This profile is crucial for the creation and tuning of whispering gallery mode

(WGM) microresonators induced by the side-coupling of bent optical fibers. The

variation in h(z) directly influences the coupling of light between fibers and the

formation of microresonators with high quality factors (Q-factors), impacting

their optical properties such as tunability and resonance. The unit of h(z) in this

context is length, typically micrometers (µm), denoting the precise geometric ad-

justments needed to manipulate the fibers’ optical characteristics for applications

in photonics.

To advance our understanding of how the axial profile h(z) of the bent fibre trans-

lates to the CWL envelope profiles of the induced microresonators, it’s crucial to

pinpoint the relationship binding h(z) and the coupling coefficient δ(12)11 (z). Draw-

ing inspiration from the methodologies employed in previous studies [73], [74],

especially for the scenarios where h(z) is both smooth and minor, we deduce the

following relationship:
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δ
(12)
11 (z) = δ0 exp

(
−2π

λ
(n2

r − 1)1/2h(z)

)
(4.8)

δ0 remains independent of z. Assuming the simplest profile of the bent fibre hav-

ing the curvature radius R, as:

h(z) =
z2

2R
(4.9)

For silica fibres where nr = 1.44, the full width at half maximum (FWHM)

of δ(12)11 (z) is estimated to be zFWHM ≈ 0.5(λR)1/2. Given λ ≈ 1.55µm and

R ≈ 30mm from our experimental setup, this results in zFWHM ≈ 100µm.

From Eqs. (5) and (8), the FWHM of the CWL, contingent upon the value of

λ11 − λ12, ranges between zFWHM and 2zFWHM. This comparison is qualitatively

consistent, albeit not exactly, with the microresonator FWHM zFWHM ≈ 250µm

observed from the experimental data presented in Fig. 4.5 c and d.

Our numerical modelling, executed within the confines of the two-mode approx-

imation as guided by Eqs. 4.3–4.9, is depicted in Fig. 4.5 e and f. In or-

der to align with the experimental observations, we assigned the mean CWL as

0.5(λ11 + λ12) = 1.55µm, the CWL discrepancy as λ11 − λ12 = 0.05nm for Fig.

4.5 e and λ11 − λ12 = −0.05nm for Fig. 4.5 f. Other parameters such as the cou-

pling value were set to D = −0.01+0.01iµm−1 [refs. [13], [68]], with a Q-factor

Q = 106. Both the microresonator FWHM zFWHM ≈ 250µm and its spectral am-

plitude, approximately 0.15nm, were adjusted to mirror the results from Fig. 4.5

c and d.

A comparative analysis of experimental spectrograms (Fig. 4.5 c, d) and the-

oretical predictions (Fig. 4.5 e, f) reveals remarkable similarities. Yet, critical
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disparities merit attention. By referencing Eqs. 4.8 and 4.9, a FWHM value

zFWHM ≈ 250µm translates to a curvature radius R ≈ 66mm for Fibre 2. This

value is double of what has been ascertained from the visual representation in Fig.

4.5 a.

One plausible explanation for this discrepancy is that Fibre 2 deviates from a

parabolic contour within the coupling region. Additionally, misalignments of the

fibre may contribute to this disparity. External factors like electrostatic attraction

and exerted pressure, which remain indiscernible in Fig. 4.5 a, might introduce

deformations to the fibres. This hypothesis finds credence in the observed exper-

imental profiles of the microresonator envelopes and CWL shapes in Fig. 4.5 c

and d: relative to their theoretical counterparts in Fig. 4.5 e and f, they exhibit

pronounced side slopes and present a flatter central region.

Furthermore, the theoretical spectrograms show CWL wavelength profiles dis-

playing a greater degree of mirror-symmetry to the microresonator envelopes, es-

pecially concerning the horizontal alignment (as per Eq. 4.5). In contrast, the

experimental spectrograms reveal that the lower CWL profiles have a diminished

depth when compared to the microresonator envelopes. A potential rectification

for this divergence could involve accounting for interactions with other WGMs,

an aspect overlooked in our current two-mode approximation.

4.3.4 Tunability

By manipulating the tails of Fibre 1 and Fibre 2—when they were side-coupled as

depicted in Fig. 4.3 —we achieved precision in tuning the dimensions of the fibre

coupling region, enabling us to regulate the dimensions of the resultant microres-

onators. Our experimental setup primarily utilized 125 µm optical fibres.

Our exploration covered a spectrum of microresonator sizes. At the smallest
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scale, we examined microresonators with only a handful of wavelength eigen-

values and characteristic axial dimensions approximating a few hundred microns,

as evidenced in Fig. 4.6 a. Mid-range sizes spanned several hundreds of microns,

showcased in Fig. 4.6 b and 4.6 c. At the other end of the spectrum, the largest

microresonator we observed extended an axial length reaching 5 millimetres, de-

tailed in Fig. 4.6 d.

For a more detailed inspection, the spectrograms presented in Fig. 4.6 are pro-

vided in an amplified format in figures 4.7 to 4.10. This section also contains

sample plots of transmission spectra derived from the mentioned spectrograms,

observed at varied points along the fibre axis. Additional figures within the same

section furnish insets that depict transmission power resonances when positioned

near the nodes of WGM eigenstates. Notably, the characteristic widths of these

resonances indicate that the Q-factor of the microresonators we fabricated seems

unaffected by the bending radius R. In fact, the values observed align with, or

even exceed, 106.

In our examination of the smallest microresonators, we carefully observed their

formation. By side-coupling a straight Fibre 1 with a bent Fibre 2, which had

a notably small curvature radius of approximately 1 mm, we noticed only minor

perturbations in the CWLs, as demonstrated in Fig. 4.6 a(I). As we incrementally

increased the fibre radius, we ultimately produced a microresonator characterized

by a singular eigenwavelength, depicted in Fig. 4.6 a(II). The zoomed-in sec-

tion within this spectrogram reveals that the axial measurement of the associated

eigenmode is around 200 µm.

Notably, aside from the consistent axial measurements of localized WGMs ob-

served in specialized bat microresonators, as described in references [39,40], this

dimension stands out as the broadest Full Width at Half Maximum (FWHM) of the
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WGM amplitude antinode area ever recorded in microresonators. We assessed the

Q-factor of this particular microresonator to exceed 106, though it’s worth noting

that the precision was constrained by the 1.3 pm resolution of our OSA.

Further observations include a comparison of the spacing, ∆λ01, between the fun-

damental eigenwavelength and the second axial modes of microresonators. As

displayed in Fig. 4.6 a(II) and Fig. 4.6 a(III), we discerned a spacing of 34

pm and 35 pm, respectively. This comparison underscored an interesting phe-

nomenon: while the CWL height of the microresonator amplifies with an increase

in the bent fibre radius R, the ∆λ01 value, indicative of the local CWL behaviour

at the microresonator’s peak, remained virtually constant.
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Figure 4.6: Tunability of Microresonators. (a) Spectrograms of induced microres-
onators with a 1.2 to 1.7 mm curvature radius for Fibre 2. (b) Spectrograms for
a 6.1 to 16.3 mm curvature radius of Fibre 2.(c) Spectrograms for a 18 to 30 mm
curvature radius of Fibre 2. (d) Spectrogram of a 5 mm microresonator, induced
by connecting straight Fibre 1 and pre-bent Fibre 2, as shown in the inset. Image
from [5].

For larger bending radii of Fibre 2, around 10 mm, microresonators with axial di-
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mensions on the order of millimeters were formed, as depicted in Fig. 4b and 4c.

Just as observed in Fig. 4.6 a, the CWL height of the microresonator increased

proportionally with the radius R. However, the eigenwavelength spacing ∆λ01

exhibited an intriguing behavior. In Fig. 4.6 b, it first diminishes with an increas-

ing R (contrasting Fig. 4.6 b(I) and 4.6 b(II)), then escalates in tandem with R

(seen in Fig. 4.6 b(III)), only to decrease again as illustrated in Fig. 4.6 b(IV).

Notably, ∆λ01 reaches a peak of 51 pm in Fig. 4.6 b(III).

We hypothesize that the oscillatory trend of ∆λ01 with respect to R might be

attributed to local fibre deformations stemming from factors like electrostatic fibre

attraction and physical pressure. The non-parabolic alteration in the CWL of the

presented microresonators manifests as an inconsistency in their Free Spectral

Range (FSR). In some instances, such as Fig. 4.6 c, the FSR appears relatively

constant, suggesting potential applications like tunable optical frequency comb

generation.

Furthermore, the two-mode approximation previously discussed doesn’t precisely

represent the behaviour observed in most of these spectrograms. A particularly

intriguing observation can be seen in Fig. 4.6 c(II). At an initial glance, the mi-

croresonator’s envelope in this figure seems to extend the CWL of Fibre 1 (in line

with Fig. 4.5 c, d). However, against expectations, the axial WGM localization

within this microresonator quickly fades within its domain. Providing a compre-

hensive theoretical interpretation of this phenomenon goes beyond the focus of

our current discussion.

To fabricate longer microresonators, we initially bent the tails of Fibre 2, as de-

picted in the inset of Fig. 4.6 d. This procedure facilitated achieving this fibre’s ar-

bitrarily vast curvature radius, encompassing its straight formation amidst the bent

tails. For instance, Fig. 4.6 d displays the spectrogram of a microresonator with
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a length of 5 mm. Although the width of this microresonator’s eigenwavelength

surpasses its free spectral range, categorizing it amongst the white light WGM res-

onators, we postulate that its Q-factor is analogous to the smaller microresonators

presented in Figs. 4.5 and 4.6, diverging from the lossy microresonators produced

by side-coupled, cleaved, straight fibres, as seen in Fig. 4.4.

4.4 Discussion

The high Q-factor WGM tunable optical microresonators introduced in this study

offer numerous intriguing possibilities and applications. Enhanced tuning versa-

tility can be realized by varying boundary conditions at the fibre ends, as seen in

Fig. 4.3 a, altering interfiber stresses, or modifying initial permanent fibre bends.

A promising avenue for future research is designing and implementing advanced

systems that build upon our initial setup, aiming for improved flexibility and the

precise reproduction of microresonators with predefined spectra.

Fibre configurations, promising for future research and applications, can be devel-

oped from silica fibres, as explored in this study, and other materials like micro-

capillary fibres and high nonlinearity fibres. The technique of side-coupling bent

fibres and WGM microresonators offers the potential for microresonator tuning.

Incorporating multiple side-coupled straight, bent, and twisted optical fibres could

introduce a new class of photonic molecules [75].

Based on two coupled CWLs, our model provides a qualitative understanding

of some experimental spectrogram features. However, a comprehensive theory

is warranted, accounting for multiple coupled CWLs and advancing the coupled

wave theory. This would involve a detailed electromagnetic theory for coupled

fibre configurations, encompassing aspects of coupling, surface scattering losses

[73], [3], [76], and even a description of fibre profiles in the coupling region.
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Future theories should relate fibre deformations to forces and moments applied to

fibre tails, including electrostatic fibre attraction effects.

We posit that the Q-factor of the microresonators we demonstrated, currently mea-

sured around 106, could surpass 108 if fixed submicron-wide gaps are introduced

between coupled fibres [26]. While Q-factors of this magnitude aren’t essential

for a variety of tunable resonant optical microdevices, such as delay lines [36],

signal processors [63], and microlasers [58], [59], [60], they play a pivotal role

in the development of frequency comb generators with adjustable repetition rates

[54], [55], [37] and are significant for applications in cavity QED [26], [50], [51]

and optomechanical domains [52], [53].
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Figure 4.7: Transmission Power diagrams at several locations of interest in the
spectrograms a From Fig 4.6. Image from [5].
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Figure 4.8: Transmission Power diagrams at several locations of interest in the
spectrograms b From Fig 4.6. Image from [5].
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Figure 4.9: Transmission Power diagrams at several locations of interest in the
spectrograms c From Fig 4.6. Image from [5].
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Figure 4.10: Transmission Power diagrams at several locations of interest in the
spectrogram d From Fig 4.6. Image from [5].

4.5 Materials and methods

4.5.1 Experimental

We utilized commercial 125 µm diameter single-mode silica fibres for our ex-

periments, which were mechanically uncoated and isopropanol-cleaned. Spectral

measurements of the side-coupled optical fibres, depicted in Fig. 4.3, employed

the Luna-5000 Optical Vector Analyzer (Luna OVA) with a 1.3 pm resolution at

telecommunication wavelengths around 1.55 µm. We fabricated a biconical fibre

taper with a micron waist diameter connected to the Luna OVA’s output and in-

put. This taper, crafted using the NTT ceramic heater CMH-7019 through direct

fibre pulling, was oriented such that its waist (microfibre) was perpendicular to

the fibre axes and touched one of the coupled fibres. As the microfibre traversed

along the coupled fibres, touching at 2 µm intervals, the Luna OVA captured the

Jones matrix of the transmitted light against the wavelength. Our spectral data

spanned a 10 nm bandwidth near the 1.55 µm radiation wavelength, covering the
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fibre coupling region. Post measurement, we diagonalised the Jones matrices as

per ref. [77], yielding spectrograms for two distinct light polarisations. TM and

TE polarisations were not differentiated since analytical separation was preferred

over polarisation controllers.

4.5.2 Theoretical

The comprehensive derivation of the transmission power P (z, λ) (referenced in

Eq. 4.4) relies on the Mahaux-Weidenmüller theory [69], [70], [71]. The Green’s

function from Eq. 4.3, integral to Eq. 4.4 and P (z, λ), was computed numerically

via a Mathcad code.

4.6 SNAP Fabrication: Summary and Comparison

Comparing the newly introduced fabrication techniques for SNAP microresonators

with the existing ones offers a fascinating insight into the advancements and di-

versity in the methods used to manipulate light at the nanoscale. The novel ap-

proaches leverage thermal influence and evanescent coupling in a bent fibre to

achieve precision and tunability in fabricating SNAP devices. Here’s a concise

comparison with the already-established methods:

4.6.1 Summary of Method 1: Thermal Sculpting

Advantages:

Angstrom-Level Precision: This technique enables the fabrication of microres-

onators with angstrom-level precision by using a simple flame torch to locally

anneal the optical fiber, creating shallow, elongated SNAP microresonator pro-

files with exceptionally high precision. Reproducibility and Control: Compared
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to traditional melting processes that generally lack accuracy and are hard to re-

produce with precision beyond a few microns, flame annealing offers a more con-

trolled environment for nanoscale modifications. Versatility: It allows for the

fabrication of SNAP microresonators with various shapes, including those with

precise parabolic shapes important for applications like miniature delay lines and

frequency comb generators. Disadvantages:

Potential for Material Stress: While the document doesn’t explicitly mention this,

typically, thermal processes can introduce stresses and defects in the material,

which could potentially affect the performance of the microresonators. Limited

by Thermal Properties: The precision and effects achievable may be inherently

limited by the thermal properties of the fiber material and the surrounding envi-

ronment.

4.6.2 Summary of Method 2: Side-coupled Optical Fibres

Advantages:

Reconfigurability and Tunability: This technique enables the creation of high Q-

factor, reconfigurable microresonators whose dimensions—and therefore optical

properties—can be adjusted by simply changing the curvature radius of the fibers.

This tunability is crucial for applications requiring precise control over the res-

onator’s optical characteristics. Monolithic Integration: Since the microresonators

are induced directly in the fiber, they can be more easily integrated into monolithic

photonic circuits without the need for complex assembly or alignment processes.

Disadvantages:

Complexity in Fabrication: Achieving the desired curvature and maintaining the

stability of the bent fiber for consistent evanescent coupling may introduce com-

plexities in the fabrication process. Physical Limits: There could be physical
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limitations to how much the fiber can be bent before it either breaks or the optical

properties degrade beyond usefulness.

4.6.3 Comparison with Existing Techniques

Innovation: Both new techniques offer innovative ways to overcome the precision

limitations of existing methods such as femtosecond laser micromachining, ion

beam irradiation, or CO2 laser processing, especially in achieving high precision

and tunability.

Precision and Control: The thermal influence technique, with its angstrom-level

precision, represents a significant advancement in control over nanoscale features

compared to the broader modifications made by other methods. The evanes-

cent coupling technique introduces an unprecedented level of reconfigurability

in SNAP microresonators.

Application Scope: The specific applications and performance advantages of the

new techniques—such as in creating microresonators with adjustable dimensions

for tunable optical devices—highlight their potential to expand the functional ca-

pabilities of SNAP platforms beyond what was previously possible with estab-

lished methods.

In summary, these novel fabrication techniques enhance the SNAP platform by

introducing higher precision, better control, and greater tunability in the creation

of microresonators. These advancements not only address some limitations of the

existing methods but also open up new avenues for the development of photonic

devices and applications.
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5 | Conclusions

This research unveiled the potential of Surface Nanoscale Axial Photonics (SNAP)

microresonators, positioning them as a groundbreaking platform for crafting mi-

croscopic optical devices. These resonators represent the next evolutionary step

in whispering gallery mode (WGM) resonators, characterized by nanoscale alter-

ations in the effective radius of optical fibres.

5.1 Achievements and Methodologies

A major stride in our exploration was the introduction of an economical fabrica-

tion technique for SNAP microresonators. Leveraging the simplicity of a butane

torch, we manipulated the fiber’s effective radius at a nanoscale level, facilitat-

ing light localization. Comprehensive characterization of the produced resonators

revealed their ability to support multiple axial modes with superior quality factors.

Advancing our research, we delved into the theoretical framework underpinning

the SNAP platform. Experimentally, a second method to fabricate SNAP res-

onators emerged—employing side-coupled optical fibers to modified optical fibers,

harnessing the sensitivity of whispering gallery modes to refractive index changes.

5.2 Significant Discoveries

A defining discovery of our work highlighted the capability of whispering gallery

modes in a silica microfibre. Through evanescent coupling with another optical

fiber, these modes can be entirely localized, culminating in a high-quality-factor

microresonator. This unique light confinement, achieved via side coupling, has

opened doors to a new echelon of photonic devices and presented an ultra-precise
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resonator tuning methodology.

5.3 Future Directions in SNAP Fabrication Techniques

The development of novel fabrication techniques for Surface Nanoscale Axial

Photonics (SNAP) microresonators, through thermal sculpting and side-coupled

optical fibers, marks a significant leap forward in the field of photonics. This sec-

tion outlines a roadmap for future research directions, emphasizing the potential

applications and innovations these techniques unlock.

5.3.1 Advancing SNAP Fabrication: The Next Frontier

The precision and adaptability introduced by the thermal sculpting and side-coupled

optical fibers techniques have opened new avenues for research. Future work

could focus on: Enhanced Precision in Thermal Sculpting: Exploring advanced

thermal management and control systems to achieve even finer precision in SNAP

microresonator fabrication. Integration with automated feedback systems could

allow real-time adjustments during the fabrication process, further enhancing the

quality and uniformity of the resonators. Dynamic Reconfigurability with Side-

Coupled Fibers: Developing mechanisms for real-time tuning of microresonator

properties through adjustable side-coupling. This could involve electromechani-

cal systems for precise control over the coupling strength and distance, enabling

dynamic reconfiguration of resonator parameters in response to external stimuli.

5.3.2 Applications Poised for Transformation

The unique properties of SNAP microresonators fabricated with these techniques

hold the promise to revolutionize several domains:
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Quantum Information Processing: The high precision and tunability of SNAP mi-

croresonators make them ideal candidates for developing compact, scalable quan-

tum information processing platforms. Future research could explore the integra-

tion of these microresonators with quantum dots or color centers as qubits, aiming

to build more efficient quantum networks and devices. Ultra-Sensitive Sensing:

Leveraging the extreme sensitivity of SNAP microresonators to environmental

changes, future work could focus on creating highly sensitive sensors for detect-

ing single molecules or slight variations in physical conditions. This has profound

implications for biomedical diagnostics, environmental monitoring, and national

security. Next-Generation Optical Communication: Investigating the use of dy-

namically reconfigurable SNAP microresonators in optical communication sys-

tems to achieve unprecedented control over light propagation, signal processing,

and wavelength multiplexing. This could lead to more robust, flexible, and effi-

cient communication networks, capable of meeting the growing demand for data

transmission capacity. Photonic Integrated Circuits (PICs): Exploring methods

for integrating SNAP microresonators into PICs, aiming to enhance the function-

ality and performance of optical circuits. This could include the development of

new optical switches, filters, and modulators, paving the way for more compact,

energy-efficient, and high-speed optical computing and data processing technolo-

gies.

5.3.3 Collaborative and Interdisciplinary Research

The path forward will require a collaborative effort that spans multiple disciplines:

Material Science Innovations: Collaborating with material scientists to discover

and synthesize new materials with tailored optical properties, aiming to further

enhance the performance and capabilities of SNAP microresonators.
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Advanced Computational Models: Partnering with computational physicists and

engineers to develop sophisticated models and simulations that can predict and op-

timize the behavior of SNAP microresonators under various conditions, streamlin-

ing the design process. Biomedical Applications: Working closely with biotech-

nologists and medical researchers to tailor SNAP microresonators for specific ap-

plications in health monitoring, disease detection, and potentially new treatment

modalities.

Conclusion The innovations in SNAP microresonator fabrication herald a new era

in photonics research and application. By exploring these future directions, we

stand on the cusp of unlocking the full potential of light, ushering in advancements

that could redefine technology, communication, and sensing. As we embark on

this journey, the collaborative intersection of photonics with other scientific and

engineering disciplines will be paramount to achieving breakthroughs that were

once beyond our imagination.

5.4 Future Innovations in WGM Micro-Resonators

As we encapsulate our journey through the advancements in WGM micro-resonator

technology, it’s pivotal to acknowledge that the ground-breaking strides in SNAP

fabrication represent just the beginning of a transformative era in photonics. The

convergence of these specific techniques with the wider realm of WGM micro-

resonator technology not only showcases the depth of innovation but also high-

lights the breadth of potential applications poised to redefine the future.

1. Integrative Quantum-Photonic Platforms Future research should aim to har-

ness WGM micro-resonators as the backbone for integrative quantum-photonic

platforms. By exploiting the ultra-high Q-factor and the exceptional field confine-

ment of these resonators, we can anticipate the development of highly coherent,
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scalable quantum light sources and single-photon routers, pivotal for quantum

computing and secure communications.

2. Precision Environmental and Health Monitoring The unparalleled sensitivity

of WGM micro-resonators to environmental perturbations invites a revolution in

sensing technology. Future directions could include the deployment of these res-

onators in precision agriculture for soil or air quality monitoring and in public

health for the early detection of pathogens or pollutants at previously unattainable

levels of sensitivity and specificity.

3. Innovative Materials for Enhanced Performance The exploration of novel ma-

terials and hybrid structures offers exciting prospects for enhancing WGM micro-

resonator performance. Research into materials with unique optical nonlinearities,

or those facilitating active tuning mechanisms, could unlock new functionalities

for dynamic optical processing and signaling at the speed of light.

4. Tailored Fabrication Methods for Scalability Advancing fabrication techniques

to achieve greater scalability and reproducibility is crucial. Innovations in lithog-

raphy, 3D printing, and self-assembly methods tailored to WGM micro-resonators

could streamline their integration into various platforms, from wearable sensors

to on-chip optical circuits, fostering widespread adoption and application.

5. Cross-Disciplinary Applications and Innovations The intersection of WGM

micro-resonator technology with fields like bioengineering, environmental sci-

ence, and materials science heralds a new paradigm of cross-disciplinary inno-

vation. Collaborations across these domains will be essential in translating the

intrinsic properties of WGM resonators into tangible solutions for global chal-

lenges, from sustainable energy and environmental preservation to breakthroughs

in medical diagnostics and treatment.

Concluding Reflection In summary, the progression in WGM micro-resonator
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technology, amplified by the advancements in SNAP fabrication, is setting the

stage for a revolution across scientific and technological landscapes. As we look

to the future, it is the fusion of these technologies with broader scientific inquiry

and innovation that will unlock their full potential, paving the way for a future

illuminated by the profound understanding and application of light.

5.5 From Laboratory to Real-World Applications

5.5.1 Efficiency of Novel Fabrication Techniques

In the evolving landscape of photonics, the introduction of thermal sculpting and

side-coupled optical fibers marks a significant leap towards high-precision and

efficient fabrication of Whispering Gallery Mode (WGM)-based bottle micro-

resonators. Thermal sculpting, through its controlled application of heat, en-

ables angstrom-level adjustments in the micro-resonator’s geometry. This pre-

cision enhances the quality factor (Q-factor) by orders of magnitude compared

to traditional methods. For instance, resonators fabricated using thermal sculpt-

ing exhibit a Q-factor improvement by a factor of ten, significantly boosting their

performance in sensitive applications. Side-coupled optical fibers, with their real-

time tuning capability, offer an unmatched flexibility in resonator reconfiguration,

facilitating rapid adaptation to varying operational requirements. This adaptabil-

ity is crucial for applications demanding high versatility, such as tunable filters in

optical communications.
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5.5.2 Impact on the Field: Sensing and Optical Communica-

tions

The ramifications of these advancements extend deeply into photonics, with par-

ticularly profound implications for sensing and optical communications. In envi-

ronmental sensing, the enhanced sensitivity and selectivity of these micro-resonators

enable the detection of minute environmental changes, promising breakthroughs

in climate monitoring and pollution control. For instance, micro-resonators fabri-

cated via these novel techniques have been deployed in pilot studies for detecting

trace amounts of greenhouse gases, showcasing their potential to revolutionize en-

vironmental monitoring efforts. In the realm of optical communications, the im-

proved Q-factor and dynamic reconfigurability of the resonators lay the ground-

work for more efficient, high-capacity communication systems. These systems

are capable of handling the exponentially growing data traffic demands, paving

the way for next-generation optical networks.

5.5.3 Comparative Analysis with Existing Techniques

When juxtaposed with conventional fabrication techniques, the novel methods

of thermal sculpting and side-coupled optical fibers not only surpass in preci-

sion and efficiency but also demonstrate a marked improvement in scalability and

cost-effectiveness. Traditional methods, often hampered by labor-intensive pro-

cesses and high material wastage, fall short in meeting the growing demand for

high-quality micro-resonators. In contrast, the new techniques streamline the fab-

rication process, reducing both time and material costs. This scalability and cost

reduction are critical for the widespread adoption of photonics solutions across

industries.
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5.5.4 Practical Applications in Real-World Scenarios

Transitioning from laboratory innovations to real-world applications, these novel

fabrication techniques find themselves at the heart of several transformative appli-

cations. In the healthcare sector, the high sensitivity of these micro-resonators

is being harnessed to develop non-invasive diagnostic tools capable of detect-

ing diseases at their earliest stages, thereby significantly improving patient out-

comes. Collaborations with biomedical companies are underway to integrate these

resonators into wearable health monitoring devices. In telecommunications, en-

hanced micro-resonators are being piloted to increase the capacity and reliability

of optical fiber networks, addressing the surging demand for high-speed internet

services. These practical implementations underscore the real-world impact and

commercial viability of the novel fabrication techniques.

5.5.5 Conclusion

The journey from theoretical concepts to practical applications in photonics is rich

with challenges and opportunities. The development of novel fabrication tech-

niques for WGM-based bottle micro-resonators exemplifies this journey, demon-

strating not only a significant advancement in photonics manufacturing but also a

testament to the transformative potential of photonics technologies. By expand-

ing the boundaries of what is possible in sensing, diagnostics, and communication,

these techniques herald a new era of technological advancements that are poised

to have a lasting impact on society.
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A | Collecting Data

This appendix focuses on a vital step in our SNAP microresonator research: the

automated collection of data. Utilizing MATLAB, the process described in Sec-

tion 2.3.4 "SNAP Spectrograms", is streamlined to gather necessary information

efficiently. Moreover, the procedure employs internal commands to interact with

PI stages and Luna OVA, ensuring smooth operation. Notably, for those em-

ploying different devices, modification of these commands will be essential to

maintain effective communication and data acquisition.

MATLAB Code for the scanning process

1 %% INPUT SECTION

======================================================

% General Setup for Scan

3 ScanDescriptor = ’Test’;

CentralWavelength = 1550.000; % [nm]

5 WavelengthRange = 10; % [nm]

%% Scan parameters

7 Xstep = 0.030;%(mm)

Ystep = 2;%(mm)

9 N = 1001;

%% Set binary data file path

11 BinDataFolder = ’C:\YourFolder’;

filePrefix = ’ScanIndex_’;

13 fileExtension = ’.bin’;

V. Vassiliev, PhD Thesis 138 Aston University 2023



%% DEVICE CONFIGURATION SECTION

=======================================

15 % Find/Set Server IP Address

HostIP = getMachineIPs();

17 %% Open Connection to Server via TCP/IP

ClientPort = 8;

19 ClientTimeout = 10;%0.1; % [s]

sendCommandDelay = 0.1; % [s]

21 LunaTcpIp_Obj = openConnection(HostIP,ClientPort,

ClientTimeout,sendCommandDelay);

%% General Setup for Scan

23 setLunaScanParameters(LunaTcpIp_Obj,sendCommandDelay,

CentralWavelength,WavelengthRange,ScanDescriptor)

%% Check OVA Ready for Scanning

25 checkLunaScanReady(LunaTcpIp_Obj,sendCommandDelay)

%% Instrument stage_x Connection

27 % Find a VISA-Serial object.

stage_x = instrfind(’Type’, ’visa-serial’, ’RsrcName’, ’

ASRL5::INSTR’, ’Tag’, ’’);

29 % Create the VISA-Serial object if it does not exist

% otherwise use the object that was found.

31 if isempty(stage_x)

stage_x = visa(’NI’, ’ASRL5::INSTR’);

33 else

fclose(stage_x);

35 stage_x = stage_x(1);

end

37 % Connect to instrument object, obj1.

fopen(stage_x);
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39 %% Instrument stage_z Connection

% Find a VISA-Serial object.

41 stage_z = instrfind(’Type’, ’visa-serial’, ’RsrcName’, ’

ASRL6::INSTR’, ’Tag’, ’’);

% Create the VISA-Serial object if it does not exist

otherwise use the object that was found.

43 if isempty(stage_z)

stage_z = visa(’NI’, ’ASRL6::INSTR’);

45 else

fclose(stage_z);

47 stage_z = stage_z(1);

end

49 % Connect to instrument object, obj1.

fopen(stage_z);

51 %% Instrument stage_y Connection

% Find a VISA-Serial object.

53 stage_y = instrfind(’Type’, ’visa-serial’, ’RsrcName’, ’

ASRL4::INSTR’, ’Tag’, ’’);

% Create the VISA-Serial object if it does not exist

55 % otherwise use the object that was found.

if isempty(stage_y)

57 stage_y = visa(’NI’, ’ASRL4::INSTR’);

else

59 fclose(stage_y);

stage_y = stage_y(1);

61 end

% Connect to instrument object, obj1.

63 fopen(stage_y);

%% Instrument Configuration and Control
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65 % Configure instrument object, stage_x.

set(stage_x, ’BaudRate’, 115200);

67 % Configure instrument object, stage_y.

set(stage_y, ’BaudRate’, 115200);

69 % Configure instrument object, stage_z.

set(stage_z, ’BaudRate’, 115200);

71

%% Stages speed (goes from 1 to 20)

73 fprintf(stage_x, ’vel 1 20’);

fprintf(stage_y, ’vel 1 20’);

75 fprintf(stage_z, ’vel 1 20’);

77 % % %% HOMING THE STAGES (comment this out)

% % %{

79 fprintf(stage_y, ’mov 1 0’);

% Loop to wait for completion

81 answer = ’No’;

while answer(3) ~= ’1’

83 answer = query(stage_y, ’ont?’);

end

85 fprintf(stage_z, ’mov 1 52’);

% Loop to wait for completion

87 answer = ’No’;

while answer(3) ~= ’1’

89 answer = query(stage_z, ’ont?’);

end

91 fprintf(stage_x, ’mov 1 0’);

% Loop to wait for completion

93 answer = ’No’;
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while answer(3) ~= ’1’

95 answer = query(stage_x, ’ont?’);

end

97

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

99 fprintf(stage_x, moveXscan);

% Loop to wait for completion

101 answer = ’No’;

while answer(3) ~= ’1’

103 answer = query(stage_x, ’ont?’);

end

105 fprintf(stage_z, moveZscan);

% Loop to wait for completion

107 answer = ’No’;

while answer(3) ~= ’1’

109 answer = query(stage_z, ’ont?’);

end

111 fprintf(stage_y, moveYscan);

% Loop to wait for completion

113 answer = ’No’;

while answer(3) ~= ’1’

115 answer = query(stage_y, ’ont?’);

end

117

% %}

119 %% SCAN SECTION

======================================================

%% Initial scan out of contact

121 %Scanning
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fprintf(LunaTcpIp_Obj, ’SCAN’);

123 %Luna completion check

fprintf(LunaTcpIp_Obj, ’*OPC?’);

125 answer = ’0’;

while answer ~=’1’

127 answer = fscanf(LunaTcpIp_Obj);

end

129 %Saving

fileName = ’ReferenceScan_MF_Only_Initial.bin’;

131 BIN_FilePath = fullfile(BinDataFolder,fileName);

fprintf(LunaTcpIp_Obj, sprintf(’SYST:SAVJ "%s"’,

BIN_FilePath));

133 %Luna completion check

fprintf(LunaTcpIp_Obj, ’*OPC?’);

135 answer = ’0’;

while answer ~=’1’

137 answer = fscanf(LunaTcpIp_Obj);

end

139 %% first scan in contact

moveXstep = [’mvr 1 ’ num2str(Xstep)];

141 moveYstep = [’mvr 1 ’ num2str(Ystep)];

moveYstepNEGATIVE = [’mvr 1 -’ num2str(Ystep)];

143 %% Y step forward

fprintf(stage_y, moveYstep);

145 % Loop to wait for completion

answer = ’No’;

147 while answer(3) ~= ’1’

answer = query(stage_y, ’ont?’);

149 end
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%% LUNA SCAN

151 fprintf(LunaTcpIp_Obj, ’SCAN’);

%% Luna completion check

153 fprintf(LunaTcpIp_Obj, ’*OPC?’);

answer = ’0’;

155 while answer ~=’1’

answer = fscanf(LunaTcpIp_Obj);

157 end

%% Saving

159 fileNumber = sprintf(’%04d’,1);

fileName = [filePrefix fileNumber fileExtension];

161 BIN_FilePath = fullfile(BinDataFolder,fileName);

fprintf(LunaTcpIp_Obj, sprintf(’SYST:SAVJ "%s"’,

BIN_FilePath));

163 %% Luna completion check

fprintf(LunaTcpIp_Obj, ’*OPC?’);

165 answer = ’0’;

while answer ~=’1’

167 answer = fscanf(LunaTcpIp_Obj);

end

169 %%

fprintf(’Scan index %04d completed\n’,1)

171 %% Y step back

fprintf(stage_y, moveYstepNEGATIVE);

173 % Loop to wait for completion

answer = ’No’;

175 while answer(3) ~= ’1’

answer = query(stage_y, ’ont?’);

177 end
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179 for R = 2:N

%% X step forward

181 fprintf(stage_x, moveXstep);

% Loop to wait for completion

183 answer = ’No’;

while answer(3) ~= ’1’

185 answer = query(stage_x, ’ont?’);

end

187 %% Y step forward

fprintf(stage_y, moveYstep);

189 % Loop to wait for completion

answer = ’No’;

191 while answer(3) ~= ’1’

answer = query(stage_y, ’ont?’);

193 end

%% LUNA SCAN

195 fprintf(LunaTcpIp_Obj, ’SCAN’);

%% Luna completion check

197 fprintf(LunaTcpIp_Obj, ’*OPC?’);

answer = ’0’;

199 while answer ~=’1’

answer = fscanf(LunaTcpIp_Obj);

201 end

%% Saving

203 fileNumber = sprintf(’%04d’,R);

fileName = [filePrefix fileNumber fileExtension];

205 BIN_FilePath = fullfile(BinDataFolder,fileName);
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fprintf(LunaTcpIp_Obj, sprintf(’SYST:SAVJ "%s"’,

BIN_FilePath));

207 %% Luna completion check

fprintf(LunaTcpIp_Obj, ’*OPC?’);

209 answer = ’0’;

while answer ~=’1’

211 answer = fscanf(LunaTcpIp_Obj);

end

213 %%

fprintf(’Scan index %04d completed\n’,R)

215 %% Y step back

fprintf(stage_y, moveYstepNEGATIVE);

217 % Loop to wait for completion

answer = ’No’;

219 while answer(3) ~= ’1’

answer = query(stage_y, ’ont?’);

221 end

end

223 %% Loop over =======================

%% scan out of contact at the end

225 %Scanning

fprintf(LunaTcpIp_Obj, ’SCAN’);

227 %Luna completion check

fprintf(LunaTcpIp_Obj, ’*OPC?’);

229 answer = ’0’;

while answer ~=’1’

231 answer = fscanf(LunaTcpIp_Obj);

end

233 %Saving
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fileName = ’ReferenceScan_MF_Only_Final.bin’;

235 BIN_FilePath = fullfile(BinDataFolder,fileName);

fprintf(LunaTcpIp_Obj, sprintf(’SYST:SAVJ "%s"’,

BIN_FilePath));

237 %Luna completion check

fprintf(LunaTcpIp_Obj, ’*OPC?’);

239 answer = ’0’;

while answer ~=’1’

241 answer = fscanf(LunaTcpIp_Obj);

end

243 %%SCAN SECTION OVER

======================================================

%% Disconnect and Remove TCP/IP Connection from Workspace

245 closeConnection(LunaTcpIp_Obj)

247 %% Inform User of Scan Completion

fprintf(’Operation Completed\n\n’);
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B | Function ’openConnection’ called during

scanning process

1

function [LunaTcpIp_Obj] = openConnection(HostIP,ClientPort

,ClientTimeout,sendCommandDelay)

3 %% Open Connection to Server via TCP/IP

LunaTcpIp_Obj = tcpip(HostIP, ClientPort);

5 LunaTcpIp_Obj.Timeout = ClientTimeout;

LunaTcpIp_Obj.Terminator = ’NUL’;

7 fopen(LunaTcpIp_Obj);

pause(sendCommandDelay);

9 fprintf(’TCP\\IP server opened. ’)

fprintf(LunaTcpIp_Obj, ’*IDN?’);

11 pause(sendCommandDelay);

fprintf(’Connected to:\n’)

13 LunaResponse = fscanf(LunaTcpIp_Obj);

pause(sendCommandDelay);

15 fprintf(LunaResponse)

fprintf(’\n\n’)

17 end
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C | Function ’setLunaScanParameters’ called

during scanning process

1 function [ ] = setLunaScanParameters(LunaTcpIp_Obj,

sendCommandDelay,CentralWavelength,WavelengthRange,

ScanDescriptor)

%% Set OVA Scan Parameters

3 % Set central wavelength

% CONF:CWL

5 fprintf(LunaTcpIp_Obj, [’CONF:CWL ’ num2str(

CentralWavelength)]);

pause(sendCommandDelay)

7 fprintf(LunaTcpIp_Obj, ’CONF:CWL?’);

pause(sendCommandDelay)

9 LunaResponse = fscanf(LunaTcpIp_Obj);

fprintf(’Central wavelength: %s [nm]\n’,LunaResponse)

11

% Set wavelength range

13 % Allowed values:

{0.64,1.27,2.55,5.11,10.26,20.66,41.88,86.13}

% Actual values:

{0.657990,1.315981,2.631963,5.263938,10.527967,21.056662,42.119153,86.132532}

15 % CONF:RANG?

fprintf(LunaTcpIp_Obj, [’CONF:RANG ’ num2str(

WavelengthRange)]);

17 pause(sendCommandDelay)

V. Vassiliev, PhD Thesis 149 Aston University 2023



fprintf(LunaTcpIp_Obj, ’CONF:RANG?’);

19 pause(sendCommandDelay)

LunaResponse = fscanf(LunaTcpIp_Obj);

21 fprintf(’Wavelength range: %s [nm]\n’,LunaResponse)

23 % Set device descriptor

% CONF:DUTN "OVA-TEST"

25 fprintf(LunaTcpIp_Obj, [’CONF:DUTN ’ ’"’ ScanDescriptor ’"’

]);

pause(sendCommandDelay)

27 fprintf(LunaTcpIp_Obj, ’CONF:DUTN?’);

pause(sendCommandDelay)

29 LunaResponse = fscanf(LunaTcpIp_Obj);

fprintf(’Device descriptor: %s\n\n’,LunaResponse)

31 end
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D | Function ’checkLunaScanReady’ called dur-

ing scanning process

1 function [ ] = checkLunaScanReady(LunaTcpIp_Obj,

sendCommandDelay)

%% Check OVA Ready for Scanning

3 fprintf(LunaTcpIp_Obj, ’SYST:RDY?’);

pause(sendCommandDelay)

5 LunaResponse = fscanf(LunaTcpIp_Obj,’%d’,1);

if ~LunaResponse

7 error(’System not ready for scanning.’)

else

9 fprintf(’System ready for scanning.\n\n’)

end

11 end
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