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Abstract

Hollow surface nano axial photonic cavities for microfluidic sensing

Samar Deep

Optical cavities are important parts of many scientific and industrial instruments
and have been widely studied in the field of optics and photonics. The Surface
nanoscale axial photonic (SNAP) cavity, a whispering gallery mode (WGM) type
optical cavity has recently gained attention and became the focus of active research.
In this thesis we present our work to make a thin-walled hollow SNAP cavity by using
a hydrogen torch and a tapered microfiber (TMF) pulling setup. Our method does
not require a carbon dioxide laser nor hydrogen fluoride etching. We use a tapered
microfiber to excite localized optical resonant modes in the walls of this cavity. We
show that when the walls of the capillary are thin enough (10 microns), the electric
field from resonance mode extends beyond the internal walls of the cavity and interacts
with the medium (air or water) inside the cavity. This shows a proof-of-concept that
the thin-walled hollow SNAP cavities can be used as an optical microfluidic sensor.
We also measure the transmission impulse response and light pulse dynamics of a
SNAP optical cavity using an optical backscatter reflectometer. From the data we
compute the lifetime of the light in the SNAP cavity in the time domain, and its

round trip time.
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Chapter 1
Introduction

The use of optical cavities to confine the light is a very important and widely studied
topic in the field of optics and photonics. Optical cavities have become essential
parts of many scientific and industrial instruments. Whispering gallery mode (WGM)
cavities that use total internal reflection to confine the light have found many uses in
both applied and fundamental scientific research, ranging from biomedical sensing to
cavity quantum electrodynamics [1-7].

Surface Nanoscale Axial Photonic (SNAP) optical cavities, WGM-type optical
cavities have recently gained attention and became the focus of active research[8-14].
These optical cavities support high Q-factor modes, and can produce dispersion-less
spectra[15-17] where the frequency of the resonant modes is equally spaced like an
ideal optical resonator. Due to these properties, these cavities have shown potential
for applications as dispersion-free delay lines, optical buffers, and frequency comb

generators [18-20].



1.1 Contributions

In this thesis we contributed to the research on SNAP cavities. We developed an
alternate simpler method to fabricate hollow SNAP cavities with a wall thickness
less than 10 micrometers, without the use of Carbon dioxide (COs) laser or Hydrogen
fluoride (HF') etching. Our method uses a simple jeweler’s hydrogen-oxygen torch and
inexpensive off-the-shelf micro capillaries. Once the hollow SNAP cavity is fabricated,
we then use a tapered microfiber to excite localized optical resonant modes in its walls,
and use these modes to detect the presence of water inside the capillaries.

This presents the use of a SNAP cavity to make a first-stage proof-of-concept
optical sensor. Results from transmission spectroscopy show that our thin walled
hollow SNAP cavities can have resonance modes and the walls of the SNAP are thin
enough that the resonant modes extend beyond the walls of SNAP and interact with
the water.

Next we present the observed light pulse dynamics in SNAP optical cavity. We
used an optical circulator to feed back the transmission of a SNAP optical cavity to
an Optical Backscatter Reflectometer (OBR) to measure the transmission impulse
response (time-domain analysis). The experiment allows us to measure the lifetime
of the light in the SNAP cavity, and the result of the measurement shows that part
of the light coupled into the SNAP cavity couples out of the cavity by coupling back

to the tapered microfiber after every round trip.



1.2 Thesis Outline

This thesis comprises five chapters.

Chapter 1 (the present chapter) provides a general introduction, contributions
and the thesis outline.

In chapter 2, we briefly present the literature review and the theoretical
background of SNAP devices, including an analogy to quantum mechanics concerning
the confinement of light.

In chapter 3, we describe the fabrication of a thin-wall hollow SNAP device using
a glass capillary and hydrogen torch brazing, and use it to make a proof of concept
optical sensor that detects the presence of water inside the capillary.

In chapter 4, we describe the relationship of the transmission spectrum to the
optical impulse response (time-domain analysis) of SNAP optical cavity. We also
briefly describe the set-up used to perform these measurements.

In chapter 5, we present the conclusions of this thesis and suggestions for future

research.



Chapter 2

Whispering gallery modes (WGM)

optical cavity

The term Whispering gallery mode (WGM), as the name suggests, comes from the
phenomena known about the gallery of St. Paul’s cathedral (figure 2.1(a)) that, if
you whisper close to the gallery walls, a person standing across the gallery close to the
walls could hear you. The reason behind this phenomenon was first experimentally
discovered|[21] by Lord Rayleigh (figure 2.1(b)) in 1910. As shown in the figure 2.1(c),
Lord Rayleigh explained that sound waves are reflected by the concave walls of the

gallery and travel across it.



Figure 2.1: The Whispering Gallery Modes. (a) The Whispering Gallery
of St Paul’s Cathedral, London (Image[22]). (b) The Lord Rayleigh (1842
- 1919) (Image[23]). (c) Reflection of sounds waves by gallery walls.

2.1 Whispering gallery modes

The phenomenon discovered by Lord Rayleigh in the gallery of St. Paul’s cathedral
is not unique to acoustic waves, but could also be applied to electromagnetic waves
in suitably shaped dielectric medium[24]. Figure 2.2 shows the electromagnetic field
pattern of resonance modes of optical waves in a dielectric micro-ring optical cavity

simulated in COMSOL physics simulation software.
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Figure 2.2: Resonance modes of optical waves in a dielectric micro ring
optical cavity. The plot shows the amplitude of the electric field, where
red is positive amplitude, white is zero amplitude, and blue is negative
amplitude.

Consider a circular dielectric cavity such as a micro disc (figure 2.3) or a micro
ring, with refractive index of n placed in the vacuum. A light ray of wavelength X is
coupled into the cavity. The light ray propagates inside the cavity hitting the cavity
surface with an angle of incidence ;. The dielectric circle has a radius r with r >> \.

Total internal reflection (TIR) of light occurs when 6; > 6. and the light ray is
trapped inside the cavity due to the circular symmetry of the cavity. Here 6. is the
critical angle, defined as 6. = arcsin(1/n). If the light ray travels close to the cavity
surface at near-glancing angle ( 0; ~ m/2), in a round trip it covers an approximate

distance of 27r or an optical path length of 27rn in a round trip.
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Figure 2.3: Total Internal Reflection. Total internal reflection (TIR) of
light occurs when #; > 6. and the light ray is trapped inside the cavity
due to the circular symmetry of the cavity.

When this optical path length exactly equals an integer ¢/ number of wavelengths
in the cavity, phase matching occurs after a round trip and the light ray interferes
with itself constructively, leading to the resonance modes in the cavity. Equation (eq.

1) gives the condition when satisfied along with TIR leads to resonance.

Resonance Condition : 2rne. = (A (1)

Since the momentum p of a photon is p = hik, and k = 27n./\ is the wavenumber,
the number of wavelengths ¢ can also be identified as the angular momentum of
light circulating close to the surface inside the cavity ( A¢ = rp = rh2mn./A ). These
resonances in the optical cavity are a function of cavity morphology and dielectric
properties of the cavity and its surroundings. Any change in any of these parameters
will lead to a change in the resonance, and as shown in the next chapter, this can be
exploited to use a WGM optical cavity as a sensor.

The above example uses one wavelength to show the existence of resonant
modes, but in fact WGM cavities support multiple resonances. There are multiple
wavelengths that can fit an integer number of time and be resonant. The spacing

between these resonances is called the free spectral range (FSR)[25] of the cavity.

/\2

2mrn,

FSR =

(2)



FSR is also the inverse of a time that light takes to make a round trip. Considering
that light travels distance 27r inside the cavity at the speed of ¢/n , it wil take a

time T, = 2wrn/c to make a round trip.

k ><

Figure 2.4: Coupling of light into a WGM micro ring optical cavity by an
optical waveguide. The evanescent field from the light traveling through
the waveguide excites resonant modes in micro ring. a is the single-pass
amplitude transmission. It is related to the loss of light in the cavity
during a round trip. 7 is the self-coupling coefficient, the fraction of the
amplitude of the light that continues to the waveguide. k is the cross-
coupling coefficient, the fraction of the amplitude of the light that goes
into the ring.

Figure 2.4 shows the coupling of light into a micro ring optical cavity. Light is
coupled into the micro ring by an optical waveguide. An optical waveguide uses TIR
to guide laser light through it. As the light travels through the waveguide, evanescent
field from the light surrounds the waveguide and excites the modes in micro ring. The
output of the waveguide is collected by a photo detector. Wavelengths that match the
resonance conditions are coupled in the cavity and a dip in waveguide transmission
is produced.

Equation 3 [26] defines the intensity transmission of a waveguide coupled to a

micro ring or a micro disc cavity.

T Lass _ a®? — 2racos ¢ + r?
Liput 1 —2arcos¢ + (ra)?

(3)

In this equation, ¢ is the single-pass phase shift and defined as the product of round

trip length 27 and the propagation constant of the circulating mode inside the cavity.



The propagation constant of the circulating mode is related to the spatial variation
of the electromagnetic field along the direction of propagation. More specifically,
it describes the spatial evolution of the phase as the light propagates along the
waveguide. Resonance in the cavity occurs when the phase ¢ is a multiple of 27,
or, in other words, when the wavelength of the light fits an integer number of times
inside the cavity.

The single-pass amplitude transmission a is related to the loss of light in the
cavity during a round trip. It is defined as a = y/exp(—ax). Where z is the round
trip length (z = 27r) and « is the power attenuation coefficient defined in units
of [1/em]. Power attenuation or loss of energy in the waveguide arises from both
radiative and not radiative process, for example scattering from the rough cavity
surface or absorption by the cavity medium.

In equation 3, r is the self-coupling coefficient, and k is the cross-coupling
coefficient. The self-coupling r is the fraction of the amplitude of the light that
continues to the waveguide, and the cross-coupling k is the fraction of the amplitude
of the light that goes into the ring. Assuming that there are no losses in coupling, r
and k are related by the equation 72 + k? = 1.

The intensity transmission of equation 3 under three different couplings is plotted

in figure 2.5.



—27T—Tr 0 7t 2 3 4 5 6 7 81

5 0.92(r)
2 0.82 (a)
5

< 0.39 (k)
I_

5 0.82(r)
& 0.82(a)
E 0.57 (k)
T

|_

5 1.+ 0.82(a)
2 8-2 —0.72(n
£ 0.

G o4 0.69 (k)
©

~ 0.2

=2 -t 0 5t 21t 35t 45 5 6 7 871
Phase ¢

Figure 2.5: Intensity transmission of a waveguide coupled to a micro ring
or a micro disc optical cavity under three different couplings. (a) Under
coupled. (b) Critical coupled. (c) Over coupled.

When the self-coupling coefficient r > a (figure 2.5(a)), coupling of a waveguide
to a cavity is defined as under coupled. When the self-coupling coefficient r = a,
coupling is defined as critical coupling (figure 2.5(b)). Assuming there are no losses
in coupling, critical coupling means that no light of wavelengths that resonate with
the cavity (phase ¢ equal to integer number of 27) pass through the waveguide to
the photo detector. Light of these resonance wavelengths is stored and lost inside the
cavity and produces the deepest dip in transmission spectrum. When the self-coupling

coefficient r < a (figure 2.5(c)), the coupling is called over coupled.
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Figure 2.6: A micro ring optical cavity coupled to two waveguides and
it’s transmission spectrum. The light is coupled into the cavity by one
waveguide. The transmission spectrum (blue color) of this waveguide is
collected at the photodiode (P). The light that was coupled and stored in
the cavity is collected by a second waveguide and sent to the photodiode
(D) (red color transmission spectrum).

Figure 2.6 shows a transmission spectrum of a micro ring optical cavity coupled to
two waveguides. In this setup light is coupled into the cavity by one waveguide. The
transmission spectrum (blue color) of this waveguide is collected at the photodiode
(P). The light that was coupled and stored in the cavity is collected by a second
waveguide. The transmission spectrum (red color) of the second waveguide is collected
at the photodiode (D). The purpose of this figure is to only show that it’s also possible
to couple two waveguides to a cavity and retrieve the coupled light, but for the rest

of this thesis we will be using only a one cavity and one waveguide setup.

11



2.1.1 Properties of a WGM optical cavity

The quantities Q-factor and Finesse[25] tell us about the quality of an optical cavity.
The Q-factor is a dimensionless parameter and indicates energy loss. As mentioned
previously, loss of energy in the waveguide occurs in the form of both radiative and
nonradiative processes. The Q-factor is determined by the cavity losses, and it tells us

how the line width of a resonance compares to the central wavelength of the resonance.

A
Q = B = WoTc (4)

Alternatively The Q-factor is also defined as the product of central frequency of
the resonance and the cavity lifetime 7. of the resonance.

The finesse is defined as the FSR divided by the line width of the resonance at
full-width half maximum (FWHM).

FSR
F=—— 5
AN ()
The finesse tells us how the line width of resonance of a cavity compares to the
space between resonances. It can be considered as the resolving power. The higher

the finesse, the better resolved is the resonance.

2.2 Surface nano axial photonic (SNAP) cavity

Surface nano axial photonics (SNAP) cavity is a WGM cavity created on the surface

of a microfiber or a micro capillary by inducing nanoscale deformations in the surface.

2.2.1 SNAP cavity

In a way, a SNAP cavity can be considered a 3D extension of a micro disk (figure
2.7) or a micro ring and coupling of light by optical waveguide is replaced by coupling
of light by a tapered microfiber (TMP)(figure 2.8 (a) and (b)). The thickness of a
micro disk or a micro ring is typically 50 nm to 220 nm. In these structures light is
confined only to the ring plane, and there is no propagation in z direction (we define

the z direction as that perpendicular to the ring plane).

12
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Figure 2.7: A micro ring and a micro disk optical cavities and their
extension into microfiber and micro capillary. microfiber (b) 3D optical
cavity can be considered a 3D extension of micro disk (a) optical cavity.
Similarly, micro capillary (d) 3D optical cavity can be considered a 3D
extension of micro ring (c) optical cavity.

If we take one of these structures and extend the thickness into z direction, and
if the coupling light has none-zero spatial frequency component in z direction it will
propagate slowly in the z direction with the propagation constant close to zero (figure
2.8(c)) until it comes across a barrier and turns back. Barrier is created by nanoscale
deformations in the surface (figure 2.8(d)). Light is confined radially due to the
circular symmetry of the SNAP cavity and the TIR as in case of micro disk or ring
and axially due to these nanoscale barriers called turning points. Even in the absence
of barriers it’s possible to get axial confinement with no propagation along the z

direction but confinement is worst and less robust.

13
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Figure 2.8: Nano scale surface optical cavities in a optical fiber. (a) and
(b) coupling of light by a tapered microfiber (TMP). (¢) Slow propagation
of light in the axial direction perpendicular to the ring plane (we define this
direction as the z-direction). (d) Axial confinement of light by nanoscale
barriers called turning points.

As illustrated in figure 2.9 confinement of light in a SNAP cavity can be described
in three ways[27]. Confinement of light in region one in figure 2.9(a) is similar to a
micro bottle cavity. Light is coupled on location z; between two nanoscale barriers,
zy1 and z;o. Light is trapped in this region between the two turning points formed
by the nanoscale variation in the effective fiber radius. The situation is analogous to
a quantum well, and can be described by the one-dimensional Schrodinger equation

[27] with optical parameters,

d*V (2)
dz?

The potential well V' (z) is proportional to the effective radius variation Ar.¢(z)

+HIEXN) -V ()]¥(2) =0 (6)

along the z-axis, and defined by the variation of the radius and the refractive index,

14



V(2) = —k*Aregyp(2) (7)

where

Ar(z) | An (z)>

To N

Arepr(z) = (
and

27'('71/0
k= . 9
)\res ( )

The energy E is proportional to the wavelength variation A\ and defined as

2 )\ - )\res
E\) = —k ( - ) (10)
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Figure 2.9: Confinement of light in nano scale surface optical cavities
(image reproduced from the article [27]). (a) The confinement of light in
the quantum well formed by the nanoscale variation of the effective fiber
radius. (b) The confinement of light due to the localization under the
potential barrier formed by the neck of the fiber (variation of the fiber
radius). (c) The confinement of light near a turning point where the fiber
has a monotonically increasing radius. Light is confined between the TMF
and the barrier due to destructive interference of light on the other side of

the TMF.

The evanescent field from the TMF when in contact with the cavity excites WGM
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modes in the cavity. Light in excited WGM modes moves slowly back and forth
between the two turning points, interferes with itself and creates states localized
between them. If we place the tapered fiber at the location where it coincides with
a node (dark state) in WGM then the coupling to the cavity would not occur and
WGM will become dark.
In the second region (figure 2.9(b)) light is confined due to localization under a

barrier. The TMF is coupled over a concave barrier (neck of the fiber) and excites



WGM right under the barrier. Light is only confined when there is no wavelength
variation. If the wavelength is longer than resonance wavelength, energy will be lower
and correspond to the energy found under the barrier. WGM excited in the cavity
in this case will decay away from the coupling point. If the wavelength is shorter
than resonance wavelength, energy will be higher and correspond to the energy found
above the barrier. WGM excited in the cavity in this case will not be localized.

In the third region (figure 2.9(c)) a tapered microfiber excites WGM near a turning
point where the fiber has a monotonically increasing radius and light is confined
between the TMF and the barrier due to destructive interference of light on the other
side of the TMF. The WGM propagating toward the barrier turns back from the
barrier and interfere with the modes excited the other side of the fiber and halt the
propagation of light in that direction. This destructive interference phenomenon is
the same as observed in the combination of light coming out from two arms of a

Mach-Zehnder interferometer.

2.2.2 Properties of a SNAP cavity

The quantities (Q-factor and finesse) that define the quality of a micro ring cavity
remain the same for a SNAP cavity, and are defined by same equations (4 and 5).
In comparison to a micro-ring cavity, a SNAP has longer round trip time and optical
path length. Light in a SNAP takes a helical path, slowly propagating in the z
direction. Its path is made of multiple circular turns compared to just one in a micro
ring. Despite the longer round trip time and longer optical path length per round trip,
a SNAP cavity can have longer cavity lifetime and higher Q-factor (up to 10 [28])
than a typical micro ring. SNAP cavities have much smoother surfaces compared to
micro rings and very low scattering losses, leading to longer cavity lifetime and high
Q-factor. Another advantage of SNAP cavities in comparison to a micro ring is that

SNAP cavities are easier, faster, and cheaper to make.

2.2.3 Coupling of light into a SNAP cavity

Coupling of light into a SNAP cavity is done by a TMF [29, 30]. TMF is made
from an off-the-shelf standard single mode telecom fiber [31-33]. An off-the-shelf
single mode telecom optical fiber has a cladding diameter of 125 microns. In order to
introduce a tapered region in the fiber , it is softened by a hydrogen torch and pulled
by linear motors so that the waist of the fiber (figure 2.14) is adiabatically reduced

to one to three micrometers. Light passing through this tapered region of the fiber
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extends through the surface as the evanescent field. When a SNAP cavity is brought

in contact with this evanescent field, it excites resonance modes in the cavity [29, 30].

Figure 2.10 illustrates a diagram of a SNAP cavity light coupling and characterization

setup.

A C+L band tunable lasers provides linearly polarized laser light ranging from

1500 nm to 1600 nm. The laser optical output is sent to an isolator, whose function

is to protect the laser from any reflections that might come back from optical circuit.

It essentially allows the light to travel in only one direction. The laser also sends an

electronic signal to an oscilloscope indicating when a wavelength sweep starts and

ends as the laser cycles through it.

: Polarizatio...

Tapered Fiber

Splitter
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Fabry—Pérot

[ | Optical || cavity |

~

Precision
Positioner
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Photodiode
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Figure 2.10: Cavity light coupling and characterization setup. Arrows
point to the direction of the flow of the signal. Red is an optical signal,

and blue is an electrical signal.
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Component Make Model

1 | Tunable Laser GN-Nettest TUNICS-plus 3644HE-15
2 | Oscilloscope Tektronix MDO 4034
3 | Fabry-Perot JDS Uniphase FPWL 211501100
Wavelocker
4 | Splitter Fiber Optics C-WS-AL-05-S-1210-15-AP/AP
Communications Inc.
5 | Isolator E-TEK IWDMA410CRV 06
6 | Fiber Polarization OZ Optics FPC - 100
Controller
7 | Photo-diode Thorlabs PDA - 10CF
Detector
8 | Optical Microscope Veho VMS - 460
9 | Precision Positioner Micronix USA PPS - 20 (x3)

Table 2.1: Components of the characterization setup.

From the isolator, light is sent to a splitter which splits the light into the ratio of
95% and 5%. The output from the 95% port is sent to a polarization controller. The
purpose of the polarization controller is to mitigate any changes to the polarization
that might have occurred due to stress and strain in the optical fiber, and to selectively
rotate the linearly polarized light so that when the light is coupled into the SNAP
cavity, light can be manipulated to be either S or P polarized. The output from
polarization controller is sent to the TMF. After that, that laser light from TMF is
sent to a photodiode. The photodiode converts the optical signal into electrical one,
and this electrical signal is sent to an oscilloscope. The output from the 5% port of
the splitter is sent to a Fabry Perot Etalon. This etalon takes the laser light and
changes it to an electrical signal and which provides an optical frequency reference at
every 100 GHz in the form of an electrical signal in the oscilloscope. The oscilloscope
uses the signal from the laser to lock onto the signal from the TMF. Oscilloscope
also digitizes all the electric signals it receives and sends them to a computer for data

capture and analysis.
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Optical cavity

Figure 2.11: Cavity positioning and light coupling. Inset: Optical
microscope view of the optical cavity and the coupling TMF.

Figure 2.11 shows the coupling of light into a SNAP cavity. In order to couple
light into the SNAP cavity, the TMF is brought into contact with the cavity. Since
the TMF at its thinnest part is only few micrometers wide, it is very fragile. Any
coarse movement from micro stage after the cavity is touching the TMF will break it.
Therefore, TMF is mounted on a computer-controlled precision positioner to make
the final contact to the cavity. The SNAP cavity is mounted on a manual micro
positioning stage. First the TMF and the cavity are brought closer, within a few
millimeters, by moving the manual stage. Then, the computer-controlled precision
positioner is used to bring them together. Figure 2.12 shows the graphical user
interface of precision positioner control software. Depending on the type of cavity,
the mounting of the cavity and the TMF can be switched. The cavity can be mounted
on the precision positioner, and the TMF can be mounted on the manual stage. But

the process of bringing them together remains the same.
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Figure 2.12: The image shows the graphical user interface of the precision
positioner control software. Control software allows control of the precision
positioner in three directions with the step size as small as 1 nm.

2.2.4 Fabrication of the TMF and SNNAP cavities

An off-the-shelf mono single telecom optical fiber is used to make a TMF and a
SNAP[31-33]. A single mode telecom optical fiber has a light guiding core, cladding,
and a coat to protect the fiber (figure 2.13(a)). The cladding diameter is usually

around 125 micrometers, and the core one is 10 microns.

21



- — . ___— 7 Core
(a) Cladding
Coat
I — e
(b)
I — —_
(c)

Figure 2.13: Making a TMF and a SNAP from a single mode telecom
optical fiber. (a) Telecom optical fiber, (b) TMF, and (c) SNAP.

In order to make a tapered fiber, the coating from the fiber is striped off and the
fiber cladding is cleaned with isopropyl alcohol. The cleaned fiber is mounted on a
setup (figure 2.14) made of fiber clamps and linear motors. To introduce a tapered
region in the fiber, the flame from a hydrogen torch is used to soften the fiber while
linear motors sweep and pull the fiber. The fiber is pulled until the cladding diameter
is between one and three microns. As the fiber is pulled, the core disappears, and
the tapered region is made of cladding only. The speeds of sweeping and pulling are
controlled by a computer program (figure 3.9) and the amount of hydrogen burning
is adjusted by a mass flow controller (figure 3.5). Different sets of these parameters,
called pulling recipes, can be used to produce different shapes of the fiber’s tapered

region [31].
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Figure 2.14: Making a tapered fiber from a telecom optical fiber using a
TMF pulling setup.

The same TMF making setup is used to make a SNAP cavity with a SNAP pulling
recipe[33]. The fiber is softened by sweeping it over a hydrogen torch, and pulled
by linear motors until its waist is indicated to be between twenty and thirty microns
(figure 2.15). When the pulling stops, tension in fiber surface is released and nanoscale
variations in the fiber surface are formed. Figure 2.15 shows the nanoscale variations
in the fiber, but these are enlarged for visibility in the image. These variations are so

small that they cannot be imaged by a microscope.
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Figure 2.15: Formation of nano scale surface optical cavities on the surface
of a pulled telecom fiber. When the pulling stops, the tension in the fiber
surface is released and nanoscale variations in the fiber surface are formed.
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Chapter 3

Proof-of-concept optical sensor
using a thin-walled hollow WGM

cavity

The goal of this project was to demonstrate a proof-of-concept optical sensor using
a thin-walled hollow WGM cavity. The hollow WGM cavity had to be made of a
capillary. The walls of the capillaries were to be thin enough that the evanescent
field of resonance modes in the capillary walls would extend inside the capillary and
interact with the inner environment. In order to achieve this, walls of the capillary
needed to be thinned without using hydrogen fluoride etching and the SNAP cavities
were to be induced in capillary walls without using a carbon dioxide laser.

Here we present our work done to pull an off-the-shelf capillary using a TMF
puller. We reduced capillary wall thickness by pulling and at the same time induced
nanoscale surface optical cavities in capillary walls. Our method does not require a
carbon dioxide laser nor hydrogen fluoride etching. Next we used a tapered microfiber
to excite localized optical resonant modes in walls, and used these modes to detect

the presence of water inside the capillary.

3.1 WGM resonance as a mechanism for Sensing

As mentioned in the previous chapter, resonance modes in a dielectric cavity are a
function of the cavity morphology and properties, as well as its surroundings. Due to
the fact that SNAP cavities have narrow line width and high Q-factor, even a very

small change in the cavity surroundings can lead to a change in resonance modes[34].
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Figure 3.1 shows the three fundamental ways in which the resonance modes in a cavity
can change in response to changes in the cavity or its surroundings. Depending on
what is the target for the detection, an optical sensor based on a WGM cavity could

use one or a combination of these three sensing mechanisms.

Transmission (v)

(a)

Wavelength (um) Wavelength (um) Wavelength (um)

Figure 3.1: WGM resonance sensing mechanism.

(a) Resonance mode wavelength shift due to the refractive index change,
(b) resonance line width broadening due to absorption, and (c) resonance
mode splitting due to a scatterer induced coupling between the clockwise and
counterclockwise propagating modes.

Resonance mode wavelength shift (figure 3.1(a)) is the most used WGM sensing
mechanism. It has been used to detect the adsorption of single nanoparticles, single
molecules, and thin layers of material on the cavity surface [34-36]. For example, a
resonance shift occurs if a particle with refractive index higher than the environment
around the cavity is adsorbed on the cavity surface. The particle on the surface pulls
a part of the optical field towards it, therefore increasing the optical path length of
light in the cavity and leading to a resonance mode shift to a longer wavelength (red
shift).

Resonance wavelength shifts can also be used to detect the bulk refractive index
changes surrounding the cavity or to detect changes in physical parameters such as
heat and pressure[37]. For example, an increase in temperature induces thermal
expansion and increases the refractive index of the cavity[38] leading to a shift
of resonance wavelengths to longer wavelengths. Resonance modes can also shift
to a shorter wavelength (blue shift), for example when the refractive index of the
medium surrounding the cavity is increased but stays less than the refractive index
of the cavity. In this case, the refractive index contrast between the cavity and its

surrounding medium is reduced, leading to a reduction in the effective refractive index
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of the cavity. This means that the optical path length is reduced and the resonance
mode shifts to shorter wavelengths.

Resonance line width broadening (figure 3.1(b)) is another WGM sensing
mechanism. Resonance line width broadening occurs due to either absorption or
scattering of energy stored in the cavity by nanoparticles, molecules, or changes in
the medium surrounding the cavity [39-42]. If the cavity losses increase, the lifetime
of energy stored in the cavity will be reduced leading to lower Q-factor and wider
resonance line width.

The third WGM sensing mechanism is the resonance mode splitting (figure 3.1(c)).
It is mainly used for detecting nanoparticles on the scale of 10-100 nm. In a WGM
cavity, resonant modes exist in pairs of clockwise (CW) and counterclockwise (CCW)
propagating degenerate modes [43-47]. When scatterers are absorbed on the surface
of the cavity, part of the light from the CW mode is scattered by scatterers into
the CCW mode and vice versa. This induces the coupling between the two counter-
propagating modes and the degeneracy between the two modes is lifted leading to

the splitting.

3.2 Thin walled hollow WGM cavity for an optical

SEensor

Using a hollow thin wall capillary as an optical sensor may have benefits specifically
in sensing related to microfluidics. As illustrated in figure 3.2 WGMs in the walls
of the capillary interacts with the sample inside, and the sample under test, gas or
liquid, can stay contained in the capillary separate from optical components and can
be safely tested without the risk of being exposed to the environment or, in case if

it’s toxic, exposing the environment to it.
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Figure 3.2: Testing a sample safely inside a micro capillary. Sample
under test, gas or liquid, is safely tested inside the capillary while optical
components stay outside completely separated from the sample.

Since the light ray inside a circular dielectric cavity travels close to the outer
cavity surface at near-glancing angle (§; ~ m/2), most of the energy and resonant
modes in a hollow circular dielectric cavity will be concentrated close to the outer
surface. If a capillary has the thick wall, resonant modes will not extend beyond the
internal surface of the capillary wall and will not interact with the medium inside the
capillary[48, 49]. Therefore, for the electric field from the resonance modes to interact
with the medium inside the capillary, the capillary wall needs to be thin enough so
that the field will not only be confined in the wall of the capillary but also extend
beyond the internal surface of the capillary and interact with the medium inside. If
the electric field from the resonance modes extends beyond the internal wall, and
there is any change in the medium, the resonance mode will react to the change and
this can be observed in the cavity transmission signal.

Furthermore, we can functionalize the capillary walls to a specific antibody or
agent that will only bind to another very specific target agent. If the target agent is
present in solution, it will bind to the antibody leading to a change in the resonance
modes in the cavity. For example, this has been used for detection of a very specific
bacteria[50] with a micro disk. If we use a thin-walled hollow capillary for a similar
experiment then the optical components will not be contaminated by the sample

under test.
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3.3 Pulling a thin walled hollow WGM cavity from
a capillary

In order to make a thin wall hollow SNAP cavity, we used an off-the-shelf micro
capillary (Vitrocom borosilicate CV0508). We first cleaned the outer surface of the
capillary thoroughly with isopropyl alcohol (IPA). This is very important because if
any contamination on the surface remains, it will be burned by the hydrogen flame

when pulling the capillary and it will introduce optical losses in the WGMs.

Micro capillary

' 1.9 mm .
30 gauge blunt needle [ “- L

Figure 3.3: Pulling a thin-walled hollow SNAP cavity on a TMF pulling
setup. (a) shows the alignment of the hydrogen torch needle to the
capillary from top view. (b) alignment of the hydrogen torch needle to
the capillary from front view.

We then mounted the capillary on the TMF puller setup that we have in our lab
(figure 3.3) and used the pulling recipe given in figure 3.4. The capillary was pulled
for 60 seconds at a pulling speed of 0.1 millimeters per second while sweeping the
capillary over the flame coming from the hydrogen torch. The capillary was swept

at a speed of two millimeters per second with an initial hot zone length of nine
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millimeters. The hydrogen torch used a gauge 30 blunt needle to control the size of
the flame. The capillary was placed 1.9 millimeters above the needle and aligned to
its needle. The flow of hydrogen and oxygen to the torch was 0.012 standard liters
per minute (SLPM). Flow was controlled by a mass flow controller (figure 3.5) .

pypuller3.py = o X
File Settings Torch Help
Pulling speed (mm/s) 0.10000 - 4+ x10
X sweeping speed (mm/s) 2.00000 - 4
Torch Y speed (mm/s) 13.00000 — 4+
Torch Y base position (mm) = 41.30 — 4+
Torch Y relative position (mm) 0
Center position (mm) 0.00000 — 4+
Center variation (mm) 172
Initial hot zone length (mm) = 9.00000 — 4+
Hot zone length (mm) [t0:61](6+2/61%t)
Minimum torch amplitude (mm) 0.50000 — 4+
Time to pull (s) 60 - 4+
Extra pull length (um) 0.00 =+
Pulled length (mm) 0 Elapsed time (s) 0
Fiber diameter (um) 125 —_— + Flame width (mm) 0.573 = + Estimated waist (um)
B Left B Right
P Extra process information
Enable Motors Simulation Quit

Figure 3.4: The thin-walled hollow SNAP cavity pulling recipe.

It is important to note that the mass flow rate used to pull the capillary is only
a quarter of what is usually used to pull a TMF. When pulling a TMF mass flow

rate is usually around 0.047 SLPM. This is because fiber is made of pure silica and
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has a softening temperature around 1700°C while the capillary is made of borosilicate
which has a softening temperature around 800°C. If we use the mass flow rate of 0.047

SLPM with the borosilicate capillary, it just destroys it.

Figure 3.5: Hydrogen oxygen mass flow controller.

These parameters and the pulling recipe were determined experimentally by trial
and error. The goal was to find parameters that will not melt the walls of the capillary
but will only soften them the right amount so that they can be pulled. The parameters
of the recipe were set to match the pulling to the softening of the walls so that they
will maintain the pulling tension (figure 3.6) that will allow the material from the
walls to draw outwards more so that the reduction of the internal diameter can be

minimized and thinning of walls can be maximized.
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Figure 3.6: Pulling a Thin-walled hollow SNAP cavity from a off-the-shelf
micro capillary. The capillary is pulled on a TMF setup over a hydrogen
torch. Flame from the torch softens the capillary. As the capillary is
pulled, the material from the walls draws outwards and wall thickness and
capillary diameter is reduced. When the pulling stops, tension in capillary
walls is released and nanoscale variations in the wall surface are formed.

Once the capillary was pulled, it was mounted (figure 3.7) on the light coupling

and characterization setup and tested with and without water.
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Figure 3.7: Light coupling and testing hollow SNAP cavity. Light was
coupled using a TMF. To fill the capillary with the water a drop of water
at room temperature was introduced at one end of the capillary and water
was sucked in due to the capillary action.

We found out that when the wall of the capillary was reduced to just under 10
micrometers, the WGM resonance modes in the capillary walls could interact with

water inside it (figure 3.10).
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Figure 3.8: Pulled micro capillary with reduced diameter and reduced
wall thickness. The outside diameter was reduced to approximately 48
micrometers, and the wall thickness was reduced to approximately 10
micrometers.

We started with an off-the-shelf borosilicate capillary with an outer diameter
of 80 micrometers and wall thickness off 15 micrometers. We pulled the capillary
for a length of six millimeters. In this process, the outside diameter was reduced
to approximately 48 micrometers (figure 3.8) and the wall thickness was reduced to
approximately 10 micrometers. We also found that the process of pulling the capillary

also induced nanoscale variations in the surface of walls that can confine the light.
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pypuller3.py = o X
File Settings Torch Help
Pulling speed (mm/s) 0.08000 - 4+ x10
X sweeping speed (mm/s) 4.00000 - 4+
Torch Y speed (mm/s) 5.00000 - 4
Torch Y base position (mm) = 41.30 — 4+
Torch Y relative position (mm) 0
Center position (mm) 0.00000 — 4+
Center variation (mm) 172
Initial hot zone length (mm) = 9.00000 — 4+
Hot zone length (mm) 9-0.5%
Minimum torch amplitude (mm) 0.50000 — 4+
Time to pull (s) 600 — 4+
Extra pull length (um) 0.00 =+
Pulled length (mm) 0 Elapsed time (s) 0
Fiber diameter (um) 125 —_— + Flame width (mm) 0.573 = + Estimated waist (um)
Start Pause Stop a Left a Right
P Extra process information
Enable Motors Simulation Disable Motors Quit

Figure 3.9: Tapered micro fiber pulling recipe.

For the reference figure 3.9 shows the recipe used to pull the TMF for these
experiments. The mass flow used was 0.047 SLPM and the fiber was mounted 1.9

millimeters above the gauge 30 blunt needle.
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3.4 Thin walled hollow WGM cavity as an water

Sensor

Figure 3.10 shows the final results of the experiment, and table 3.1 lists the parameters
of modes 1, 2, and 3 before and after the capillary is filled with water. We first
collected the transmission spectrum of the empty pulled capillary and then filled it

with distilled water and collected the transmission spectrum again.
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Figure 3.10: Resonance mode shift from water. Spectra of localized modes
in a pulled capillary with and without water. Top panel: Spectrum of the
empty capillary. Bottom panel: Spectrum after the capillary is filled with
water. One of the arrows indicates the mode that is interacting with water.
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Mode Center (nm) Depth (V) FWHM (nm) Q Shift (pm) Q reduction
1 1568.010525 0.12545800 0.003927210 0.3992683164 x 10°
é 2 1567.998817 0.00820498 0.000422103 3.7147303312 x 10°
3 1567.992390 0.00929153 0.001184670 1.3235689179 x 10°
1 1568.002377 0.12866500 0.004294230 0.3651416848 x 10° -8.148 0.9
E 2 1567.988292 0.01066350 0.000599625 2.6149481626 x 10°  -10.525 0.7
3 1567.984861 0.01348570 0.001927000 0.8136921956 x 10° -7.529 0.6

Table 3.1: The parameters of modes 1, 2, and 3 before and after the
capillary is filled with water. Modes 1 and 3 have the blue shift of
approximately 8 pm and 7.5 pm. Mode 2, that is interacting with water
has a higher blue shift, approximately 10.5 pm. Q reduction is the Q
reduction factor.

Water was kept in the lab at room temperature prior to the experiment so that
both the water and the capillary were at the same room temperature so that the
temperature does not affect the resonance modes. If colder or warmer water is filled
into the capillary, the temperature change could also lead to a change in resonance
mode. To fill the capillary with the water, a drop of water was introduced at one end
of the capillary and water was sucked in due to the capillary action. Capillary was
mounted horizontally so that there is no pressure gradient due to the gravity. There
was no external pressure applied to the empty or the water filled capillary. Pressure
inside and outside the capillary was in equilibrium at all the times.

The bottom panel of the figure 3.10 shows that when the capillary is filled with
water, resonance modes shift to shorter wavelengths and become wider. There is a
global blue shift of 7.5 pm to 8 pm except for the one mode that is interacting with
water. The global blue shift of 7.5 pm to 8 pm could be related to calibration issues,
but the mode that is interacting with water has a higher blue shift, approximately
10.5 pm.

This is due to the fact that air has a refractive index close to 1 and water is around
1.3. When the air inside the capillary is replaced by the water, the refractive index
contrast between the cavity and the medium inside the cavity that this mode sees is
reduced, leading to a reduction in the effective refractive index of the cavity for this
mode. When the effective index is reduced, the optical path length is reduced and
the resonance shifts to the shorter wavelength.

The resonance line width of this mode is also increased and Q-factor is reduced
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because water is a strong absorber of infrared light; therefore it absorbs the energy
from this mode, reduces its lifetime and leads to a wider resonance. The Q-factor of
the mode is reduced approximately by 30%. This shows that at around ten micrometer
cavity wall thicknesses, some resonance modes can extend beyond the internal surface
of the hollow cavity and interact with the medium inside the cavity.

In conclusion, for this chapter, we have shown that we can make a thin-walled
hollow SNAP cavity by using a hydrogen torch and a TMF pulling setup without
using a carbon dioxide laser or HF etching. The SNAP cavity that we made can
confine the light and the walls are thin enough that the electric field from resonance
mode extends beyond the internal walls of the cavity and interacts with the medium
(water) inside the cavity. This shows a proof of concept that thin-walled hollow SNAP

cavities have potential to be used as an optical sensor.

38



Chapter 4

Transmission impulse response and
light pulse dynamics of a WGM

optical cavity

In the previous chapter, we discussed sensing with the capillary, and when looking at
the resonance shift we were using the frequency domain. The frequency domain is not
the only way we can measure properties of an optical cavity. Because the time domain
is connected to the frequency domain, it is also possible to measure the properties of
WGM cavities in the time domain [51]. Since we had access to an optical backscatter
reflectometer (OBR), we decided to do some time domain measurements of a SNAP
cavity to better understand its time response. In these experiments we have not done
measurements for the sensing but in future, we can do measurements for the sensing
as well.

In this chapter we present transmission impulse response and light pulse dynamics
of a SNAP optical cavity measured by an OBR. OBR is used widely in the telecom
industry for a variety of fiber-optic network and component test. OBR is used to
detect faults in long underground or under sea optical cables. It sends a beam of
light into the optical fiber and waits for the return of reflections. If there are any
faults in the optical line, part of the beam will be reflected back to the OBR by
the fault. It will use the time delay and the strength of the back reflected signal to
determine the distance and type of fault.

For this experiment we used an optical circulator (Oplink, part number:
MIOC15500031111) to route the light from OBR to a tapered microfiber (figure
4.1). The tapered microfiber was coupled to a SNAP cavity. The output of tapered
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microfiber was connected back to the optical circulator. The purpose of an optical
circulator is to route the light entering any port to the next port. This means that if
light enters the port 1 it is routed to the port 2, light entering the port 2 is routed to
the port 3, and so on. Since the OBR uses only one port to send optical signals and
receive back reflections, we used an optical circulator to send output of TMF back to

the port where OBR was connected.

Optical Backscatter

Reflectometer

Tapered
Fiber

SNAP Cavity|

Optical
Circulator

Figure 4.1: Impulse response and light pulse dynamics measurement setup.

The OBR that we used in this experiment was LUNA OBR 4600. Figure 4.2 shows
the simplified diagram of the internal measurement method of a LUNA OBR[52].
Internally the OBR uses an interferometer, polarization controller, and a tunable
laser. Light from the laser is split and sent to measurement arms of an interferometer
and a polarization controller. Then a polarization beam splitter splits the light from
the polarization controller evenly between two orthogonal polarization states. These
polarization states are then interfered with the measurement field from the device
or the fiber under test and are recorded at detectors labeled P and S. In essence,
an OBR sends quasi continuous wave (CW) light at different wavelengths, and uses
interference to find the complex amplitude of the reflected light. It then uses Fourier

transform to convert this data to the time domain.
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Figure 4.2: A simplified internal diagram of an optical backscatter
reflectometry (OBR) measurement device.

The laser light that we used in our experiment was tuned over the range from 1525
nm to 1610 nm. The top panel of the figure 4.3 shows the transmission amplitude of
the light sent out by the OBR that came back to the OBR. When we zoom on the
peak, as shown in the bottom panel of the figure 4.3 we see the response of the cavity

coupled to the tapered microfiber.
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Figure 4.3: Transmission impulse response of a SNAP cavity. Top panel
shows the transmission amplitude of the light sent out by the OBR that
came back to the OBR. When we zoom on the peak as shown in the bottom
panel, we see the response of the cavity coupled to the tapered microfiber.

Light is stored in the cavity and decays as it travels inside the cavity. The

transmission trace shows that after every round trip, part of the light that is coupled
into the cavity couples out of the cavity by coupling back to the tapered microfiber,
this is why we see slowly decaying peaks in the transmission spectrum(figure 4.4).
Peaks are spaced in time, and the time difference between peaks represents the round
trip time of the light traveling inside the cavity. Data also shows the lifetime of the
light in the SNAP cavity as the part of the light stored in the cavity is lost. After
every round trip, the height of the peak is reduced. Part of the light is coupled back

to tapered microfiber and part of it is lost to scattering and absorption by the cavity
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Figure 4.4: Transmission impulse response and light pulse dynamics
measurement of a SNAP cavity. After every round trip, part of the light
that is coupled into the cavity couples out of the cavity by coupling back
to the tapered microfiber, this is why we see slowly decaying peaks in the
transmission spectrum. Peaks are spaced in time, and the time difference
between peaks represents the round trip time of the light traveling inside
the cavity.

Next, as shown in figure 4.5, we coupled the tapered microfiber on the SNAP

cavity at nine locations 0.2 mm apart and collected the data.
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Figure 4.6: Transmission impulse response of a SNAP cavity at nine
locations 0.2 mm apart. From bottom to top, transmission from location
one at bottom and from nine at the top. At locations eight and nine
(top two curves), the fiber does not have any cavity to confine the light;
therefore there is no light coupled into these two locations.
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Figure 4.6 shows the results of the measurements staring with the location one at
bottom to the location nine at the top.

Data shows that at locations eight and nine (top two curves) the fiber does not
have any cavity to confine the light, therefore there is no light coupled into these two
locations. Light is coupled at another seven locations. For locations two to seven
the measured round trip time of light from the data is approximately 70 ps to 80 ps,
giving free spectral range from 12.5 GHz to 14.3 GHz. A round trip time of 70 ps to
80 ps also means that light (cavity refractive index 1.5) in a round trip traveled 1.4
cm to 1.6 cm on a helical path. Light coupled at location one (curve at bottom) has
an approximate free spectral range of 28.6 GHz and round trip time of around 35 ps
giving travel length per round trip around 0.7 cm. The cavity lifetime of light for all
the locations is approximately 0.55 ns to 2 ns with the highest being at location five.
This gives the Q-factor for the locations one to seven on the order of 10°.

In conclusion, for this chapter we have presented transmission impulse response
and light pulse dynamics of a SNAP optical cavity. Data presented shows the lifetime
of the light in the SNAP cavity as the light stored in cavity decays exponentially. The
result of the measurement shows that after every round trip part of the light coupled
into the SNAP cavity couples out of the cavity by coupling back to the tapered
microfiber. Since the time domain is connected to the frequency domain, the time
response measurements give us a way to determine the same quantities as spectral

measurements, and could be useful for sensing.
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Chapter 5
Conclusion

In conclusion, in this thesis we discussed the theory and the applications of WGM
cavities. We have shown that we can make a thin-walled hollow SNAP cavity by
using a hydrogen torch and a TMF pulling setup without using a carbon dioxide
laser or HF etching. The SNAP cavity that we made can confine the light and the
walls are thin enough that the electric field from resonance mode extends beyond the
internal walls of the cavity and interacts with the medium (water) inside the cavity.
When resonance mode interact with water, it becomes wider and shifts to the shorter
wavelength. It shows a proof of concept that thin-walled hollow SNAP cavities have
potential to be used as an optical sensor.

We also present transmission impulse response and light pulse dynamics of a SNAP
optical cavity. Data presented shows the lifetime of the light in the SNAP cavity as
the light stored in cavity decays exponentially. The result of the measurement shows
that after every round trip part of the light coupled into the SNAP cavity couples
out of the cavity by coupling back to the tapered microfiber.

For future work, we can further optimize capillary pulling recipes so that walls
can be thin down to five micrometers or less so that more resonance modes will
extend inside and interact with the medium inside the capillary. We can also work
on functionalizing the internal surface so that a specific bio agent will bind to it and
cavity can be used as an optical sensor for this agent. Another potential project
would be to use the capillary to detect the change in concentration of gas inside the
capillary. This would use the mode broadening mechanism. We expect the modes that
coincide with absorption lines of gas will become broader when the gas concentration
is increased. Furthermore we can also work on sensing using the time domain. The
time response data that we collected with the OBR is very rich, and we are going to

analyze it in more detail.
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