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CHAPTER I

INTRODUCTION

Fire! In 1666, The Great Fire of London devastated Stuart London, destroying 80
percent of the city along with Old St. Paul’s Cathedral. The 33-year-long project of
constructing a new St. Paul’s Cathedral, designed by Sir Christopher Wren, began nine
years later in 1675. In its dome, 259 steps up from ground level, is the Whispering
Gallery. It’s given this name because a whisper breathed against its wall bounces along
the surface to the far side of the dome, 112 feet away, where it is audible. This idea can
also be applied to optical waves where light is guided around the inside of a circular
resonator, cylindrical or spherical, bound by continuous total internal reflection (TIR).
Of particular interest is the case where after one round trip the light is in phase with itself,
resulting in a resonance qondition. This special case is given the name whispering-
gallery mode (WGM). The general theory of these optical resonances in a spherical
dielectric was first studied in 1939 by Richtmyer'’ and is included in staple
electromagnetic textbooks./ The advent of monochromatic light sources, namely lasers,
allows WGMs to be experimentally Validatéd and their extraordinary properties
exploited. The purpose of this dissertation 1s to study the physics of the WGMs in a
spherical dielectric and present practical uses for these microresonators.

Associated with total internal reflection is an evanescent field that extends into the

adjacent medium. Overlapping a source evanescent field with that of the resonator
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allows light to couple in and out of the WGMs; this evanescent coupling can be viewed
as photon tunneling. A direct analogy can be drawn between the microsphere with
evanescent coupling and a passive ring cavity with very high reflectivity mirrors and
some additional intrinsic loss. A cavity constructed from mirrors that are all highly
reflective means the cavity fills slowly and if the intrinsic losses are too large, there will
be minimal intracavity buildup. Fortunately, the low attenuation fused silica used to
fabricate the microspheres has been well developed for fiber optic applications.

In our lab, WGMs have been observed in a cylindrical optical fiber and in a
microsphere fabricated from the same fiber. The microsphere has the advantage that its
curved surface has the effect of continuously refocusing the light, confining it to the
equatorial region. Another example of a confined evanescently coupled microresonator
is a thin microdisk,"”! where the top, bottom and edge of the disk confine the light. This
type of microcavity suffers from added losses from the top and bottom sides, limiting the
quality (Q) factor. All of the work presented in this dissertation is performed with
microspheres. Therefore, whenever the term whispering-gallery mode is used, it refers to
the whispering-gallery modes of a microsphere. Ideally, microspheres possess Q values
up to 1x10', linewidths of tens of kHz, and cavity lifetimes on the order of
microseconds.

In Chapter II, the basic nomenclature and fundamental principles needed to
discuss and analyze experimental data is presented. A basic description of WGM
resonance is presented followed by a review of the WGM equations. A model in the
form of the previously mentioned four-mirror ring cavity is developed for microsphere

coupling and losses in order to describe the observed reflected and transmitted signals



along with the intracavity intensity. Inclusion of intracavity loss | to simulate the
microsphere’s intrinsic losses from material absorptioh, surface scattering, and surface
contaminants, such as water, makes the model different from the standard four-mirror
ring cavity. This chapter concludes with a brief description of the model’s limitations.

Chapter III details the general experimental techniques employed during most of
the experiments presented. This includes a description of microsphere fabrication and
tapered fiber construction from single mode optical fiber with a hydrogen-oxygen (H-O)
torch, along with mounting techniques for each. Since proper analysis of data is
impossible without understanding the tools used, the very important task of examining
the properties of the lasers used is performed. Experimental data is presented to verify
the ring cavity model and demonstrate its limitations with tapered fiber coupling. This
leads to a modified model that is presented in the Appendix, placed there since the results
of this model possibly affect the interpretation of all the experimental results throughout
this dissertation. The extended model does not change the fundamental principles nor
most of the results presented, but does warrant consideration for future projects. The
transmission properties of the bi-tapered fiber are described and also used to develop the
modified model in the Appendix.

Microsphere resonance frequency tuning is introduced in Chapter IV. In certain
situations, the ability to tune a WGM resonance frequency a short distance is beneficial.
A good example is tuning to a molecular absorption line. A compression tuner that is
capable of fine-tuning a microsphere over a free spectral range (FSR) using a piezo-
electric actuator and up to ten free spectral ranges using a coarse tuning screw is

presented. Using the compression tuner in conjunction with a commercial lock-in



stabilizer, a microsphere resonance is locked to a tunable laser at 1570 nm or 830 nm.
Locked tracking ranges of a FSR are possible and compression modulation rates of up to
13 kHz have been achieved with tuning speed of at least 16 GHz/ms.

More resonance frequency tuning is presented in Chapter V. In this chapter,
tuning is controlled by temperature rather than compression. With a sensitivity of 1.6
GHz/K, thermal effects are easily observed and potentially troublesome. In the first part
of this chapter, the WGM resonance frequencies are used as passive elements to
determine the temperature change of the microsphere per unit time. With this tool, the
thermal decay rate of a microsphere heated slightly above room temperature is
monitored. This leads to the determination of the thermal conductivity of air around the
microsphere and the accommodation coefficient of air on fused silica. Using a vacuum
chamber designed for microsphere experiments, the thermal decay rate and conductivity
are examined as a function of air pressure. The experimentally determined thermal decay
rate is then used in the second part of this chapter, which examines the interesting
phenomenon of thermal bistability. The term thermal bistability refers to the apparent
lineshape and linewidth of the WGM bbeing dependent upon the laser frequency scan
direction, resulting from microsphere heating due to power lost from intracavity
absorption.

Presented in Chapter VI are the theory and experimental results of intracavity
chemical sensing and trace gas detection. Any absorptive medium present in the
evanescent field of the microspheré effectively changes the absorption coefficient of the
cavity. In the case of intracavity chemical sensing, the microsphere is immersed in

methanol. By adding a dye (indocyanine green) and methanol solution to that



surrounding the microsphere, nanomolar changes in concentration are observed by
monitoring the depth of the dip, which changes due to the increased absorption. From
experimental data, the absorption coefficient of the nanomolar solution is extrapolated.
In the same manner, the effective absorption coefficient is changed by adding a gas, with
an absorption line at the same frequency as a WGM, to the ambient atmosphere
surrounding the microsphere. Experimental results using CO, gas are examined. Despite
the small size of the microsphere, the high QO of the WGM gives effective absorption
lengths on the order of meters.

The Appendix develops the modified ring cavity model that is necessary to
describe the asymmetry in observed WGM resonance dips when using tapered fiber
coupling. It also predicts the observed phenomenon of peaks or partial peaks in the
reflection spectrum near resonance frequencies. The model is based on two modes
propagating in the tapered region of the coupling fiber. Comparing the modified model
to the original model reveals that the intrinsic Q of the microsphere may be higher than
first predicted, possibly changing the interpretation of all the experimental results where
tapered fiber coupling was employed; this is consistent with the sensor results in Chapter
VI. Experimental examples are given to validate the model. This model suggests that
further study and improved methods of tapered fiber fabrication are necessary.

In addition to the topics covered in this dissertation, our lab has studied

[4-

microspheres for use as spectrum analyzers, microlasers,!*® and to observe nonlinear

effects.”” Additionally, the unique properties of microspheres gives them the potential

[13]

to be used in areas such as cavity QED,'™ atom trapping,"" %! laser stabilization,* and

telecommunications applications.!'*%



CHAPTER II

MICROSPHERE CAVITY THEORY

1. Whispering Gallery Mode Equations

Microsphere WGMs are characterized by polarization and three mode numbers g,
¢, and m and are denoted by TE,,, or TM,,.. A representation of how these numbers
define the WGM structure is shown in Figure II.1. The mode is transverse electric (TE)
when the main component of the electric field is oriented tangentially to the microsphere
surface and transverse magnetic (TM) when it is oriented radially. The mode number ¢
gives the number of intensity maxima in the radial direction and ¢ gives the number of
wavelengths in the propagation distance around the equator of the microsphere. More

specifically, the integer number of wavelengths around the circumference of the

microsphere is given, for a particular WGM, by £ = g7

o a. Here a is the microsphere

TE(M)
neff a)qu

c

radius and B =

s is the effective propagation constant defining the effective

index of refraction of the whispering-gallery mode. The effective index varies with
polarization and mode numbers due to the fact that each WGM has a different percentage
of the mode in the evanescent field and its value lies between that of the microsphere (#;)
and that of the surrounding medium (#,), that is n,<n5<n;.

The mode number m gives the number of intensity maxima in “latitude”, or



Figure II.1

¢ TEZZZ ¢

144

TE, , | TE
H ™

Representation of the WGM structure for different mode numbers and
polarization. The first index number gives the number of lobes in the radial
direction, while the third index number gives the number of lobes in the
latitudinal direction. The second index number roughly gives the number
of wavelengths around the circumference at the equator of the microsphere.

The arrows represent the direction of the electric field for the two different
possible polarizations, TE or TM.



angular direction, as / —'m|+1. A “fundamental” WGM has /= |m| and g =/, giving

one transverse maximum.

The solutions to Maxwell’s equations, for the internal electric and magnetic field

components of TE,,, modes of a microsphere of radius a, satisfying the proper boundary

conditions at the surface of the microsphere, are

E (r,0,¢,t)=0

Ey(r,0,¢,1) = ~E, ;;—315P " (cos8) ], (ki)™ e
OP" (cos@
E¢(r’9’¢’”ZE‘)%—)Je(kfeir)ew
£ £+1 im In
H . (r,0,¢,t)=-E, - ( ) ( 9) Jgkﬁ;,,) 4ol
qlm 1

1 0P/ (cosf)1  imp—ialt
'E 3 g@ ) , [kqur.]l (quelfnr)] ‘e
qlm

m  P;(cosf)1
oty SinG

He(7’999¢at) :—EO

H,(r.0.¢.0) =L, g ()€™

and the internal electric and magnetic field components of TM,,, modes are:

: ™
(kqgm ) e,m¢e—zqu,A,l,t

E (r,0,0,t) = —E({ +1)P" (cose)

qlm

P (cosd) 1 ) im
ffw )kTM Ui () €™ e

q@m
imP" (cos@) 1

sin @

E,(r,0,¢,t)=-E,

E¢ (7", 9’ ¢’ t) = —EO kTM [kqlmr.]f (k;?:lr)], ""¢

qém

(IL1)

(I1.2)

(IL3)



E (r,0,4,t)=0

kLt mP; (cos@
E,(r,0,¢,0) = T;j'" “.( )
Oy by SINO

kiw P (cos0)
E,(r,0,p,)=E,—2» !
.0 :1)= *i™ p 06

qlm 1

Jo (KT P)eim e (IL4)

qlm

T] i —iw' Mt
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where Ej is the electric field, the Pgmare the associated Legendre polynomials, j, are the

TE(M)
FTEOD _ N

spherical Bessel functions of the first kind,

, s 1s the permeability of

the microsphere, and the prime denotes the derivative with respect to the

FTEGD)

TE(M)
qlm k

argument r. The external field components can be expressed by replacing r

by Kor, j, (ki r)by the spherical Hankel functionh{’(K5*’r), and g by s,

where the wave number written in upper case, representing the value outside the

KTEM) _ L TEGM)

microsphere, is K, otm

/ n, where n = ny/n, is the ratio of the index of refraction

of the microsphere to that of the medium surrounding it.

The WGM resonance frequencies can be written as

TE(M) 2

o, z+1/2 £—|m| 3a
yIEGD - 9 — §5(£+1/2+a — ATEOD 4 g2 + . , (Ls
i 27 (E+l/2+a,(—= ) 22/310(z+1/2)1/3) (@L-3)

where & = c/2mnan, is the microsphere’s nominal free spectral range, a, is the q™ zero of
the Airy function (a; = 2.338, a, = 4.088, a3 = 5.521, a, = 6.787, etc.), A" =n/n* -1

and A™ =(nvn* -1)" is a polarization dependent frequency shift, & =+/(a’ —a’)/a’ is

the eccentricity in terms of the major and minor radii, the upper sign is used for oblate
spheres and the lower sign for prolate spheres. Using the hydrogen-oxygen torch to

fabricate a microsphere usually results in a prolate shape. This eccentricity lifts the
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frequency degeneracy of the latitudinal modes.

An excellent experimental example that shows the spectrum of the WGMs and
how polarization and mode number lift their frequency degeneracy is presented in Figure
I1.2. The top curve in each plot is the reflection signal obtained using prism coupling and
the bottom curve is the transmission signal that was collected with a single tapered fiber,
where the scales are not the same for the two signals. The large oscillations in the
reflection signal are caused by a Fabry-Perot effect from an uncoated window. This is
verified by the fact that the period of the laser power oscillation is 10 GHz, which
corresponds to Fabry-Perot effects from the 1-cm thick window that was in the beam
path. Figure II.2 (a) is a scan over approximately two free spectral ranges (FSR) of the
microsphere, where the FSR is measured to be 140 GHz. This corresponds to a
microsphere diameter of approximately 480 pm. Many higher order modes are also
present in one FSR. Reducing the scan range in Figure I1.2 (b) allows for observation of
a smaller region of plot (a) in order to show the structure and spacing between the higher
order modes. Here, two sets of equally spaced modes interlaced with each other are
observed. The equally spaced modes are assumed to belong to a family of modes that
have the same polarization and /-mode number with different m-mode numbers. The
two different families of modes are different due to fact that they have different
polarizations or g-mode numbers. Measuring the spacing between the modes of the same
family to be 4.8 GHz gives an eccentricity of € = 0.26. Further reduction of laser scan
distance in Figure I1.2 (c) reveals the lineshape of two individual WGMs. As will be
shown later in this chapter, the reflection and transmission lineshapes are both Lorentzian

In nature.



11

0.75
S 0.5 -
s
o
2
O
o 0.25 A
0 - | “U.LL““LML..._
50 100 150 200 250 300 350
Frequency (GHz)
0.75
’;:‘ 0.5 -
8
o)
2
O
o 0.25 -
5 . LLLJJJ | L

200 220 240 260 280
Frequency (GHz)

Figure I.2 Top curve in each plot is the reflection signal using prism coupling. Bottom
curve is the transmission signal collected with a single tapered fiber. The
scale is not the same for the reflection and transmission signals. The large
oscillations in the reflection signal are caused by a Fabry-Perot effect from
an uncoated window. a) Scan over the two free spectral ranges of the
microsphere. Many higher order modes are present. b) Scan over a
smaller region of plot (a) in order to show the spacing and structure between
the higher order modes. c¢) (Shown on next page) Further reduction in laser
scan distance to show the lineshape of individual WGMs.
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2. Ring Cavity Model
(a) Theory

When examining the electric field and intensity there are three main areas of
interest pertaining to the microsphere: (1) The point where the light exiting the
microsphere is the same as where the incident light enters the microsphere, referred to as
the reflected light or microsphere reflection, (2) inside the cavity, (3) a point where the
light exiting the microsphere is other than point (1), referred to as the transmitted light or
microsphere transmission.

A simple model of the energy coupled in and out of microspheres is constructed
using a simple four-mirror ring cavity as shown in Figure I1.3. The model cavity is
designed using four flat mirrors, each associated with an electric field reflection
coefficient (I'1234). Although the microsphere confines the WGMs with its curved

surface, using curved mirrors in the model will not add any significant results while
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Figure II.3  Model of four-mirror ring cavity. Mirror 1 (M1) is the input mirror and has
a reflectivity slightly less than 1. M2 and M4 are assumed perfect
reflectors, while M3 can be a high reflector or another output mirror. The
loss coefficient (¢;) is constant throughout the path length. The electric

fields are labeled at the points of interest.
increasing the complexity. There is only one transverse mode of this plane-wave cavity,
the fundamental mode, but the model is applicable to any mode of a microsphere. The
external electric field source is partially transmitted through mirror number one (M1) and
is assumed to be a uniform plane wave with a limited spatial dimension transverse to the
propagation direction.
The incident electric field, Ej. is assumed monochromatic, of frequency

v=0/2n and vacuum wavelength A. The strength of the field transmitted into the

cavity, Ey, is dependent on I'; and is related to E;,. by

Ey=E Afl-T2 (11.6)

me

As the light propagates a distance equal to one round trip inside the cavity, it
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encounters losses from mirror transmissions, cavity medium absorption, scattering, and
other less significant losses. This is unlike a conventional resonator in the sense that the
intrinsic cavity losses cannot be neglected. The light also undergoes a phase shift due to
reflections, with the end result that at M1, the reflected incident light and the light exiting
the cavity are out of phase by © (180 degrees) on resonance.

The field inside the cavity can be described by summing the field remaining after
each successive round trip. The electric field strength and phase after m+1 round trips is

compared to the m™ round trip by

-o,L

E, =ETT,TT,e?e™, (IL7)
where L is the physical round trip length, not the optical path length, k=an.yc is the
wave number, ngy is the effective index of refraction of the cavity, and o= tapst Qscar 15
the absorption and scattering loss coefficient combined into one intrinsic loss term.

At this point, it is advantageous to simplify the mirror losses. Assume that two of
the mirrors, I'y and I's, are partially transmitting and the other mirrors are 100%
reflective, i.e. I', =, = 1. This is analogous to a microsphere with two couplers. Both
mirrors couple out of the microsphere, but only one has incident power coupling into the
microsphere. IfI';is also equal to one, this is analogous to a single coupler coupling light
in and out of the microsphere.

The total field inside the cavity immediately after M1 becomes

E,=)E,= ~—E,.. (IL8)

As the field exits the cavity at M1 it combines with the light that is reflected from M1.
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Assuming reflection coefficients near unity and a m phase shift between the two fields on

resonance, summing gives the total electric field reflected

~a;L

[[-T,e ? ™
Ereﬂected = 1 2 ~o;L Einc : (119)

1-T e 2 ™

The electric field in the cavity, immediately before M3, and the electric field transmitted

through the cavity, out M3 are respectively

1 el Lk
(I—FIZ)Ze ‘e
cavity = :‘LL . Einca (II.IO)
1-T e 2 ™
-rPf (imrfe e
1-T2 P2 (1-T e 4 e
transmitted = -o;L Einc ° (II’l 1)

1- F1F3eTeiLk
Optical detectors perform the task of making physical measurements of radiation,

measuring the power or intensity of light radiation and not the strength of the electric .

field. The intensity is related to the electric field by

1.2
I= ElEl , (IL12)

where n=1/n,¢,c is the wave impedance. Using equation (IL12) and a few

approximations to be described below, the reflection, intracavity, and transmission

intensities become respectively,

_ (B-T-aL) +44°

= e IL.13
reflected (]; +]; +aiL)2 +4¢2 inc ( )
L iy = 4 — 1, (IL.14)

T+L+al) +4¢
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]transmitted - 4]-1']; 2 P I inc * (1115)
(L+TL+aLl) +4¢

The following definitions are employed when writing these results,

T =1-12 (IL.16)
and ¢=L(k-k,), (IL17)
where T, is the intensity transmission coefficient of mirror Mx and ¢ is the round trip
phase shift relative to that of a resonance (mode) of wave number k; and frequency vy.
From this point on, the term transmission coefficient will refer to the intensity
transmission coefficient unless otherwise stated. The approximations made assume that
the loss per round trip due to absorption (¢;sL) and scattering (cql), the transmission
coefficients (7y), and ¢/27 are all very small compared to 1. Making the assumption that
¢ is small implies that the frequency detuning of the light from cavity resonance is much

less than one FSR. All of these assumptions are extremely valid for the microsphere.

Equation (II.14) gives an intracavity enhancement factor

41,
(T +T; + L)’ +4¢°

(IL18)

that determines the intensity inside the cavity compared to the incident intensity. This
factor is important when determining loss coefficients and nonlinear effects. It can also
be used to define the intracavity path length, which is associated with the power lost due
to the intrinsic loss of the microsphere. This path length is defined as the resonant
intracavity enhancement times the round trip distance,

2
Ll = ]cavify L — 4];[’ — ﬁ_ _Q_%__ . (1119)
L (G+T+al) L{ng
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The quality factor (Q) of the cavity can be determined from equations (IL.13)-

(I1.15). The linewidth of the cavity, Av = v,-v_, must be found since it is related to Q by
O=—-. (I1.20)

v+ and v. are the frequency values when the intensity dip or peak is one-half of the

maximum dip or peak value. Using equation (IL.13) to illustrate this,

x + 4¢
I -1 2
inc reflected (¢) _ y +24¢ y l , (II2 1)
Iinc - Ireﬂected (¢ = O) 1-— L y + 4¢ 2
2
y

where x = T)-T3-al and y = T;+T3+al. As expected, the same functional form as the
last equality in equation (I1.21) comes about when using the peaks of equations (II.14)
and (II.15). Notice this result is independcnt of the definition of x and depends only on y
and ¢. This equality yields

2zn_ L(v, —Vv,)

il — 0 =‘i‘l
c 2

T +T,+al). (I1.22)

Solving for Av and writing ¢; explicitly as the sum of the absorption and scattering

coefficients, the O of the cavity can most conveniently be expressed in the form

1 L
1 AT AT, la lam,L (11.23)
Q 27n, L 27rn 7L 27rn L 2zn,, L

or l.—-—1——+—1—+ ! + ! +( ! J (I1.24)
Q QTl QT3 Qabs Qscat Qrad

Oreq 1s not derived here, but is the radiation loss due to photon tunneling from the

whispering-gallery mode into free space. It is many orders of magnitude larger than any
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of the other Q terms, unless working with spheres that are comparable to the size of the
wavelength, and is therefore negligible in this work. When written in this form, Q can be

separated into the O due to coupling, O and ;. , and the intrinsic Q of the cavity, (Qass

l+Qsc,,,'l)'1. The intrinsic O, Q;, is the Q value of the cavity With no external losses,
namely no coupling losses. This value is important when performing absorption
measurements for intracavity trace gas and liquid chemical sensing.

The lineshape of the dip from the reflection spectrum is one minus a Lorentzian

function. This can be seen by rewriting equation (II.13) as

)

2

Ireﬂected = I_M——T—— Iinc (1125)
_A‘¢Z +¢2
2

where Ag =¢.—¢_ is the linewidth that is obtained from equation (II.22) and M is the
normalized on-resonance dip depth given by

= BGral) (1.26)

T+T,+al)
2

In a similar fashion, the intracavity and transmission intensities can be written as

Lorentzian functions.

(b) Solutions and Physical Interpretation

In the ring cavity model, there are three unknowns that cannot be directly
measured or mnferred. The wavelength can be measured with a monochrometer, the path
length can be estimated with minimal uncertainty, and the index of refraction of fused

silica is easily obtainable from the literature. 77, T3, and ¢; are dependent on the physical
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parameters of the experimental setup and can vary by several orders of magnitude. For
microspheres, variables such as gap distance between the coupler and microsphere,
surface roughness, and contaminants such as water and dust deposited on the surface of
the microsphere are not always easily measurable or controllable. By using the
maximum dip depth of the reflection, the maximum transmission value, and the Q value
with equations (IL13), (II.15), and (I1.23) these three values can be determined.
However, it is easily noticed that the equations contain quadratics and will give two
separate solutions. The cases for the possible solutions are discussed below.

At “critical coupling” the maximum (on resonance) dip depth, 100%, occurs when
the light leaving the cavity at M1 is equal to the reflected light not entering the cavity at
M1. The lack of signal arises from the fact that the two are out of phase with each other
by m and destructively interfere. In terms of the coupling and loss coefficients, critical
coupling occurs when T; = T3+aL. When T; > T3+l the cavity is said to be
“overcoupled”. In the overcoupled case, the light leaving the cavity at M1 is more
intense than the reflected light not entering the cavity at M1. When T; < T3+aL the
cavity is said to be “undercoupled”. Conversely, in the undercoupled case the light
leaving the cavity at M1 i1s less intense than the reflected light not entering the cavity at
M1. Given the same cavity 0, the intracavity intensity is higher in the overcoupled case.

Empirical observations suggest it is more likely to achieve overcoupling with
tapered fiber coupling than with prism coupling when exciting whispering-gallery modes
in a microsphere. Determining if a microsphere is overcéupled or undercoupled is
possible with ring-up/ring-down measurements, which are not described in this

dissertation.
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It is interesting to note that in all of the three cases listed above, the intensity
inside the cavity is never zero, and the light transmitted through the cavity is only zero if
T; is zero. In addition, the transmission is maximum, 100%, only when there is no
intrinsic loss and 7; = 73. Such an observation places limitations on transmission
intensity and is very important when examining the potential of microspheres as add/drop
filters for fiber optic applications.

Equation (I1.19) shows that of the two possible solutions for a given Q and dip
depth, the overcoupled case has a longer intracavity path length than the undercoupled
case. The total power lost is the same for each case, with the difference in intracavity
path lengths attributed to more power being coupled into the cavity for the overcoupled
case. This is also seen in the fact that the overcoupled case has a smaller loss coefficient
than the undercoupled case for the same Q and dip depth.

Other factors not included in this model that must be taken into account when
analyzing real data include polarization, mode matching characteristics, and the tapered
fiber mode coupling which is presented in the next chapter and leads to the modified ring
cavity model in the Appendix. This statement becomes evident when looking at the data

for the intracavity absorption sensing data in Chapter VI



CHAPTER III

GENERAL EXPERIMENTAL PROCEDURES

1. Introduction

Many of the experiments presented in this dissertation have common elements.
For example, they all contain microspheres, lasers, and optical fibers and they all use
some form of evanescent coupling. This chapter serves as a basis for the experimental
methods and techniques used for all the experiments presented here, as well as most, if
not all, of the microsphere experiments performed in the lab.

Microsphere fabrication can be quite difficult at times and has been described as
“an art form” on several occasions. In this chapter, the general methodology of both
microsphere and tapered fiber fabrication is described along with properties of tapered
fiber transmission. Prism and fiber coupling techniques are reviewed. Two tunable lasers
are used to excite the WGMs: a cw Ti:sapphire laser in the 770-860 nm wavelength range
and a diode laser in the 1508-1584 nm range. Basic assumptions about laser tuning rates
and linearity, especially with the tunable diode laser (TDL), have proven to be a source of
error on a number of occasions. Therefore, basic laser specifications and properties that
are relevant to data interpretation are included in this chapter. To demonstrate the
experimental limits imposed by the lasers and tapered fibers, the coupling properties of a
single WGM are examined as the gap distance between the microsphere and coupler is

varied.

21
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2. Microsphere Fabrication

Generally speaking, microspheres have been fabricated from many different
materials, including liquid droplets,m] polystyrene,[lg] LiNbOg,[lg] and fused silica.l*”
When ultra-high Q factors are necessary, microsphere cavity losses must be minimized.
This makes fused silica ideal for working in the visible and near infrared region of the
spectrum, with its very small optical loss in this range.[?!) It also has the benefit of being
abundant and easy to work with. The telecommunications industry must be
acknowledged for the extensive development of low loss, low OH, fused silica optical
fibers. The optical loss in fused silica is primarily due to Rayleigh scattering, followed
by absorption. A few values of the total loss, for wavelength regions accessible by the
lasers used for these experiments, are listed in Table III.1. Typically, the absorption loss
will be less than 15% of the total loss. The scattering loss of the material is not to be
confused with the surface scattering that a microsphere also experiences, but rather the
Rayleigh scattering of the material.”?! Likewise, the absorption is the intrinsic ultraviolet,
infrared, and impurity absorption of fused silica, not that from impurities or water on the

surface of a microsphere. The power absorbed in the thermal bistability experiments in

Chapter V is attributed to the surface absorption, not the material absorption.

Table III.1  Loss coefficient of fused silica at selected wavelengths
Wavelength (nm) Total Loss (m™)H2]

830 4.6x10™
1500 6.9x107
1550 5.06x107

1600 5.8x107
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For the experimental work performed in this dissertation, the fused silica was
obtained from Corning single mode optical fiber, SMF-28. Hence, throughout this
dissertation, the term “microsphere” implies a microsphere fabricated from single mode
optical fiber. 1t is clearly visible during fabrication that the fiber core remains confined to
the center and polar regions of the microsphere. The difference in index of refraction
causes the core to appear brighter than the cladding when heated to the melting
temperature. Therefore, the WGMSs, which are confined near the surface of the equatorial
region, are not affected by the difference between the index of refractions of the core and
cladding.

The microspheres are typically fabricated by melting the fused silica fiber with a
hydrogen-oxygen (H-O) torch?* *) or with a CO, laser.****) The H-O torch is the only
method used for the research presented in this dissertation. The torch used is a
commercially available jeweler’s torch with a gas hole diameter of approximately 250
um. The compressed hydrogen and oxygen gases are purchased from Sooner Airgas, a
commercial supplier. During fabrication, the microsphere is observed through a 25-mm
focal length lens or a 45X microscope.

To prepare the fiber for microsphere fabrication, the plastic jacket surrounding the
fiber must be stripped away. Following this, the bare fiber is cleaned with methanol to

remove the majority of surface contaminants. The 125-um fiber diameter is sufficient for

producing microspheres of diameter 300 pm or more. If smaller microspheres are needed
or a smaller stem diameter is required, the fiber is drawn out with the H-O torch to a
smaller diameter. The prepared fiber is inserted perpendicularly into the flame to form

the microsphere. This results in a 90-degree bend, where the bent portion becomes the
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microsphere and stem, and the non-bent portion is used for mounting. The torch’s gas
flow rate controls the amount of upward pressure on the forming microsphere. Adjusting
the pressure can cause the microsphere to draw out and thin the stem or cause it to
consume part of the stem below it. Changing thé gas flow rate during fabrication gives
control over the microsphere and stem size. Addiﬁonally, the H-O ratio controls the
temperature of the flame, producing flames that are hotter or colder. Adjusting these
parameters and the position of the microsphere in the flame controls the size of the stem,
and the shape and orientation of the microsphere.

During fabrication, surface tension pulls the molten silica into a nearly perfect
sphere with an extremely smooth surface.” ** The gas rushing past the microsphere
generally causes it to be prolate, with a different resulting eccentricity for each
microsphere. A result of this is a different WGM mode spectrum for every microsphere.
Reported eccentricities (€) by other research groups include 0.01,2Y 0.16,*4 and 0.26.1"*!
Examples of typical microsphere eccentricities in our lab, where no special care has been
taken to minimize the eccentricity, can be seen from the microsphere spectrum in Chapter
11, 0.26, and from the two microspheres used for thermal experiments in Chapter V, 0.45
and 0.65. It has been demonstrated by Ilchenko, et al. that by making the microspheres
extremely oblate, the dense spectrum of modes is reduced to as little as two modes per
nominal free spectral range with a Q of 1x107 at 1550 nm.?*! The fabrication method
involved appears to be difficult and requires the use of a CO; laser and low-melting silica
glass held between two cleaved fibers.

Another possible method of removing excess modes from the spectrum of a

WGM microresonator is to use a cylinder rather than a sphere. Using optical fibers as
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cylinders, preliminary studies have been performed to assess the feasibility of using these
modes. The plastic jacket was removed from the fiber by soaking the fiber in acetone
until it was soft enough to be gently pulled off. This ensured that no unnecessary
scratches were introduced by the normal metal stripping tool. The stripped fiber was
wiped with acetone, followed by methanol. The best results with bi-tapered fiber
coupiing, with the two fibers in contact, gave a Q of 5x10°. A periodic mode spectrum of
only two modes per free spectral range per polarization was found, presumably modes of
different radial number. Heating the cylindrical fiber and stretching it to a small diameter
proved unsuccéssful, but slightly heating the surface yielded higher O values of 1x10’,
and significantly increased the number of modes excited. The extra modes are assumed
to be a product of a slight curvature of the fiber surface, making it act as an extremely

prolate microsphere. The deepest dip (iepths observed were approximately 30%, but a
-detailed study of under/overcoupling and maximization of the dip depth was not
performed. These cylinder WGMs have the potential to be used as add/drop filters and
spectral analysis devices.

Using the. fabrication technique described above for nearly spherical
microspheres, Q values of up to 5%10® at 830 nm and 5x107 at 1550 nm were achievable
with bi-tapered fiber coupling techniques, where the fiber was in contact with the
microsphere.  Taking into account loss due to water adsorbed on the surface of the
microsphere, these values are only an order of magnitude lower than some of the highest
Qs recorded where prism coupling is employed and careful gap separation is needed to
minimize coupling losses.** # 3% In at least some of these cases, steps not taken in our

lab have been used to ensure ultra-high 0s.”**! These steps include special cleaning
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methods for the fused silica before microsphere fabrication and using a dry box to contain
the torch and sphere. Additionally, at least two of the research groups, those of Kimble
and Ilchenko, use low O-H fused silica obtained directly from manufacturers to which
they apply the cleaning techniques to remove surface contaminants.**!

Microsphere fabrication with a CO, laser was attempted on several occasions by
placing the fiber in the beam path near a focal point. The fiber tip was introduced
perpendicularly into the beam. With a very high absorption coefficient in the 10-um
wavelength range, the power was readily absorbed by the fused silica fiber. Too readily
in fact, resulting in uneven heating of the fiber and causing the melting fiber to be pulled
towards the direction of the incident beam. Functional microspheres were created using
this technique, but the procedure was more difficult than the H-O torch method.
Controlling the size and shape of the microsphere was not possible, and therefore was not
pursued further. Other research groups have developed better methods of creating
microspheres with CO; lasers. These include placing the microsphere at the focal points

[26-28]

of counter-propagating beams, and placing the fiber lengthwise into a strongly

focused beam so the intensity is only high enough to melt the fiber near the focal

point.*"}

3. Coupling Techniques

Coupling techniques include the use of prisms!'> 2% 26-2931:35.361 ta50red fibers,™
18, 3740 half-block couplers,”” * angle-polished fibers,™ * and silica-based strip-line
pedestals antiresonant reflecting waveguides (SPARROW).!' *3! Prism and tapered fiber

coupling are the two most popular coupling methods due to ease of construction and use.
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Both use evanescent coupling to the microsphere WGMs and both have advantages and
disadvantages. The ease of use of the fiber coupling technique while maintaining
relatively high Q values has moved more of our experiments in this direction. Although
almost all of the experiments in this dissertation use fiber coupling, both methods have
been used in the lab and both will be described.
Figure 1II.1 shows a diagram of prism and fiber coupling and Table IIL.2 is a
comparative list of some of the properties for each. The reflection spectrum can be
observed by using only one prism or fiber. By bringing a second prism or fiber next to
the microsphere on the opposite side (any combination will work) the transmission
spectrum can be observed. Using a single prism as a coupler has the advantage that both
the reflection and transmission spectrum can be observed with precessing modes.!} With
reflection, the WGM signal dip must be compared to the off-resonance signal, making
shallow dips on the order of a percent hard to detect. The advantage of the transmission
spectrum is that the signal to noise ratio is small, where the WGMs are detected as peaks
with no background. Since there is no background signal, the limit of the detectable
transmission signal is determined by the detector. The disadvantages of using a second
coupler are limited access to the microsphere, increased complexity, and a smaller O
from the extra loss. It should also be noted that precessing modes also have losses from
the reflected and transmitted signals, but a single gap distance can control the intracavity
loss from both.
During prism coupling, light undergoes total internal reflection (TIR) off a face of

the prism creating an evanescent field at the point of reflection. When this overlaps with
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Figure I1I.1 Input and output coupling to a WGM using (a) prisms and (b) tapered fiber
coupling, demonstrating reflection and transmission signals.

Table I11.2  Summary of prism and fiber coupling properties.

Prism Coupling

Tapered Fiber Coupling

Alignment of incident angle in two
directions. Beam waist must be
positioned correctly.

Fiber taper need only be aligned with the
equator of the microsphere.

Visual inspection of the TIR spot is
necessary. Difficult in the 1500 — 1600
nm range.

Visual inspection of fiber position is
necessary. This can be done at any
wavelength.

Reflection and transmission are observed
with one prism for precessing modes.

Need two fibers to observe transmission
signals.

Polarization controlled by half waveplates
and polarizers in the beam path.

An inline fiber polarization controller
easily changes polarization.

Collecting all the light is more difficult.

Light collection is easy at the fiber end.

All of the light reflected is available for
collection.

Light can be lost to other fiber modes in
fiber taper region. (See Appendix )

Reflected signal can never go to zero.

Reflected signal can go to zero.

Adjusting the gap distance between the
prism and microsphere changes the
transmission coefficient (7).

Adjusting the taper diameter and gap
distance changes the transmission
coefficient (77).

Alignment issues make it hard to integrate
into systems.

Easily integrated into current fiber optic
systems.
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the evanescent field of a WGM, coupling light in and out of the microsphere is possible.

Mode matching the evanescent beam with the WGM evanescent field is necessary
in order to couple light into the microsphere efficiently. This includes both spatial mode
matching and phase matching. Spatial mode matching can be maximized by using
mirrors and lenses to control the alignment of the incident beam angle in both the
horizontal and vertical planes, as well as ensuring the focused beam waist is incident on
the prism face at the TIR point. The equations for the angle parameters are given in
Reference [31]. In short, they predict that in order to excite the lowest order WGMs, the
incident angle at the prism coupling face should be close to the critical angle between the
prism and microsphere.

For a given microsphere WGM and prism, phase matching is controlled at the
TIR point of the prism by adjusting the angle of the incident beam.[*! In terms of ray
propagation, there are an infinite number of incident angles within a focused beam,
making perfect phase matching using a prism and lens impossible. The deepest dips
recorded in our lab with prism coupling are 40%. The maximum recorded dip depth with
prism coupling, where measures were taken to maximize the mode matching, is 80%.5¢
Here, the main mode matching optimization was the minimization of astigmatic
distortions of the input beam. Imperfect mode matching results in the reflected signal not
going to zero at critical coupling, leaving some offset value that must be accounted for
when using the dip depth and Q to determine the intrinsic loss of the microsphere.

After the WGM spectrum has been found and maximized, the microsphere is
backed away from the prism to reduce the coupling loss.**! This causes the dip depth to

change and the Q to increase. In the literature where extremely high O values are



30

recorded,” the microsphere is not allowed to contact the prism and measurements are
performed in the first minute after fabrication, before water can adsorb to the microsphere
surface.

In our lab, a short focal length aspherical lens is used in order to obtain a smallest
possible spot size. The short focal length is necessary since the spot size is proportional
to the focal length, and the asphere is used to avoid spherical aberration. This means
shortly after the prism another lens is needed to collimate the beam for detection before it
expands to a size that is too large to collect. Due to imperfect mode matching, the
reflected intensity pattern from the microsphere is not uniform over the entire beam.
Therefore, the entire beam must be collected for detection to get the true WGM spectrum.
Additionally, precessing mode output with a single prism has both transmission and

- reflection signals that should be separated from each other.

4. Tapered Fiber Fabrication and Coupling

Using tapered fibers for evanescent coupling to microspheres has the advantage of
ease of coupling over the prism setup. To employ fiber coupling the tapered fiber must
be placed near (a fraction of a wavelength) or in contact with a microsphere. To avoid
back reflection into the laser from the fiber face, an optical isolator is used or the fiber
face is angle polished. Coupling light into the fiber is almost trivial and so is aligning the
fiber and microsphere. Alignment is aided by use of a 45x microscope, or in some cases
a biological microscope with magnifications of 100x, 200x, 400%, and 1000x. Creating
a taper with optimal parameters for coupling is more difficult. If the taper is too thick,

there will be no coupling to the microsphere. As the taper diameter is reduced, the
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effective coupling coefficient 7; becomes larger, reducing the loaded Q value and making
overcoupling a possibility.

Mode matching must be considered for tapered fiber coupling as well. Coupling
between the tapered fiber and the microsphere is similar to that between any two
waveguides. The advantage of fiber coupling over prism coupling is that there are not an
infinite number of wave vector values to consider. Rather, the input signal is guided by
the fiber, making the wave vector the same for all the beam paths. Reducing the diameter
of the taper allows more of the propagating electric field to be evanescent, lowering the
effective index of the fiber and hence changing the wave vector. This change will be in
the right direction since the WGM of the microsphere has an effective index that is
slightly lower than that of the bulk fused silica from which it is fabricated. By
controlling the taper diameter, phase matching between the microsphere and taper can be

achieved.’” 4% 47)

Changing the diameter of the fiber also affects the field-overlap
contribution to the effective transmission coefficient, making the matter nontrivial.
However, this point seems to be not as critical as it first appears. In our lab, WGM dip
depths of over 95% have been achieved on numerous occasions, without any special
tailoring to maximize phase matching, and the best recorded dip depths exceed 99.8%.5"
Empirically speaking, tapered fiber coupling appears to excite more WGMs than
expected, many more than with prism coupling.

The tapers can either be single tapers, where the fiber terminates as a taper, or bi-
tapers or biconical tapers, where the tapered region makes a transition back to the normal

unaltered fiber. The preferred method is the bi-taper since both ends can be held fixed in

place, making the tapered region immobile. Light collection is easy with the bi-taper, but
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as described later in this chapter, the total recollection of light can be a problem since
tapered fiber mode coupling can cause all but the fundamental fiber mode to be lost.
Luckily, there are only two fiber modes that need be considered. Single tapers are not
recommended for observing microsphere reflection signals, since light collection out of
the fiber taper is difﬁcqlt. However, single tapers are a good choice when collecting the
microsphere transmission signal, where the signal exiting the fiber is at a cleaved face.
They are also capable of accessing the microsphere when space is limited and a bi-taper
is impractical or too cumbersome. The only problem is that the single tapered fiber end
is not held fixed in position and is not very stable.

A common tapered fiber fabrication technique is heating the fiber while using
translation stages to elongate it, where heating is performed by a stationary or traveling
burner.”® The method developed in our lab is similar to this. The fiber, with the buffer
jacket removed, is suspended with a mass attached to the bottom. Next, a small flame
from the H-O torch is passed over the same spot on the fiber several times, heating it
slowly as the fiber elongates. Diameters of five microns or less are obtainable using this
method. After stretching, the eﬁd regions of the taper are usually fixed with epoxy or
superglue to a microscope slide with cover slips superglued to them, as demonstrated in
Figure 1IL.2 (a). While drying, superglue tends pull the fiber from its prealigned position,
placing transverse pressure on the taper. This makes epoxy the preferred adhesive. After
the bi-taper is fixed in position, it can be used fo excite WGMs. If the taper diameter is
not small enough, hydrofluoric (HF) acid etching is used to further reduce the taper

diameter. An acid concentration of 48% HF or a 50-50 solution of this and water is used
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(a)

£
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Figure 1.2 Methods for mounting bi-tapered fibers. (a) Glass slide and cover slips, (b)
Delrin  U-shaped tension mounting apparatus, (c) Delrin U-shaped
compression mounting apparatus.

for etching. To etch only the tapered region, a drop of acid is placed on a suitable
material that does not react with HF, followed by placing the bi-tapered region inside the
droplet. It is allowed to etch several seconds to several minutes until the desired diameter
is reached. The etching process alone can be used to create a taper,*” but the fabrication
time is significantly lengthened without much, if any, change in the end results. The
etching progress can be monitored by the 45X microscope and by passing a laser signal
through the fiber while monitoring the output. The latter is described later in the fiber
mode coupling section of this chapter.

Two other devices have been constructed from Delrin to hold tapered fibers.

Their principal use is for coupling in liquid. They are designed so that no epoxy or glue
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need be immersed in the liquid to contaminate the sphere or the liquid. Figure I11.2 (b)
shows the design that was used for the intracavity liquid sensing experiment in Chapter
V1. After the fiber is stretched to a diameter that is small enough that coupling can be
employed without etching the fiber, the fiber is wrapped around the two prongs at the
bottom of the apparatus. The two ends of the fiber are fastened to the upper portion of
the holder with epoxy or super glue. The advantage of this design is when the only the
lower portion is immersed in liquid, none of the adhesive encounters the liquid. This
particular design works extremely well for placing a bi-taper on each side of the
microsphere to observe reflection and transmission. The di;advantages are the bend
losses are high and etching the taper is not possible. Just bringing the fiber close to the
acid causes it to break, presumably from acid vapor getting into small fractures in the
fiber bend. Figure II1.2(c) shows the third design. In this case, the fiber is made
immobile by clamping it between two pieces, while not placing enough pressure on the -
fiber to damage it. With this third design, no adhesive is used, the fiber can be etched,
and no extra losses due to bending occur; however, only one side of the microsphere can

be accessed.

5. Limitations
(a) Experimental Test of Ring Cavity Model

A simple and interesting example of how data can be readily analyzed using the
ring cavity model is provided by scanning the laser frequency while varying the gap
distance between the tapered fiber and the microsphere. The experimental setup uses a

typical bi-tapered fiber that is stretched to a diameter that allows coupling between the
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fiber and the microsphere and is mounted in the usual way, as shown in Figure III.2(a).

The fiber taper is not etched with HF acid in the experimental results given here. In an

initial experiment a bi-tapered fiber constructed by heat stretching followed by HF acid

etching was used. There appears to be little difference between the results so only one of
the cases is presented here. Only one bi-taper was used; that is, there was no

transmission fiber, only a reflection signal. The 360-pm-diameter microsphere is held

fixed in position while the fiber is mounted on a three-dimensional translation stage with

sub-micron actuators. In this instance, the microsphere and fiber are observed under a

microscope, 100x to 1000x. Since the laboratory is not equipped to perform sub-micron

measurements, the actual gap distance cannot be measured. However, a varying gap

distance can be readily observed. When the fiber is pulled away from the microsphere, -
the effective transmission coefficient T is reduced and the Q and dip depth change.

The TDL is used for this experiment at a wavelength of 1570 nm and a scan
frequency of 100 Hz over a 6 GHz scan range. Figure II1.3 shows a 400-MHz section of
the scan range and includes nine individual scans of the same WGM at varying gap
distances. The deeper the dip depth, the closer the fiber is to the microsphere. The power
has been normalized to illustrate the percent of dip depth. The actual power collected at
the output end of the fiber is on the order of a milliwatt. The scanning speed and incident
power are such that there should be no thermal effects associated with the WGM.

Taking the value of the dip depth and Q from the data in Figure III.3 for each
scan and using equations (I1.13) and (I1.23) with 73 = 0 and ¢ = O the values of 7; and ¢;
are calculated. From the two sets of possible solutions, the set that corresponds to the

overcoupled case can immediately be dismissed. The fact that as the gap distance is
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closed the mode decreases in depth and never increases, that is, it never passes through
critical coupling, makes it obvious the mode is consistently undercoupled for at least the
first seven traces (dark curves). The other two traces (light curves) could potentially be
overcoupled, but are most likely undercoupled. These two traces are not included in the
analysis below since the neighboring WGM overlaps with the WGM that is being
analyzed, centered at 660 MHz. It is interesting to note that the twé WGMs are shifted
relative to_each other as the gap distance is closed. This is attributed to a difference in the
change in effective index of refraction between the two WGMs due to the presence of the
tapered fiber.

The transmission coefficient and intrinsic loss values for the seven analyzed scans
are listed in Table II1.3. When the coupling fiber is closer to the microsphere, the overlap
of the evanescent fields of the fiber and microsphere is greater. Therefore, it is to be
expected that as the gap distance is closed, the values for the transmission coefficient
increase. However, the results show that the intrinsic loss of the microsphere also
increases significantly as the gap distance is closed. This result is somewhat surprising.
Both the microsphere and tapered fiber are made of the same material, so the fiber should
not significantly increase the intrinsic loss, which is dominated by scattering and water
absorption. Possible factors that can increase the intrinsic loss include contaminants on
the surface of the fiber and increased scattering from the fiber due to it being in ‘the
evanescent portion of the WGM. When this phenomenon was first observed with a heat
stretched and HF acid etched fiber, it was thought that the acid etching could possibly
leave contaminants on the fiber or leave small pits, increasing the surface roughness of

the fiber. However, when the fiber is prepared without etching, as presented here, similar
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Figure II1.3 Scans of the same WGM of a 360-um diameter microsphere performed at

varied gap distances between the tapered fiber and the microsphere. The
frequency axis represents the change in laser frequency. The deeper the dip
depth, the smaller the gap distance. The darker curves centered at 660 MHz
are examined in Table II1.3. The two lighter curves are distorted by the
neighboring mode and therefore not used.

Table 1.3 Calculated values of 7} and ¢; from the measured dip depth and Q at varied
gap distances between the tapered fiber and microsphere for the seven dark
curves in Figure I11.3.

Dip Depth (%) 0 T a; (m™)
96.8 2.49 x 10’ 2.1 x10° 0.23
91.6 1.99 x 107 7.1 x10° 0.29
89.1 1.21 x 10’ 15 x 10 0.47
87.0 0.97 x 107 23 x 10°° 0.58
86.1 0.92 x 107 26 x 10° 0.60
84.8 0.72 x 107 36 x 10°° 0.77
83.8 0.55 x 107 51 x 10°° 1.00
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results were achieved.

This example is important to understanding practical applications of microsphere
WGMs. This result affects the microsphere’s ability to be used a sensor. A high intrinsic
loss coefficient is detrimental when employing microspheres for this type of application

and is an important variable that directly determines the sensitivity of the detection level.

(b) Fiber Mode Coupling

The disadvantage of using a bi-taper is that fiber mode coupling results in a strong
wavelength dependence of the fiber transmission. This is shown in Figure III.4 where
the top curve is the laser power in free space and the bottom curve is the laser power
transmitted though a tapered fiber. The vertical scale of the two curves is not necessarily
the same. The small modulyation on the fiber transmission signal is obviously due to the
nonlinear power of the laser and the large modulation is a result of tapered fiber
transmission. The transmission value of the larger modulation varies by up to 70% of the
maximum transmitted signal.

A representation of the bi-tapered fiber coupling is shown in Figure IIL.5. When
moving from the untapered to tapered region of the fiber, the core and cladding diameters
decrease, making the fiber incapable of supporting the lowest order mode in the core. At
this transition point the fiber becomes cladding-guided, allowing many possible modes to
propagate due to the large index contrast between the cladding and surrounding medium.
However, only taper-induced coupling between the HE;; cladding guided mode and the
HE;> mode is the most prominent since both modes have similar azimuthal symmetry and

minimal phase mismatch.'*> ) At the transition point after the taper, further HE;;-HE,,
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Figure II1.4 Laser power as a function of wavelength through a tapered fiber (bottom
curve), and in free space (top curve). The large oscillations in fiber

transmission are due to fiber mode coupling.

__

~_ »
. - XP .

Figure II1.5 Representation of mode coupling between two of the lowest order modes of
a tapered fiber fabricated from a single-mode fiber. The light in the HE;;

mode is lost as the tapered fiber returns to single-mode fiber.
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coupling may occur, but only the HE;; mode will be recaptured by the fiber core and the
HE; mode will be lost.

The coupling between the these two modes is dependent upon the phase
mismatch, making the taper transmission wavelength-dependent in a sinusoidal manner,
with the period of oscillation decreasing with decreasing radius.®” The effect of slope
and radius can be seen in Figure II1.6 where the transmission of the Ti:sapphire laser at a
constant 830 nm is displayed as a bi-tapered fiber is etched in a 50% solution of HF. The
top curve is the earliest in time with each curve below it progressing later in time, where
the time between curves is on the order of seconds. The fact that the period of oscillation

is decreasing suggests that the diameter of the taper can be monitored by the period of the
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Figure I11.6 Ti:sapphire laser power at constant 830 nm wavelength through a tapered
fiber while HF acid etching the fiber taper. Each successive curve is
vertically shifted by 1 unit, making its baseline the grid line immediately
below it. The top curve is earliest in time and progressing downward for
later times. The time between curves is several seconds.
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oscillation. It is also interesting to note that it is possible for the maximum power
transmitted to get larger as the taper diameter becomes smaller. This suggests that at the
local maximum, not all of the power is in the lowest-order fiber mode. This observation
is experimentally verified in the Appendix. This signal can be used when attempting to
maximize the transmission of a particular wavelength, as is the case when trying to match
the wavelength to a molecular resonance. However, it must be realized that the fiber
mode coupling also depends on the index contrast between the fiber and surrounding
medium. Meaning, a maximum in transmission while immersed in the acid is not
necessarily a maximum when air is the external medium.

Adiabatic changes in the fiber diameter are desirable since the mode-mode
coupling is also proportional to the slope and inversely proportional to the radius.[*
Fiber mode coupling can be reduced by making the taper more adiabatic by etching the
fiber before stretching.”” In practice, this does not eliminate mode coupling or the fact
that the taper supports many modes. No matter how close the taper is to being adiabatic,
light coupled out of a microsphere WGM, excited by the HE;; mode, can still be coupled
to the HE;, mode. This mode coupling is the basis for the model in the Appendix, where
two modes are allowed to propagate in the tapered region and couple to the microsphere
WGMs. For all of the experiments performed in this dissertation the fiber was not etched

prior to heat stretching.

6. Laser Properties
Three lasers were used to perform experiments. The Millennia laser from Spectra

Physics is a diode-pumped non-tunable cw frequency doubled Nd:YVO, laser. The
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operational wavelength is 532 nm with a maximum output power of 5.5 W. Its primary
purpose is to pump the cw Ti:sapphire laser, model MBR-110 from Microlase (now
Coherent Scotland). At peak power the Ti:sapphire laser is capable of output powers in
the range of 400-500 mW. It is continuously tunable over 40 GHz at a maximum
mternal scan frequency of 0.1 Hz and can be externally scanned at a scan frequency of
about 1 Hz. The laser frequency tuning appears to be linear with an applied signal
voltage. The operational wavelength range is 770 nm to 860 nm with the primary mirror
set. By changing to one of two other mirror sets, the wavelength range can be changed to
690 nm to 800 nm and 860 nm to 930 nm, although the latter gives a significant reduction
in laser power. Changing mirror sets is not done on a regular basis since aligning the
laser is non-trivial.

The Velocity 6328 laser system from New Focus is a tunable diode laser with an
operational wavelength range from 1508 nm to 1584 nm. The peak power is
approximately 10 mW at 1550 nm and falls off to half this value as the laser is tuned
toward the minimum and maximum wavelengths. As demonstrated in the top curve of
Figure 111.4, where the constant power setting on the laser control unit is enabled, the
laser power output is oscillatory over large tuning ranges. This is largely due to
reflections from an imperfect anti-reflection coating on the diode face inside the laser
cavity, making it impossible to remove these oscillations. Over short scanning ranges,
the power appears to be linear with a small slope; over larger ranges, it is necessary to use
a beam splitter to obtain a reference signal to remove the laser frequency dependence. In
constant power mode, it is recommended by the laser manual to scan at 1/100 of the

laser’s maximum scanning speed for best results and does not guarantee to remove
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oscillations smaller than 5%.

The Velocity laser is capable of continuous scanning over a fine-tuning range of
30 GHz, with the scan range falling off significantly with scan frequencies above a
couple hundred hertz. The laser scan distance is plotted as a function of the scanning
frequency for peak-to-peak voltages of 2, 4, and 6 volts in Figure IIL.7. The fine-tuning is
controlled by a piezo-electric actuator (PZT) and PZTs are notorious for hysteresis
effects. Knowledge of this effect is important when a constant scan rate is required and
when Dbi-directional scan comparison is used. Examples of these cases are seen
throughout experiments in this dissertation, including temperature sensing, thermal
bistability, and frequency locking the microsphere to the laser. The laser frequency
versus the applied voltage is plotted in Figure II1.8, where the data used to produce the
plots was collected using a confocal optical spectrum analyzer with a 2 GHz FSR. The
results for peak-to-peak voltages of 2, 4, and 6 volts are plotted for a 0.10 Hz scan. The
graphs show that the hysteresis is more prominent over a larger scanning range. Ideally,
linearizing the scan is desirable, but an active control method would be the best solution

since the scan range and hysteresis are not constant with scan rate and applied voltage.
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Figure II1.7 Velocity TDL scan range as a function the scan frequency. The three lines
represent a peak-to-peak voltage of 2, 4, and 6 volts from lower to higher,
respectively.
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Figure [11.8 Hysteresis of Velocity TDL frequency with applied voltage for frequency
fine-tuning. All scans are performed at 0.10 Hz. The arrows indicate the
direction of the laser scan.



CHAPTER IV

COMPRESSION TUNING AND LASER FREQUENCY TRACKING

1. Introduction

The resonance frequency of a particular WGM, as given by equation (IL5), is
dependent on the nominal free spectral range (0), the eccentricity, and a polarization-
dependent index of refraction term. Changing any of these values tunes the resonance
frequency of the selected mode. ¢ is varied with changing index of refraction or
equatorial radius, the eccentricity is dependent on the axial and equatorial radii, and the
polarization shift is dependent on the index of refraction.

One method for tuning the resonance frequency of WGMs is changing the
temperature of the microsphere. Temperature tuning is dominated by the change in index
of refraction and the tuning rate is limited by thermal relaxation times. This form of

tuning is examined in detail in Chapter V. A more efficient method of tuning is axial

[32] [27, 51}

compression~ " or stretching of the microsphere. In this case, the primary tuning
effect is the change in the physical equatorial path length, enabling fast tuning up to an
entire free spectral range (FSR). The focus of this chapter is controlled compression
tuning and active locking of a WGM resonance to a tunable laser source, and it describes

the theory, compression tuning device, and tuning and locking results.

The application of compression tuning was first demonstrated by II’chenko, et

45
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al®® where they successfully tuned WGMs of a 160-um-diameter microsphere over 150
GHz, 1/3 of a FSR, at a wavelength of 807 nm with their own compression tuning device.
Their device had a tuning speed of 10 GHz/ms at a 400-Hz modulation rate, and they did
not demonstrate locking the microsphere to a laser source.

The work presented in this chapter introduces a new compression tuning device
that improves the fractional FSR fine tuning, adds a tuning screw that enables coarse
tuning over several FSRs, and increases the modulation rate by over an order of
magnitude, and an experimental setup that allows for actively locking a WGM to a

[52, 53]

tunable laser source . Since this work was completed, II’chenko has presented work

on stretch tuning a microsphere,?” !

where a fiber was connected at the top and bottom
of the microsphere. This novel approach is commendable and has advantages, namely
accessibility for prism coupling; however, tuning over more than a FSR is still not

possible and appears to be limited by the microsphere-fiber tension limit. In addition, the

construction technique is performed with a CO; laser and appears to be more difficult.

2. Theory
The amount of tuning due to axial compression is calculated from the frequency

equation (IL.5),

€+1/2

qlm

Vo) = (£+1/2 a,(—=)-A" P 1 g ( H}

where the higher order terms have been dropped. When compressed, the axial and
equatorial radii (a,, a.) change along with the index of refraction, which changes due to
the photoelastic effect. Differentiating with respect to these three variables results in the

expression,



47

AV Aa, M, +5(1—602)(/—)ml](me Aa) av.1)

v a n v a

where & is the original eccentricity. The first two terms on the right-hand side come
from the fractional change in 8, and the last term results from the change in eccentricity;
tuning due to the change in the AT™ term is negligible and is therefore not included.
After differentiation, it is assumed that a, and a, are equivalent and set equal to a.

For large spheres, such as the sizes that are used for all the compression tuning

experiments, it is convenient to use the approximation that ¢ is large compared to all of
the other bracketed terms in equation (IL.5). This, along with the assumption thatg,” < 1,

simplifies equation (IV.1) to

A £~
Av =% _ An, + lml (Aa, —Aa,). (Iv.2)
v a n Za :

In terms of the fractional change in axial radius, the above expression for tuning

can be written as

ﬂ:—Aa" ,u{1+bTE(M)_(1+'u_)___!mq, (IV.3)
v a y7 l

where u=-(Aa,/Aa,). Because the tuner’s contact-surface configuration is not too

different from that of Reference [32], their strain results are used to estimate the relative

contributions of the terms, specifically, that x=0.11 (rather than the fused-silica

Poisson ratio of 0.17), and that the photoelastic contribution is 5" =-0.14 or
b™ =0.07. Since £ ~1500 for the 550-um-diameter sphere used at 1570 nm, the last

term in equation (IV.3) contributes ~0.16 for ¢ —|m| =24, and so the physical path length

change given by the first term is the dominant tuning effect. The value of ¢ —]m] =24 is
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an estimate for the maximum observed here, as very long frequency scans showed
families of 20-25 modes with ~1 GHz spacing, each with a bandhead that is probably the

|m| = ¢ mode.

3. Experimental Setup

Both the TDL and the Ti:sapphire laser were used for this experiment. Light,
from one of the two tunable lasers, was injected into an angle polished fiber that was
tapered to allow coupling between the fiber and the microsphere. The taper was
constructed by heat stretching followed by HF acid etching a single-mode fiber. Angle
polishing the fiber minimizes the effect of back reflection into the laser source, which
causes it to become unstable by operating on more than one mode or causing frequency
instability while scanning. After this experiment an optical isolator was purchased to
stop back reflected light from entering the TDL. The use of a quarter waveplate and
polarizer creates an effective isolator for the Ti:sapphire laser.

A sketch of the experimental setup is shown in Figure IV.1. An inline fiber
polarization controller, placed before the tapered region, is used to control the
polarization in the fiber. This allows TE and/or TM WGMs to be excited in the
microsphere, depending upon the polarization in the tapered region of the fiber. When the
light exits the fiber, the detector sends a signal to a commercial lock-in stabilizer that is
designed for CO, laser stabilization. A voltage signal, composed of a bias and
modulation signal, that controls the microsphere tuning is sent from the lock-in stabilizer
to the compression tuner. The maximum bias signal output from the stabilizer is —1600

V. A capacitive voltage divider, shown in Figure IV.2, is used to reduce the voltage to
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Figure IV.1 Experimental setup. The lock-in stabilizer can use the detector signal to
lock a WGM to the laser, or it may simply be used to apply a dc bias
voltage to the compression tuner’s PZT.
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Figure IV.2 Capacitive voltage divider used to combine DC bias and modulation signal
from the lock-in stabilizer for application to the PZT in the microsphere

COMPIressor.
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Figure IV.3 Compression tuner. (a) Main body is 44x38x6-mm aluminum. (b)
Stainless steel brace minimizes flexing of main body. (c) Piezoelectric
actuator. (d) Manual tuning screw. (e) Hardened steel compression pad.
(f) Stainless steel hypodermic tubing, inserted into hole in lower steel pad.

150 V when the stabilizer is set at the maximum bias. This reduced signal is applied to -
the PZT in the compression tuner. The small voltage modulation is used to actively lock
a WGM resonance to the laser. Its maximum 15-V peak-to-peak voltage is also reduced
by the voltage divider before being sent to the PZT. The modulation signal will be
described later in this chapter.

The tuner has six important parts in its design, labeled (a)-(f) in Figure IV.3. The
main body is constructed from a % inch (6 mm) aluminum sheet cut 1.7" (44 mm) high
by 1.5 inches (38 mm) in length; 1.0-inch length middle arms allow tuning at high
frequency rates. Constructing the main body from aluminum minimizes the moving mass

and maximizes the tuner’s response speed. The resulting flexibility of the upper
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compression arm allows the design to accommodate a large range of microsphere sizes,
while the lower arm applies a preload force to the PZT. The downside of using
aluminum is that the main body is flexible, reducing the efficiency of the force exerted to
tune the microsphere. For this reason a rigid stainless steel brace, connected by two bolts
at the top and bottom, is used to minimize the flexing and improve the tuning range by
over an order of magnitude.

The PZT is a low voltage multiple layer stack with no outer casing, part number
PSt-150/5x5/7, from Piezo Mech. The stack has dimensions 5x5x7 mm, with the
optional 5-mm-diameter ceramic spherical top piece added. The extension is 7 pm with
an applied voltage of 150 V. It has a 70-kHz resonance frequency and an optimum
compression load range (stiffness) of 120 N/pum. In order not to damage a PZT, a preload
force must be placed in the direction of expansion before use. The lower middle arm of
the main body supplies this preload force. After preloading the PZT in the compressor,
the microsphere can be loaded.

The microsphere was fabricated in the usual way with a hydrogen-oxygen torch,
with the microsphere stem diameter smaller than the 50-um inner diameter of the
hypodermic tubing that the microsphere is mounted in. When fabricating microspheres
with the torch, an upside down teardrop shape is usually formed in the transition region
between stem and microsphere due to gas rushing past the forming microsphere. If the
stem diameter is not small enough and the transition region is too large, the teardrop
shape forms a wedge that can damage the hypodermic tubing when the microsphere is
compressed. To avoid this, the stem diameter is made much smaller than the inner

diameter of the tubing and great care is taken to ensure the transition region is sufficiently
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small. After fabrication, excess stem is removed and the microsphere is only handled at
the stem with tweezers. This ensures no unnecessary contaminants or scratches are
imparted on the surface of the microsphere that might degrade the Q.

A short length of stainless steel hypodermic tubing is used for mounting for the
same reason the upper compression pad is made of hardened stainless steel. If the upper
and lower contact surfaces are a soft material, such as aluminum, much of the
microsphere compression force is used to deform the aluminum and sink the microsphere
into it. For stability, the ratio of the 300-um outer diameter to the length of the tubing is
approximately 1:5. When this is inserted into the 300-pm precision hole drilled in the ¥%4”
X ¥’ x 0.1” removable lower pad, the ratio of outer diameter and the exposed tubing is
approximately 1:1 or less, making bending deformation of the tubing nearly impossible.

Although the smallest microsphere that has been mounted in the tuner is 200 pm,

the tubing’s 50-pm inner diameter makes 100 um the practical lower limit on the
microsphere diameter for this tuner. Fiber coupling was used for convenience, but prism
coupling could be employed for spheres of diameter greater than 300 um by using tubing
above as well as below the sphere or by placing the microsphere close to the edge of the
upper compression pad.

The function of the manual tuning screw is twofold, mounting (preloading) and
coarse tuning. Once the microsphere is mounted in the tubing and placed in the tuner, the
manual tuning screw is lowered to impart a force on the ﬁpper compression arm, which in
turn places a force on the microsphere. It is lowered until a sufficient amount of force is
placed on the microsphere to preload it and allow PZT tuning. While the PZT offers fine

tuning over a range limited to one FSR or less, the manual tuning screw compresses the
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microsphere over a much gfeater range, but with less accuracy. The tuning screw was a
4-40 