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Abstract:

In this dissertation, the major research is to produce induced transparency
and pulse delay or induced absorption and pulse advancement using orthogonally
polarized whispering gallery TE and TM modes of a single microresonator (either
microsphere or hollow bottle resonator).

For background, we introduce the three-level atomic A system, interacting
with a probe field and a much stronger coupling field, in which destructive
interference between the direct and indirect absorption paths between the ground
and excited levels of the system produces the induced transparency feature in the
probe transmission (EIT). Autler-Townes splitting (ATS) of the transmitted power
occurs when the coupling field is strong. Constructive interference caused by the
transfer of coherence and transfer of population between the hyperfine sublevels of
the ground and excited states of the system can produce an induced absorption
feature (EIA). These EIT/ATS and EIA effects enable slow and fast light.

Next, we describe the coupled resonator induced transparency and
absorption effects (CRIT, and CRIA). Due to the evanescent coupling between the
coresonant whispering-gallery modes of the same polarization from two
microspheres, the net throughput power in the coupled resonator system has
features analogous to the EIT and EIA phenomena described previously.

Then, we introduce two new methods to produce the EIT/EIA-like features of
throughput power. The first method relies on the intracavity coupling between two
orthogonally polarized TE and TM modes of very different quality factor Q when
one mode (either TE or TM) is driven, and the second method uses the
superposition of the orthogonal throughputs (in the absence of intracavity cross
polarization mode coupling) when the two modes are simultaneously driven. In
both cases, the throughput has the same polarization as the input. We refer to the
behavior observed using the first method as coupled mode induced transparency
and absorption (CMIT, CMIA) and the behavior of the second method as
coresonant polarization induced transparency and absorption (CPIT, CPIA). Some
predictions of the scattering model of these processes are presented here. In
addition, the experiment-fitting by using both scattering and rotational models for
CMIT/ATS with pulse delay and CMIA with both pulse delay and pulse
advancement when using with microsphere and hollow bottle resonator are
presented.
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(a) Experimental (black) and model (blue) throughput spectra.
(b) Experimental input (red) and throughput (blue) pulses,
with an input pulse width of 265 ns and a delay of 12 ns,
and model throughput pulse (dashed black), with no delay.

Parameter values: M, =0.77 (overcoupled), M, = 0.35 (undercoupled),
Q, = 1x10° Q, = 1.1x107; offset = 2.5 MHz, T, = 2.5x107 ,
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CHAPTER |

INTRODUCTION

Nowadays, development of telecommunication systems requires that information
needs to flow faster with minimum loss. Especially, at the receiver where they have the
NxN router [1], any of the input ports can be switched to any of the output ports. This
can lead to collisions between data packets and the loss of information when they arrive
simultaneously at the router. A solution to this problem is to build an optical buffer,

which places one of these data packets on hold while the other clears the switch.

Slow light, slowed down information carrying light pulse, which has been
investigated for many years, can resolve this problem. For example, if both pulses arrive
at the same time or too close to each other, the router will only be able to accommodate
one of them because of the switch time required to perform the operations. By activating
the slow light medium in one of the branches, one of the pulses is delayed. As a result,
no collision occurs and the flow of information is sped up. Furthermore, in an optical
communication system, due to environmental effects and optical sources of noise,
individual pulses might become displaced from the centers of their time windows. By

using the slow light and fast light methods [1], this problem can be addressed easily.



In addition to the application for centering the pulses in their time windows, fast
light (sped up information carrying light pulse) can be used to produce anomalous
dispersion in a resonator based optical gyroscope. Anomalous dispersion increases the
frequency separation between the resonant frequencies of the clockwise and
counterclockwise propagating light when the gyroscope is rotating [2,3]. This effect

leads to the enhancement of the sensitivity of rotation sensing.

Another aspect of slow light is the application in sensing based on the change of
the shape of the induced transparency throughput power spectrum when the resonator is
used as a sensor. By monitoring the shift of resonant wavelengths or measuring the
change of light intensity from the output at a fixed wavelength [4,5] or monitoring the
mode splitting separation of the throughput signal [6], the change in effective refractive
index of the resonator mode is determined, and this allows us to calculate the

concentration of the analyte attached to the surface of the sensor.

The variation of the throughput shape has not only applications in sensing, but it
also has applications in optical switching. Based on the change of the transmission
coefficient from high level to low level in a narrow frequency range, we can achieve the

on/off contrast ratio in an optical system [7,8,9].

In this work, we introduce research topics developed in the Optical Physics Lab at
Oklahoma State University, namely Induced Transparency and Pulse Delay plus Induced
Absorption and Pulse Advancement with a single microresonator (either silica
microsphere or silica hollow bottle resonator). These produce Electromagnetically

Induced Transparency or Absorption (EIT or EIA) -like features of the throughput signal,



which enable slow or fast light (the delay or advancement of incident resonant pulses), by

two new experimental processes.

The first process relies on the intracavity cross polarization coupling (CPC)
between two orthogonally polarized whispering gallery modes (TE, TM) of a single
microresonator when only one mode is driven at the input. We refer to behavior
observed in the first method as coupled mode induced transparency and absorption
(CMIT, CMIA) [10]. The second process uses the superposition of orthogonal
throughputs (in the absence of intracavity cross polarization mode coupling) when two
modes are simultaneously driven at the input and we refer to behavior observed in the
second method as coresonant polarization induced transparency and absorption (CPIT,

CPIA) [10].

The dissertation is distributed among six chapters. The second chapter introduces
general concepts of EIT [11] and EIA [12], and discusses the coupling between two
coresonant whispering gallery modes from two microspheres leading to coupled
resonator induced transparency and absorption (CRIT and CRIA) [13,14]. An overview
of the coupling and superposition between two orthogonally polarized whispering gallery
TE and TM modes inside a single microresonator is also presented. The third chapter
presents our computer model in which CPC is treated as a scattering process, and the
throughput spectrum, dispersion, and the shape and position of the resonant throughput
pulse relative to the input pulse can be calculated if the input parameters like quality
factors Q, dip depths M, and coupling regimes of the working modes are known.
Following Elijah Dale’s discovery of cross polarization coupling [15], we develop the

fourth chapter towards the production procedure for CMIT/CMIA plus pulse response
3



experiments based on the coupling between two coresonant orthogonally polarized TE
and TM modes inside a single microsphere to produce the EIT or EIA-like feature of the
throughput power. This chapter includes the creation and alignment of the Gaussian
pulses, advantages of hollow bottle resonator over microsphere, the resonant pulse
response of the resonator, and fitting the experimental data for throughput power and
pulse response to computer model. The fifth chapter talks about the production
procedure and fitting with computer model for CPIT/CPIA plus pulse response
experiments based on the superposition between two coresonant orthogonally polarized
TE and TM throughput modes when the input is linearly polarized at 45° with respect to
the TE-TM basis of the resonator, and the throughput has the same polarization as the
input. The sixth chapter shows an experiment-fitting comparison between the scattering
model and the rotational model, an alternate model in which CPC is treated as an
intracavity polarization rotation process. The seventh chapter, also the final chapter of

this dissertation, summarizes all of the findings and future development of this work.



CHAPTER II

INDUCED TRANSPARENCY AND INDUCED ABSORPTION

In this chapter, fundamental concepts of electromagnetically induced transparency
[11], Autler-Townes splitting [16,17] and electromagnetically induced absorption [12]
will be introduced. The development of EIT/EIA to coupled resonator induced
transparency and absorption (CRIT/CRIA) by using two resonators is mentioned. The
coupling and superposition between two orthogonally polarized whispering gallery
modes of a single microresonator to produce the EIT/EIA-like features of the throughput

power are also discussed.



I1.1. Electromagnetically induced transparency and absorption

The idea of eliminating the absorption while making use of resonant nonlinearity
has long been proposed and conducted both theoretically and experimentally. One way
involves electromagnetically induced transparency (EIT), a phenomenon based on the
coupling of two highly coherent optical fields such as lasers, which are tuned to interact

with a three-level A quantum mechanical system such as an atom. The “probe” field of

frequency @, is tuned near resonance between two of the states and measures the

absorption spectrum of the transition. A much stronger “coupling” field of frequency w,
is tuned near resonance at a different transition. As seen in the following Fig. 1, the

probe field drives the transition between atomic states |1> and |2> and the coupling field
drives the transition between atomic states |2> and |3> Ideally, the transition between

atomic states |3> and |1> is dipole forbidden and the decay rate y,, = 0.



Figure 1. Three-level A system.

When the coupling field is turned off, with Rabi frequency ¢ :/‘%Ec:o,

where E_ is the amplitude of the coupling field and s, is the off-diagonal element of
the dipole moment operator of the system, the probe absorption « has its maximum value

when the probe frequency @, is equal to the transition frequency w,, between atomic

states |1> and |2> or probe detuning A, =@, -, =0. This corresponds to the black

dashed curve shown in Fig. 2; the absorption linewidth is 2 y,,. When the coupling field
is turned on and still less than a threshold value (Q2, =0andQ, <Q,, ), on resonance (
A, =0), the destructive interference between two optical transition paths produces a

reduction in the center of the probe absorption; this phenomenon is called EIT. When the
coupling field is greater than the threshold value (Q2, > Q,,), mode splitting occurs and

EIT gradually switches into Autler-Townes splitting (ATS). More details of this

phenomenon will be discussed later in Chapter Il1l. The splitting between the two
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absorption peaks is directly proportional to the strength of the coupling field Q.. The
decay rate y,, between atomic states |3) and |L)plays an important role in determining
the absorption coefficient a of the system; «(0) goes to zero as y,, goes to zero. When
A, =w,—w,, =0, where A_is the coupling detuning, @, is the frequency of the
coupling field, and w,; is the transition frequency between atomic states |2> and |3>

there is a transparency dip in the center of the absorption spectrum. This is manifested by

the black solid curve of Fig. 2.

Relative Absorption

Ap/ Y21

Figure 2. EIT spectrum [11].

This phenomenon can be explained as follows: when the interaction of the
coupling field with the atom is weak, supermodes with the same resonant frequency but
different linewidths are formed. The destructive interference between two optical
transition paths cancels the probe absorption and the EIT feature of the throughput power

is produced. When the interaction of the coupling field with the atom is large enough, the



superposition of atomic states |2) and |3) splits atomic state |2) into two dressed states
[+2) and |-2). On resonance (A, =0), the probe field E , will see no upper atomic state

to make the transition from the lower atomic level |1), therefore the atom will become

transparent to the probe field and the supermodes are split into two modes with different

frequencies but the same linewidth. This phenomenon is referred to as Autler-Townes
splitting (ATS). Here, the energy difference between two dressed states |+2) and |-2) is

proportional to the frequency separation between the supermodes.

Accompanying the variation of probe absorption coefficient is the rapid change of
refractive index of the atomic medium with increasing frequency over a narrow spectral
range. The steep positive slope of refractive index vs. frequency (normal dispersion) in
the center of the transparency window gives rise to slow light [18]. It means that a light

do n(w)w

pulse with group velocity vq (here v = oK k , @ 1S the angular frequency of
c

the light pulse, n(w) is the effective refractive index of the medium, c is the speed of light
in vacuum), passing through the system, travels slower than the speed of light in the

c

n(w)

solid black curve of Fig. 3. As in Fig. 2, the dashed curve shows the dispersion when the

atomic medium (v, < ). This strong normal dispersion is seen near resonance in the

coupling field is off and the solid curve is the dispersion when the coupling field is on.
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Figure 3. Positive dispersion slope [11].

In contrast to EIT, electromagnetically induced absorption (EIA) happens when
there is an increase in the absorption coefficient due to the constructive interference

between the transfer of population and transfer of coherence between two hyperfine

ground and excited states of an atomic system, in which F, - F, =F, +1 with F, >0

[12,19,20,21]. The difference in the absorption cross sections between two sublevels of
the excited and ground hyperfine states results in the major difference in population
between the ground and excited states, leading to an increase in the probe absorption on
resonance [19,20,21,22]. This phenomenon is illustrated by the solid red curve of Fig. 4.

This figure pertains to an analog metamaterial system, not to an actual atomic system.
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Figure 4. EIA spectrum [23]. « is a normalized coupling strength.

In this case, the steep negative slope of refractive index vs. frequency (anomalous
dispersion) on resonance gives rise to fast light [18], i.e. a light pulse with group velocity

Vg passing through the system travels faster than the speed of light in the atomic medium (

vy > L)). This is seen in the solid blue curve of Fig. 5, which is for another analog
n(w

system, where ¢ is the phase shift of the output relative to the input.
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Figure 5. Negative dispersion slope.

11.2. Coupled resonator induced transparency and absorption

Induced transparency is not a quantum phenomenon, but something more
universal; e.g., it can be observed in a system of two oscillators with equal natural
frequencies but different damping rates that are coupled to each other [24]. Instead of
fabricating multiple coupled photonic crystal cavities [25] or using parallel waveguides to
indirectly connect the resonators [26,27], in our lab we studied coupled microresonators
as a research tool for induced transparency and absorption by using two directly coupled

microspheres.

Our resonator is made by melting the tip of an optical fiber with a
hydrogen/oxygen mini torch. The surface tension of the molten glass pulls the fiber into
a spherical ball whose diameter can be regulated to a sub-millimeter range, normally
from 300 to 600 um, thus it is termed microresonator. In order to work with the

microresonator, light must be coupled into and out of the sphere with minimum

12



perturbation to the system. Our method is to use a single mode optical fiber, which is
adiabatically tapered to a diameter on the order of a wavelength, usually something in the
vicinity of 1550 nm. The tapered region exposes the evanescent portion of the fiber field.
Bringing this fiber into contact with the microresonator in its equatorial plane allows us
to couple the light into the microsphere and back out to the fiber through the tapered

region and finally have the throughput light fall on a detector.

When the light is coupled into the microresonator, it is confined within the cavity
and circulates around the circumference of the sphere by total internal reflection. When
the effective optical path length is equal to an integral number of wavelengths, resonance
is achieved. These resonances are called whispering gallery modes (WGMs). At each
reflection, certain field components remain continuous across the boundary at which the
radial propagation constant simultaneously goes imaginary, providing the resonator with
an evanescent field. Scanning the laser in frequency exposes the modes of a resonator as
Lorentzian dips in the detected throughput. The fractional dip depth M of a whispering

. . 4x
gallery resonance can be expressed in terms of the loss ratio x:L as M = R
al (1+ X)

while the dip width (WGM linewidth Av) is proportional to the total round-trip loss
T+al. Here, T is the effective mirror transmittance describing the fiber coupling loss,
and the microresonator intrinsic round-trip loss is given by aL, where a is the effective
loss coefficient and L is the microresonator circumference. The dip depth reaches its
maximum value M =1 at critical coupling (x=1), and M <lwhen the mode is either
undercoupled ( x <1) or overcoupled (x >1). The quality factor Q of a WGM is given

by Q = AL, where v is the frequency of the incoming light.
Vv
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An important feature of a microresonator is the occurrence of transverse electric
(TE) and transverse magnetic (TM) mode families that result from the boundary
conditions applied to the wave equation. Each mode has its own field configuration and
they are polarized orthogonally to each other; TE modes are tangentially polarized while
TM modes are radially polarized with respect to the resonator surface. For the
microsphere, in the radial direction, higher order whispering gallery modes are
distributed increasingly from the resonator surface toward the center of the sphere, and in
the axial direction, higher order modes are distributed increasingly on both sides of the
equator [28]. For the hollow bottle resonator, the mode distribution is almost the same as
in the microsphere, except that in the radial direction the modes are confined by both
external and internal surfaces of the wall, and in the axial direction [29] the mode profile
is somewhat like the wave function of the simple harmonic oscillator. All the details of

the whispering gallery mode distributions are given in Chapter IV.

In the coupled resonator experiment, two spheres are brought nearly into contact
by using a precise actuator to control their separation. Due to the evanescent coupling
between the coresonant whispering-gallery modes of the two microspheres, the net
throughput power in the coupled resonator system has features analogous to the EIT and
EIA phenomena described previously. This is accounted for by the destructive or
constructive interference between the coresonant WGMs of the two microresonators,
which either reduces or enhances light losses in the system, resulting in coupled resonator
induced transparency (CRIT) or coupled resonator induced absorption (CRIA) effects.
By controlling the separation d between the two microspheres as in Fig. 6, the intersphere
evanescent coupling can be varied.

14
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Figure 6. Coupled microspheres.

The intersphere evanescent coupling only occurs between two individual WGMs
of the same polarization from two resonators. When the WGMs are coresonant, the
CRIT splitting in the throughput will be frequency-symmetric about resonance,
otherwise, what we will see is asymmetric. There are many combinations between the
coupling regimes of two microspheres to produce the EIT or EIA-like throughput power.
Here, | introduce only the case where the second resonator is undercoupled (the one
farther from the coupling tapered fiber that has coupling loss less than the intrinsic loss).
On resonance, the effective reflectivity of resonator 2 will be reduced. This reduction
leads to a decrease in the outcoupled intracavity field of resonator 1, which is out of
phase with the uncoupled part of the throughput. The net throughput of resonator 1
depends on its coupling regime with respect to the tapered fiber. If it is undercoupled, the
net throughput power of the coupled resonator system will increase. What we will see is
a narrow spike at the center of the resonant dip, thus it is called CRIT. If the first
resonator is overcoupled and the second resonator is strongly undercoupled (coupling
loss much less than the intrinsic loss), the reduction of the outcoupled intracavity field of
resonator 1 will make the throughput power of the system decrease a little. What we will
see is a narrow dip at the center of the resonant dip, thus it is called CRIA. However, if

the first resonator is overcoupled and the second resonator is weakly undercoupled (near

15



critical coupling), the throughput power of the system is quite different. When the
outcoupled intracavity field gets reduced, we still have CRIA. But, when it is reduced

below a critical value, what we will see is CRIT instead.
11.3. Induced transparency and absorption in a single microresonator

It has been shown that the EIT- like feature of the throughput power which was
thought to require coupled resonators now can be done with a single microresonator as in
Fig 7. The destructive interference between two whispering gallery modes inside a
microresonator (microsphere or microtoroid) can be done by using the temperature tuning
[30], controlling the fiber-cavity coupling strength and the polarization of incident light
[31,32], using the integrated microdisk resonator coupled with two buses [33], or relying
on the intermodal coupling between counterpropagating modes (clockwise and
counterclockwise) [34]. For a single microbubble, the coupling between two whispering
gallery modes of the same polarization but with different radial orders is performed by
using the precise pressure tuning method [35]. Recently, a new method, namely modal
coupling between different types of modes (TE and TM) inside a ring resonator, has been

tried in order to produce the mode splitting of the throughput signal [36].

/
Tapered
fiber

Figure 7. Single microresonator (microsphere or hollow bottle resonator).

16



Our new method is based on the cross polarization coupling (CPC) effect between
coresonant TE and TM modes inside a whispering gallery microresonator to produce the
induced transparency feature of the throughput power. When one mode (either TE or
TM) is driven at the input of a microresonator system, in addition to the throughput signal
of the same polarization, a significant throughput power can be found in the orthogonal
polarization [15]. The two throughput polarizations TE and TM are separated by a
polarizing beam splitter (PBS) and they go to two detectors 1 and 2 as in Fig. 8; the detail

of this procedure is given in Chapter IV.

| Detector 1

TE

Input polarization

Detector 2

._

™

Figure 8. CMIT diagram when TE mode is driven at the input (blue).

In Fig. 8, the microresonator basis is given with TE axis (vertical light blue) and
TM axis (horizontal red). When a TE mode (dark blue arrow) is driven, in addition to the

TE throughput captured by detector 1, a significant power of the orthogonally polarized
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TM mode can be found in detector 2. Examples of experimental throughput traces due to

the cross polarization coupling effect are given in Fig. 9 for TE (blue) and TM (yellow).

- o o — e TR R i
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Figure 9. Cross polarization coupling throughput with TE input: TE
throughput (blue) and TM throughput (yellow).

The coresonance between TE and TM modes can be obtained coincidentally or by
strain tuning the microresonator by means of using a piezoelectric transducer (PZT) [37].
Strain tunes TE and TM modes at different rates and can bring two orthogonal TE and
TM modes into frequency coresonance and this has been shown to be a prerequisite for
CPC to be observed [38]. If the two modes are not degenerate in frequency, power in the
orthogonal mode cannot build up in the cavity and the cross-coupled orthogonal

polarization is too weak to observe.
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When circulating within the microresonator under total internal reflection, the
condition in which one mode can be cross-coupled from the other orthogonally polarized
mode is probably polarization rotation due to asymmetry of the resonator about the
equator, but because it is a relatively weak effect, it can be modeled as a cross

polarization scattering at one point on the circumference.

When the quality factors of two modes are very different and the cross-coupling

probability T, (the probability per round trip that polarization of a circulating photon will

flip to the orthogonal state) is smaller than the critical value T destructive

critical ?
interference between the direct and indirect excitation paths of TE modes produces the

induced transparency feature in the throughput power. This behavior is referred to as

coupled-mode induced transparency (CMIT). When the cross-coupling probability T, is

greater than the critical value T mode splitting occurs [39]. This behavior is

critical ?
referred to as Autler-Townes splitting (ATS), and the frequency splitting is proportional
to the coupling strength [16]. This phenomenon is analogous to classical coupled
oscillators or level splitting in the quantum double square well. In the limit of large
splitting, the split modes of lower and higher frequencies are symmetric and
antisymmetric (respectively) combinations of TE and TM. All the theoretical and

experimental procedures will be discussed in more detail in Chapters 111 and 1V.

Figure 10 exhibits the EIT/ATS-like feature of the throughput signal due to mode
splitting for the case of TE input. The TE throughput is split (blue trace); the TM

detector in this experiment is turned off (yellow trace). The selected WGM has the laser
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scanning in the direction of decreasing frequency from left to right, and it is also possible

to observe coupled-mode induced absorption (CMIA).

From Fig. 10 we can easily realize that the blue trace of throughput signal looks
like the inverted EIT. This can be explained as follows: the throughput of the
propagating light is the complement of the net power loss profile of the material. When

this net loss is reduced to zero, the throughput will reach its maximum value.

200my Q M 100us A EXt £ —-260mv

_ 24 Nov 2012
i 50.00 % 18:57:14

Figure 10. CMIT: EIT/ATS-like feature due to mode splitting
induced by CPC. Blue upper trace: TE; yellow lower trace: TM.

Recently, our group has tried a new method for producing the EIT-like feature of
the throughput power, in which instead of exciting only one mode family as in the case of
CMIT/CMIA, the two orthogonal coresonant polarizations are simultaneously driven by
having the input light linearly polarized at an angle of 45° with respect to the TE — TM
basis of the microresonator [10]. The input and observed throughput have the same

polarization and are the superposition of two orthogonal components (TE and TM
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polarizations). This superposition of two coresonant TE and TM modes is not created by
mode coupling, but nevertheless produces effects which can be referred to as coresonant
polarization induced transparency and absorption (CPIT, CPIA). These effects lead to
slow light and fast light respectively. For this kind of experiment, mode coupling

between TE and TM is not needed and the CPC phenomenon can be eliminated.

E
T ( Detector 1

Input polarization = throughput polarization

‘\ Detector 2

Figure 11. CPIT diagram when both TE mode (blue) and TM mode
(red) are driven at the input.
In Fig. 11, the microresonator basis is given with TE axis (vertical light blue) and
TM axis (horizontal red). When input light (dark blue arrow) is driven at an angle of 45°
with respect to the resonator basis, both TE (blue) and TM (red) are driven equally
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simultaneously at the input of a microresonator system. The throughput polarization
analyzer including the polarizing beam splitter (not shown) and two detectors 1 and 2 is
rotated 45° with respect to the microresonator’s TE-TM basis. The parallel detector 1
detects the symmetric superposition of the throughput TE and TM modes, and the

perpendicular detector 2 detects the antisymmetric superposition of TE and TM.
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CHAPTER 11l

MODEL

In this chapter, we use the numerical model written in Mathematica to simulate
the CMIT/CMIA and ATS features of the throughput power spectrum for coupled mode
experiments and the CPIT/CPIA features of the throughput power spectrum for
coresonant polarization experiments.  Also, the dispersion, namely the frequency
dependence of the relative phase of the throughput signal with respect to the input signal
is calculated. Moreover, the throughput response of the resonator with respect to an

incident resonant Gaussian pulse is also included.
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I11.1. Introduction to CMIT model

A ring-cavity model has been developed for simulating the CMIT/CMIA, ATS

and CPIT/CPIA effects. The input field of any polarization (of unit amplitude, for
convenience) is represented by two orthogonal components E;, and E;, with input

polarization angle @ from the TE axis and arbitrary relative phase ¢ between components

correspondingly:

E, =cosé, (1)

E.,=e"sing. 2)

For simplification, in the ring-cavity diagram of Fig. 12, the input and throughput
field polarization bases are assumed to be lined up perfectly with the resonator’s TE —
TM basis. With ¢ =0for linear input polarization, if we turn E;;, on and E;, off by
setting € = 0°, only the TE mode is driven at the input. The cross polarization coupling
becomes evident when a significant amount of TM mode is produced at the output when
only the TE mode is driven at the input, and vice versa. Since the actual TE and TM
modes inside the microresonator that are being simulated have different spatial profiles in

general, each mode is given its own reflection and transmission coefficients at the

input/output mirror. The reflection coefficients r, and r, are chosen to have real values
whereas the transmission coefficients it, and it, are imaginary for energy conservation
conditions (rj2 +tj2 =1, =1, 2, s, etc.). Similarly, at the cross polarization coupler

(CPC), the cross coupling amplitude for scattering into the mode of orthogonal

polarization is it, and the non-scattering amplitude is r,. The effective intrinsic loss
24



coefficients of the TE and TM modes are ¢, and «,, and L is the round-trip cavity
length; o, and &, are the TE and TM round-trip phases (modulo 2x), proportional to the

detunings of the input light from the TE and TM resonances, respectively.

Er2= rZEfZ + itZESZ Er1= rlEfl + itlEsl

Efy E, I CPC (ry, ity) .
> > B
EfZ ECZ I
2 Z 2 Y
61 62
R=I < R=

Figure 12. Ring cavity model. Red: mode 1; blue: mode 2.

Let’s examine the ring-cavity model in full generality, with the input TE and TM

components given by Egs. (1) and (2), respectively. The fields just before the CPC are:

Ecl = itlEfl + rlEsl’ (3)

E., =it,E;, +,E,,, (4)
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where E,, and E, are the intracavity fields just before the input/output coupler; in the

scattering model, they are calculated according to the two below equations:

Esl = exp{_%l_ + iél}(rs Ecl + It ECZ)’ (5)

s —c2 cl)’ (6)

After a simple analysis based on Fig. 12, we end up with the intracavity TE and TM

fields:
a, L
= —[|t exp{— +io}(r, - " (7)
-1t exp{——L+ 10,}E,],
E, = i[it2 exp{—%l' +id,Hr, -, eXp{—%L +i0,})E;, (8)
—tt, exp{- 22 L+l5 JEn]
Where

1%s 2°s (9)

+1,r, exp{— 5 % L+i(6, +6,)}.

In the rotational model, as the polarization rotates clockwise in the TE-TM basis,
it.in Eq. (6) is replaced byt , and it in Eq. (5) is replaced by —t.. The full detail of this
second model is shown in Chapter VI; the scattering model will be used throughout the
present chapter.
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The throughput TE and TM fields are given by
E,=nrEq +itEg, (10)
E,,=nE,, +it,E,, (11)

and if the throughput detection analyzer basis makes an angle y with the TE — TM basis,

the detected field components are

E, =E,cosy+E,siny, (12)

E,, =—E,siny+E,,cosy. (13)

For modeling the CMIT/CMIA experiment, for example, both 6 and y are set to
be equal to 0°. In general, for all experimental conditions described in this dissertation,

the square moduli of E_, and E_, are proportional to the throughput powers and they can

be used to compare with the experimental results. The model throughput powers are
plotted as a function of input frequency relative to the resonant frequency of the TE
mode, so that the physical parameters of the system such as quality factors, dip depths,
and coupling regimes can be input and the cross coupling probability and offset of the
TM mode from the TE mode can be adjusted to fit the experimental data. For the
Gaussian pulse response to be detailed later, the experimental pulse width is input and the
pulse center frequency detuning (from mode 1) is adjusted to agree with the experiment.
The fitting of experimental results thus involves one free parameter (the CPC probability)
and two semi-free parameters (the frequency offset of mode 2 from mode 1 and the pulse

detuning).
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111.2. CMIT and ATS

One important parameter that can be used to determine whether the system is in
the CMIT or the ATS regime is the cross coupling probability T, (=t.%). When T, is

less than a critical value T we have the CMIT throughput spectrum and in contrast,

critical ?

when T, is greater than the critical value T, what we see is ATS. The derivation for

critical ?

the critical condition can be taken as follows.

If we set:
e = exp{—%l' +i0.},
L .
e, = exp{—% +i0,}.

L L n.L .
If e, and e, represent a roundtrip with round trip time Ty =1, where n; isthe
C

effective index of refraction of mode j, E; at a time t is given in terms of E/ and E_,

(where the prime means at t —7,;) as follows:

E, =e(r,E,, +it ,El,), (14)
E., =e,(r,E,, +it.E},), (15)
where E and E/, are given by:
E, =it,El, +rE, (16)
E,, =it,E}, +1,EL,. (17)
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Thus, Eand E_,can be rewritten as:

’ 1 [ ’
Esl = alEfl +b1Ef2 +C1Es1 +d1E52,

! [ [ !/
Esz = azEfz +szfl +C2E52 +dzEsl-

(18)

(19)

Where: a, =it,r,e,, b, =-t,t.e, c, =nre, d, =irte, a, =it,re,, b, =-tte,,

c, =rre,, d, =irnte,.

To get differential equations describing the time evolution of the intracavity

fields, we assume that changes in a round trip are small, so that Esj =

primes can be dropped on the right hand side of the equations below:

Esl - E;l = (Cl _1)E51 + dlEsz + alEfl +b1Ef2’

Esz - Egz = (Cz _1)E52 +d2Esl +azEfz +b2Ef1'

The differential equations for E.,and E, are thus:

- 1_C1 dl aQ bl
Esl:_ Esl+_E52+_Ef1+_Ef2'
Trtl Z-rtl Trtl Trtl
1-c, d, a, b,
Esz == Esz+ Esl+ Ef2 + Efl'
rt2 Trt2 Trt2 rt2
l-c¢c;, 1-rer. T.+a, L .06, T .
Where, L= i o (1416,

T rtj T rtj 2 T rtj T

T, :‘itj‘z is the coupling loss,
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rtj

E.-E.
— % and the

(20)

(21)

(22)

(23)



T +a.L 1 . . .
K o= L Is the field decay rate of mode j,

i 2T i

7, is the photon lifetime of mode |,

0

-V . ) ) - - - -
= Z /2 is the cavity detuning of the input field from resonance in units of
1%

half of the WGM linewidth Av,
is the total loss rate for the intracavity field E.

7

For the last three terms in these two above differential equations; r;, r., and €,

can be replaced by 1 since they are approximately equal to 1—¢, withe ~10™*. So we

get:
. it it t,t
Eqg=-nEqg+—E,+—E,-22E,, (24)
rtl Trtl Z-rtl
. it it tt
E,=-7E,+—E4+—+E;,-—E,. (25)
z-rt2 TrtZ Z-rt2
From Egs. (10) and (11), we have the first order differential equations for the
throughput fields:
: : itt, L ittt
En=Eq—-n(E,—nEy)+—(E,-nE,)——E - Eior (26)
2T rtl rtl
_ , t, 5 it,t,t,
E,=E:—7,(E, -1 Efz)+ (E,—nEqn)- Ee,— Eqe (27)
102 Trt2 Tr2
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For constant E;, E, =it E,, so from Eq. (24) we have:
y it
Ey=-nEq+—E,.
T

From Egs. (24) and (25), we have:

rtl rt2 rt2 rt2

. . it, it, it t,t,
Eq =-7Eq +_{_72E52 +—Egy +_2Ef2 _1_Efl}'

So,
. it tt
(Esl +7,Eq——+Eq +25Ef2]
_ }/ rtl Trtl
.. . it 2 it
Eq=-nEq+— :
Trtl Trtl
it it t.t
+ SEsl+ 2Ef2_1SEfl
Tro Trto rt2
Or,

. . T, it it, T,
Eslz_(71+7/2)Esl_( +717/2jE31+(1—;/2_1—]E”

Trtlrrtz Trtl Trtlrrtz

_( P15 + 72tk jEfz-
TraTrt2 Tr2

Finally, neglecting the small factors multiplying the input fields, we have:

. T, ity
Esl+(71+72)Esl+( +7172JE51:#EM_

% rt2 rtl T Tre2

t,t
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This equation has the form of a driven damped oscillator; with E oc e* and

E(, =E;, =0, we have:

TS
2 +(n +72)ﬂ+£7172 + ]=0- (33)

12

This characteristic equation has the roots:

2
+ + T,
ﬂi,zz_yl 27/2 i\/[h 27/2} N2~ . (34)
rtlz-rtz
Or,
2
+ - T,
21’2=_71 27/2 i\/(?ﬁ 272} _ _ (35)
Trtlrrtz
T +a.L A0, . . . .
On resonance, we have y; ~ '2 it 5 L, where AJ; is the linewidth in
T+ T

rtj rtj

phase of the WGM of mode j. If 7., = 7,,, the radicand of Eq. (35) can be rewritten as:

(71‘72}2_ T, _ A, — AS, Z_T_s.
2 Trtlz-rtz 4Trt Trzt

2
When T, < (@j =T..icat» the radicand is positive, and Eq. (35) has two

real values for 4,and A4,. The destructive interference between the direct and indirect
excitation paths of the intracavity TE mode produces the induced transparency (CMIT)

feature of the throughput power. In contrast, when T, > T, the radicand is negative,
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and Eq. (35) has two complex values for A4, and 4,. The throughput now is split on both

sides from the center of the feature due to the coupling between the intracavity TE and

TM modes, and this phenomenon is referred to as ATS.

Another feature of our model is to calculate the response of the resonator to an

input field of the same specified polarization, but in the form of a Gaussian pulse whose

t 2
=2(In[2)(—-)
field envelope is given by: G[at,,t]=e " where At, is the pulse width or full

width at half maximum (FWHM) of the intensity envelope, when the Gaussian envelope
is imposed on the input field amplitude. The set of coupled differential equations, Egs.
(26) and (27), can then be solved to find the pulse response. Since we want the entire
bandwidth of the pulse to experience the same steep dispersion for delay or advancement
without distortion, and the frequency range of the strongly dispersive region is

approximately equal to the linewidth of the higher-Q WGM, the input pulse width is

chosen to be at least At, = , SO that the pulse bandwidth is equal to or less than the

Vm'n

linewidth Av,,, of the higher-Q mode (TE or TM). The center frequency of the pulse

can also be tuned away from the frequency of the lower-Q WGM in order to better

coincide with the induced transparency/absorption feature in the throughput spectrum.

111.3. Relationship between CMIT and slow light

Some typical results of the model are presented here. In all cases, the parameter

values chosen are experimentally realistic. Among all of the results reported here, TE
and TM modes are assumed to be coresonant, Q, << Q,, the wavelength is taken to be

1550 nm, and the resonator radius is assumed to be 300 um. The cross polarization
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coupling probability TS(=t52) is calculated to be 5x10® which can be considered the
condition of strong cross polarization coupling between TE and TM modes. In the
following three figures, the input light is linearly polarized at 0°, the detected throughput
light has the same polarization as the input, Q, = 5x10° Q, = 1x10°, M, = 0.8, M, =
0.7, T, = 5x10®°, both modes are undercoupled, the offset v, —v, = 0, and the pulse

width is set to 230 ns, which makes its bandwidth equal to the full width at half
maximum (FWHM) of the (higher-Q) TM mode. Figure 13 is the throughput spectrum

of the input polarization component. Since T, <T the throughput has the CMIT

critical ?
feature. Fig. 14 is the dispersion, i.e., the relative phase shift of the throughput with
respect to the input, and Fig. 15 shows the input pulse and the throughput pulse. Both
pulses are actually throughput pulses; the “input” is the throughput pulse when the center
frequency of the input is far off resonance, and the “throughput” is the throughput pulse

when the center frequency of the input is on resonance.
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0.6
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Figure 13. Modeled CMIT throughput spectrum.
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From Fig. 13, we realize that the width of the transparency feature

4T . _ o
Ao, = : L [40] is somewhat greater than the width of mode 2 in this case. Group
1T

delay, the delay experienced by a resonant pulse with sufficiently narrow bandwidth, can

be calculated based on the dispersion slope of Fig. 14 as follows: 7, = 2%5 , Where 7,
14

d¢

is the group delay, and av is the rate of change of the relative phase of the throughput
1%

with respect to the input frequency, evaluated on resonance. After converting frequency

47%na
c

v into round trip phase 6 according to the formula A = Av (where a is the

microresonator radius, n is the effective index; when the difference in refractive indices
of two modes is small, we take them to have the same effective n), the group delay
evaluated on resonance for the case in which both WGMs are strongly overcoupled is

determined according to the formula below [40]:

2
] T, UL
dg| _ '° 4 (36)
.
dé|,, T2 _(Tsz)
4

The cross polarization coupling strength T, plays an important role in determining the
delay or advancement of a resonant Gaussian pulse. From Eg. (36) we have: when

T} TT,

TZ <T, < , the group delay will be negative, and there will be pulse advancement

[40]. For other values of T, there will be pulse delay [40]. For this case, although both

35



TT, T?

modes are undercoupled but the conditions T, > % and > Tz hold, the dispersion

slope will be positive as in Fig. 14 and there will be pulse delay as in Fig. 15.

From Fig. 15, we have the pulse delay or positive position shift of the throughput
pulse versus input pulse when the input pulse is centered at the resonant frequency. By
measuring the pulse delay 7, and multiplying it by the pulse bandwidth (ideally, the
linewidth Av,,, of the higher-Q mode), we can determine the delay-bandwidth product

value (DBP), which is a fundamental parameter of an optical buffer [41].

0.4
0.2
ie)
g 00
1Y
-0.2
-0.4
-50 0 50
v-Vvy (MHz)

Figure 14. Modeled phase shift of the throughput field
relative to the input field for CMIT.
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Figure 15. Modeled input Gaussian pulse: red; and
throughput pulse: blue for CMIT.

When the two whispering gallery modes are close in quality factor and the cross

coupling strength T, is greater than the critical value, there will be a splitting in the

center of the throughput spectrum, so the throughput has the ATS feature as in Fig. 16

rather than CMIT as in Fig. 13. In the next three figures, the input light is linearly

polarized at 0° the detected throughput light has the same polarization as the input, Q, =
2x10°, Q, = 1x10%, M, = 0.8, M, = 0.7, T, = 5x10°, both modes are undercoupled, the
offset v, —v, = 0, and the pulse width is set to 230 ns. Note that the only difference
between this case and the one of Figs. 13-15 is that Q, is now larger, so Ag; is smaller

and thusso is T, see p. 32.

critical ?
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Figure 16. Modeled ATS throughput spectrum.

For this case, although both modes are undercoupled but the conditions T, > %

2
and % > TTZ hold, the dispersion slope will be positive as in Fig. 17 and there will be

pulse delay as in Fig. 18.
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Figure 17. Modeled phase shift of the throughput field
relative to the input field for ATS.

%% 04 -02 00 02 04 06
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Figure 18. Modeled input Gaussian pulse: red; and
throughput pulse: blue for ATS.

For other combinations of the input parameters, the throughput can have the shape

of a deep dip, which is referred to as coupled mode induced absorption (CMIA) as in Fig.
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19. In the three figures below, the input light is linearly polarized at 0° the detected

throughput light has the same polarization as the input, Q, = 5x10°, Q, = 1x108, M, =
0.5, M, =0.9, T, =1.6x10*, both modes are overcoupled, the offset v, —v, =0, and the

pulse width is set to 230 ns.
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Figure 19. Modeled CMIA throughput spectrum.

For this case, although both modes are not strongly overcoupled but the condition

E <T, < T,
4

holds, the dispersion slope will be negative as in Fig. 20 and there will

be pulse advancement as in Fig. 21.
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Figure 20. Modeled phase shift of the throughput field
relative to the input field for CMIA.
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Figure 21. Modeled input Gaussian pulse: red; and
throughput pulse: blue for CMIA.
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Pulse delay, which seems to be created only by CMIT, can now also be produced
by CMIA. Keeping the same input parameters as the above CMIA plus pulse
advancement picture and reducing the cross polarization coupling strength to the value T,
= 1.26x10, we can have the CMIA plus pulse delay picture. The throughput signal is

shown in Fig. 22.
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Figure 22. Modeled CMIA throughput spectrum.

For this case, although both modes are not strongly overcoupled but the
. T, T, T, S : i, -
conditions T, < vy and e <Thold, the dispersion slope will be positive as in Fig.

23 and there will be pulse delay as in Fig. 24.
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Figure 23. Modeled phase shift of the throughput field
relative to the input field for CMIA.
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Figure 24. Modeled input Gaussian pulse: red; and
throughput pulse: blue for CMIA.
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I11.4. Introduction to CPIT model

The model for the CPIT/CPIA experiment is almost the same as the one used for

the CMIT/CMIA experiment except both 6 and y are set to be equal to 45° and T, is

minimized to the value 5x10™°. This can be considered the condition of negligible cross
polarization coupling between the coresonant orthogonally polarized TE and TM modes.

When the input light is linearly polarized at 45° with respect to the TE — TM basis of the

microresonator, the input field is E, =(Ef1+Ef2)/\/§ with E, and E,, taken to be

equal, and the throughput field is E, =E,, =(E,, +E,,)/~/2.

I11.5. Relationship between CPIT and slow light

Some typical results of the model are presented here. Among all of the results
reported here, TE and TM modes are assumed to be coresonant, Q, <<Q,, the cross
polarization coupling probability T, is minimized to the value of 5x10™¢, which can be
considered the condition of no cross polarization coupling between TE and TM modes,

the wavelength is taken to be 1550 nm, and the resonator radius is assumed to be 300 pum.

In the following three figures for CPIT, the input light is linearly polarized at 45°, the
detected throughput light has the same polarization as the input, Q, = 5x10°, Q, =
1x10°, M, = M, = 0.05, both modes are overcoupled, the offset v, —v, = 0, and the

pulse width is set to 230 ns. Figure 25 is the throughput spectrum of the input
polarization component, Fig. 26 is the dispersion, and Fig. 27 shows the input pulse and

the resonant throughput pulse.
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Figure 25. Modeled CPIT throughput spectrum [10].

From Fig. 25, we realize that under optimal experimental conditions, the
throughput at the center of the transparency feature can approach 100%. The dispersion
in the case of CPIT/CPIA, determined with no assumptions as to the input/output

coupling regimes or Q values of the two WGMs, is given by [40]:

2 2
Xy 2 % 2
— (X, +D + = (X +D)
a9l _ph LE (37)

dd| s (X, +(x, +D(x,x, —1)

This formula is correct for any combination of the input coupling regimes of the
two modes. For the case of the CPIT thoughput spectrum seen in Fig. 25, the dispersion

is positive and it is shown in Fig. 26.
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Figure 26. Modeled phase shift of the throughput field
relative to the input field for CPIT [10].

The formula (37) leads to the fact that; when x,x, >1, the dispersion is positive,

there will be pulse delay [40], and when x,x, <1, the dispersion is negative, there will be
pulse advancement [40]. The fact that both WGMs are overcoupled for the case of CPIT
above corresponds to the condition x;x, >1, and the corresponding delay pulse picture is

illustrated in Fig. 27.
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Figure 27. Modeled input Gaussian pulse: red; and
throughput pulse: blue for CPIT [10].

For other combinations of the input parameters, the throughput can have the shape
of a deep dip, which is referred to as coresonant polarization induced absorption (CPIA),
and an example of such a CPIA throughput spectrum is shown in Fig. 28. In the three

figures below, the input light is linearly polarized at 45° the detected throughput light has

the same polarization as the input, Q, = 5x10° Q, = 1x10°, M, = 0.65, M, = 0.65, T,
= 5x10™°, both modes are undercoupled, the offset v, —v, = 0, and the pulse width is set

to 230 ns.
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Figure 28. Modeled CPIA throughput spectrum.

For this case, x,x, <1, so the dispersion slope will be negative as in Fig. 29 and

there will be pulse advancement as in Fig. 30.
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Figure 29. Modeled phase shift of the throughput field
relative to the input field for CPIA.
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Figure 30. Modeled input Gaussian pulse: red; and
throughput pulse: blue for CPIA.

Analogous to CMIA, CPIA can also produce pulse delay. By changing the input
parameters, we can have the CPIA plus pulse delay picture. In the following three

figures, the input light is linearly polarized at 45° the detected throughput light has the

same polarization as the input, Q, = 5x10°% Q, = 1x10%, M, =0.992, M, =0.126, T, =
5x10™°, TE mode is undercoupled and TM mode is overcoupled, the offset v, —v, = 0,

and the pulse width is set to 230 ns; the throughput signal is shown in Fig. 31.
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Figure 31. Modeled CPIA throughput spectrum.

For this case, x,X, >1, so the dispersion slope will be positive as in Fig. 32 and

there will be pulse delay as in Fig. 33.
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Figure 32. Modeled phase shift of the throughput field
relative to the input field for CPIA.
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Figure 33. Modeled input Gaussian pulse: red; and
throughput pulse: blue for CPIA.
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CHAPTER IV

COUPLED MODE INDUCED TRANSPARENCY AND ABSORPTION

In this chapter, all the experimental procedures for producing the CMIT
throughput signal plus pulse delay and CMIA throughput signal plus pulse delay and
pulse advancement with both microsphere and hollow bottle resonator are presented. The
Gaussian pulse creation and alignment as well as the advantages of hollow bottle
resonators over microspheres are also mentioned. Experimental results for a number of

cases, fitted with our model, are presented and discussed.
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IV.1. Experimental setup

Microsphere holder 1
S pepnyny
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Figure 34. Experimental setup [42].

Figure 34 shows the experimental setup. The light source is a tunable diode laser
(New Focus, model number: 6328) operating in the spectral range from 1508 nm to 1580
nm and scanned in frequency by function generator FG1 (Wavetek, model 395). After
leaving the laser head, the light beam passes through the anamorphic prism (AP), which
is used to convert the elliptical Gaussian beam into a circular Gaussian beam. The light
then passes through an optical isolator (Ol) to prevent any backreflected light from
destabilizing the laser. An acousto-optic modulator (AOM) (Isomet, model 1250C),
connected to an AOM driver (Isomet, model number: 235A-1) controlled by function
generator FG2 (Wavetek, model 395), is then used to split the incoming beam into two
outgoing parts: the zeroth-order undeflected beam of higher intensity with the same
frequency and direction, and the first-order deflected beam of lower intensity with
different frequency and direction from the incoming beam. In order to work with the
pulse, we use the deflected beam. Depending on the experiment, whether getting the
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throughput spectrum or measuring the pulse delay, the AOM driver is set to cw or
Gaussian pulse light input regime for the microresonator. Before going to the fiber
coupler (FC), the deflected light beam passes through a set of wave plates (WP) which
are used to control the input polarization. Usually, the wave plates are adjusted to
provide linearly polarized light. It is common in the lab to adjust the polarization angle
with respect to the resonator’s basis. This allows us to excite pure TE/TM modes or
simultaneously the two. The fiber coupler FC launches the light into a single mode fiber.
The fiber isolator, acting as an optical diode, is used to prevent any backward-
propagating light from reflecting from the fiber input face and giving rise to Fabry-Pérot
fringes in the throughput. The single mode fiber is also mounted in a compression based
polarization controller, PC, for further regulation of the input light. The fiber is made
adiabatically bi-tapered and brought into contact with the microresonator in its equatorial
plane using a 3D translation stage. The microresonator is held by an apparatus for strain
tuning. Depending on the resonator shape, either sphere or HBR, this tuner can be a
compressor or a stretcher, respectively. In all cases, the resonator is kept inside an acrylic
box to minimize the temperature fluctuations and other effects of air movement. The
output signal is sent to a fiber coupled polarization analyzer (PA) which includes the
polarizing beam splitter (PBS) and two detectors, 1 (Newport, model 818-1R) or fast
detector (Thorlabs, model SIR5-FC), and 2 (Newport, model 818-IR) as in Fig. 34 to

form a detector array. The entire detector array can be rotated about the incoming fiber

axis to change the detection basis so that detector 1 can measure |Er1|20r |Eal|2, and

detector 2 can measure |E,,|" or |E,,|*, respectively. The detector signals are then
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captured with the power meter (Newport, model 2832-C) and sent to the oscilloscope

which is further connected to a laptop computer (not shown) for additional data analysis.
IV.2. Gaussian pulse introduction
IV.2.1. Gaussian pulse creation

IV.2.1.1. Measurement of the beam diameter

Measurement of the beam diameter (2w, ) is necessary before using an acousto-
optic modulator. If the beam diameter is smaller than the active aperture of the AOM, we
can couple the light directly from the laser to the AOM, otherwise, we must focus the
beam. In order to measure the beam radius w,, we pass a 50-um-diameter pinhole
through the beam by mounting it on a rotating chopper blade, and detect the transmitted
power in the form of the Gaussian pulse of Fig. 35. By blowing up the Gaussian pulse

picture as in Fig. 35, we can measure z,, where 2z, is the width of the pulse at the
position that the pulse power P is equal to e? of its maximum value P,. From Fig. 35,

7,is measured to be approximately 0.608 ms. The beam radius, w,, is determined by

using the equation: w, =vr, = ZﬂTRTO , Where v is the tangential velocity of the rotating

chopper blade, R is the distance from the pinhole to the center of the blade, in this case R
=29 mm, T is the pulse period (the time spacing between two consecutive Gaussian
pulses), in this case, T =500 ms. And, the beam radius is calculated to be equal to 0.22

mm. So, the beam diameter, 2w, is equal to 0.44 mm. However, due to the finite size

of the pinhole, the beam diameter is somewhat smaller than that value and is

approximately 0.4 mm. This value is smaller than the 0.75 mm active aperture of the
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AOM, so that we can couple the light directly from the laser head to the AOM without

using any lens.

1)
~Chl 1.00V Q@ M 400ps A —8.00mY
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Figure 35. Gaussian pulse created by the pinhole attached to the chopper blade.

IV.2.1.2. Positioning the AOM

For the AOM used in this experiment as in Fig. 36 (Isomet, model 1250C), the

nominal angle between the undeflected and deflected beams is 26, where 6 =2.45° .

The diffraction efficiency is measured to be approximately 8% at maximum
deflected beam power, which is lower than the nominal value of 10% because of the
power lost due to the imperfect antireflection coating of the modulator, angular
misalignment, or tighter focusing (spot size smaller than the active aperture of the

modulator) that increases the beam divergence.
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Figure 36. AOM positioning.

IV.2.1.3. Gaussian pulse creation

The function generator used to drive the AOM to create pulses (FG2 in Fig. 34) is

an arbitrary waveform generator that can be programmed to create a truncated Gaussian

_t2

pulse given by the formula P =P, (e” —¢), where Py is the maximum power, 7 is the

P

value of time t at which power p=-2, and £ = 0.01, which is used to ensure that the
e

power P drops to zero at a finite time (making a pulse with compact support). In our
experiment, the bandwidth of the Gaussian pulse is approximately equal to the linewidth

Av,,, Of the higher-Q mode, so its minimum temporal width (FWHM) is given by

0441 0.441Q4

At
° Av

For example, with Q = 10%, 4 = 1550 nm, ¢ = 3x10° mys,

min
At, =~ 230 ns. The time constant 7 is thus determined to be equal to 138 ns. The
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Gaussian pulse waveform is constructed by using Mathematica to create discrete values
and the Sequence program of the FG2 to connect them successively. For the Sequence
setup regime, the sequence consists of two parts whose names are Segl and Seg2. In the
Segl part; the waveform is chosen to be trial (a handmade 54 point Gaussian waveform

with FWHM of 230 ns), advance is chosen to be count, and count is chosen to be 1. In

the Seg2 part; the waveform is chosen to be line (a 12 point handmade straight line),
advance is chosen to be count, and count is chosen to be 5. The period of the trial
waveform is set to 540 ns and the period of the line waveform is set to 120 ns (in order to
align the throughput optical Gaussian pulse from the fast detector with the electrical
Gaussian pulse obtained directly from the second function generator FG2) as in section
IV.2.2. Finally, an electrical pulse of Gaussian shape (shown in yellow) as in Fig. 37 was

produced.
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0.00 s
1.00us

[ER] S00mV 28y M 200ns A Ext £ 288mV

1 50.00 %

Figure 37. Electrical Gaussian pulse; yellow lower trace.
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Since the AOM has a finite response time, the actual width of the created optical
Gaussian pulse is somewhat wider than the FWHM of the electrical Gaussian pulse. The

transit time of the acoustic wave 7 ,.,, (generated by the AOM) across the Gaussian laser

beam is approximately 100 ns. If we treat the time response of the AOM to a delta-

function electrical pulse as Gaussian, the actual width of the optical Gaussian pulse is
roughly: At ~/At? + 755y ~250 ns.

IV.2.2. Alignment of the pulse

When working with the Gaussian pulse, the AOM driver input must be switched
from dc. Experimental data showed that the pulse seen by the fast detector (detector 1) is
delayed by approximately 1140 ns with respect to the pulse produced by the function

generator FG2.

Thus, the pulse period was adjusted to be 1.14 ps so that the n™ throughput pulse
from the fast detector will be aligned with (n+1)® pulse from function generator FG2. In
the following figures, Fig. 38 shows the delay time between two square pulses when the
pulse period has not been adjusted: the blue square pulse is the fast detector signal and
the yellow square pulse is the FG2 output; Fig. 39 is the alignment of two square pulses

after adjusting the pulse period to 1.14 ps.
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Figure 38. Pulse delay between FG square pulse (yellow
trace) and fast detector pulse (blue trace).
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Figure 39. Pulse alignment between FG square pulse (yellow
trace) and fast detector pulse (blue trace).
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After the alignment of the square pulse, the Gaussian pulse with narrower
bandwith has been used instead for all experiments. Fig. 40 shows the throughput
spectrum when the laser is unmodulated, and Fig. 41 shows the throughput spectrum
when the laser is modulated by the Gaussian pulse train. The delay or advancement of
the Gaussian pulse is determined by comparing the actual position of the resonant
throughput pulse with respect to the off resonant throughput pulse. Here, “resonant”
means that the pulse center frequency coincides with the local extremum in the
throughput, such as the peak within the left dip in the blue upper trace in Fig. 41, even
though this may not be strictly resonant with the lower-Q WGM. In order to have a good
feeling for the delay or advancement of the resonant throughput pulse, during the
experiment process, we use the electrical Gaussian pulse as a reference. The example for
the case of off resonant throughput pulse is shown in Fig. 42, and the example for the

case of resonant throughput pulse is shown in Fig. 43, respectively.
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Figure 40. Throughput spectrum without fast detector pulse (blue trace).
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Figure 42. Off- resonance coincidence between the input Gaussian pulse
(yellow trace) and throughput Gaussian pulse (blue trace).
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Figure 43. On- resonance pulse delay between the input Gaussian pulse
(yellow trace) and throughput Gaussian pulse (blue trace).

IV.3. Whispering gallery microspheres

Dielectric materials have long been used as waveguides and optical resonators.
The whispering gallery mode structure of a dielectric sphere is an example in classical
electromagnetism, but it has newly realized practical relevance. The excellent
transparency of modern fused silica allows the fabrication of microspheres whose WGMs
have extremely low losses, allowing such spheres to be used as microresonators with very

high quality factor Q.

A high-Q microsphere is fabricated from an optical fiber by melting the end with
a hydrogen-oxygen minitorch; surface tension then produces a remarkably smooth and
nearly perfect sphere, which is left attached to a stem for manipulation as in Fig. 44. A

WGM s essentially the limiting case of propagation, by total internal reflection, around a
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great circle of a microsphere, as the number of internal reflections becomes very large
and the circumference equals an integral number of wavelengths of the light. A portion
of the mode is evanescent, extending a small distance outside the microsphere. This
permits excitation of these modes by evanescent wave coupling and allows the light to

interact with matter on or near the sphere’s surface.

Two different polarizations are possible for WGMs; the TE modes are essentially
tangentially polarized while the TM modes are essentially radially polarized. The WGM
field is described in terms of spherical Bessel functions and spherical harmonics. Three
numbers, g, |, and m, characterize a WGM: the mode number 1 is the angular momentum
quantum number of the circulating light, the mode order g is the number of radial

maxima of the mode’s intensity distribution, m is the number of wavelengths around the

circumference, and | —|m| +1 gives the number of axial intensity lobes [28].

TEq TE <> T™M

Figure 44. Silica microsphere and the fundamental whispering gallery mode
structure TEy, [28].
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The most useful WGMs are restricted to the vicinity of the sphere’s equator and

have |m =1, with the fundamental WGM having q=1and [m|=1. The external, or

evanescent, field decays approximately exponentially with distance from the surface with
a decay length somewhat less than the wavelength. Slightly different confinement of the
two polarizations, deriving from the polarization dependence of the total internal
reflection phase shift, causes the effective refractive index to depend on polarization, so
TE and TM modes with the same ¢, |, and m have different frequencies. For most
applications, it is desirable that light be coupled into and out of a low order WGM with
high efficiency and evanescent wave coupling can be accomplished by using tapered

fibers.
IV.4. Production of CMIT with microspheres

For this experiment, one function generator (FG1; Wavetek, model 395) is
connected to the laser controller (New Focus, model number: 6300) as in Fig. 45 in order
to scan the laser in frequency, where the peak-to-peak voltage Vy,, is set to 600 mV. This
reading actually produces a voltage V, which is twice as large. The disagreement
between the voltage V from the FG1 readout and the true value of the delivered voltage
V, can be explained as follows. The function generator FG1, whose circuit is given in the
rectangular dashed box with output impedance R1 shown in Fig. 45, is connected to the
laser controller, whose input impedance is R2. The readout voltage V is calculated
internally assuming that R2 = R1 = 50 Q; however, R2 is actually 5 kQ, so the voltage
delivered is nearly Vo, which is twice as large as the readout. Thus Vy, is actually equal

to 1.2 V, and the peak voltage V, = 600 mV.
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Figure 45. Function generator FG1 circuit (rectangular dashed box)
connected with the laser controller R2.

The scan range (the range over which the laser frequency is shifted) produced by

the function generator FG1 (Wavetek, model 395) is given approximately by the formula:
scan range = 5V, +2V ., (38)

where the scan range is in GHz if V, is in volts. When V, = 600 mV, scan range = 3.7
GHz, as seen in Fig. 46. To scan the laser, we use a 12.5-Hz triangle wave with zero
voltage offset, as shown in Fig. 47. The laser frequency-scans 3.7 GHz in one direction

during the first half-cycle (40 ms) and then returns in the second half-cycle.
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Figure 46. Scan range for laser with the limit 3V peak voltage.
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Figure 47. Scanning triangle wave for one cycle.

Another function generator (FG2; Wavetek, model 395) is connected to the Video
input jack of the AOM driver (Isomet, Model number: 235A-1). The RF output jack of
the driver is connected to the AOM (Isomet, model 1250C) in order to drive the
modulator. On this second generator, the waveform is chosen to be dc or Sequence

(Gaussian) depending on the specific experiment.
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The laser power is increased to the value of 9.5 mW, and the wavelength is
selected at 1548 nm by adjusting the knobs on the laser controller. The impedance is set
to 50 Q for both channels of the oscilloscope, the vertical offset for the slow detector
channel is set to 0 V, and the vertical offset for the fast detector channel is set to -720 uV
in order to align the oscilloscope trace with the baseline of that channel. The voltage
scale for the fast detector channel is set to 1 mV/div, and for the slow detector channel it
is set to 100 mV/div or 1V/div (depending on the CMIT or pulse experiment,
respectively). The time scales are chosen to be 2 ms/div or 400 ns/div (depending on the
CMIT or pulse experiment, respectively). The laser frequency-scanning triangle wave
from FGL1 is used as the external trigger source, with the trigger point at midscreen.
Triggering on negative slope means that the laser frequency will be increasing from left
to right on the oscilloscope screen. Since the screen width of 20 ms represents only half
of the 3.7-GHz scan range, in order to observe the WGMs over the whole scan range, we
have to adjust the trigger level. The sensitivity range is set to 5 (110 kHz response limit)
for channel A (measuring TM output power) of the power meter, which is then connected
to one channel (slow detector channel) of the oscilloscope. The TE output power is
detected via the fast detector, which is then connected directly to the other channel of the

oscilloscope.

In order to do the CMIT and pulse delay experiment, firstly we choose the
waveform to be dc and later place the tapered fiber of 2 um diameter in contact with the
microsphere (approximately 600 um in diameter) at one point on the equator by using a
3D translation stage. The light generated from the laser head will be coupled from the

tapered fiber into the microsphere and circulate around the circumference of the sphere
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via total internal reflection. After that it will be coupled back out to the tapered fiber on
the opposite side and finally fall on the fiber coupled polarization analyzer (PA). By

recording the power drop, we can select the WGMs.

To start the experiment, firstly the analyzer is rotated 45° with respect to the
vertical (~TE) axis. In this orientation, each detector (fast detector and slow detector)
will display dips corresponding to both TE and TM modes. By rotating the polarization
controller (PC) to make one type of mode disappear, the remaining type of mode can be
determined after the analyzer is rotated back to its initial position. If the throughput
power is rising on the fast detector channel and lowering on the slow detector channel on
the oscilloscope screen, the excited modes are TE and on the contrary if the throughput
power is lowering on the fast detector channel and rising on the slow detector channel,
the excited modes are TM. For the case of excitation of modes of TE polarization, the 0°
position (corresponding to alignment of the analyzer basis with the microsphere basis) of
the polarization analyzer is determined when the resonant throughput power measured
from the fast detector is maximized and the resonant throughput power measured from
the slow detector is minimized. The CMIT feature of the throughput power is seen by the
fast detector when the input light is linearly polarized at 0° (and excites TE modes) and it
is recorded by the slow detector via rotating the polarization analyzer 90° with respect to

the microsphere basis about the incoming fiber axis.

To measure the relevant parameters of the CMIT coupling modes, the input
polarization is changed to linear at 45° by using the half-wave plate. At this point the
throughput powers measured from the fast detector and the slow detector are equal, and

the coresonant TE and TM pair of modes with very different quality factors are
69



determined. During the CMIT experiment, CPC can happen and change the true values
of the mode parameters like quality factors, dip depths, and coupling regimes of the
coresonant TE and TM modes. So in order to determine the mode parameters correctly,
detuning the coresonant TE and TM modes is necessary. Since it is hard to compress the
microsphere by using the PZT, we have to select the detuned modes accidentally. The
widths and dip depths of the detuned modes can be measured directly by using the slow
detector. The coupling regimes of the two detuned modes are determined by putting a
segment of another tapered fiber in contact with the microsphere on the opposite side of
the working tapered fiber. If the depth of the resonant dip becomes deeper, we have an
overcoupled mode and if the depth of the resonant dip becomes shallower, we have an
undercoupled mode. For this experiment, in order to get correct results, the quality factor
Q, coupling regime and dip depth M of a mode (TM) were measured when the PA is at 0°
and that of the other mode (TE) are measured when the PA is rotated 90° with respect to
the vertical (TE) axis in order to ensure that both TE and TM mode parameters are

measured by the slow detector.

To do the pulse experiment, we bring the detuned TE and TM modes back into
the coresonant state and change the input light back to linear at 0° by rotating the half
wave plate. At this time the CMIT throughput shape is restored. The connector from
channel A of the power meter to the oscilloscope is unplugged and a BNC cable is then
used instead to connect the oscilloscope with the second function generator FG2 in order
to display the reference electrical Gaussian pulse directly from FG2. By switching the
waveform to Sequence (as shown in Fig. 41) and varying the time scale down to 400

ns/div, the pulse picture of CMIT can be recorded for both resonance and off resonance
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cases. The FWHM of the electrical Gaussian pulses can be adjusted from FG2 according
to the linewidth of the higher-Q mode (230 ns in this case). In order to have the correct
comparison between the theoretical calculation and the experimental data for the pulses,
the width of the input pulse in the model has been chosen to be equal to the FWHM of
the off resonant throughput optical Gaussian pulse (approximately 250 ns). Since the
throughput optical pulses are noisy, we have to do a Gaussian fit for both off resonant
and resonant throughput optical Gaussian pulses in order to determine the pulse width
and delay exactly. By comparing the relative positions of the optical resonant Gaussian
pulse with respect to the optical off resonant Gaussian pulse on the fast detector channel,
the experimental delay time is determined (8 ns in the first example shown below in Fig.
48). During this CMIT experiment process, the laser frequency is increasing from left to
right on the oscilloscope screen as well as in Fig. 48 and all following throughput

spectrum plots. The TE mode has dip depth M, = 0.79 and quality factor Q, = 6.5x10°,

and the TM mode has dip depth M, = 0.9 and quality factor Q, = 8.7x10". Both TE and

TM modes are undercoupled. The CMIT experimental and numerical results presented
here are plotted together. The experimental throughput is the normalized detector
response, where the horizontal axis of the oscilloscope trace has been converted to

frequency based on the laser scan range and speed. For some of the analytical

comparisons, it is helpful to have an expression for the coupling loss T; and total loss

A6 =T, +a;L, which can be found from the measured values of Q; and M ; by using

the following expressions, provided that the coupling regime is known [42]:

_ 4r’na
IS0 e
2Q,(L+x.1)
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In order to do the computer model fitting with the experimental throughput, the

measured quality factors, dip depths, coupling regimes and microsphere radius are used

as the input. The CPC strength T, the frequency offset of the higher-Q WGM from the

lower-Q WQM v, —v,, and the detuning of the pulse center frequency from v, are used
as the fitting parameters. The offset and pulse detuning are known approximately from

the experimental results, and their values are refined by the fitting process; T, is a

completely free parameter. After getting a good fit, the values of T, offset, and pulse

detuning are determined from the computer model. Imperfect numerical fit is most likely
due to overlapping WGMs that can affect measurements, as described in more detail in

Section IV.5.

Figure 48 below shows the fitting for both throughput spectrum and pulse
response of a CMIT experiment using the scattering model. For this experiment, the
microsphere radius is measured to be equal to 280 pum, and this value of microsphere
radius is again used in the computer model for calculation. The uncertainty in log(Ts) is
about 0.1 for all fitting in this dissertation, so Ts has an uncertainty of about 25%. The
uncertainty in experimental pulse delay/advancement is about 5 ns throughout. This
value is estimated as the uncertainty in evaluating the separation of the peaks of the two
Gaussians that fit the experimental pulses. Larger delay/advancement errors can occur if
the measured input and throughput pulses are not fully off resonance and at the central

extremum, respectively.
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IV.4.1. CMIT and pulse delay with microsphere
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Figure 48. CMIT with 280-pum-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 255 ns and a delay of 8 ns, and model throughput pulse (dashed

black), with a delay of 10 ns. Parameter values: M, = 0.79 (undercoupled), M, = 0.9
(undercoupled), Q, = 6.5x10° Q, = 8.7x10"; offset = -3 MHz, T, = 2.82x10°®, pulse
detuning = -2.8 MHz.
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In part (a) of Fig. 48, the experimental data (in black) is slightly different from the
model calculation (in blue) for the throughput spectrum fitting, showing that there is
some overlap of nearby modes that leads to a minor disagreement between the theoretical
calculation (blue solid curve) and experimental data (black dashed curve) for the
throughput pulse response in part (b). The width of the transparency window is slightly

greater than the width of mode 2 in this case. That the cross polarization coupling

strength T, <T =13.4x10* indicates that the throughput signal has CMIT shape.

critical
This is accounted for by the destructive interference between the direct and indirect

excitation paths of TE modes. Although both TE and TM modes are not strongly

: i T, TT, T,
overcoupled as assumed in Eq. (36), but the conditions T, >T and e > Thold,

the dispersion slope is positive and there will be pulse delay. The experimental delay-

bandwidth product value is calculated to be 0.014.
IV.4.2. ATS and pulse delay with microsphere

When the quality factors of two modes are comparable and the intermodal
coupling between TE and TM modes is greater than the critical value, the throughput
signal is split into two dips. The splitting between the mode components is proportional
to the intermodal coupling strength. For this experiment, the microsphere radius is

measured again to be equal to 280 um and the scattering model is used as well.
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Figure 49. ATS with 280-um-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 270 ns and a delay of 32 ns, and model throughput pulse (dashed
black), with a delay of 13 ns. Parameter values: M; = 0.85 (undercoupled), M, = 0.6
(overcoupled), Q, = 7x10’, Q, = 7.5x10"; offset = 3.8 MHz, T, = 1.4x10°, pulse detuning =
3 MHz.
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In part (a) of Fig. 49, the experimental data is a little different from the theoretical
model for the throughput spectrum fitting showing that there is some overlap of nearby

modes and as a result, there is a disagreement between the theoretical calculation and

experimental data for the pulse response picture in part (b). T, >T, =6.25x107"

critical

indicates that CMIT has become ATS. In this case, although both modes are not strongly

. : T TT, - T, ..
overcoupled as assumed in Eq. (36) and in fact e > 4 the condition T, > 2 still

holds, so the dispersion slope is positive and pulse delay is expected. The experimental

delay-bandwidth product value is calculated to be 0.02.

IV.4.3. CMIA and pulse advancement with microsphere

When the coupling between TE and TM modes produces a throughput that has the
form of a deep dip, we have coupled mode induced absorption (CMIA) as in Fig. 50
below. For this experiment, the rotational model was used to fit the experimental data
(though, as discussed in Chapter VI, no difference from the scattering model is expected

here) and the microsphere radius is measured to be equal to 285 um.
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Figure 50. CMIA with 285-pum-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 275 ns and an advancement of 9 ns, and model throughput pulse

(dashed black), with an advancement of 25 ns. Parameter values: M; = 0.86
(overcoupled), M, =0.87 (overcoupled), Q, = 1x10°%, Q, = 1.8x10'; offset = -3 MHz, T,
=5x10®, pulse detuning = 1.8 MHz.
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In Fig. 50, the throughput fitting used is reasonable. Because both modes are not
strongly overcoupled, as assumed in Eq. (36), pulse advancement is still produced even
though T is out of the negative group delay range. The predicted advancement is
somewhat greater than the measured advancement, most likely because the experimental
input pulse might not have been far enough off resonance. The experimental

advancement-bandwidth product value is calculated to be 0.014.

IV.4.4. CMIA and pulse delay with microsphere

Pulse delay, which seems to be produced by CMIT/ATS, can also occur with
CMIA as in Fig. 51 below. For this experiment, the microsphere radius is measured to be

equal to 285 um and the scattering model is used as well.
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Figure 51. CMIA with 285-pum-radius-microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 265 ns and a delay of 27 ns, and model throughput pulse (dashed

black), with a delay of 60 ns. Parameter values: M, = 0.67 (overcoupled), M, = 0.88
(undercoupled), Q, = 1.63x10°, Q, = 2.2x10"; offset = 0 MHz, T, = 2.0x10°, pulse
detuning = 0 MHz.
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In part (a) of Fig. 51, the throughput fitting is reasonable. Although both modes

are not strongly overcoupled as assumed in Eq. (36), but the conditions T, >% and

2
LS > TTZ hold, the dispersion slope is positive and there will be pulse delay. In part (b)

of Fig. 51, the experimental throughput pulse is higher in magnitude than the theoretical
throughput pulse showing that either the resonant experimental throughput pulse is not
truly resonant or the off-resonant pulse might not really be off-resonant. As a result, the
experimental delay time is smaller than the theoretical calculation. The experimental

delay-bandwidth product in this case is calculated to be 0.045.
IV.5. Hollow bottle resonator

When working with microspheres, there are some difficulties occurring during the
experimental process. Firstly, the throughput spectrum is still messy due to the overlap
of the nearby modes with respect to the mode of interest. This problem can be explained
as follows: since the microsphere’s surface has a strong polar (or axial) curvature, modes
of various axial orders are not spread out spatially, so many of them can be
simultaneously excited by tapered-fiber coupling; this behavior can result in spectral
overlap of the modes. However, the axial free spectral range depends on the sphere’s
eccentricity [37], so the spectral mode density can vary from microsphere to microsphere.
Secondly, it is hard to find one mode with very high quality factor and another mode with
very low quality factor because the microsphere has only one surface contact with respect
to the environment. Therefore, the modes experience not much different losses. As a

result, their quality factors are not much different. Lastly, it is hard to bring the two TE
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and TM modes into the frequency coresonance state by compressing the microsphere

since its stem makes axial compression difficult.

The hollow bottle resonator (HBR) [43] appears as the candidate to replace the
microsphere for solving those problems. As in Fig. 52, the HBR was produced from a
silica capillary tubing of diameter 320 um. Before being used to make the HBR, the
capillary tubing was internally etched with hydrofluoric acid (HF) for 180 min to reduce
the wall thickness [29]. Then, the middle region of the capillary was immersed in 270°C
sulfuric acid (H2SO,) for 45 min so as to remove the external jacket of the capillary. The
HBR was produced by placing the middle region of the capillary under a
hydrogen/oxygen mini-torch and using the internal air pressure method. The HBR shown
in Fig. 52 has a maximum outer diameter of 440 um and wall thickness of 7 pm.
Normally, in our lab, the bulge diameter ranges from 335 to 350 um in order to show the

greatest possibility of having high-Q (~10°) and overcoupled WGMs.

Figure 52. Hollow bottle resonator [42].

The first advantage of the HBR over the microsphere is the ease to find one very
high Q mode and one very low Q mode as desired for the experiments. By thinning the
wall thickness of the HBR down to 7 pm, the higher radial order WGMs will experience
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more absorption or scattering through interaction with the inner surface of the HBR.

More loss will result in lower Q modes.

166 168 170 172 174 176
¥ (um)

Figure 53. Radial mode intensity profile. First three radial orders for a 175-um radius
solid resonator at a wavelength of 1550 nm. First order (p = 1), black curve, one peak.
Second order (p = 2), blue curve, two peaks. Third order (p = 3), red curve, three peaks.

Figure 53 shows the first three radial orders for a 175-um radius solid resonator at
a wavelength of 1550 nm. For our hollow resonator, the higher radial order modes (p >
3) are compressed between the wall surfaces. One can see that, when thinning the wall
thickness of the HBR down to 7 um, the low radial order mode intensity in black (p = 1)
is confined by only the external surface and experiences less loss. This behavior of the
mode allows it to keep the high quality factor. The higher radial order mode intensities in
blue and red will also interact with the inner surface and experience more losses.

Consequently, more losses will result in very low Q WGMs as in Fig. 54.
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Figure 54. One very low Q and one very high Q modes (in yellow).

The second advantage of the HBR over the microsphere is the ease to bring two
very different Q WGMs into the state of frequency coresonance by axial stretching of the
HBR by means of applying a voltage to the PZT (piezoelectric transducer) as in Fig. 55

below.
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Figure 55. Axial stretching of HBR with PZT.
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The HBR, (transparent part in the middle of the capillary in brown), was glued
vertically on the upper and lower mounts of the PZT by using the 5 minute Epoxy
(transparent dots). After 45 min, the HBR-PZT system was put in the acrylic box and the
HBR was put in contact with the tapered fiber in its equatorial plane again. The PZT (in
green) is then connected with the lock-in stabilizer (Lansing, Model number: 80.215) as
shown in Fig. 56 in order to stretch the HBR with a voltage applied to the PZT. A
voltage signal, including a bias and a modulation signal as shown in Fig. 57, that controls
the HBR stretching, is sent from the lock-in stabilizer to the stretching tuner. The
maximum bias signal output from the stabilizer is 1600 V. For the HBR experiment, the
lock-in stabilizer voltage is set around 300-500 V. A capacitive voltage divider, whose
circuit is shown in Fig. 58, is used to reduce the voltage to 150 V when the stabilizer is
set at maximum bias. This reduced signal is applied to the PZT in the stretching tuner.
The small voltage modulation is not used in this experiment. It has maximum 15 Vp, and
is also reduced by the voltage divider before being sent to the PZT. When stretching the
HBR, TE and TM modes will shift at different rates [37], and that condition is enough to

bring TE and TM modes into the frequency coresonance state.

Figure 56. Lock-in stabilizer.
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index of the HBR medium, and a is the radius of the HBR.

Lock-in stabilizer

High voltage Small amplitude modulation
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Figure 57. Capacitive voltage divider used to combine DC bias and
modulation signal from the lock-in stabilizer for application
to the PZT in the HBR stretcher.
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Figure 58. Capacitive voltage divider circuit [28].

The last advantage of the HBR over the microsphere is the rarer spectral mode
density. Due to the gentle axial curvature of the bottle shape, the axial modes spread out
along the axial direction, reducing the number of axial modes that can be simultaneously
excited by tapered-fiber coupling. Furthermore, the mode spacing can be enhanced by

working with the smaller diameter capillary tubing to increase the azimuthal free spectral

range (FSR) of the modes since 5v=2L, where ov is the FSR, n is the refractive
zmna
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experiments, only one polarization is driven at the input, but for CPIT/CPIA experiments,
both TE and TM modes are excited simultaneously. Therefore, the spectral mode density
reduction is especially important for coresonant polarization experiments. Using only
one polarization, either TE or TM, for the input will reduce the spectral mode density of
the throughput signal (as seen in Fig. 59), compared to the spectral mode density of the
throughput power when the input has an arbitrary polarization (as seen in Fig. 60). Also,
the diameter of the tapered coupling fiber and the HBR diameter are the principal
determinants of the coupling regime and spectral mode density. In our experiment, the
coupling tapered fiber of 2 um in diameter and the HBRs with the diameters ranging
from 330 um to 440 um showed the greatest possibility of having overcoupled WGMs

and high quality factor (Q > 10).

0.00 V
o 5.00mv

5 0.00s
U: 10.0ms

50.0mve M2.00ms A Ext . —408mV

. 18 Jan 2014
N 50.00 % 12:27:25

Figure 59. Throughput spectrum with a little CPC when input has
TE polarization. TE throughput: blue , TM throughput: yellow.
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Figure 60. Throughput spectrum when the input polarization is linear at
45° and the polarization analyzer is set at 0° with respect to the HBR’s
basis. Dips in the blue (yellow) trace correspond to TE (TM) modes.

From the spectra shown in Figs. 59 and 60, it can be seen that the average spacing
between modes of a given polarization is roughly 15 MHz. Since this is only about five
times the average mode width, and the modes are essentially randomly distributed in
frequency, mode overlap will not be a rare occurrence. Mode overlap can affect the
experimental results and their fit to the model in a number of ways. It can change the
apparent width and/or depth of a mode of interest, resulting in incorrect values of Q
and/or M for that WGM. Overlap can change the IT/ATS/IA throughput shape, and

result in input and throughput pulses not being measured at the correct positions, off and

on resonance, respectively. All of these effects can degrade the experiment-model fit.

Each HBR WGM is characterized by three quantum numbers (m,p,q), where m (m
= 1,2,..) gives the number of wavelengths around the circumference, p (p = 1,2,..) gives

the number of power maxima along the radius, and g (g = 0,1,2,..) gives the number of
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field nodes along the axis of the microresonator. The resonant wavelength for each

U, ) 2
(m,p,g) mode is given by [43]: 4,,, = Zﬂnﬂ R”‘pj +(q +%jAEm] , (41)

b

m,3 . t : _ 20, Ak
where U =m+a, (<)% =m, «, is the p~ root of the Airy function, AE_ =
2

Rb
and R, is the HBR bulge radius. The radius of the HBR as a function of axial position

(as seen in Fig. 61) is given by:

R,

Fir(akey (42

R(z) =

where Ak is the inverse of the square root of the product of the effective axial radius R

and the equatorial (bulge) radius R, as in Fig. 61.

Figure 61. Radius profile of the HBR.
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The axial extent of each mode is defined by the corresponding turning point,

analogous to the turning point of the simple harmonic oscillator, and is given by:
1

z. =% i(q+l) 2. (43)
‘ AE,, 2

This value is measured from the bottle center; beyond this point the mode decays

exponentially.

Radius (um]

Length (pm)

Figure 62. Intensity distribution along the length of the HBR [43].

Figure 62 exhibits the intensity distribution along the length of a HBR for a mode
with p = 3 and q = 4. In the radial direction inward from the HBR surface, the mode
intensity increases from the first radial peak to the third, as seen in the red curve in Fig.
53. In the axial direction, the mode peak intensity increases outward to the turning
points, like the harmonic oscillator probability distribution. Beyond the turning points,

the mode decays and we cannot observe the intensity [43].

Due to its bottle shape, the HBR has some advantages over the microsphere for
controlling the cross polarization coupling. Offsetting the coupling fiber in the axial

direction from the center of the HBR increases the chance to excite higher axial order
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modes, similar to the excitation the higher order wave functions of the harmonic
oscillator. By varying the position of the coupling fiber along the axial direction, we can
have some control over the cross polarization coupling between TE and TM modes,

through the potential variation of spatial mode overlap.

IV.5.1. CMIT and pulse delay with HBR

Given the benefits of the HBR over the microsphere, the HBR is now used for
CMIT/CMIA experiments. The procedure to produce the CMIT throughput signal and
the pulse picture is almost the same as the one used with the microsphere. The difference
is that the diameter of the HBR is now approximately 340 um and the alignment of the
PA is now with the HBR basis. In order to measure the widths, dip depths and coupling
regimes of the TE and TM modes without CPC, we detune them from coresonance by
stretching the HBR. The widths and dip depths of the detuned modes can be measured
directly by using the slow detector. The coupling regimes of the two detuned modes are
determined by putting a segment of another tapered fiber in contact with the HBR on the
opposite side of the working tapered fiber. If the depth of the resonant dip becomes
deeper, we have an overcoupled mode and if the depth of the resonant dip becomes
shallower, we have an undercoupled mode. For this experiment, in order to get correct
results, the quality factor Q, coupling regime and dip depth M of a mode (TM) were
measured when the PA is at 0° and that of the other mode (TE) are measured when the
PA is rotated 90° with respect to the vertical (TE) axis in order to ensure that both TE and

TM mode parameters are measured by the slow detector.

90



To do the pulse experiment, we bring the detuned TE and TM modes back into
the coresonant state by unstretching the HBR and change the input light back to linear at
0° by rotating the half wave plate. At this time the CMIT throughput shape is restored.
The FWHM of the Gaussian pulses can be adjusted from FG2 according to the linewidth
of the higher-Q mode (230 ns in the case shown below in Fig. 63). The pulse delay can
be determined by comparing the relative positions of the optical resonant Gaussian pulse
with respect to the optical off resonant Gaussian pulse on the fast detector channel with

the help of the electrical Gaussian pulse from FG2 (approximately 42 ns in Fig. 63).

Figure 63 shows some experimental results for the CMIT and pulse delay

experiment with HBR. In this experiment, the TE mode has dip depth M, = 0.87 and
quality factor Q, = 4.75x10° and the TM mode has dip depth M, = 0.3 and quality

factor Q, = 1.0x10%. Both TE and TM modes are undercoupled. The HBR diameter is

measured to be equal to 345 um and the scattering model is used to fit the experimental

data in this case.
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Figure 63. CMIT with 172-um-radius HBR [42]. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 275 ns and a delay of 42 ns, and model throughput pulse (dashed

black), with a delay of 40 ns. Parameter values: M, = 0.87 (undercoupled), M, = 0.3
(undercoupled), Q, = 4.75x10°% Q, = 1x10% offset = -1.5 MHz, T, = 2.24x10°®, pulse
detuning = -1.5 MHz.
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In Fig. 63, the fitting is quite reasonable. The width of the transparency window
is somewhat greater than the width of mode 2 in this case. T, <T_,., =9.9x107°
indicates that the throughput signal has CMIT shape. This is accounted for by the

destructive interference between the direct and indirect excitation paths of TE modes.

Although both modes are not strongly overcoupled as assumed in Eq. (36), but the

- TT, TT, T? : . . - :
conditions T, > 4 and e > Thold, the dispersion slope is positive and there will

be pulse delay. The relatively clean throughput trace indicates little interference with
other WGMs, and as a result the predicted delay is nearly the same as the measured
delay. The experimental delay-bandwidth product value is calculated to be 0.067 in this

case.

When the quality factors of TE and TM modes are not hugely different and the
cross coupling probability is approximately equal to the critical value, the Fano
interference between the direct and indirect excitation paths of TE modes and coupling
between TE and TM modes produces the CMIT signal, and the splitting is not much
greater than the linewidths of the split modes as in Fig. 64 below. For this experiment,

the HBR diameter is measured to be equal to 350 um and the scattering model is used.
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Figure 64. CMIT with 175-um-radius HBR [42]. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 290 ns and a delay of 50 ns, and model throughput pulse (dashed

black), with a delay of 25 ns. Parameter values: M, = 0.865 (undercoupled), M, = 0.42
(overcoupled), Q, = 1.1x10°, Q, = 9.5x10; offset = -1.5 MHz, T, = 1.51x10°, pulse
detuning = -1.3 MHz.
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In part (a) of Fig. 64, the experimental data is different from the theoretical model
for the throughput power fitting showing that there is some overlap of the nearby modes
that lead to a disagreement between the theoretical calculation and experimental data for
the pulse response picture in part (b). Since the experimental resonant throughput pulse
is somewhat higher than the theoretical resonant throughput pulse, the off resonant pulse

might not be truly far off resonant. That the cross polarization coupling strength
T, < T, =1.66x107° indicates that the throughput signal has CMIT shape. Although

both modes are not strongly overcoupled as assumed by Eg. (36), but the conditions

2
T >Ti1rz and Tl} >TTZ hold, the dispersion slope is positive and pulse delay is

S

expected. The experimental delay-bandwidth product value is calculated to be 0.076.

IV.5.2. ATS and pulse delay with HBR

When the quality factors of two modes are comparable and the intermode
coupling between TE and TM modes is greater than the critical value, the throughput
signal is clearly split into two dips. The splitting between the mode components is
proportional to the intermodal coupling strength. For this experiment, the HBR diameter

is measured to be equal to 340 um and the scattering model is used.
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Figure 65. ATS with 170-um-radius HBR [42]. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 270 ns and a delay of 22 ns, and model throughput pulse (dashed

black), with a delay of 10 ns. Parameter values: M, = 0.896 (undercoupled), M, = 0.62
(undercoupled), Q, = 3.5x10', Q, = 1x10% offset = 3.8 MHz, T, = 3.55x10°, pulse
detuning = 3.4 MHz.
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In part (a) of Fig. 65, the experimental data is somewhat different from the
theoretical model showing that there is some overlap of the nearby modes and that leads
to a little disagreement between the theoretical calculation and experimental data for the
throughput pulse response picture in part (b). Since the experimental resonant throughput
pulse is somewhat higher than the theoretical resonant throughput pulse, the off resonant

pulse might not be truly far off resonant. That the cross polarization coupling strength
T, > T, e = 8:56 107" indicates that the throughput signal has ATS shape. Although

both modes are not strongly overcoupled as assumed in Eqg. (36), but the conditions

TT, TT, T?

T, > >TZ hold, the dispersion slope is positive and there will be pulse

S

and

delay. The experimental delay-bandwidth product value is calculated to be 0.036.

IV.5.3. CMIA and pulse advancement with HBR

Analogous to CMIA with microsphere, when the coupling between TE and TM
modes produces a deep dip in the throughput power, we have coupled mode induced
absorption with HBR. The throughput shape and the pulse response pictures are shown
in Fig. 66 below. For this experiment, the HBR diameter is measured to be equal to 350

um and the scattering model is used.
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Figure 66. CMIA with 175-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 270 ns and an advancement of 13 ns, and model throughput pulse

(dashed black), with an advancement of 12 ns. Parameter values: M, = 0.642
(undercoupled), M, = 0.97 (overcoupled), Q, = 2.9x10", Q, = 9.3x10’; offset = 0.9
MHz, T, =3.98x10™, pulse detuning = -0.2 MHz.
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In part (a) of Fig. 66, the throughput fitting is reasonable. Although both modes

2
are not strongly overcoupled, but condition TTZ <T, < % holds, the dispersion slope is

negative and there will be pulse advancement as seen in part (b). As a result, the
predicted advancement is nearly the same as the measured advancement. The

experimental advancement-bandwidth product value is calculated to be 0.021.

In some cases, although with the CMIA throughput we can produce the pulse
advancement, but both modes are not strongly overcoupled, as assumed in Eq. (36), so Ts
is out of the negative group delay range. This phenomenon is again repeated in the
experiment with the HBR whose diameter is measured to be equal to 340 um as in Fig.

67 below and the scattering model is used to fit the data.
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Figure 67. CMIA with 170-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 265 ns and an advancement of 11 ns, and model throughput pulse

(dashed black), with an advancement of 20 ns. Parameter values: M, = 0.7
(undercoupled), M, = 0.68 (overcoupled), Q, = 4x10’, Q, = 1x10°% offset = 2 MHz, T,
=7.94x10™, pulse detuning = -0.8 MHz.

In this case, the experimental advancement-bandwidth product is calculated to be

0.018.
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IV.5.4. CMIA and pulse delay with HBR

Again, we can produce pulse delay with CMIA when working with HBR. For
this experiment, the HBR diameter is measured to be equal to 345 um and the scattering

model is used. The throughput spectrum and pulse responses are shown in Fig. 68.
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Figure 68. CMIA with 172-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 265 ns and a delay of 73 ns, and model throughput pulse (dashed

black), with a delay of 80 ns. Parameter values: M, = 0.61 (overcoupled), M, = 0.83
(overcoupled), Q, = 2.6x10°, Q, = 1x10% offset = 2 MHz, T, = 7.94x10™, pulse
detuning = 0.3 MHz.

102



. e T} T, TT,
In Fig. 68, the throughput fitting is reasonable. Because T, < W and e < 4

we have a positive dispersion slope and pulse delay is expected. The experimental delay
time is in good agreement with the theoretical calculation. The experimental delay-

bandwidth product is calculated to be 0.12.

In some cases, we can produce a much larger pulse delay with CMIA when
working with HBR, and the results are shown in Fig. 69 for an experiment with the HBR
whose diameter is measured again to be equal to 345 pum; the scattering model is used

again in this case.
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Figure 69. CMIA with 172-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 260 ns and a delay of 170 ns, and model throughput pulse (dashed

black), with a delay of 140 ns. Parameter values: M, = 0.6 (overcoupled), M, = 0.9
(overcoupled), Q, =3.5x10', Q, = 1x10°% offset = -2 MHz, T, = 10™, pulse detuning = 0
MHz.
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In Fig. 69, there is some disagreement between the experimental throughput

spectrum and the model meaning that there is some overlap of the nearby modes that

2 2
affects the mode of interest and the pulse response. Because T, < TTZ and Tz < LS

we have a positive dispersion slope and pulse delay is expected. The experimental delay
time is a little greater than the theoretical calculation. The experimental delay-bandwidth
product is calculated to be 0.29, which is a really good value compared with the former

delay-bandwidth products of CRIT experiments [41].
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CHAPTER V

CORESONANT POLARIZATION INDUCED TRANSPARENCY AND

ABSORPTION

In this chapter, a new experimental method to produce induced transparency plus
pulse delay and induced absorption plus pulse delay or advancement with either
microsphere or HBR is presented, along with experimental results fitted with our model.
Instead of driving one polarization (either TE or TM) at the input of an optical system as
for the case of CMIT/CMIA, now we can excite the two simultaneously by having the
input light linearly polarized at 45° with respect to the TE-TM basis of the
microresonator. When the detected throughput has the same polarization as the input, the
superposition between the coresonant TE and TM modes can create the desired effects
even in the absence of cross polarization coupling. These phenomena are referred to as

coresonant polarization induced transparency and absorption (CPIT, CPIA).
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V.1. Introduction to CPIT and CPIA

From the previous sections we have already seen that the CMIT feature in the
throughput power results from the cross-polarization coupling of TE and TM modes.
However, in the CPIT process, what we see results from the superposition of two
uncoupled coresonant TE and TM modes with very different quality factors and detecting

only the throughput component polarized parallel to the input polarization.

If the polarization of the input E, is linear at 45° in the TE-TM basis, the

components of the input in that basis are given by:

=

Eflz—E, (44)
E,

=75 )

The intracavity fields for the case r, »>1and t,—>0 (no cross polarization

coupling) are given by:

it, exp{~ "‘;L +i0E,,

Esl - L ] (46)
1-r1, exp{—%+ i0,}
it exp{—%2" +is}E

E, = — (47)
1-r, exp{- ; +i6,}
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The throughput components in the TE-TM basis are given by Egs. (10) and (11),

so the component of the throughput polarized at 45° would be given by:

Ef
+ Erz) =4

1
E.=—(E
al /—2( rl 2

{rl—exp(—alL/2+i51) L hoep(-a,L/2+i5,) | (@)

1-rexp(-aL/2+i8) 1-r,exp(-a,L/2+i3,) |

T L L
When 1—rkz?k<<l , al<<l, & <<1, giving exp(—ag )=1- a; , and
exp(io, ) =1+io, , k =1,2, the 45° throughput field is written as:
E i-1+0(#L—' ) _T2+a2L—i52
E,=— T2 2L + T2 i (49)
2| L ;b ) ty % -6,
2 2 2 2

If the modes are coresonant and both are strongly overcoupled, so T, >>¢«, L and
the difference in effective indices of refraction of two modes is small, i.e., N4 =N,y , SO

that 6, =, =35, Eq. (49) becomes:

E “Nilis Tllis
Eal=7f 1? +T2 . (50)
Lois 2-is
2 2

On resonance (6 = 0), we have E_, =-E;, so |Eal|2 :‘Ef ‘zand we get 100% throughput.

Far off resonance (0 >> Ty, T,), we have E,, =E; and 100% throughput. Since Q; >>
Qa, it follows that T, << T;. The TM (2) mode goes off resonance faster as ¢ increases
since its resonance is sharper. Thus, the second term in square brackets in equation (50)

goes from -1 to 1 while the first term is still ~ -1 and E_, drops nearly to zero; therefore,
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we have the coresonant polarization induced transparency throughput spectrum with the
ideal calculated form shown in Fig. 25, or an actual example for the experiment with a

microsphere, as shown in Fig. 70.
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Figure 70. Data-model fitting of CPIT throughput spectrum; black dots:
experimental data, blue curve: model fitting.

The data of Fig. 70 can then be overlaid by the model for fitting. Here, the blue
curve is the computer model and the black curve is the experimental data trace. In order
to fit the experimental data by the computer model, the quantities such as quality factors
Q1, Q2 dip depths M1, My, and coupling regimes of TE and TM modes, respectively are
measured directly from the experiment and used as the inputs of the computer model.

The CPC probability Ts, offset v, —v,, and pulse center frequency detuning are used as

fitting parameters. The offset and pulse detuning are known approximately from the
experimental results, and their values are refined by the fitting process; Ts is a completely
free parameter. After getting a good fit, the values of T, offset, and pulse detuning are

determined from the computer model. In Fig. 70, agreement between the experimental
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data and scattering computer model is shown for the case of -9.5 MHz offset of the TM

resonance from the TE resonance. Both nearly coresonant modes are overcoupled and

have the following parameters: TE has the quality factor Q, = 2.4x10° and fractional
resonant dip depth M, = 0.982, and TM has the quality factor Q, = 6.5x10" and resonant
dip depth M, =0.235. The CPC probability T, is determined from the fit to be equal to

1.26x10°8.

In Fig. 70, we realized that on resonance the throughput is much less than 100%.
This results from the fact that our modes are not strongly overcoupled, i.e., intrinsic loss
can’t be neglected. The right side of the throughput is not clean meaning that there is still
some overlap of nearby modes, which needs to be cleaned by reducing spectral mode

density.

From the theory and the preliminary result with CPIT above, both CPIT and CPIA
production methods with the pulse responses are developed and presented in the next

section for both microsphere and hollow bottle resonator.
V.2. Production of CPIT and CPIA with microsphere

For this experiment, all the initial setup for the equipment is the same as described

in Chapter IV. The difference is the experimental procedure below.

To start the experiment, firstly the analyzer is rotated 45° with respect to the
vertical (~TE) axis. In this orientation, each detector (fast detector and slow detector)
will display dips corresponding to both TE and TM modes. By rotating the polarization

controller (PC) to make one type of mode disappear, the remaining mode is determined.
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After that, the analyzer is rotated back to the direction of initial position. If the
throughput power is rising on the fast detector channel and lowering on the slow detector
channel on the oscilloscope screen, the excited modes are TE and on the contrary if the
throughput power is lowering on the fast detector channel and rising on the slow detector
channel, the excited modes are TM. For the case of excitation of modes of TE
polarization, the 0° position (corresponding to alignment of the analyzer basis with the
microsphere basis) of the polarization analyzer is determined when the resonant
throughput power measured from the fast detector is maximized and the resonant

throughput power measured from the slow detector is minimized.

Next, the fiber is removed away until the resonant dips disappear. The analyzer is
rotated again 45° with respect to the vertical axis and the input polarization is changed to
linear at 45° by using the combination of the half-wave and quarter-wave plates. At this
stage, the off resonant throughput power detected by the perpendicular detector (slow
detector) is minimized (corresponding to 0.08 uW on channel A of the power meter) and
the off resonant throughput power detected by the parallel detector (fast detector) is
maximized on the oscilloscope screen. Next, the analyzer is rotated back to 0° position,
at this point the throughput powers measured from the fast detector and the slow detector
are equal and the tapered fiber is placed back in contact with the microsphere for the
subsequent steps. By searching for a coresonant TE and TM pair of modes of very
different quality factors (the yellow and blue traces whose widths have been measured
using the slow detector), we have the required modes for the experiment. The coupling
regimes of the two coresonant modes are determined by putting a segment of another
tapered fiber in contact with the microsphere on the opposite side of the working tapered
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fiber. If the depth of the resonant dip becomes deeper, we have an overcoupled mode and
if the depth of the resonant dip becomes shallower, we have an undercoupled mode. For
this experiment, the quality factor Q, coupling regime and dip depth M of a coresonant
mode (TM) were measured when the PA is at 0° and that of the other coresonant mode
(TE) are measured when the PA is rotated 90° with respect to the vertical axis in order to
ensure that both TE and TM mode parameters are measured by the slow detector. The
CPIT feature of the throughput power can be recorded by the slow detector too by

rotating the analyzer to the -45° position.

To do the pulse experiment, the PA is then rotated back to the 45° position with
respect to the vertical axis so as to ensure that the CPIT feature is now recorded by the
fast detector. Next, the connector from channel A of the power meter to the oscilloscope
is unplugged and a BNC cable is then used instead to connect the oscilloscope with the
second function generator FG2 in order to display the reference electrical Gaussian pulse
directly from FG2. By switching the waveform to Sequence and varying the time scale
down to 400 ns/div, the pulse picture of CPIT can be recorded for both resonance and off
resonance cases. The FWHM of the electrical Gaussian pulses can be adjusted from FG2
according to the linewidth of the higher-Q mode (nominally 230 ns). In order to have the
correct comparison between the theoretical calculation and the experimental data for the
pulses, the width of the input pulse in the model has been chosen to be equal to the
FWHM of the off resonant throughput optical Gaussian pulse (normally from 265 ns to
285 ns). Since the throughput optical pulses are noisy, we have to do a Gaussian fit for
both off resonant and resonant throughput optical Gaussian pulses in order to determine
the pulse width and delay exactly. By comparing the relative positions of the optical
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resonant Gaussian pulse with respect to the optical off resonant Gaussian pulse on the fast
detector channel, the experimental delay time is determined (27 ns in the first example
shown below in Fig. 71). During this CPIT experiment process, the laser frequency is
increasing from left to right on the oscilloscope screen (and in the figures). The TE mode

has dip depth M, = 0.47 and quality factor Q, = 6.56x10°, and the TM mode has dip
depth M, = 0.92 and quality factor Q, = 8.8x10". Both TE and TM modes are

overcoupled.
V.2.1. CPIT and pulse delay with microsphere

Here are some experimental results and the scattering model fitting from the CPIT
experiment with microsphere described above, including throughput signal and pulse
response. In this case, the microsphere radius is equal to 280 pum and the cross
polarization coupling T, has some nonzero value leading to a kind of hybrid result
between CMIT and CPIT for the throughput signal. This hybridization is discussed in

more detail in Chapter VI in the context of the two models, scattering and rotation.
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Figure 71. CPIT with 280-um-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 280 ns and a delay of 27 ns, and model throughput pulse (dashed

black), with a delay of 80 ns. Parameter values: M, = 0.47 (overcoupled), M, = 0.92
(overcoupled), Q, = 6.56x10°, Q, = 8.8x10"; offset = -1.8 MHz, T, = 2x10%, pulse
detuning = -1.6 MHz.
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In part (a) of Fig. 71, the experimental data is a little different from the theoretical
model in the throughput fitting, showing that there is some overlap of the nearby modes

and that leads to a disagreement between the theoretical calculation and experimental
data for the pulse response picture in part (b). Because x,X, >1, pulse delay is expected.

The experimental delay-bandwidth product value is calculated to be 0.043.

V.2.2. CPIA and pulse advancement with microsphere

Similar to CMIA, when the throughput has the shape of a deep dip, we have
coresonant polarization induced absorption (CPIA), and this phenomenon results in the
advancement of the incident resonant pulse. In this experiment, the microsphere radius is

again equal to 280 um and the scattering model is again used to fit the data.
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Figure 72. CPIA with 280-um-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 280 ns and an advancement of 13 ns, and model throughput pulse

(dashed black), with an advancement of 30 ns. Parameter values: M, = 0.78
(undercoupled), M, = 0.738 (undercoupled), Q, = 2.6x10’, Q, = 1x10% offset = 1.3
MHz, T, =5x10", pulse detuning = 0.9 MHz.
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In part (a) of Fig. 72, the throughput fitting is reasonable. Because x;x, <1,
pulse advancement is expected. The value T, =5x10""*means that cross polarization

coupling is negligible. That the measured advancement is a little less than the predicted
advancement in part (b) implies that the throughput pulse is not quite on resonance or the
off-resonant pulse is not really off resonance. The experimental advancement-bandwidth

product value is calculated to be 0.02 in this case.
V.2.3. CPIA and pulse delay with microsphere

Analogous to CMIA with microsphere, we can produce the pulse delay with
CPIA when working with microsphere.  All the experimental results and model
calculation are shown in Fig. 73 below. In this case, the microsphere radius is equal to

290 um and the rotational model is used to fit the experimental data.
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Figure 73. CPIA with 290-um-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 275 ns and a delay of 30 ns, and model throughput pulse (dashed

black), with a delay of 20 ns. Parameter values: M, = 0.87 (undercoupled), M, = 0.85
(overcoupled), Q, = 5.9x10° Q, = 8.6x10"; offset = 2.4 MHz, T, = 5x10™, pulse
detuning = -0.3 MHz.
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In Fig. 73, the experimental data is slightly different from the model calculation
because mode overlap makes it difficult to determine the off resonance throughput level.
Because x,X, >1, we have positive group delay and pulse delay is expected. The
experimental delay time agrees well with the theoretical calculation when the center
frequency of the throughput pulse is detuned -0.3 MHz from the resonant frequency of
the TE mode. If the center frequency of the throughput pulse is right below the bottom of
the CPIA dip, the throughput pulse will be split. This phenomenon requires more time to

do the experiment to get the desired observation, and this can be done in the near future.
The value T, =5x107"° means that cross polarization coupling is negligible. The

experimental delay-bandwidth product is calculated to be 0.048.

When doing the CPIT/CPIA experiment with a microsphere, we again have the
same problem as with the CMIT/CMIA experiment before, i.e., some overlap of the
nearby modes that affect the mode of interest. As a result, it is hard to find two strongly
over/undercoupled modes with very different quality factors for the experiment. So
switching from the microsphere to the hollow bottle resonator is also necessary for the

CPIT/CPIA experiment.
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V.3. Production of CPIT and CPIA with hollow bottle resonator

The experimental setup to produce the CPIT/CPIA throughput signal and the
pulse response with HBR is almost the same as CPIT/CPIA procedure used with
microsphere. The difference is that, the diameter of the HBR is now approximately 340
pum, and the alignment of the PA is now with the HBR basis. The process to measure the
dip depths, quality factors, and coupling regimes of TE and TM modes is the same as the

one used in the CMIT/CMIA experiment with HBR before.

V.3.1. CPIT and pulse delay with HBR

Since the cross polarization coupling effect depends on spatial mode overlap, we
can reduce CPC for the CPIT/CPIA experiment by offsetting the tapered fiber along the
axial direction of the HBR to a position with negligible CPC. Here are some
experimental results from the CPIT experiment with HBR and fitting the results using the

scattering model, and they are shown in Fig. 74.
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Figure 74. CPIT with 170-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 285 ns and a delay of 47 ns, and model throughput pulse (dashed

black), with a delay of 150 ns. Parameter values: M, = 0.61 (overcoupled), M, = 0.32
(overcoupled), Q, = 6.9x10°% Q, = 1x10% offset = -0.5 MHz, T, = 5x10™, pulse
detuning = -0.5 MHz.
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In Fig. 74, the transparency window has approximately the same width as mode 2.
Since both WGMs in Fig. 74 are overcoupled, XX, >1, so there is pulse delay. The
measured delay is 47 ns, but the model delay is 150 ns. The experimental delay-
bandwidth product is calculated to be 0.073. The disagreement probably comes from the
fact that the off resonant throughput pulse (in red) is not far off resonant and experiences
some delay. So the measured value is much less than the calculated value. Furthermore,

the overlap of the nearby modes can affect the properties of the mode of interest.

V.3.2. CPIA and pulse advancement with HBR

Similar to microsphere, we can produce the pulse advancement when the

throughput signal has the shape of a deep dip. All the results are shown in Fig. 75 below.
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Figure 75. CPIA with 170-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 370 ns and an advancement of 17 ns, and model throughput pulse

(dashed black), with an advancement of 25 ns. Parameter values: M, = 0.69
(undercoupled), M, = 0.64 (undercoupled), Q, = 1.8x10°, Q, = 1.19x10°% offset = 1.5
MHz, T, =5x10", pulse detuning = 1.3 MHz.
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In Fig. 75, both WGMs are undercoupled, x,Xx, <1, so there is pulse
advancement. That the experimental throughput pulse (in blue) is somewhat higher than
the theoretical calculation (in dashed) means that the resonant pulse is not really on
resonance or the off resonant pulse (in red) is not truly far off resonance. Since the

higher-Q mode has Q,= 1.19x10°, we have to widen the pulse width At, as in Section

IV.2.1.3 in order to ensure that the whole pulse experiences the same steep dispersion for
advancement. The experimental advancement-bandwidth product is calculated to be
0.02. The minor disagreement in the advancement time probably results from the
presence of another WGM in the experimental throughput trace. In this experiment, the

scattering model was used to fit the experimental data.
V.3.3. CPIA and pulse delay with HBR

Analogous to CPIA with microsphere, we can produce the pulse delay with CPIA
when working with HBR. The experimental results and scattering model calculations are

shown in Fig. 76.
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Figure 76. CPIA with 170-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 285 ns and a delay of 16 ns, and model throughput pulse (dashed

black), with a delay of 160 ns. Parameter values: M, = 0.36 (overcoupled), M, = 0.88
(undercoupled), Q, = 4.4x10", Q, = 4.1x10% offset = 0 MHz, T, = 5x10™, pulse
detuning = 0 MHz.
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In Fig. 76, the throughput fitting is rather good but there is still some overlap of
the nearby modes with respect to the mode of interest, resulting in the offset of the
resonant throughput pulse or the off-resonant throughput pulse not being truly off
resonance, leading to the disagreement between the measured and theoretically calculated

pulse response. The coupling regime product x,X, >1, so there is pulse delay. The

experimental delay-bandwidth product is calculated to be 0.025.

In another case, we can have a better agreement between the measured and
theoretically calculated pulse delays when fitting with the rotational model (when there is
no CPC and T = 0, the two models are equivalent, as described in detail in chapter VI).

All the results are shown in Fig. 77.
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Figure 77. CPIA with 170-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 275 ns and a delay of 27 ns, and model throughput pulse (dashed

black), with a delay of 70 ns. Parameter values: M, = 0.96 (undercoupled), M, = 0.23
(overcoupled), Q, = 8.4x10°% Q, = 1x10% offset = -1.8 MHz, T, = 5x10™, pulse
detuning = 0 MHz.

In Fig. 77, X,X, >1, so there is pulse delay. The experimental delay-bandwidth

product is calculated to be 0.043.
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CHAPTER VI

COMPARISON BETWEEN SCATTERING AND ROTATIONAL MODELS

In this chapter, we introduce a new model in which the cross polarization
coupling effect is treated as polarization rotation, not scattering. The equivalence of the
rotational and scattering models when used to explain the CPIT effect for the case of no
coupling and the CMIT effect for the case of nonzero coupling is specified. The
difference between the scattering model and the rotational model (for both forward and
reverse orders of the input data in the rotational model, since it assumes a particular sense
of rotation) when used to explain the CPIT effect for the case of nonzero cross
polarization coupling is also mentioned. Comparison between experiment and model
might allow us to determine which model better represents the physical CPC process; this
is a first quantitative comparison of the two models. The rotational model is expected to
be more realistic, because scattering would have to take place at a single point on the
circumference and have a probability two orders of magnitude larger than backscattering.
Also, previous experimental investigations [38, 39] seem to be more qualitatively

consistent with the rotational model.
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VI.1. Rotational model
The details for the scattering model were treated in Chapter Ill. Now we
introduce the new model in which the cross polarization coupling is treated as

polarization rotation. In the rotation model, the coupling matrix implicit in Egs. (5) and

ro it r, —t
(6) goes from ('ts rsjto (ts i S], as in Egs. (51) and (52) below. As illustrated in
I S S S S

Fig. 77, we assume that the polarization rotates clockwise in the TE-TM basis as the light
propagates in the microresonator. Thus after a round trip, a TE field component
generates a small positive TM component and a TM component generates a small

negative TE component.

TE(1)

Rotational direction

\

Input polarization

T™(2)

Figure 78. Polarization rotation in the TE-TM basis.

As before:
Erl = I’1Ef1 +it1Es11
Er2 = r2Ef2 +it2E52,
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where:

Ecl = itlEfl + rlEsl'
E., = itzEf2 +1,E,,.

Analogous to Egs. (5) and (6), the intracavity fields can be calculated as:
ol .
Esl = eXp{_T + |51}(rs Ecl _ts Ec2)’

E,, :exp{—%LH&Z}(r E,, +t.E,).

s —c2

Or:
Esl = el(rs Ecl - ts Ecz)'
EsZ = ez (rs EcZ +t Ecl)'
Now:

Ey =6t Eq +nrEy) - (ttEp, +LLE,))

ESZ = e2 [(itzrs Ef2 + rzrs Esz) + (itltsEfl + r-lts Esl)}

After a simple analysis, we end up with the intracavity TE and TM fields:

S

Elz%[itlel(r —re )]— [|t te

E E;,
E,, =#[it2e2(r —re)]+—= 5 it t.e,]

D=1-rrege —r,re, +nr,ee,.

(51)

(52)

(53)

(54)

(55)

(56)

(57)

Similar to Egs. (18) and (19), the intracavity fields can be written in terms of the

input fields and intracavity fields one round trip earlier:

’ 1A !/ ’
Esl = alEfl +b1Ef2 +C1Es1 +dlE52,

! [ [ !
Esz = azEfz +szfl +C2E52 +dzEsl-

130



Where: a, =it,r.e;, b, =—it,tee,, ¢, =rre,d, =-rte, a, =it,re,, b, =itte,,

c, =rre,, d, =nte,.

rls

Analogous to Egs. (24) and (25), we have two differential equations for the

intracavity fields:
. t it it t
Esl:_7/1Esl__sE52+_lEfl_AEf2’ (58)
rtl Z-rtl rtl
. t it it.t
Esz:_72E52+_SE51+_2Ef2+AEf1' (59)
Trt2 Trtz Trtz

Similarly, we have the first order differential equations for the throughput fields:

t2 tt,t

Er1:Ef1_71(Er1 I’Ef1)_ ol (B, —1LE¢,)— l Es+ Lz2s E:  (60)
2T Try Tra
. . tt, 22 Lty
E, =B, —7,(E, —LE)+—=(E,-nE{) - E:, - Eqn. (61)
172 Tr2 rt2
For constant E;, E, =it,E,, so from Eq. (58) we have:
. . t, .
Ey=-nEy——E,,. (62)
rtl
From (58) and (59), we have:
N A t, it it,t,
Esl:_71E51__{_72E52+_Esl+_2Ef2+1_Ef1}1 (63)
rtl rt2 rt2 rt2

SO,
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. it it.t
(Esl +7Eq _71Ef1 +28Ef2J
Tru Tru
.. . t V2 t
Eq=-7nEq—— : (64)
rtL Try
t it it,t
+—=E,+—2E,+E,
Tro Tro Tro

Or,

- . T, it it, T,
Eslz_(yl—'_yz)Esl_( +7172JE51+(1—}/2_1—]EH (65)

TruTro Tru TraTr2
it,t iv,t.t
_( 2s+7zzs E,,.
Trtlz-rtZ z-r'[l

Finally, we have:

it t

.. . T it
Es1+(71+72)E31+(—$+7172JE51:l—yzEn_ —Eq,. (66)

2 rtt T Tre2

This equation has the form of a driven damped oscillator; with E oc e* and

Eq, =E;, =0, justas in Eqg. (33) we have the characteristic equation:

TS
Z+(r+7)A+ (7172 + J =0. (67)
Tralri2
Similar to Eq. (35), we have the roots:
nty =) __T
11’2 - _ 1 2 + 1 2 _ S ) (68)
2 2 Tralrt2
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For T, >0, we have E, ~e™ and E,, ~e . But when y, =y,, we have

t Atiot

_ T t . . -
E, =e e, where o= *— ~— . At this point, the mode splitting starts to
Z-rtl’l-rtz Trt

occur, and the splitting is proportional to t .

Both the scattering model and the rotational model will be examined in detail in
the following sections.
V1.2. Comparison in the case of no CPC

For the scattering model, Egs. (55) and (56) become Egs. (7) and (8):

E, = lite,(r, —r,e)]-—2[t,te],
S D S D S

EsZ =

S0 it (r, — e - — L [tte, ]
D ® D s

Here, D is also given by Eq. (57), and the only difference between the two sets of
equations is in their second right-hand terms, involving ts.
For the scattering model: when Ts =0, we have it; =0, and rs = 1.

The intracavity fields are given accordingly:

it.e,

R re, a ©9)
E,, = 1i_t2:2ez E.,. (70)
The throughput fields are calculated as:
E, = lrl__rlzll E.. (71)
L= 1rz__r;22 E,,. (72)
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The detected field components are given by:
E., = COSyE,, +sin yE,,, (73)
E,, =—sin yE,, +COoSyE,,. (74)
For the rotational model: when Ts =0, we have t; =0, and rs = 1. As a result, we

get the same intracavity and throughput fields and detected field components as in Egs.

(69) through (74) above. In particular, for CPIT/CPIA experiments: & = 45°, we have

1 . 1
E.,=E,, =——,and y =45° we have cosy =sin y = —, SO:
f1 f2 2 14 14 NG
1 1 r—-e r,-¢
En=7=(E,+E,)=-(C—++2-2) (75)
o2t T 27-re, 1-re,
1 1, r,-e r,-¢€
Ea :_(_Er +Er ):_(_ . 1 + 2 2)' (76)
220 Tt T 20 1-re, 1-rge,

V1.3. Comparison in the case of CPC

For the scattering model: when T, = 0, we again have Egs. (7) and (8):

E, = lite,(r. —r,e,)]-—2[t,te],
S D S D S

E,, = —"[it,e, (r, - re)l-— [tt.e, 1.
S D S D S

The throughput fields are calculated as in Egs. (10) and (11) and the detected field

components are calculated as in Egs. (73) and (74), respectively.

For CMIT/CMIA experiments: =0, E;, =0, E;; =1,and v =0, so according

to Egs. (7) and (8) we have:

1.
Eq.= B[Itlel(rs —-1,e,)l, (77)
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1
Esz = B[_tltsez]'
The throughput fields are calculated as:
1.
En=n +B[_tl e (r; —re,)l,

1, .
Er2 = B[_ltltztsez]-

Finally, we end up with the detected field components:
1 =En,

E,,=E,.

a

(78)

(79)

(80)

(81)

(82)

For CPIT/CPIA experiments: 6 = 45° E,, =E,, =1/~/2,and y = 45°, so we

have:

1

E, it,e, (r, —r,e,)—t,t.el,
1 \/ED[ 11( 2 2) 2 l]

1

E it,e,(r, —re)—-tte,]
s2 \/ED[ 2 2( 11) 1 2]

The throughput fields are calculated as:

1

it, .
E,= E{n + Bl[|t1e1(rs —1,8,) _tZtSel]}'

Er2 1

Again, the detected field components:

al

E -1
2
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it, .
= E{rz + Bz[nzez (r,—ne)-tte, ]}

it, .
r +Bl[ltlel(rs —ne,)-t,te]

it, .
+r,+ Ez[nzez (r,—ne)-tte,]

(83)

(84)

(85)

(86)

(87)



it, .
1 -n- Bl[ltlel (rs - rzez) _tztsel]
E. =7 i - (88)
+I,+ Ez[itzez (rs - rlel) _tltsez]

For the rotational model: when T, = 0, we again have Egs. (55) and (56):

E. . Ei
Esl = %[Itlel(rs - rzez)]_f[ltztsel]f

E., . Eqor
Esz = %['tzez (rs - r1e1)]+ %['tltsez]-

The throughput fields are calculated as in Egs. (10) and (11) and the detected field

components are calculated as in Egs. (73) and (74), respectively.
For CMIT/CMIA experiments: €=0, E;, =0, E;; =1, and w =0, so according

to Egs. (55) and (56) we have:

1.
Eq= B[Itlel(rs —-1e,)], (89)

1.
EsZ = B[Itltsez]' (90)
The throughput fields are calculated as:

1
Erl =n +B[_t12el(rs —I,€, )]v (91)

E,, = %[—tltztsez]. (92)

And, the detected field components are again given:
Ea =En (93)
E,,=E,. (94)

For CPIT/CPIA experiments: 6 = 45° E,, =E,, =1/~/2,and y = 45°, so we
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have:

1 . :
E, =——[it,e (r; —1,e,) —It,t.e ],
1 \/ED[ 11( 2 2) 2 1]

1

E, it,e,(r, —re)+itte,]
2 \/ED[ 2 2( ll) 1 2]

The throughput fields are calculated as:

1
E.= E{rl

Er2: 1

it, . )
+ Bl[ltlel(rs —1,€,)— |t2tsel]}!

E{rz + I%2[it2ez(rs -ne)+ itltsez]}.

Finally, we end up with the detected field components:

al —

1
EaZ :E

it, . )
n+ Bl[ltlel (r, —r,e,) —it,te ]

it, . i
+r,+ Ez[ltze?_(rS -re)+itte,]

it, . .
—-n _Bl[ltlel(rs - rzez) - Itztsel]

it, . }
+r, + Bz[ltzez(rs —-re)+itte,]

(95)

(96)

(97)

(98)

(99)

(100)

From the above analytical results for CMIT/CMIA and CPIT/CPIA, we give some

remarks in the next section.
V1.4. Comments and examples

For the CMIT/CMIA experiment:

When T, =0, we do not have CMIT/CMIA.

When T, # 0, we have the CMIT/CMIA throughput signal. Since we have only

one component input, and we are looking at the parallel polarized throughput for E, , the
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throughput shapes for CMIT/CMIA for both scattering and rotational models are the
same no matter what the value of T, is. This can be seen in Egs. (79), (81) and (91), (93)
which are identical.
For the CPIT/CPIA experiment:

When T, =0, Egs. (87) and (99) are identical, so the CPIT/CPIA throughput
shape is independent of which model is used. Furthermore, the intracavity fields for the
scattering model and the rotational model are given, respectively, according to Egs. (7),

(8) and Egs. (55), (56) as:

_ Eri .

Eq= F[Itlel 1-re,)], (101)
_ Er .

E,, = F[ltzez 1-re)] (102)

We see that E . and E_, have the same form so switching 1 <> 2for TE and TM modes

does not affect the throughput shape.

When T, # 0, the intracavity fields for the scattering model given in Egs. (7) and

(8) have the same form, so switching 1<« 2for TE and TM modes does not affect the
throughput shape. The intracavity fields for the rotational model given in Egs. (55) and
(56) are different because a particular sense of polarization rotation has been assumed, so
switching 1<»> 2 for TE and TM modes affects the throughput shape, and they are
different from the intracavity fields for the scattering model as well. Those differences
are illustrated in Fig. 71 (scattering model) previously and Figs. 79 and 80 (rotational

model, forward and reverse) below.
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Figure 79. CPIT with 280-um-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 280 ns and a delay of 24 ns, and model throughput pulse (dashed

black), with a delay of 150 ns. Parameter values: M, = 0.47 (overcoupled), M, = 0.92
(overcoupled), Q, = 6.56x10° Q, = 8.8x10"; offset = 0.15 MHz, T, = 5x10™, pulse
detuning = 0.1 MHz.
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Figure 80. CPIT with 280-um-radius microsphere. (a) Experimental (black) and model
(blue) throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with
an input pulse width of 280 ns and a delay of 24 ns, and model throughput pulse (dashed

black), with a delay of 150 ns. Parameter values: M, =0.92 (overcoupled), M, = 0.47
(overcoupled), Q, = 8.8x107, Q, = 6.56x10°% offset = -0.15 MHz, T, = 5x10™, pulse
detuning = 0 MHz.
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In Fig. 71, the hybrid CPIT and CMIT throughput signal for the CPIT and pulse
delay experiment with microsphere has been fitted successfully with T, =2x107° by

using the scattering model but it was not fitted well when using the rotational model
either in the forward order (as in Fig. 79) or in the reverse order (as in Fig. 80) of the
input data such as quality factors Q, dip depths M, and coupling regimes of the modes.
These differences are accounted for by the dissimilar intracavity fields between the
scattering model and the rotational model in both forward and reverse orders. Those
differences lead to the unlike responses of the resonant throughput pulses, respectively.
Using the rotational model, to get the transparency feature to be as high as possible, the
CPC (T,) has to be minimized, and thus there is not really any difference between Figs.
79 and 80.

This problem happens again for the CPIT and pulse delay experiment with HBR
in Figs. 81 (scattering), 82 (rotational, forward), and 83 (rotational, reverse) below.
Again, for the rotational model, maximum transparency means minimum T, so Figs. 82

and 83 are identical except for the chosen offsets and pulse detunings.
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Figure 81. CPIT with 175-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 265 ns and a delay of 24 ns, and model throughput pulse (dashed

black), with a delay of 80 ns. Parameter values: M, = 0.78 (overcoupled), M, = 0.42
(overcoupled), Q, =8.7x10", Q, = 6.6x10°% offset = 1.2 MHz, T, = 10°, pulse detuning =
0.3 MHz.
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In Fig. 81, the experimental hybrid CPIT and CMIT throughput spectrum (in
black) was fitted by using the scattering computer model (in blue). The experimental

data can be fitted by the scattering model with the value of cross polarization coupling

strength T, =107°, but not quite as well with the rotational model in the forward order

with T, =5x107 as in Fig. 82 and in the reverse order with T, =5x107** as in Fig. 83

due to the difference in intracavity fields between the models. The experimental time
delay is smaller than all model calculations, meaning that the experimental off resonant
throughput pulse is not far enough off and still experiences some delay. For this
experiment, the HBR diameter is measured to be equal to 350 um, and the experimental

delay-bandwidth product is calculated to be equal to 0.04.
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Figure 82. CPIT with 175-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 265 ns and a delay of 24 ns, and model throughput pulse (dashed

black), with a delay of 120 ns. Parameter values: M, = 0.78 (overcoupled), M, = 0.42
(overcoupled), Q, = 8.7x10, Q, = 6.6x10% offset = -0.4 MHz, T, = 5x10™, pulse
detuning = 0 MHz.
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Figure 83. CPIT with 175-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 265 ns and a delay of 24 ns, and model throughput pulse (dashed

black), with a delay of 130 ns. Parameter values: M, = 0.42 (overcoupled), M, = 0.78
(overcoupled), Q, = 6.6x10° Q, = 8.7x10"; offset = 0.3 MHz, T, = 5x10™, pulse
detuning = 0.4 MHz.

In some cases, the throughput spectrum can be fitted well with both models;
rotational model with forward order of input data as in Fig. 84 or rotational model with

reverse order of input data as in Fig. 85 or scattering model as in Fig. 86 below.
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Figure 84. CPIA with 175-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 275 ns and a delay of 12 ns, and model throughput pulse (dashed

black), with an advancement of 25 ns. Parameter values: M, = 0.77 (overcoupled), M,
= 0.35 (undercoupled), Q, = 1x10°, Q, = 1.1x10"; offset = 2.5 MHz, T, = 1.6x10°, pulse

detuning = 0.4 MHz.
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Figure 85. CPIA with 175-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 275 ns and a delay of 12 ns, and model throughput pulse (dashed

black), with an advancement of 25 ns. Parameter values: M, = 0.35 (undercoupled), M,
= 077 (overcoupled), Q, = 1.1x10', Q, = 1x10% offset = -2.5 MHz, T, = 1.6x10%, pulse
detuning = -2.4 MHz.
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Figure 86. CPIA with 175-um-radius HBR. (a) Experimental (black) and model (blue)
throughput spectra. (b) Experimental input (red) and throughput (blue) pulses, with an
input pulse width of 275 ns and a delay of 12 ns, and model throughput pulse (dashed

black), with an advancement of 25 ns. Parameter values: M, = 0.77 (overcoupled), M,
= 0.35 (undercoupled), Q, = 1x10°, Q, = 1.1x10’; offset = 2.5 MHz, T, = 2.5x107, pulse
detuning = -14 MHz.
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In Figs. 84 and 85, the experimental CPIA throughput spectrum (in black) was

fitted by using the rotational computer model (in blue) with the value of cross
polarization coupling strength T, =1.6x107° and in Fig. 86, the experimental data (in
black) was fitted by using the scattering model (in blue) with the value of cross
polarization coupling strength T, =2.5x107". The fittings in Figs. 84, 85 and 86 are

almost the same, the main differences between those cases are offsets and pulse
detunings. For this experiment, the HBR diameter is measured to be equal to 350 um and
the responses of the experimental throughput pulses are different from the model
calculations meaning that the experimental resonant throughput pulses are not truly on
resonance or the off resonant throughput pulses are not really off resonance.

It seems that there is too much variability in the experimental results to decide
whether one model is better than the other. This means that we cannot confirm which
mechanism is responsible for cross-polarization coupling.  However, for our
CMIT/CMIA and CPIT/CPIA results, the models are equivalent, so for most of the work

presented here, it doesn’t matter.
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CHAPTER VII

CONCLUSIONS

In this chapter, a summary of this dissertation will be given. The topics include
EIT/ATS and EIA fundamental concepts, scattering and rotational numerical models used
to predict the experimental processes, two new experimental methods — CMIT/CMIA and
CPIT/CPIA — to produce the EIT-like/ATS and EIA-like features of the throughput
power spectrum with microsphere and hollow bottle resonator, the relations between EIT-
like/ATS throughput shape to slow light and EIA-like throughput shape to either fast
light or slow light, and the roles of the scattering and rotational models for fitting the
experimental data. Moreover, the achievements of this research project will be evaluated
and the problems remaining to affect the experimental CMIT/ATS/CMIA and
CPIT/CPIA processes will be discussed. The solutions for those problems in the future

and potential new applications of this project will also be mentioned.
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Since EIT was first proposed theoretically by a professor and a graduate student in
Gorky State University, Russia [44], people have been using many different methods
such as sweeping the resonances with tunable lasers [45], microresonator coupling [46],
or changing the excitation conditions [47], etc., with many types of materials such as
metamaterials [48], ultracold atomic gas [49], microcavities [50], and so on, to produce

the EIT-like effect of the throughput power.

EIT is defined as the destructive interference of two optical transition paths of an
atomic system resulting in the reduction of the probe absorption produced by a coupling
field. When the coupling field is acting on the atomic system and is greater than a critical
value, mode splitting occurs and EIT gradually switches into Autler-Townes splitting
(ATS). EIA can be accounted for by the constructive interference between the transfer of

population and transfer of coherence between two hyperfine ground and excited states of

an atomic system in which F; - F, =F, +1 with F; >0.

In our lab, EIT-like/ATS and EIA-like effects were studied both theoretically and
experimentally by several methods including coupled resonator induced transparency,
based on the evanescent coupling between two coresonant whispering gallery modes of
the same polarization of the two microspheres; coupled mode induced transparency,
based on CPC presumably arising from polarization rotation between orthogonally
polarized TE and TM modes inside the resonator due to the asymmetry of the
microresonator about its equator; and coresonant polarization induced transparency,

based on the superposition of two coresonant orthogonally polarized TE and TM modes.
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CMIT is a method which relies on the destructive interference between direct and
indirect excitation paths due to intermode coupling between coresonant modes of
orthogonal polarization, such as TE and TM, when one mode is driven at the input of an
optical system. This method is a new approach; most previous single-resonator induced
transparency observations involve coresonant modes of the same polarization but
different radial orders [50]. When the coupling is strong enough, mode splitting occurs
and CMIT becomes ATS. The split modes at lower and higher frequencies are symmetric

and antisymmetric combinations of TE and TM modes.

CPIT is a new approach to get a similar result to the two above methods, CRIT
and CMIT, but it was implemented in a different way. The input light is linearly
polarized at 45° with respect to the resonator’s basis and the throughput component
polarized parallel to the input is detected. The superposition of two coresonant
orthogonally polarized TE and TM modes (obtained either by coincidental searching or
by strain tuning the microresonator using the piezoelectric transducer) can produce the
EIT-like feature of the throughput power. Cross polarization coupling is not required in
this procedure as for CMIT/ATS but the coresonance between TE and TM modes is a

prerequisite for both methods.

Using a computer model to simulate the actual physical processes is desirable
before starting to do actual experiments in the lab. In this research project, we use two
computer models: the scattering model, in which the cross polarization coupling effect
between TE and TM modes is treated as scattering; and the rotational model, in which the
cross polarization coupling effect is treated as polarization rotation. These are used to

simulate the CMIT/ATS/CMIA and CPIT/CPIA processes. These plane-wave ring cavity
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models are greatly simplified in comparison to the actual evanescent excitation of cross-
polarization-coupled WGMs in a microresonator, but the models are realistic enough to

provide good fits to experimental results in most cases.

The microsphere provides a simple experimental research tool for both
CMIT/ATS and CPIT methods but it is hard to find two very different quality factor TE
and TM modes. Moreover, bringing these two orthogonally polarized modes into the
state of coresonance by compressing the microsphere is truly a challenge. Due to the
strong axial curvature of the microsphere, we can excite many axial order modes. This
makes the mode density denser and the overlap among the modes affects the mode of

interest and reduces the quality of the experimental results.

Switching from the microsphere to the hollow bottle resonator can partially solve
this problem. By thinning the HBR wall, we can easily find the higher-Q and lower-Q
modes needed for our experiment because the higher radial order modes will experience
more loss due to scattering with the internal surface of the HBR. More loss will result in
lower O modes. Coresonance between these two orthogonally polarized modes now
becomes easier to achieve; by stretching the HBR, these TE and TM modes will be
shifted at different rates and that is enough to bring them into coresonance. Since the
cross polarization coupling between TE and TM modes depends on spatial mode overlap,
by relocating the tapered fiber along the HBR axis, we can select the position of the most
CPC for CMIT/ATS and the least CPC for CPIT experiments. Due to the gentle axial
curvature of the HBR, the axial order modes are spread along the HBR axis, so fewer will
be simultaneously excited. This makes the mode density cleaner compared to that using

the microsphere. Furthermore, reducing the capillary diameter will help us to increase
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the free spectral range between the modes; the greater the free spectral range, the rarer the

mode density.

Pulse delay or pulse advancement, referring to the peak time of the pulse at
resonance relative to its off-resonant peak time, are forms of “slow light” or “fast light”
respectively. The amount of delay or advancement could be controlled by varying the
cross polarization coupling strength 7 between the orthogonally polarized TE and TM
modes for CMIT/ATS/CMIA, but doing so is very difficult. However, the amount of
delay or advancement can be controlled by changing the polarization angle of the input
light with respect to the resonator’s basis and orienting the throughput detectors as for
CPIT/CPIA. These are used to calculate the delay-bandwidth or advancement-bandwidth
products, which are fundamental parameters of capacity of an optical buffer [41]. In the
near future, the delay or advancement of the throughput pulse can be enhanced by
changing the polarization angle of the input light for CPIT/CPIA (proved by the
numerical model) or increasing the pulse width (proved by the numerical model) since
increasing the pulse width means reducing the bandwidth of the pulse. As a result, the
whole pulse will be centered more closely to the resonance frequency and experience a
larger dispersion slope. Larger steep dispersion means larger time delay or advancement.
However, this method has some drawbacks since we cannot increase the pulse width

indefinitely, and the relative (to pulse width) delay or advancement will be reduced.

For any method to produce slow light, large time delay and low loss are required.
For our CMIT/ATS and CPIT experiments, the transparency of the throughput spectrum
is still low and needs to be improved. The transparency seems to be hard to manage by

changing the cross polarization coupling for CMIT/ATS but it can be controlled by
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increasing the difference in the quality factors of the two orthogonally polarized TE and
TM modes in the case of CPIT, especially when working with the hollow bottle resonator.

A larger pulse delay (7,~210 ns) can be produced with a single high quality
factor and strongly overcoupled mode (Q = 1x10°, M = 0.05) and a larger pulse
advancement (7, = -40 ns) can be produced with a single high quality factor and

undercoupled mode (Q= 1x10°, M = 0.75) when working with a 175-pm-radius hollow
bottle resonator since the single mode can produce the larger dispersion (proved by the
numerical model), but for that kind of experiment the throughput spectrum does not have
the frequency filtering effect (high and low levels of the throughput power between on
and off resonance) as in the case of CMIT/ATS or CPIT for optical switching

applications.

In order to determine the true value of cross polarization coupling strength T, we
have to do the computer model fitting for the throughput power spectrum. The offset and
pulse detuning are known approximately from the experimental results, and they are
refined by the fitting process. After getting a good fit, the values of T, offset, and pulse
detuning are determined from the computer model. In this work, scattering and rotational
models have been used alternatively to fit the data. These two models are equivalent for
most of the experiment-fitting, except for the case of CPIT with nonzero T, due to the
difference in the intracavity fields of the two models. Since the throughput optical pulses
are noisy, we have to do a Gaussian fit for both off resonant and resonant throughput
optical Gaussian pulses so as to measure the pulse width and delay/advancement exactly.

The width of the input pulse in the model has been chosen to be equal to FWHM of the
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off resonant throughput optical Gaussian pulse. By comparing the relative positions of
the optical resonant Gaussian pulse with respect to the optical off resonant Gaussian
pulse, the delay or advancement time is determined. Below is a table summarizing the
results for most of our experiments with both microsphere and hollow bottle resonator.

The scattering model is a default, unless otherwise noted.
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Table 1. Summary of the experiment/model pulse delay agreement

Figure Effect Resonator E:fti gerg/ Mod(enl S()Jlelay T, (£ 25%)
48 CMIT Microsphere 8 10 2.82x10°
49 ATS Microsphere 32 13 1.4x10°
50 CMIA Microsphere -9 -25° 5x10°
51 CMIA Microsphere 27° 60 2x10°
63 CMIT HBR 42 40 2.24x10°
64 CMIT HBR 50 25 1.51x10®
65 ATS HBR 22 10 3.55x10”
66 CMIA HBR -13 -12 3.98x10™
67 CMIA HBR -11 -20 7.94x10™
68 CMIA HBR 73 80 7.94x10™
69 CMIA HBR 170 140 10™°
71 CPIT Microsphere 27° 80 2x10°
72 CPIA Microsphere -13 -30 0
73 CPIA Microsphere 30 20° 0
74 CPIT HBR 47° 150 0
75 CPIA HBR -17 -25 0
76 CPIA HBR 16° 160 0
77 CPIA HBR 27° 70° 0
79 CPIT Microsphere 24° 150° 0
80 CPIT Microsphere 24° 150° 0
81 CPIT HBR 24° 80 10
82 CPIT HBR 24° 120° 0
83 CPIT HBR 24° 130¢ 0
84 CPIA HBR 12 15°¢ 1.6x10°
85 CPIA HBR 12 15° 1.6x10°
86 CPIA HBR 12 0 2.5x10”

& Mode overlap affects off-resonant pulse.
® Nonzero T, ; rotational model.

¢ Rotational model.
9 Rotational model, reverse order.
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From Table 1 we realize that the major limitation of our experiments is not getting
the off- resonant pulse truly off resonance because of mode overlap. This leads to the
disagreement between the experimental pulse delay/advancement and model calculation,
in addition to distorting the throughput spectrum. For future work, we are trying to get a
cleaner throughput spectrum for CMIT/ATS/CMIA and CPIT/CPIA by using the smaller
diameter capillary, and to do more experiments with CMIA/ATS in order to produce fast
light at the critical point for the switching from CMIA to ATS. This effect helps to
increase the separation between resonant frequencies for the clockwise and
counterclockwise propagating light when a resonator based optical gyroscope is rotating.
Moreover, CMIT/CPIT can be used for chemical sensing, e.g., when the resonator is put
in contact with surrounding media with different analyte concentrations, the two WGMs
will be frequency-shifted by different amounts from their equilibrium positions. By
measuring the output intensity of the throughput spectrum at a fixed wavelength
(normally the resonant wavelength for IT when the resonator is not in contact with the
surrounding medium) and noting its variation under different conditions, the change in
output intensity can be determined. That change can help us to determine the
concentration of the analyte in the solution with high accuracy. In the near future, in our
lab, we will try to produce stopped light [51] by using the coupled resonator method in
which the separation between the resonators is controlled by a precise actuator and the
pulse response is observed, and also consider developing research toward observing
negative group velocity [52,53] by using a series of resonators in which each of them can

produce the pulse advancement.
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In general, this dissertation has brought to us fundamental concepts of EIT/ATS
and EIA, two new methods to produce the EIT/ATS-like and EIA-like features of the
throughput power enabling slow and fast light; CMIT/ATS/CMIA and CPIT/CPIA for
both microsphere and hollow bottle resonator, and two scattering and rotational computer
models used to fit the experimental data for both throughput power and the pulses.
Although the experimental data still have some disagreement with the model calculation,
the fitting was performed pretty well for both throughput spectrum and the pulses. The

fitting helps us to determine the cross polarization coupling strength T, off resonant

throughput pulse width and pulse delay/advancement directly from the model, and from
that point we have the new methods to improve the quality of the experimental data and

come up with the new research ideas.
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