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Abstract

Slow light and Whispering Gallery Mode Resonators are two interesting

and useful fields with applications in optical sensing and laser stabilisation
among others. Slow light can lead to long interaction times which are useful
in light-matter interactions such as sensitive non-linear optics. Whispering
Gallery Mode Resonators have small mode volumes and strong beam confine-
ment leading to high Quality Factors and intense trapped light. Whispering
Gallery Mode Resonators exhibit very narrow resonance linewidths which are
beneficial in frequency sensitive measurements.
This thesis uses a Praseodymium REI doped Yttrium orthosilicate crystal,
formed into a disc shaped Whispering Gallery Mode Resonator. The aim
is to design a setup which can be used to combine the two fields, slow light
and Whispering Gallery Mode Resonators, in an attempt to achieve ultra-high
Quality Factors and ultra-narrow resonance linewidths. The thesis details the
experimental mode coupling procedure learnt from a group at Max Planck In-
stitute for the Science of Light in Erlangen, Germany. The thesis provides a
foundation for Whispering Gallery Mode Resonator experimentation in the
Quantum Information group in Lund, where the thesis work was undertaken.
The resulting knowledge gained is applied to design a setup holder for use in a
cryostat, which provides the necessary temperatures to create slow light struc-
tures. Two beam alignment setups are constructed and used to couple into
the Whispering Gallery Mode Resonator at room temperature. The first of
the two setups (free beam) was difficult to operate and control over the beam
alignment and focal spot shape was poor. The resulting mode coupling had a
low efficiency. The second setup (fibre coupled) provided a more user friendly
setup with good control over the beam alignment and focal spot shape. Re-
sults using this setup were taken for a variety of wavelengths between 593.1
nm and 610.4 nm to investigate the effect of the ions wavelength dependent
absorbance, on the losses. Due to the low efficiency of the coupling in both
regimes it was not possible to isolate the cause. A mismatch of focal spot
size and shape is suggested as a potential area that introduces loss and there-
fore requires more extensive investigation. With improved beam alignment,
in addition to the focal spot geometry, it should be possible to perform the
absorbance measurements again in order to determine the contribution. Sug-
gestions for further measurements including the surface roughness and mode
simulations are made in an attempt to optimise the mode coupling regime to
be able to accurately estimate the Quality Factor of the Whispering Gallery
Mode Resonator. This is critical in order to observe changes in the Quality
Factor value at cryogenic temperatures, which can be attributed to slow light
effects alone.
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1 Introduction

Since the development of the laser in the 1960s many areas of research have benefited
from its unique properties of monochromaticism, directionality and coherence. Many
new technologies have been developed which incorporate lasers as well as many new dis-
coveries due to the use of lasers in research. The two areas discussed in this thesis and
described below; i) Slow Light and ii) Whispering Gallery Mode Resonators (WGMRs),
have been made possible through the invention of the laser. Slow light effects, resulting
from the generation of slow light structures as well as WGMRs, rely on the unique beam
properties that lasers provide. Both of these topics have beneficial properties of their
own which have uses in a number of different applications such as increased frequency
sensitivity. If the two topics could be combined it may be possible to enhance the char-
acteristic properties of both.

Electromagnetic (EM) waves are described by the phase (the individual sinusoidal com-
ponents of the wave) and the group (envelope of the wave resulting from all the phase
components) velocities. The phase velocity is defined by the refractive index of the
medium through which the EM wave propagates. If the refractive index of a medium is
constant then the group and phase velocities are the same. If the refractive index expe-
rienced by the EM wave, however, varies then the medium is known as dispersive, since
the EM wave becomes dispersed due to varying wavelength dependant velocities. If the
change in the refractive index experienced is rapid and positive, then the group velocity
will be significantly reduced, leading to slow light.

Slow light is defined as being several orders of magnitude smaller than the speed of light
in a vacuum, c. This great reduction in speed has been achieved in a variety of differ-
ent ways such as Electromagnetically Induced Transparency and Spectral Hole Burning
(SHB) and has lead to benefits in a variety of areas. Due to the longer propagation time
of the light there can be a longer interaction time between the light and atoms. This
means exceptionally sensitive non-linear optics experiments can be performed without
needing to use very high intensity lasers, which is currently required [I]. Another appli-
cation of slow light, due to the increased frequency resolution, is in the development of
more frequency sensitive interferometers, ultimately leading to improved optical sensing
devices [8].

WGMRs are specially shaped cavities which can be spherical, toroid or disc shaped, to
name a few. They, unlike conventional mirror cavities, rely on containing light within
them by total internal reflection. This results in low loss and high intensity, confined
light. WGMRs therefore have high Quality Factors (@Q-Factors), defined as the inverse of
the loss. WGMRs also have very narrow resonance linewidths making them very useful
for frequency sensitive applications. Due to the characteristic properties of the WGMRs,
high @-Factor, small mode volume and high intensity confinement they have also found
use in enhancing the spontaneous emission of ions in resonant cavities, where the en-
hancement is known as the Purcell factor [3], [4] .

This thesis aims to provide the foundation for an experiment to investigate slow light
effects in WGMRs. This experiment combines the field of slow light with the field of
WGMRs to see if the beneficial properties which they exhibit could be enhanced when
used in conjunction. The thesis combines existing knowledge of creating slow light struc-
tures, which are used in the quantum memory research at Lund University, with a Rare-



Earth-Ion (REI) doped WGMR. If it is possible to achieve record high @-factors and
ultra-narrow resonance linewidths, the QI group at Lund could benefit not only from the
increased knowledge in the combined fields but also from the application in, for example,
laser stabilisation. The latter is achieved by optical feedback where the WGMR would
provide a more precise frequency as a reference due to the decreased linewidth.

1.1 Aim of the Thesis

Spectral Hole Burning (SHB) relies on targeting a spectrally selective material with a
narrow frequency laser in order to create a transmission window in the materials absorp-
tion profile. When a narrow transmission window is created a sharp and positive change
in the refractive index results. This feature is known as a slow light structure since when
a light pulse passes over it, its group velocity will be significantly slowed down. This
‘slow light’ therefore takes a longer time to propagate which could result in changes to
the @)-factor of resonators, due to increased photon lifetime.

WGMRs are a family of resonators which have been found to have high @-Factors,
that is to say that they have low optical loss since the ()-Factor is a measure of the inverse
loss per optical cycle. A cavity can have a number of different loss mechanisms which,
when all considered together, give the total resonator loss. When coupling to WGMRs
it is possible to measure the @-Factor by studying the linewidth of the mode or modes
coupled to. The @Q-Factor is related to the linewidth by @) = 3> where v is the resonant
frequency and Jv is the linewidth, in Hertz. Subsequently it becomes clear to see that as
the linewidth increases, the value of the Q-Factor decreases. The linewidth depends on
the losses; therefore, if the cavity losses can be reduced, it is possible to achieve a more
narrow resonance linewidth. It is also possible to express the ()-Factor in terms of the
photon lifetime, 7 , using the following expression; () = w7 , with w being the angular
frequency. It is therefore possible to increase the @-Factor by extending the time the
photon spends in the cavity.

This thesis presents the preliminary investigation and experimental design in order to
pursue an investigation into slow light effects in WGMRs. Since the slow light structures
created from SHB can lead to increased photon lifetime in a cavity it is interesting to
see whether it is possible to achieve record narrow resonance linewidths. Consequently
it is therefore perhaps possible to achieve a record high @-Factor. The thesis aims to
design a setup which can be used to perform SHB in a WGMR. The thesis presents
theory on both topics and experimental mode coupling performed at room temperature.
The techniques used and the results obtained provide the information and experience
required to perfect the final experiment. The thesis also aims to act as a reference for
future use in the QI group in Lund, since WGMRs have not been studied or used in it
before. The thesis therefore includes details needed for others who will follow, especially
with consideration on how to experimentally couple to a WGMR. Due to the absence of
WGMR research in the QI group, collaboration with a group at the Max Planck Institute
for the Science of Light in Erlangen, Germany (MPL), who have extensive experience in
the field of WGMRs research, was undertaken. Chapter 3 describes the experimental



coupling procedure as performed at MPL in great detail so that it should be possible for
readers of the thesis to replicate it.

1.2 Outline of the Thesis

This thesis is divided into 8 chapters. Chapter 2 presents the theory of REI doped crys-
tals and the manipulation of their absorption profiles to generate slow light features. It
continues onto explaining the theory of WGMRs including mode structure and volume,
determining the Q-Factor and how to achieve coupling into the modes. Chapter 3 then
presents the experimental procedure to mode couple into WGMRs from initial exper-
imental work done at MPL. How to characterise the WGMR, such as experimentally
determining the Free-Spectral Range (FSR), the Q-Factor and coupling efficiency are
also presented in this chapter. Since the thesis aims to combine SHB and WGMRs, the
use of a cryostat will be required, as is explained in chapter 2. Chapter 4 therefore out-
lines the requirements for performing mode coupling, followed by eventual SHB, within
a cryostat. The experimental geometry and individual components of the coupling setup
are discussed, culminating in the proposed design of a holder able to fulfil the necessary
requirements. Chapter 5 gives an overview of the two different experimental setups used
to couple light into the WGMR. Chapter 6 presents the results from the two methods
used for coupling into the WGMR and problems encountered with their operation. All
the results are taken at room temperature and form a preliminary investigation into cre-
ating a suitable setup for the future experiment. Chapter 7 provides a conclusion of the
main points that can be drawn from this project and an outlook for future considerations.



2 Background

This section provides the theory required to follow the main text of this thesis. It is
divided into two main sections; firstly covering the REI doped crystal and its properties
and manipulation of them; secondly, WGMRs are introduced and some of their key
properties are discussed in further detail. Although SHB is not performed as a part of
this thesis, the aim of it is to provide the foundation for investigating slow light effects in
WGMRs. Since SHB leads to the creation of slow light structures it is a necessary area
of theory to cover in order to gain a clear overview of this work and of experiments that
will stem directly from it. The chapter begins with details of the properties of the doped
crystal used to fabricate the WGMR and presenting information about the energy level
structure of the dopant. It then continues to explain how the dopant can be optically
manipulated in order to create holes in the absorption profile, which ultimately lead to
structures which cause the group velocity of a passing light pulse to be slowed down. The
second section is devoted to WGMR theory starting with the method of light confinement
in them and followed by key features and properties of them which are useful to know
and are also used in later chapters of the thesis.

2.1 Creating Slow Light Structures

Light travelling in a vacuum is undisturbed by the presence of matter [] When light
propagates through matter, however, it experiences a reduction in speed. This is because
a change in the phase velocity of the light occurs. The refractive index, n, of a medium
describes the ratio between the speed of light in a vacuum, ¢, and the phase velocity of the
light in that particular medium. The refractive index of a medium can vary depending on
the frequency of the light propagating through it, resulting in different phase velocities
for different frequencies, an effect known as dispersion. Media which exhibit this property
are known as dispersive. Dispersive media can also impact the group velocity of a wave
since it is dependent on how the refractive index changes with respect to the frequency.
It is also possible to slow the group velocity of light if it experiences a region with a
rapid and positive change in the index of refraction. When this occurs it is called ’slow
light’. The following sub-chapter gives the reader a background of the doped crystal used
for the WGMR and leads onto the process of SHB. It culminates in a brief conclusion
of how the result of SHB creates structures which lead to the above described, "slow light’.

2.1.1 Praseodymium Rare-Earth-Doped Crystal

This thesis uses a Praseodymium REI doped Yttrium orthosilicate (Pr3* : Y55i05) crys-
tal, also known as Pr:YSO. It is the embedded REIs which are targeted and manipulated.
The ions are used due to their favourable properties, e.g. their long excited state coher-
ence time. It should be noted, however, that these properties can only be achieved at
liquid helium temperatures, i.e. <4K since decoherence mechanisms are strongly effected
by crystal lattice phonon effects above these temperatures. For this reason it is necessary

'However there can be exceptions to this statement, e.g. in the case of gravitational lensing.



for the doped crystal to be contained within a cryostat for experiments.

The REI, praseodymium, exhibits hyperfine electronic state splitting. The size of the
hyperfine splitting is additionally effected by the crystal in which the ions are embedded
via the Stark effect. There is also ion-ion interaction via the second-order hyperfine and
quadrupole interaction which lead to additional distortions in the hyperfine energy level

separations [2].

Figure illustrates the hyperfine energy
level splitting of the transition 3H; to 'D,
for Pr3t : Y55i05, the crystal from which
the WGMR is fabricated. The lower three
levels are the ground states and the upper
three are the excited states. Between all of
the 6 hyperfine energy levels there are a to-
tal of 9 possible transitions. Each of these
transitions has its own probability for absorp-
tion or transmission, known as the oscillator
strength, and these values are given in fig-

ure [I|(b).

The crystal structure leads to the ions end-
ing up in two possible sites known as site 1
and site 2. Site 1 has the wavelength of
605.813 nm whereas site 2 has the wavelength
of 607.770 nm. The majority of the ions
are located in site 1 (circa 90%) and therefore
all the experiments will be performed around
605.813 nm, excluding the initial coupling pro-
cess discussed in chapter 3, from which no
formal results were taken.  The host crystal,
YSO, is optically transparent around this wave-
length.

a 4
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46 MHz 75— 'Da(1)
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Figure 1: (a) Diagram of the hyperfine
energy levels of praseodymium, where the
three lower levels are ground levels and
the three upper levels are the excited lev-
els. (b) a table of the oscillator strengths
of the praseodymium ions for the 9 possi-
ble transitions between its hyperfine lev-
els. The figures are taken from the PhD
thesis by L.Rippe.[5]



2.1.2 3-Level System

|[aux>

Figure 2: An illustration of the 3-level system of a praseodymium ion. | g > represents the hyperfine
ground level being cleared by a driving laser frequency vy. | e > represents one of the upper three excited
levels which lies vy away from | g >. | aux > collectively describes the remaining hyperfine ground levels

of the ion.

Here a more generalised view of the ion transitions is considered using a three level sys-
tem, as indicated in figure [2 instead of six as described previously. This simplification
is presented since when considering SHB, one transition is driven by a laser frequency
equivalent to v9. The de-excitation occurs according to the oscillator strengths presented
in figure 1| (b), to all the hyperfine ground states. To achieve SHB the driven transition is
cleared and so for simplification the 3-level system shows the de-excitation from | e > to
| aux >, which describes the remainder of the hyperfine ground levels. Figure [2|illustrates
a hyperfine ground level , | ¢ >, an auxiliary level, | auz >, which collectively describes
the other hyperfine ground states and an excited state, | e >, which can be any one of
the upper hyperfine levels. It is possible for the atom in the hyperfine ground state | g >
to absorb a photon with an optical frequency equal to vy and be excited up to the excited
state | e >. Subsequently it can decay from | e > to either of the lower levels | g > or
| auz > by two different methods, spontaneous or stimulated emission. When the state
decays it emits a photon with a frequency that corresponds to the transition [7]. Due to
the lifetime, T, of the excited state, which is the time it takes for spontaneous emission
to occur, homogeneous broadening occurs in the transition spectrum [7]. This gives a
transition line width known as the homogeneous line width, I',, which is described by
equation . From this relationship it can clearly be seen that if the lifetime is long then
a narrow line width will result.

Homogeneous linewidth:
1

T T

where T is the lifetime of excited state. (for spontaneous emission to occur).

Iy



2.1.3 Inhomogeneous Broadening

We now have an understanding of the light-matter interaction undergone when consider-
ing one of the Pr3* ions in the crystal. Let us now consider multiple embedded ions to
gain a picture of the entire crystal. The ions are distributed throughout the host crystal,
which is in turn illuminated by laser light corresponding to the transition between | g >

and | e >.

If all the ions have the same transition fre-
quency, a single line width, I'p, will describe
all of the ions transitions. In reality no crys-
tal is perfect and the ions embedded within
it are not regularly, but randomly, distributed
throughout it. As a result, each of the
ions will experience a different local environ-
ment.  The numerous local environments dis-
tort the energy level separations of the ions lead-
ing to a range of different transition lines. All
the ions in the crystal are therefore collectively
described by several homogeneous line widths
which leads to a broadened line shape known
as the inhomogeneously broadened line width,
Finh-

The homogeneous line widths are normally a
few Hz, however, by comparison the inhomoge-
neous line width is in the GHz range, [7]. Fig-
ure [3[(a) illustrates the ions in the crystal host
where the distortions of the grid represent distor-
tions of the local environments. FEach ion, with
a differing homogeneous line width, is represented
by a different colour. In figure [3(b) the cor-
responding homogeneous line widths of the ex-
ample ions can be seen and lie under the in-
homogeneously broadened line width which de-
scribes the full frequency range of the ions tran-
sitions.

2.1.4 Spectral Hole Burning

- — L'inn

Absorption &

- <_]‘_‘k1

|

Frequency

Figure 3: (a) Ilustrates the embedded
ions, coloured green, red and blue, em-
bedded in a crystal host.
boxes indicate the distortions which oc-

The uneven

cur leading to different energy level tran-
sitions. (b) Illustrates the homogeneous
linewidths of the ions, in red, yellow, green
and blue. The black curve represents the
shape of the in-homogeneously broadened
linewidth due to the spread of homoge-
The fig-
ures are taken from the PhD thesis by
L.Rippe.[5]

neous linewidths of the ions.

Since the inhomogeneous line width envelopes a range of narrow homogeneous line widths
the result is a spectrally selective material. This means that it is possible to use a narrow
line width laser to excite only a small selection of ions in the material if their frequencies
match. It is due to the spectral selectivity of the inhomogeneous line width that it is

possible to perform SHB.



Consider the ions whose transition from | e > to | g > is equivalent to a frequency
vo. If these ions are illuminated by a laser with frequency vy, they will become excited.
Once in the excited state they can spontaneously decay to one of the available hyper-
fine ground state levels by a particular probability, presented previously in figure (b)

Let us assume for the sake of ex-
planation that the decay of the
excited electron is on the transi-
tion | e > to | aux >. The elec-
trons in the | aux > state can no
longer be excited back up to the |
e > level since the laser frequency
does not match the | aux > to
| e > transition.

When all the ions in level | g >
have been excited to | e > and
subsequently decayed to | auzr >
there are no longer any electrons
available to absorb the photons
from the laser beam. This lead
to a transmission window at the
frequency 1y which, when viewed
as part of the absorption spec-
trum of the material, is seen as
a hole since no absorption can oc-
cur there any more.

2.1.5 Slow Light

-

Absorption

Vo Frequency

Figure 4: A sketch of the in-homogeneously broadened
linewidth of praseodymium ions with a spectral hole at fre-
quency, vg. A transmission window has been created in the
absorption profile due to pumping of the transition equivalent
to vg, by a laser. The figure is adapted from one in the PhD
thesis by L.Rippe. [5]

A spectral hole is an example of a slow light structure, a structure which modifies the
group velocity of a pulse such that it is greatly slowed down. Figure |5|illustrates a pulse
of light, where the phase, v, and group, v, velocities are marked. Slow light is defined as
light whose group velocity is much slower than that of the velocity of light in a vacuum, c.



Pulse envelope which
propagates with pulse

group velocity \

Pulse frequency components
which propagate with
individual phase velocites

Figure 5: A sketch of the phase, vp1, V2, 1, and group velocities, v, of a pulse of light.

When a spectral hole is created which exhibits a region outside it where the absorp-
tion is very high e.g. aL = 80 and inside it is close to zero, a strong dispersion results [6].
The change in the absorption over the narrow spectral range, due to the hole creation,
brings about a change in the refractive index over the narrow region. If the refractive
index change is rapid and positive it leads to an extremely low pulse group velocity, i.e.
Slow Light. This is the case for narrow holes created in SHB. Figure [f] illustrates how
the index of refraction varies over a narrow spectral hole.

B Index of
Refraction

Absorption (al)

Frequency (MHz)

Figure 6: A sketch of the change in refractive index over a narrow spectral hole, resulting from spectral
hole burning.
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The relationship between the change in refractive index and group velocity index is
given by equation ([2) where ng is the group index, n,, is the phase index and w is the angu-
lar frequency. A small group index corresponds to slow light. The derivative of the group
index gives a large contribution to n, since the slope is steep. This arises due to the hole
creation being over a narrow spectral region. Additionally equation is given which de-
scribes the relationship between the group index and the time delay of the light pulse, []].

2.2 FEvanescent Waves

Evanescent waves are used to achieve mode coupling in the experimental portions of this
thesis work. Here a brief introduction to some of their properties and how they arise are
given.

Snell’s Law:
n18ind; = nesinbsy (4)

First we should consider TIR which can be described using Snell’s Law. Typically this
law is used when considering refraction of a beam which occurs at the boundary of two
media with differing refractive indices, n; and ny. If the beam propagates though the first
medium, n,, where n; > ns, it will be deflected away from the normal to the boundary
upon entering the second medium, ns. Of course this is not true for all angles of the
incident beam. Figure m(a) shows how the refracted angle, 6,., varies with respect to the
incident angle, #;. For each of these angles, #;, the refracted beam continues propagation
through the second medium, however at a certain angle, -, known as the critical angle,

this is no longer the case.
\ \
5
n>n, | n,>n, \ n>n,
[ |
g |
\
B, s |

N ”)/P TN

0! \BCA
|
\
Refraction Critical condition Total internal reflection
for 8i> GC

Figure 7: from left to right; (a),(b) and (c). (a) an illustration of refraction of a beam from a high to
low refractive index. (b) an illustration of the critical condition as defined by Snell’s Law. (c) illustrates
total internal reflection at a boundary from a high to low refractive index. The beam is reflected back

into the first medium at the same angle it was incident with.
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Figure [7[(b) illustrates the critical condition. Figure [fj(c) illustrates that for angles
greater than 6., TIR occurs. Although the beam is now reflected and no longer refracted
along a path within the second medium, waves are still present in the second medium.
These are known as evanescent waves, [9J]

Critical Condition:

Using electromagnetic wave formalism it is
possible to more precisely describe the na- A
ture of evanescent waves. Since no detailed
mathematics of the evanescent field is done
as a part of this thesis, however, only some
details of it will be discussed here. The
reader is welcome to find a more in depth
description of evanescent waves in the book
by F. de Fornel, [9]. Figure |§ shows how
the electric field of the evanescent waves in
the second medium decays exponentially.

From this decay profile it is possi-
ble to extract the penetration depth of
the evanescent field which, as per fig-
ure [ is the distance at which the elec-
tric field at the boundary, Ey, is divided
by e.

Figure 8: A sketch of the exponentially decaying
evanescent field as a function of distance, z (perpen-

dicular to the boundary from where TIR occured).[9]

Penetration Depth of Evanescent Field:

4, = A (6)

v 2m/n2sin?0 — n3
where; 6 is the angle in the prism leading to TIR, n; is the refractive index of the first
medium, ny is the refractive index of the second medium and X is the wavelength of the
incident beam.

The evanescent field transports an average energy equal to zero. It is therefore not
possible to detect evanescent waves directly. If the system from which the evanescent field
is perturbed then the evanescent wave value, at a particular point, can be determined.
This occurs as a result of the transformation of the evanescent wave into a propagative
one. This process is known as frustrated total internal reflection (FTIR) and it forms the
basis of evanescent coupling into WGMRs, as will be discussed in more detail later.

2.3 Whispering Gallery Mode Resonators

An optical cavity, or resonator, is a device which confines light and allows particular
frequencies to resonate. An optical cavity normally consists of at least two, sometimes

11



more, mirrors off which light is reflected and contained within a closed loop path. The
optical path length of the enclosed light depends on the cavity geometry. If it is an integer
multiple of the wavelength of the light confined then constructive interference can occur.
This results in a preferential build up, or resonance, of that particular frequency and this
is known as the resonance condition.

The Fabry-Perot (FP) resonator is an example of an optical cavity and consists of
two planar mirrors in-between which light is reflected, experiencing some loss in each
round trip. Light which is coupled into the FP resonator is largely reflected off the first
mirror, limiting the amount of light that can be trapped inside the cavity. Instead of
mirrors it is possible to use dielectric materials, where the light is totally internally re-
flected at the boundary between it and the surrounding medium provided the dielectric
has the higher refractive index. A Whispering Gallery Mode Resonator (WGMR) is an
example of the latter, where light is confined along the inner edge due to the curvature
of the cavity. Light can be coupled into WGMRs by means of an evanescent field which
results in greater light confinement since the incident light is not reflected off the surface.
WGMRs therefore have higher light intensities compared to FP resonators. WGMRs
exist in several geometries such as spherical, microtoroidal and disk.

Whispering Gallery Modes where first explained in acoustic waves, by Lord Rayleigh,
from his observations at St.Pauls Cathedral Whispering Gallery in London, circa 1910
[T1]. It was not until 1961 ,[10], however, that Whispering Gallery Modes (WGMs) where
observed in optics. Since the confined light is directed by total internal reflection (TIR)
it experiences much lower loss than reflection off mirrors in conventional cavities. As
a result WGMRs have very high Q-factors, in the region of 10!, [I12] compared with
a Fabry-Perot cavity with Q-factor 5.6 x 10°, [I3] This also means that WGMRs have
narrow resonance linewidths, high light energy and long photon lifetime. This has lead
to their use in frequency stabilisation, sensing and optical filters, to name a few.

This chapter seeks to define the characteristics of WGMR modes as well as explaining
the coupling procedure theoretically. Experimental coupling and characterisation meth-
ods will be discussed in chapter 3.

2.3.1 Whispering Gallery Modes

We will begin by considering WGMs using the ray optics formalism. Snell’s law has pre-
viously been mentioned along with the critical condition required before TIR can occur.
The WGMR is a specially shaped dielectric resonator. If we consider a ray incident on
the boundary of a dielectric, from within it, at an angle > 6. then the ray will be totally
internally reflected. Figure [J] shows a two-dimensional sketch of a circular cavity with a
confined light ray.

12



Closed loop after Mismatch after

one round-trip so one round-trip so
resonance it does not satisfy
condition satified the resonance

- amode condition

Total
Internal
" Reflection

Figure 9: Mode structure in a Whispering Gallery Mode Resonator using the ray optics formalism.
The blue line illustrates a beam whose optical path after one round trip, creates a closed loop and is
therefore able to resonate in the cavity. This is a supported mode. The red line illustrates a beam which
does not form a closed loop path and therefore does not resonate in the cavity. This is not a supported

mode.

The light ray meets the cavity edge at an angle > 6. causing it to be TIR but due
to the circular shape of the cavity a small portion of the wave can leak out. This will
be considered in more detail in section 2.3.4. The circular shape also means that the ray
repeatedly meets the edge at the same angle, > 6., and is therefore contained within the
cavity. This means that the ray is guided along the circumference experiencing Ng re-
flections until it overlaps with its original starting position. Depending on the frequency
of the light, if after a round-trip the ray is in phase again a standing wave resonance will
occur. This is what is known as a Whispering Gallery Mode, [11].

For low order, fundamental, modes it is possible to use an approximation for the res-
onance condition. This is because if N is sufficiently large it can be assumed that the
round trip path of the light ray is close to the circumference of the circle, [I1].

2.3.2 Mode Structure

The ray optics description allows a basic and more intuitive understanding of WGMs.
WGMs do not just exist confined along the inner rim of WGMRs, however, but higher
order WGMs are found further inside the resonator. To gain a full understanding of
WGM structure it is necessary to turn to the EM wave description. However since it
will not be delved into in any great detail the reader is able to find a more extensive
description in the Review by Harald Schwefel [14].
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In WGMRs there are three dimensions to consider, the radial, the polar and azimuthal.
Figure [10| shows the directions in which the modes are defined as well as examples of the
mode structure through a slice of the WGMR. Note that the polar (or axial) radius of
curvature is defined as p in the figure however throughout this thesis, r, is used instead.

Analytical Numerical Numerical Comparison
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Figure 10: Schematic of the mode structure using the electromagnetic wave formalism. The spherical
coordinate system in the Whispering Gallery Mode Resonator is illustrated on the left and on the right
the electromagnetic field distribution is shown for some example values of the mode numbers defined as
m,p and ¢. m is the number of wavelengths around the WGMR equator, p is the number of nodes in the
polar direction and ¢ is an integer solution of the spherical Bessel functions. The mode number notation

in the main body of the thesis does not match the letters used in this figure but they are equivalent.[14]

WGMs are described using three parameters, [, m and ¢, which are used for the polar,
azimuthal and radial modes respectively. 2/ gives the number of maxima in the azimuthal
direction and to calculate the number of maxima in the polar direction one uses [-m+1.
The mode number ¢ defines the maxima in the radial direction. From the above parame-
ter relationships it is possible to see that the fundamental mode is described as g=1 and

[=m, where | and m are very large numbers. Modes with ¢ >1 exist deeper within the
WGMRs.

2.3.3 Mode Volume

Here the mode volume is presented since it will be used to estimate the spot size of the
fundamental mode of the WGMR. WGMRs exhibit small mode volumes and long con-
finement times and as a result, high intensities can be achieved in them. It is possible
to determine the mode intensities by calculating the approximate mode volume given
by equation . It should be noted that this equation has been derived for a spherical
WGMR type, however, the WGMR used in this thesis is disk shaped. The thickness
of the disk is therefore a limiting factor when considering the mode volume using this
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approximation.

I
Vojp = 3.4m2 (—) IsvVi—m+1 (7)

2mn
where Vs¢ is the effective mode volume, A is the wavelength, n is the refractive index,

and m and [ are the previously defined mode numbers, [11].

mnd
| = —
3 (8)

If the resonator size is large compared to the wavelength then the 1 number can be
estimated using equation (8)).

2.3.4 Quality Factor

B Stored Power

Q= (9)

PowerLoss

There are several mechanisms contributing to the total loss in WGMRs. Depending
on the material chosen for the WGMR, the geometry or the coupling technique, certain
mechanisms can dominate over others. The @-Factor is often used to give an indication
of the loss of a WGMR since it is defined as the ration between the stored energy and
the lost energy, as described by equation @

2F1
Q=3

where; F' = finesse, A = wavelength and L = length of resonator (approximated circum-
ference).

(10)

FSR
F=3x (11)
o Ao W
@= AN Av (12)

where; \g = wavelength of a resonance, A\ = is the resonance linewidth, 1y and Av are
the same but in terms of optical frequency.

It can be calculated in several different ways as shown in equations , and .
Equation (10]) uses the Finesse, defined in equation ([11)), which therefore relates the @-
factor to the free spectral range (FSR) and the resonance linewidth, AX. The @Q-factor,
FSR and resonance linewidth are important terms in the characterisation of WGMRs.
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Due to the nature of the results obtained experimentally it is easier to determine the Q-
factor using the relation given in equation ([12]). This is because it is possible to measure
the resonance frequency and its full width half maximum (FWHM) linewidth quite sim-
ply. It is this method which is used to experimentally determine the ()-factor throughout
this thesis.

Estored 271—”01—17"15
Q = W =

PZOSS ]
where; P, = power lost per cycle, w = angular frequency, 1y = optical frequency,

FEgoreq = energy stored per cycle, T,; = round trip time in cavity and I = relative power
loss in each round trip.

(13)

Equation gives an alternative perspective on how the @)-factor can be determined.
If we focus on one feature of the equation alone it is possible to draw some conclusions
about how the )-factor can be varied. The round trip time in the cavity is straightforward
in that it considers the confinement of the photon in the cavity. The fundamental modes
are those with the highest @-factor and that can be seen directly from equation ((13)).
The fundamental modes travel more or less along the circumference of the resonator and
therefore have the longest optical path lengths. This obviously means that they spend
more time in the cavity than other modes, if they all propagate with the same speed.
If we now consider the photon confinement, not by path length, but by speed of the
propagating light it is possible to see how slow light effects can result in an increased
Q-factor, and in turn lead to a narrowed resonance linewidth. If we consider that a slow
light structure has been created and that a light pulse has passed over it resulting in a
reduced group velocity. This light then propagates along the path of the fundamental
mode of the resonator, where the resonator size has remained constant. This light then
spends longer taking the same optical path as before a slow light structure was created.
The light is then confined for an increased time, therefore leading to a larger ()-factor
value. Then if we return to equation ((12)) it is possible to see that, for a fixed mode
position (in terms of wavelength) the linewidth must decrease to compensate for the
change in @) value.

11 L 1 L1 (14
Qtotal Qmaterial Qradiative qurface scattering Qcoupling

Let us return to the general consideration of the ()-factor now. It has been defined in
terms of different properties but we have not yet considered the specific loss mechanisms
from which it is determined. There are five loss mechanisms in WGMRs which are; ab-
sorption in the material, scattering in the material, surface roughness and dirt, curvature
of the WGMR and coupling. Depending on the material chosen for the WGMR the loss
due to material absorption will lead to a fundamental limit for the WGMs regardless of
the shaping and polishing of the resonator. It is therefore good to choose a material with
low absorption loss where possible. The presence of ions introduces a source of loss both
in absorption (depending on the wavelength used experimentally of course) and also in
scattering (Rayleigh). It is not possible, however, to avoid this for the given investigation.
Equation (14) [14] gives the total Q-factor for a WGMR due to the contributions from
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its loss mechanisms.

The first three terms of equation are internal properties of the WGMR. The cou-
pling component is due to how efficiently the energy from the incident beam is coupled
into a particular mode (or modes) and can be broken down into mode matching as well
as evanescent field overlap. Firstly the material loss will be considered.

As mentioned previously this is due to absorption as well as bulk Rayleigh scattering
in the medium. It is one of the more significant contributors to loss in WGMRs other
than surface scattering. It can be calculated as follows:

4.3 x 103 21
material ~ T 5 1 15
Quaterin ~ == (15)

where [ is the attenuation in dB, n is the refractive index of the WGMR and A is the
wavelength propagating in it. [I§]

3NR
urface Scattering ~ S 5755 5 16
QS f; Scatt g 8n7T2B20'2 ( )
where; R is the radial radius of curvature, B is the correlation length and o is the surface
roughness. [12]

The radiative loss arises from the shape of the resonator. Since ideal TIR is considered
for planar boundaries only, when TIR occurs on a curved surface not all of the light is
reflected. A small portion of light leaks out at every TIR along the curved surface of the
WGMR. For larger resonators the contribution due to radiative losses is quite small and
equation can therefore be used to approximate the loss it contributes. [14]

Qradiative ~ e2m (17)

where m is the integer number of wavelengths in the resonator mode.

2.3.5 Coupling

Coupling to WGMs is achieved by the transfer of energy from the incident laser beam into
resonant modes of the resonator. This can be done through free space coupling, where the
laser is incident directly on the resonator. It has been found, however, that this method is
not very efficient [I4]. Coupling by an evanescent field is the most efficient method, with
coupling efficiencies of close to 99% having been achieved [14]. Evanescent field coupling
can be achieved a number of ways, such as; tapered fibre, angle-polished fibre or prism.
With tapered fibres it is difficult to couple into high refractive index resonators, such as
crystalline ones, since the fibre material requires a high refractive index. Creating tapered
regions in fibres of this nature has not yet been achieved leaving non-fibre based coupling
as the choice for crystalline materials, [14]. It is for this reason that prism coupling is
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chosen and is the coupling method that is used in this experimental work.

This section explains the key considerations for mode coupling into WGMs. It will
also highlight the angular dependence of mode coupling.

Figure 11: An illustration of the evanescent field generated between the prism and Whispering Gallery
Mode Resonator. The horizontal black arrows indicate the direction propagation of the evanescent waves.
Perpendicular to the prism back face the evanescent field decreases in intensity exponentially. This figure
is based on a figure from [15]

B = nikocosf —m (18)

When an an incident beam is TIR on the back face of the prism coupler, close to a
WGMR, an evanescent field is generated. The intensity of the field decreases exponen-
tially in the z direction. If the WGMR lies within the penetration depth of the evanescent
field for the given angle of incidence, the field will be frustrated allowing coupling of en-
ergy to occur due to the generation of a propagative wave. If the propagation constant of
this propagative wave is equal to the propagation constant of a WGMR mode it has over-
lapped with then the system has been phase matched. This is equivalent to phase velocity
matching and this is critical in order to achieve mode coupling. This is because when this
condition is met, the light which has travelled through the WGMR is emitted back into
the prism at the ’touch’ point, the closest point between the prism and WGMR. Here
the out-coupled light interferes with the TIR beam in the prism leading to destructive
interference. If the intensities of the two beams, out-coupled and TIR prism beam, are
equal and are out of phase by 7, then critical coupling is achieved where there is 100% de-
structive interference between the beams. Since no energy propagates out of the prism in
the regions where destructive interference occurs, these regions correspond to the modes.
When critical coupling occurs, the depth of the resonances reach the zero baseline on the
intensity scale. The phase matching condition is also angularly dependent as is shown by

18



the equation ([18)) [19] for the propagation constant, where 6, corresponds to the mode
angles. Therefore, as the incident angle varies the phase matching varies resulting in
coupling to different modes which satisfy the phase matching condition. Additionally the
penetration depth of the evanescent field, which is also angularly dependent, will vary
changing the maximum possible energy transfer to particular modes at a fixed prism and
WGMR separation. It is therefore possible to determine the most intense evanescent
field using Snell’s law. Figure [11] shows the evanescent field electric field decay in the z
direction, i.e. perpendicular to the back face of the prism. The arrows parallel to the
prisms face show that the that the propagative elements of the field, when frustrated,
propagate in the positive = direction. The separation between the prism and the WGMR,
in the z direction, should not be greater than the evanescent field penetration depth if
good coupling is expected to be achieved.

sin @ ~ " (19)
My

where r is the axial radius of curvature of the WGMR and R is the radial radius of
curvature of the WGMR. [12]

Additionally the considerations for efficient coupling consider two factors, the ideality
and the criticality. The ideality of coupling refers to the ratio of the power which is
coupled into a particular mode and the power of the incident beam. The criticality is
concerned with the exchange of energy which occurs between the coupled light and the
WGM at resonance. To achieve maximum coupling efficiencies the modal overlap should
satisfy the following equation [12]:

cost) ~ 7 (20)
r=Rl1- () (21)

where n, is the refractive index of the WGMR and n,, is the refractive index of the
prism [12].
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3 Experimental Coupling Procedure

This chapter details the stage by stage process of the experimental mode coupling to the
WGMR. The details presented here, specifically for the coarse and fine mode coupling,
will be referred back to later in chapters 5 and 6. Here the aim is to provide a detailed
description of how to mode couple using a prism and its resulting evanescent field. The
coupling described here was performed at the Max Planck Institute of Light in Erlangen,
Germany. The equipment used is therefore the existing experimental setup from the
group that was visited during this thesis work. The additional aim of this chapter is to
gain knowledge of the equipment required for good mode coupling. Although no formal
results were taken there are some photographs of various coupling traces, presented as
examples, which are discussed in more detail both here and later in chapter 6. The
chapter concludes with some short sections explaining how it is possible to determine
certain coupling WGMR, characteristics from the obtained traces. The Quality factor
(@), the Free Spectral Range (FSR) and the coupling efficiency are discussed as these
are important parameters for the planned slow light measurements as changes in them
are expected to result.

This chapter, along with the theory given in chapter 2, form the basis for the rest of the
thesis. It provides the necessary knowledge to be able to imagine a design for use in a
cryostat as well as for the preliminary experimental work at room temperature, discussed
in chapters 5 and 6.

3.1 Experimental Setup

Screen

Translational

attocube Rotational

Photon Cannon / stage

} Rutile prism

WGMR

Collimating lens

PBS Diverging Focusing
lens lens

Figure 12: Schematic of the Coarse Coupling setup
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Figure 13: Schematic of the Fine Coupling setup.

Figures 12| and [13]illustrates the setups used. Two lasers, with fibre coupled outputs, are
used in succession. The helium-neon (HeNe) laser provides visible light (A = 632.8 nm)
used to achieve initial, coarse coupling. The tunable external cavity diode laser (A = 795
nm) can then be coupled such that a frequency scan is possible in order to optimise the
coupling by looking for resonances.

The photon cannon is a series of optical components mounted in a cage system, used
to ultimately produce a small focal spot for coupling into the WGMR. It consists of a
collimator which collimates the diverging beam output from the fibre to a width of «~ 2—3
mm. This is followed by a polarisation beam splitter (PBS) which allows only transverse
polarised light to be transmitted. A diverging lens is then used in order to expand the
beam size but it is less divergent than the fibre output. This is used to increase the cou-
pling efficiency desired since a larger beam size through a fixed focal length focusing lens
will lead to a smaller focal spot. The significance of the focal spot size will be elaborated
on later in chapter 6. Finally the photon cannon contains a % to control the polarisation
of the transmitted light and a focusing lens (focal length 15 ¢cm) to focus the beam down
to a small spot. The entire photon cannon is mounted on an z-y-z translation stage.
After the photon cannon, the beam is directed towards a rutile (TiO3) coupling prism
which is mounted on a linear translation stage which is electronically controlled, known
as an attocube (the reader can find specifications in the appendix). The attocube al-
lows fine control over the separation between the prism and the WGMR. The WGMR is
mounted on a stand which is secured in a mount such that it is possible to adjust the
vertical position of the WGMR. The attocube and subsequently the prism, as well as the
WGMR stand, are all mounted on a base which sits on a rotational plate.

The TIR beam from the prism then propagates towards a screen or detector. The
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screen and detector are put in each others place depending on the stage of coupling. The
screen is used in conjunction with the HeNe laser to observe the interference pattern
that arises at the boundary between the prism and WGMR, known as Newtons rings.
The detector is then placed in the HeNe path before the fibre is changed to the ECDL
fibre output. The infra-red (IR) beam is then detected by the detector, which is in turn
connected to an oscilloscope such that the signal can be viewed.

The WGMR was measured to have a diameter of 4.14 mm and a thickness of approx-
imately 1 mm. The WGMR is fabricated from a Pr3* : 55105 crystal with a doping
concentration of 0.05%.

3.2 Mode Coupling

To achieve high efficiency mode coupling, evanescent field coupling is used as described
in chapter 2. Evanescent field coupling was achieved by using the above mentioned rutile
prism coupler. The coupling is divided into two main sections; coarse coupling and fine
coupling. The coarse coupling involves using the HeNe laser. This is because the coarse
coupling involves observing the beam relative to certain components as well as an inter-
ference pattern, all done by eye. The laser wavelength therefore needs to be in the visible
region of the electromagnetic spectrum. The fine coupling follows on directly after the
coarse coupling has been realised. The fine coupling uses a tunable ECDL which operates
in the IR region. It is possible to use a tunable laser of other wavelengths as well, the
wavelength range is not of importance in this section simply the tune-ability. The reason
for a scanning over a range of wavelengths will be discussed in more detail later in the
chapter.

The first stage, once the equipment has been setup as per figure [12| using the HeNe
laser, is to adjust the height of the WGMR with respect to the prism and the incident
beam. The WGMR stand can be freed by loosening the screw holding it in place at the
side. This way it is possible, by eye to ensure that the entire thickness of the WGMR lies
within the height of the prism. The rutile prism used was several times taller than the
WGMR was thick so adjustment of the WGMR stand was easily achieved. The beam
then needs to be adjusted so that it will hit the WGMR at the correct height such that
coupling at the closest point between the prism and WGMR is achieved. The beam
should, when setup in the photon cannon, be ensured to be parallel with the optical table
and therefore also with the prism and WGMR. To adjust for the height, the beam can be
directed at the edge of the WGMR such that an image of the WGMR edge can be seen
on the screen behind it. If the beam is not exactly at the edge then the entire photon
cannon can be moved left or right until the correct position is found. It should be noted
that the photon cannon is not fixed to the optical table at this point and so is free to
be moved. When at the correct transverse position a streak of light should be seen, as
illustrated in the photo in figure [I4} The height can then be adjusted until this streak is
horizontal.
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Figure 14: Photographs of the beam glare from the edge of the Whispering Gallery Mode Resonator.
The image on the left shows the glare angled upwards which indicates that the beam is not at the correct
height, relative to the Whispering Gallery Mode Resonator, for coupling to occur. The image on the right
shows the glare to be horizontal which indicates the correct beam Whispering Gallery Mode Resonator

height has been achieved.

The next stage of the coupling procedure is to coarsely couple into the WGMR; op-
timisation will be done later using the ECDL. Coupling is achieved only if the spacing
between the prism and WGMR is correct. This means that the evanescent field of the
WGMR mode and the evanescent field of the TIR beam in the prism should overlap.
The optimum distance can be adjusted for in the fine coupling stages but for now it is
sufficient to bring the prism to 'touch’ the WGMR. The apostrophes around touch signify
that the prism and the WGMR are not in fact physically touching but simply at a close
enough position for coupling to occur. Experimentally this position is found by moving
the attocube such that the prism is slowly moved towards the WGMR. Due to the way in
which the attocube works when is moves using the continuous function a buzzing sound
can be heard from it, equivalent to the frequency with which it is moving. When the
prism is close enough to the WGMR, its oscillating movements will occasionally hit the
WGMR causing a change in the audible frequency. When this frequency change is heard
the correct position of the prism has been reached.

With the prism and WGMR distance adjusted such that coupling is possible it is
necessary to correctly position the beam. The beam is focused due to the components in
the photon cannon. Since the focal length of the lens is 15 cm the back face of the prism
should be positioned approximately 15 cm from the focusing lens so that the beam waist
is at the point of 'touch’. It is possible to check this distance either by using a ruler or
by using a small piece of paper to follow the beam and locate the smallest point in the
beam profile.

The final part of the coarse coupling is to correctly position the focal spot of the beam
such that TIR occurs in the prism and so that the TIR point is at the point of "touch’,
i.e. the closest point between the prism and WGMR. By calculating the incidence angle
for the beam relative to the back face of the prism, a protractor can be used to help with
approximate alignment. It is also noteworthy that choosing an angle slightly larger (circa
5°) than calculated means that more modes can be coupled to making the fine coupling
slightly easier. For this prism and WGMR the angle required was 59° for TE (42° for
TM). TIR is easy to notice as the reflected beam will exit the prism through the third
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face instead of going straight through the back face. The photon cannon (include trans-
lational stage) can be shifted in the traverse direction while observing the reflected beam
on the screen, placed at some distance away from the prism. The beam size on the screen
should be about 2 or 3 ¢cm in diameter to make it easier to see the eventual interference
pattern. The photon cannon should be moved in order to translate the beam until a New-
ton ring pattern can be seen as illustrated in the photograph in figure Newton rings
are an interference pattern which results from light reflected at the boundary between a
spherical and planar surface. It is possible for them to occur as the results of particles of
dust on the resonator surface. It is therefore necessary to confirm that the Newton rings
seen are due to the interface between the prism and WGMR. It is possible to do this by
observing the rings while moving the prism away from the WGMR using the attocube
controls. If the rings disappear when the prism is moved away and reappear when the
prism is moved back to 'touch’ then these are to correct rings. When the rings have been
found they need to be optimised such that the centre of the interference pattern lies in
the centre of the reflected beam bright central spot. This is achieved by adjusting the
knobs on the translation stage of the photon cannon. It is also the point at which the
translation stage mounted photon cannon can be secured to the optical table. When this
is done the beam position will change slightly so it is key to ensure that that Newton
rings can still be seen at each incremental adjustment to secure the photon cannon. The
knobs should be turned to compensate for the change in the beam position due to the
clamping to the table. When the photon cannon is fully secured and the Newton rings
are optimised the coarse coupling is complete.

To begin the fine tuning the detec-
tor should be put in the path of the
reflected beam, still using the HeNe
laser.  The HeNe output fibre should
then be detached from the photon can-
non and replaced with the ECDL out-
put fibre. The laser should then
be set for a chosen central frequency
and sweeping range. The sweeping
range was set to 40 MHz. The
output of the laser was coupled to
the oscilloscope so that it could be
used as trigger for the signal from
the detector.  The detector was cou-
pled to another channel of the detec-
tor. The sweep of the laser could Figure 15: A photograph illustrating the Newton
be seen on the detector as a posi- Ring pattern that results from the interference of
tively sloped line and then a sharp neg- the waves between the curved surface of the Whis-
atively sloped line when the laser was pering Gallery Mode Resonator and the flat face of
quickly scanned back to the starting po- the prism. This are used to indicate that the focal
sition. spot is in the correct position (at the 'touch’ point)

in order to achieve mode coupling.
When the laser scans over a frequency
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which corresponds to a mode (resonance) in the WGMR a dip in the transmitted signal
will be seen. This occurs due to the interference between the coupled light in the WGMR
and the reflected light in the prism. Destructive interference occurs between them leading
to a drop in the transmitted signal. If no dips are seen upon initial scanning after coarse
mode coupling has been done then the beam position needs to be finely adjusted using
the knobs on the photon cannon translation stage. Parameters should be adjusted one
at a time so that it is possible to isolate the optimum position in each direction, x, y
and z. When the coupling point is close to being reached the transmitted signal can be
seen to start oscillating in such a way that it appears wavy. When this is seen along
one parameter but no mode coupling is seen even when that point has been passed there
is a good chance another parameter may need to be optimised. The original parameter
should then be adjusted to return to this oscillating point before another parameter is
adjusted.

Figure 16: Photograph of oscilloscope traces showing mode coupling in the Whispering Gallery Mode
Resonator for a fixed angle. The trace on the left is less critically coupled than the trace on the right.
This is indicated by the lengthening of the modes coupled to in the right image compared to the left one
where two example modes have been indicated with red and blue arrows, one colour for each mode. The

vertical axis scale is 5 mV per division and the horizontal axis is equal to a sweeping range of 40 MHz

Figure |16| shows different stages in the fine mode coupling. When the mode coupling
has been optimised by adjusting the z, y and z parameters such that the modes are as
long and defined as possible the fine mode coupling is almost complete. The final pa-
rameter which can now be checked is the prism and WGMR separation. If the attocube
controls are adjusted to move the prism closer or further away from the WGMR the mode
coupled trace on the oscilloscope can be observed for any changes. If the separation is
increased from the optimum coupling distance the lengths of the resonance dips should
decrease. If the separation is decreased into the over coupled regime then the width of
the resonance modes will increase. The optimum separation yields a mode coupled profile
where the resonance dips are as long as well as, as narrow as possible. The criticality of
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the coupling is then limited by other factors such as the focal spot size and shape which
are not discussed further at this stage.

Once optimal mode coupling has been achieved for a fixed angle it is possible to reduce
the angle size in order to couple to lower order modes. The ability to adjust the angle in
order to meet the coupling conditions for different modes comes from the phase matching
condition as stated in chapter 2. By reducing the angle it is possible to phase match the
incident beam to lower order (fundamental) modes in the WGMR. When the angle of
incidence is changed there is also a movement of the focal spot position as a result of a
change in the optical path through the prism. In order to achieve optimal mode coupling
for any new angle the focus position needs to be adjusted using the z, y and z positions of
the photon cannon. The oscilloscope trace should be monitored while all the adjustments
are made. It is also possible that the prism and WGMR separation needs to be adjusted
as well since the penetration depth of the evanescent field is dependent on the incident
angle. The change in the distance may, however, be smaller than the attocube movement
resolution such that adjustment of the prism may not be required to achieve an improved
result. It is still a parameter worth checking though. Figures |16 (a), (b) and show
pictures of the oscilloscope trace for different incidence angles.

Figure 17: Photograph of an oscilloscope trace showing mode coupling in the Whispering Gallery Mode
Resonator. The trace is taken for a change in the incident beam angle compared with the traces shown
in figures 16(a) and (b). The vertical axis scale is 5 mV per division and the horizontal axis is equal to
a sweeping range of 40 MHz.

An additional note which should be included here is ensuring that the reflected beam
always hits the detector. As the beam is adjusted and similarly after the prism and
WGMR have been rotated, the reflected beam position will change. This can be noticed
by seeing a drop in the signal on the oscilloscope. The detector should then be moved so
that the signal increases to a maximum value before further beam adjustments are made.
It should also be ensured that, when the HeNe is initially focussed onto the detector,
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the beam size incident on it is sufficiently small so that none of the signal is lost. If
some of the signal is lost this will introduce errors in the @-Factor and coupling efficiency
determined from the oscilloscope traces.

3.3 Determining the Quality Factor

When optimal coupling has been achieved the oscilloscope trace can be saved for analysis.
In order to be able to obtain numerical information about the @-factor it is necessary to
have calibrated scales for the trace such that the central wavelength of a resonance and its
linewidth can be determined. It is then possible to calculate, for a chosen resonance dip,
the Q-factor by using the equation given in chapter 2. Figure|18/shows a photograph
of relatively good mode coupling for the longest resonance located approximately in the
centre of the mode trace. This value can then be compared to theoretically determined
Q-factors for the WGMR.

ED)

Figure 18: Photograph of an oscilloscope trace showing mode coupling in the Whispering Gallery Mode
Resonator. The dips in the trace are regions where destructive interference has occurred between the
light that has circulated around the resonator and out where it has met the totally internally reflected
beam in the prism coupler. The vertical axis scale is 5 mV per division and the horizontal axis is equal

to a sweeping range of 40 MHz.

When considering the experimental @-factor it is also logical to determine the ide-
ality of the coupling. The ’ideality’ gives a measure of the 'parasitic coupling’ to other,
unwanted modes, [12]. The ideality is the ratio of the power coupled to the desired mode
to the power coupled to all modes, inclusive of the mode of choice. It is clear from this
term that highest ()-factors should be achieved when coupling occurs only to a single
mode. For this reason using a coupler which can be tuned to select a specific mode
should improve the efficiency of the coupling, provided that it can maintain the other
desired coupling properties simultaneously.
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3.4 Determining the Free Spectral Range

The FSR can be determined simply in one of two ways. Firstly it is possible to estimate
the FSR of the WGMR using equation (22). It is then possible to choose a scan range
which slightly exceeds this FSR in order to ensure that the true FSR lies within the scan
trace. The trace can then be studied to locate the repeating mode pattern indicative of
a FSR. For this WGMR the estimated FSR is 12.8 GHz.

c
2mnR

The second option, in the cases where either there is no frequency scale on the oscil-
loscope trace or the scan range is too narrow, is to introduce side bands.

FSR =

(22)

3.5 Determining the Coupling Efficiency

The coupling efficiency is determined according to three parameters; the angle in the
prism (i.e. the phase matching condition for a particular desired mode, the distance into
the evanescent field (i.e. the criticality of the coupling) and the numerical aperture (i.e.
how well matched the numerical aperture of the incident beam is with the numerical
aperture of the WGMR mode. Experimentally it is determined from the length of the
resonance dip and given in terms of percent. 100% coupling efficiency would result in
a resonance dip which reaches all the way down to the signal baseline, indicating total
destructive interference has occurred for that frequency.
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4 Proposed Holder Design for Cryostat

This chapter discusses the individual considerations required in order to perform WGMR
mode coupling within the confines of a cryostat. The reason for needing the cryostat was
mentioned in section (2.1.3) regarding phonon broadening no longer being dominant at
low temperatures, such that it is possible to target a specific hyperfine transition and
perform SHB. The cryostat considered for use here will be operated at temperatures
around 4°K (or -269°C). The chapter will start with a brief overview of the required
geometry of the setup including a schematic of the cryostat to provide information about
the size restrictions. The prism and attocubes required to achieve the required beam
path through the cryostat and the control of the component positions, for coupling, are
then discussed. There is a brief discussion about the need for appropriate adhesives to
attach the prism and resonator to their respective base and stand where some good and
bad suggestions are given along with reasoning for their prospective use. The chapter
concludes with a holder design which is capable of meeting the requirements, where the
section is divided into the inner and outer frames, for simplicity.

4.1 Geometry

The central consideration with the geometry are the conditions required to achieve cou-
pling to the WGMR. As explained in the theory in chapter sections 2.2 and 2.3, TIR in
the prism coupler is needed to generate an evanescent field and this field then needs to
be adjustable in space such that it can overlap with the evanescent field of the WGM
or modes to couple to. Additionally adjustment of the angle of the incident beam with
respect the back face of the prism is needed to be able to control the phase matching of
the beam and the WGMR mode(s) to allow for the possibility to select which mode(s)
to use.

The second consideration is the creation of slow light structures. For this, cryogenic
temperatures are required and as such the coupling needs to be performed in a cryostat.
The dimensions of the cryostat and cryostat chamber impose restrictions on the setup
and what components can be used inside the cryostat as well as what optics can be used
out with the cryostat, including any limitations on the beam that might be incurred.
Figure [19| shows a rough sketch of the requirements for the geometry of the setup.
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Figure 19: A schematic (not to scale) of the setup geometry using a cryostat. The Whispering Gallery
Mode Resonator and prism are located in the centre on the cryostat, in its chamber. The beam has
access to the Whispering Gallery Mode Resonator and prism setup via four windows, of which two are

used for in- and out-coupling.

4.2 Prism

The prism needs to be shaped in such a way that it can meet two specific requirements. It
must be possible to achieve TIR on its back face at an angle, or range of angles, such that
mode coupling can be achieved, ultimately with the aim of fundamental mode coupling
only. The second requirement is that the incident and reflected beams should be able
to enter and leave through two different cryostat windows for all cases within the range
of angles that the WGMR and prism setup are rotated through. These restrictions will
impact which angles the prism corners can have, although the lengths of the faces and
the height of the prism are also properties which need to be determined with motivation.

Figure 20: Angles influencing the geometry of the prism and incident and reflected beams. From the
figure, it is possible to see how to determine the internal prism angles which result in an angle of 90 °
between the incident and reflected beams. This is required so that the beam can enter and leave the

cryostat windows without being clipped or blocked.
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Using Snell’s law both for the initial refraction of the incident beam on the first face
of the prism and then under the TIR conditions on the back face of the prism, at the
coupling boundary, the corner angles of the prism can be determined. Since the cryostat
windows are all at 90° to each other the prism shape should be chosen so that the inci-
dent and reflected beams enter and leave the prism at 90 °, or as close to 90 °, as possible,
with respect the the incident and exiting prism faces. Figure [20]illustrates the geometry
prism where the angles of interest are marked. The computational code for solving the
problem can be found in the appendix. The relevant results, i.e. around 90°, of the
calculations are given in the table below. The critical angle for the prism and WGMR
boundary was calculated using equation [5|and was found to be 48°. The incoming prism
face boundary was then considered for the situation in the cryostat, i.e. for liquid helium
and diamond. These are the two refractive indices defined in the code in the appendix.
£ is the chosen to be looped from 0 — 90 ° in order to provide a solution to Snell’s law so
6 can be determined and subsequently be used to determine the corresponding . The
fourth column of the table below gives values for the ’angle’ between the incident and
reflected beams. When this value is equal to 90 ° the corresponding value for a can then
be used to define the internal angles of the prism.

I5) 0 Q angle
1.80 | 0.76 | 85.53 | 89.13
2.00 | 0.85 | 85.70 | 89.70
2.20 | 0.93 | 85.86 | 90.26

Table 1: A table of the different angles in the prism geometry in order to find the appropriate inner
prism angle so that the incident and reflected beams, when totally internally reflected, have an angle
between then of 90°, or as close to this as possible. The column headed ’angle’ refers to the angle
between the incident and reflected beams. « is the internal prism angle determined.  is the angle of

the incident and reflected beams with respect to the normal of the prism faces they enter and exit.

Unlike the prism in chapter 3, a diamond prism is chosen for use in the further setups.
The rutile ( 790,) prism is birefringent so eliminating this polarisation dependence of
the prism simplifies the coupling setup. The diamond prism can also be fabricated to be
small making it more convenient for use in the confines of the cryostat chamber. The
diamond prism has inner angles of 47.11°, 47.11° and 85.78°. The long (back face) is
2.5 mm in length and 1.5 mm in height. The other faces are both 1.84 mm long and 1.5
mm in height. The edges are chamfered making small facets of 0.05 mm in size.

4.3 Attocubes

Two attocubes are required as part of the cryostat setup. As was discussed in chapter 3
(section 3.2), two movements of the WGMR and prism setup are required to control the
coupling. Adjustment of the prism and WGMR separation distance allows the overlap of
the evanescent fields of the prism and WGMR to be controlled. Being able to rotate the
prism and WGMR setup such that the incident angle of the beam with respect to the
back face of the prism can be reduced leads to control over which modes can be coupled
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to, as per the phase matching condition discussed in 2.3.5.

The lateral movement should be achieved by using the ANPx51 attocube (full speci-
fications can be found in the appendix - [16]), as was done in chapter 3 and similarly is
used for the room temperature measurements done in chapter 5. The dimensions in mm
of this attocube are maximally 15 x 18 and at a minimum 15 x 15. Since the prism does
not need to be moved the full 3 mm during the coupling procedure it is also possible to
gain space by not using the full range of the attocube during experiments.

The full specifications of the attocubes can be found in the appendix and additionally
on the company website for attocube, [16].

4.4 Adhesives

Due to the contraction of the components an appropriate adhesive needs to be selected
so that detachment or stress or strain occur, leading to damage of the WGMR and prism.
A study into possible choices should be made where how their properties between 24 °C
and 4K are known. They need to be strong enough to secure the prism and WGMR to
their respective mounts and matched to the contraction and expansion properties of the
mounts, prism and WGMR respectively.

4.5 Holder
The holder should be able to fit into the

cryostat chamber comfortably and con-
tain within it the two attocubes, the
prism and the WGMR. Due to the
maximum load capabilities of the at-
tocubes, each part of the holder must
also be lightweight but robust, so as
to reduce oscillations from either move-
ment of the attocubes or the liquid
helium flowing around in the cham-
ber. In order to be able to apply any
eventual magnetic field, which may be
of interest in future experiments, it is
also necessary that the parts are non-
magnetic.

PEEK (Polyether ether ketone)in com- Figure 21: Solidworks model and drawings of the
bination with a non-magnetic steel have Proposed cryostat holder.
been used for numerous cryostat compati-
ble crystal holders within the QI group at Lund University. These are therefore the two
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materials of choice for constructing the holder and additionally PEEK is also lightweight.

The holder is made up of two separate frames which are placed one inside the other
and joined together. The outer frame is stationary with respect the the cryostat windows
and the inner frame can rotate about the vertical, y-axis. The following two sections will
address each of the frames separately, detailing the structure and operation of them.

Figure shows the proposed holder design for use in the cryostat. All the solid-
works drawings are to scale and the dimensions are given in millimetres. A complete
collection of the individual components of the holder can be found in the appendix. All
the holder parts are attached together using non-magnetic screws, with the exception of
the WGMR and prism, which are both attached to their respective mounts using adhesive.

4.5.1 Inner Frame

The inner frame holds the prism, WGMR and the translational attocube (ANPx51).
Unlike the original coupling setup outlined in chapter 3 and also used later in chapter
5, the WGMR and prism are not mounted from the same plane. This arises from the
fact that the entire system needs to be able to rotate in order to control which modes
are coupled to; however, only one of the components, the WGMR. or the prism, needs
to be translated horizontally to achieve evanescent field overlap. The close confines of
the cryostat chamber along with the restrictions imposed by available attocubes, i.e. the
ANPx51 is the smallest translation attocube available, led to the repositioning of the
WGMR relative to the prism.

As can be seen in figure the WGMR
is suspended from the upper part of
the frame with its rim ’contact’ point
positioned at the centre of the rota-
tion. Of course the WGMR could
have been chosen to be attached to
the ANPx51 attocube instead of the
prism, however, because of the con-
vention set earlier in the thesis, the
prism was chosen to be mounted on
the attocube. This arrangement means
that the maximum space required in

2.04
10,80
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the horizontal plane is equivalent to the s
maximum range of the attocube plus O

the thickness of the supporting bars, & @
with some additional space in-between ' e

to ﬂensure the attocube functions  cor- Figure 22: Solidworks model and drawings of the
rectly.

inner frame of the proposed cryostat holder. All di-

. mension are to scale and are in millimetres.
The prism can also be seen mounted on
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a raised portion of a base plate, secured to the top of the attocube (ANPx51). This is
useful for two reasons. Firstly, it allows some space below the WGMR such that the
position, vertically, can be adjusted both upwards and downwards as required. This may
not seem immediately necessary as the WGMR rim should be aligned precisely with the
back face of the prism, which seems like an arbitrary task. When in room temperature
this is true since the WGMR stand and mounting plate for the prism will not experience
any expansion or contraction due to temperature. When the holder is, however, sub-
merged in the liquid helium within the cryostat chamber all the components and holder
parts will experience some contraction due to the large temperature difference around
290°C. Subsequently any initial alignment of the prism and WGMR will need to take
the eventual contraction of the mounting plate and WGMR stand into account.

The second reason that the raised prism mount is useful is to ease coupling. If some extra
height is given alone to the portion where the prism sits it will simply slightly the adjust-
ment of the incident beam height in the case that it may not be 100% horizontal. This
will give some allowance for initial coupling where neither the incident nor the reflected
beams are 'clipped’ by the base plate.

The entire inner frame is mounted on a rotational attocube (ANR51), who’s station-
ary part is mounted to the outer frame. The rotational attocube performs the same role
as the rotational stages in both chapter 3 and 5, provide, of angular mode tuning.

The bars of the inner frame are indented so that the reflected beam, due to any rota-
tion of the frame, will not be obstructed as its angle changes. Similarly the indents mean
the incident beam will not be obstructed by the bars as the frame rotates. Since the
beams will pass through only two of the cryostat windows it is only necessary to indent
three of the bars which, under any rotation of the inner frame, will begin to obscure the
windows and thus potentially block or cut the beams. The central bar, between the two
cryostat windows, has indents on both sides so that rotations in both directions can be
compensated for. The right hand bar has an indent only on the left and vice versa for
the left hand bar. In this way the indent is only on the side which will be rotated in front
of the cryostat windows.

Finally, the reason for the inner frame being placed on top of the rotational attocube
as opposed to hanging from it stems from the way the attocube is fabricated. Initial
designs had the inner frame hanging, which greatly simplified the holder design; however,
the ANRS1 only has screw holes on one side of the rotation plate. This results in any
load hanging from it pulling slightly on the screwed side causing a tilt in the rotating
plate. This could cause problems operating the attocube since with any tilt there is a
misalignment of the prism and WGMR with respect to the beam. As the attocube is
rotated the misalignment would result in extra compensation in the movement of the
focal spot position, with the need for control over the tilt of the beam, both vertically
and horizontally. It was therefore decided that mounting the inner frame on top of the
rotating plate would simplify the setup in terms of coupling into the WGMR.
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4.5.2 Outer Frame

The requirement of an outer frame results
directly from the previously mentioned tilt
of the rotational plate of the ANRSI if
the inner frame were to be mounted hang-
ing from it. The holder is positioned into
the cryostat chamber by means of mount-
ing it on a long bar so that it can be fed
down into it from above. Since the in-
ner frame needs to rotate and be mounted
on top of the ANRS5I1, it is not possible
for it to be directly attached to the bar.
The outer frame must therefore provide
a structure on which the ANR51 can be
mounted while also providing a connection
to the bar so that the holder can be fed
into and removed from the cryostat cham-
ber. The Solidworks model and drawings
of the outer frame are presented in Fig-
ure 231
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Figure 23: Solidworks model and drawings of the
outer frame of the proposed cryostat holder. All di-

mension are to scale and are in millimetres.

Due to the size restrictions of the cryostat chamber and the dimensions of the inner
frame, the outer frame design is directly dependant on these two factors. The ANPx51
has a minimum footprint of 15 x 15 mm and its top plate can be translated 1.5 mm in the
forward and backward directions. Since the separation between the prism and WGMR
is on the order of micrometers to achieve coupling, the translation of the prism position
does not need to be large. As a result it was decided that a maximum footprint for the
ANPx51 could be 17 mm when used in this setup. This provides the outer frame with
an additional millimetre of space. Since the attocubes require a small amount of space
around them to ensure correct operation, the reduction in the translation of the ANPx51
can be used to provide 0.5 mm of space on either side of the attocube. This means that
the space occupied by the inner frame, with the additional 1 mm of space, is 20 mm
where the thickness of the bars has been included. The diameter of the cryostat chamber
is circa 25 mm so 5 mm remain to fit the outer frame. The base plate of the outer frame
is therefore made to be a circle with a diameter of 22 mm such that bars can be fixed
to the outside of it. This then provides 1 mm on either side of the inner frame to allow
space for it to rotate without hitting the outer frame bars. The bars of the outer frame
also need to be sturdy enough to support the entire structure however simultaneously
they need to be thin, in order to fit in the cryostat chamber. For this reason steel is
chosen with a thickness of 1 mm. The width of the bars have been calculated so that
they are the same size as the spacing between the cryostat windows. Since they do not
move once the holder is in place in the cryostat, they will not block the windows. Only
three bars are used so that the ANR51 (with feedback) attocube is able to fit since it has
an additional feedback feature on one side.
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5 Whispering Gallery Mode Resonator Characteri-
sation

In order to be able to assess the effects of slow light in the WGMR it is necessary to
achieve optimum mode coupling under normal operating conditions. In this context, ”
normal ” is defined as coupling at a stable room temperature (24°C), where no SHB
is performed. It is vital to optimise the beam alignment as well as the size and shape
of the beam focus (ideality of coupling). Additionally, other effects are of interest in
the determination of the best experimental conditions in order to achieve the deepest
resonance dips (criticality of coupling) and also the narrowest resonance dips (lowest
loss), such as absorption and fluorescence. For this reason two beam alignment schemes
are tested with consideration of both the quality of the results possible as well as the
ease of use. When the experiment in the cryostat is performed it will be made more
complicated by the restrictions in viewing the WGMR and prism assembly as well as the
dimensions of the cryostat.

The two different coupling regimes used in this chapter are; free beam coupling and fibre
coupling. The subsections are less focussed on the stage by stage details of the coupling
since this was already discussed previously in chapter 3. Instead the manipulation of
the optics is discussed, including any new details that were not present or differ from
the coupling in chapter 3 and the two coupling stages; coarse and fine coupling are used
instead. These terms correspond to the same stages described in chapter 3. Results, in
the form of oscilloscope traces, are taken under various conditions and later presented
and discussed in chapter 6.
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5.1 Equipment
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Figure 24: A schematic of the coupling setup with boxed regions illustrating the free beam and fibre
coupled setups as well and the coarse and fine coupling out regimes (A and B).

37



Figure [24] shows the schematic of the setup used for the WGMR characterisation mea-
surements. A Nd : YV O, solid state laser is used to pump a Coherent 699-21, tunable
ring dye laser(\ range = 590 — 610 nm). The output of the tunable laser passes through
single mode fibre (SMF') which ’cleans’ the beam so that only the 00 mode propagates.
At the 'pick off’, a beam splitter, the beam is directed to a wave-meter and to one of
two different setups; free beam and fibre coupled, which are the two different approaches
used for mode coupling. The beam from each of these setups is then incident on the
diamond coupling prism (n=2.419) where it is then evanescently coupled into and out
of the WGMR. The reflected beam from the prism is then directed initially at a screen,
for coarse coupling, via a diverging lens and then later at a mirror which directs the
beam towards the detector for the fine coupling. Finally the signal from the detector, as
well as the trigger signal from the laser, are coupled to an oscilloscope where the mode
coupling trace (interfering reflected prism and out-coupled WGMR beams) can be viewed.

5.1.1 Tunable Laser

A Coherent 699-21 tunable ring dye laser was used for coupling to the WGMR. The laser
was set to scan around selected wavelengths for scan ranges of 15 GHz for the free beam
measurements and 9 GHz for the fibre coupled measurements.

To observe mode coupling in the WGMR the ability to scan over a range of frequen-
cies is required. The tunable laser provides this function through the peizo controlled
oscillation of the thick etalon, which varies the cavity length and thus the preferential
lasing resonances of the cavity. By adjusting the birefringent filter, using the knob, it is
possible to tune the wavelength of the laser. The laser wavelength output is monitored
by a wave-meter, connected to the computer, which is fibre coupled to after one of the
"pick offs’.

If the wavelength chosen lies at the boundary between mode families of the laser cav-
ity when scanning the laser it is possible that mode hops occur. To avoid mode hops
the wavelength of the laser can be tuned, with the birefringent filter, until a peak in the
output is found. If this fails to resolve the problem then the scan range will need to be
reduced.
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5.1.2 Holder

Figure 25: A photograph of the holder used for the free beam and fibre coupled setups. The holder is
seen mounted on top of a rotational stage. Attached to the top of the holder is the translational attocube
(with feedback), the Whispering Gallery Mode Resonator (mounted on a metal stand) and the diamond

prism.

A holder for the prism and WGMR, which can be mounted on a rotational stage, was
required. Figure [25|shows a photograph of the holder from above and from the side, with
some added dimensions. The design places the 'touch’ point of the WGMR rim as close
to the centre of rotation as possible. This was chosen to reduce the adjustments in the
beam focus when the system is rotated. The WGMR is mounted on the same stand as
in chapter 3 and the hole for it is positioned so that it goes through the centre of the
rotational stage in order to be able to control the WGMR height relative to the fixed
height prism. The WGMR stand is secured with two screws from the side.

There are two threaded screw holes, M1.6, in order to mount the ANPx51 attocube.
A metal plate with four 1.7 mm holes is attached to the top plate of the attocube. The
plate serves two functions; to be able to remove the prism without removing the adhesive
(wax) and secondly to extend the reach of the prism so that it can get within coupling
distance of the WMGR. Since the maximum distance the attocube can be moved in a
single direction is 1.5 mm, this would require the edge of the attocube base to be within
this distance from the 'touch’ point of the WGMR rim. Due to the shape and dimensions
of the WGMR stand this is not possible. The asymmetric plate therefore provides the
extra distance required and even means that the full 1.5 mm does not need to be trav-
elled in order to reach the coupling distance. The base of the plate, between the nearest
screw holes to the WGMR and the edge, is sanded away at an angle to provide access on
approaching the WGMR. This is again due to the shape of the WGMR stand.

Both the WGMR and the prism are attached to their respective mounts using wax.
This means that they can be removed by gentle heating, with any excess wax able to be
removed using acetone. It should be noted that the prism was originally attempted to
be fixed to the plate using silver paint but this proved not to provide a strong enough
adhesion.
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The rotational stage, with the holder and other components mounted on it, is raised
off the optical table using three metal legs. The heights of the legs can be adjusted as
required during the alignment process.

5.2 Free Beam Setup

In this section the first of two different beam alignment methods for coupling is discussed.
Figure [24] illustrates the complete coupling setups for coarse and fine coupling. Figure
shows the beam alignment portion used for the free beam setup. As can be seen in the
figure, two planar mirrors are positioned after the 'pick off’, perpendicular to each other,
and are used to adjust the beam height and lateral position. A focusing lens with focal
length of 200 mm is positioned after the second mirror to focus the beam down to a spot
within the prism. The incident beam , on the lens, has a diameter of circa 2 mm leading
to an estimated focal spot diameter of 76 pm. The prism and WGMR assembly is then
positioned circa 200 mm from the centre of the focusing lens, measured roughly using a
30 cm rule.

The beam is firstly aligned with respect to the optical table. Adjustments are made in
the angles of the two mirrors to make the beam parallel to the optical table and at the
same height as the WGMR. The alignment is checked using the same rule as before. The
mirrors are also adjusted to ensure that the beam is perpendicular to the lens so that its
focal spot shape is not distorted when it passes through it. When the beam is satisfac-
torily aligned the coarse coupling, as previously detailed in chapter 3, can be done.

The coarse coupling, in the case of the free beam coupling, needs to be performed in a
slightly different way since there is no photon cannon which can be moved. As a result
the WGMR and prism assembly is instead not fixed to the table, until coarse coupling
has been achieved, and is subsequently moved by hand to find Newton rings. Of course
the attocube, which the prism is mounted on, has been adjusted such that the prism has
been brought to 'touch’ the WGMR before coarse coupling is started. Also unlike chapter
3, the prism being used is made from a different material and is also much smaller in size,
see chapter 4 for the dimensions. The smaller dimensions of the prism mean that the
vertical adjustment of the WGMR, with respect to the prism, needs to be more precisely
done. When the Newton rings are seen on the screen the WGMR and prism assembly can
begin to be secured to the table carefully, where the mirrors are adjusted to compensate
for the change in position of the assembly in relation to the beam. The beam is directed
at the prism at an angle estimated as slightly larger than 90° as per the calculations in
chapter 4.

When the coarse coupling has been achieved a planar mirror is placed at the output of
the prism such that the beam can be directed at the detector. The laser is then swept
over 15 GHz for a sweep time of 0.25 s. The wavelength is initially set to 600.2 nm since
mode jumping was encountered at both 607 nm and 602 nm. These wavelengths all lie
within the absorption range of the Pr3+ ions, given by the absorbance spectrum found
in the appendix. It is this range that will be used when SHB and is therefore the region
of interest for initial, room temperature (24 °C) measurements.

Once the laser has been set to sweep, the oscilloscope trace can be viewed in order to
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begin fine coupling. As detailed in chapter 3 the trace, if no modes are initially visible,
is studied for a wave like oscillation that occurs near the coupling point. The mirrors
controlling the incident beam are carefully adjusted and the lens position is moved to
compensate for the change in beam position. The lens can also be moved backwards and
forwards along the direction of travel of the beam to vary the depth of the focus. The
trace is monitored for 'beam walks’ along the lateral and vertical directions and mode
traces are saved from the oscilloscope. For movements in the beam position, the resulting
beam incident on the detector varies. The mirror after the prism is therefore adjusted
to ensure the beam is always incident on the detector. Due to the low efficiency cou-
pling observed at the initial wavelength, no measurements for different wavelengths were
recorded for analysis although they were checked. The results can be found in chapter 6
where the coupling process is discussed in more detail along with the mode traces.

5.3 Fibre Coupled Setup

This subsection details the fibre coupled beam adjustment setup. The fibre coupled setup
was assembled and used in an attempted to improve the coupling results in comparison
to the free beam setup. It was also found that maintaining alignment of the optical
components as well as the ease at which changes in the mode structure could be seen in
the previous setup were troublesome. The fibre coupled setup mimics the setup used in
chapter 3 where a photon cannon system, with fewer components, is assembled and used,
mounted on a translational z-y-z stage. The intention of this system is simplification of
the beam position adjustment as well as improved accuracy of the alignment of the beam
through the lens, therefore an improved focal spot shape. This is ultimately intended to
reduce the losses in the coupling and improve the resonance dip shapes.

The first step of the fibre coupled setup requires the incident beam, from the ’pick
oft’; requires redirecting into an optical fibre. The two mirrors used in the previous setup
are used to align the beam into the fibre via a fibre coupler (focusing lens). The power
before the fibre input was measured to be circa 380 pW using a power meter. The power
meter is then placed at the output of the fibre to monitor the fibre coupled light. To
couple the light into the fibre the fibre was initially pulled out of the holder such that
the beam diameter covering it is enlarged. The beam can also be roughly aligned before
this stage by observing the output through the holder aperture on a piece of black card.
The fibre is then slowly and carefully guided back into the holder while the mirrors are
adjusted to maintain a power output signal and increase it. Due to the long length of
the fibre the coupled fibre power is expected to be around 30% as optimum coupling.
With the fibre coupling complete a power output of circa 110 pW was recorded which
was deemed sufficient for the mode coupling.

The fibre output was attached to the photon cannon. The photon cannon consists of a
cage system of optical components mounted on an z-y-z translation stage. The diverging
beam from the fibre was collimated using the collimating lens placed after it. Due to
the large spacing the beam was able to diverge beyond the original in coupling beam
diameter, resulting in a collimated beam diameter of circa 10 mm after the first lens.
The same focusing lens (f=200 mm) as was used in the previous setup was fixed to the
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output end of the photon cannon. The resulting focus spot diameter was circa 15 pm,
the significance of which will be elaborated upon in the following chapter.

With the photon cannon setup the coarse and fine coupling stages were done. The WGMR
and prism assembly were secured to the table after the relative heights of the WGMR and
beam were performed. The photon cannon could then be manipulated, as was done in
chapter 3, in order to look for the Newton rings. Similarly to the previous experimental
sections, the prism was moved to 'touch’ the WGMR. The Newton rings, as shown in
figure [I5], were significantly easier to achieve and clearer in form than had been achieved
with the free beam setup.

The fine coupling stages are progressed to upon finding the Newton rings. The laser is
swept over a range of 9 GHz for a sweep time of 0.25 s. The reduced frequency range
was used due to mode jumping of the laser sweep for 10 GHz and above. This is less
than the approximated FSR (12 GHz) of the WGMR which means the mode traces will
not show the FSR, which makes analysis of the results more problematic but this will
be discussed in the following chapter. The initial wavelength was 593.8 nm. The oscillo-
scope trace was then monitored while the photon cannon was translated in the z-y and
z directions respectively. When the mode trace has been optimised, i.e. narrowest and
deepest resonance dips, the trace is saved for analysis. The prism is then moved away
from the WGMR until coupling is no longer visible on the oscilloscope and the trace is
then saved. The prism is then moved back to 'touch’ and another trace is then saved.
This is repeated for a range of different wavelengths; 600.5 nm, 606.2 nm and 610.4 nm,
so in order to provide information about the potential influence of absorption loss at the
different wavelengths. All the beam settings are kept constant for the different wave-
lengths.

A second set of data for a range of wavelengths was then taken however with the beam
position adjusted to see if better coupling could be achieved for the different wavelengths.
The data was recorded for a larger range of wavelengths; 593.1 nm, 595.2 nm, 596.2 nm,
597.6 nm, 598.9 nm, 600.5 nm, 603.7 nm, 605.4 nm, 606.2 nm, 610.1 nm and 610.4 nm.
The results are presented and evaluated in the following chapter.
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6 Results, Analysis and Evaluation

This chapter presents the results of the two mode coupling beam setups employed in
this thesis. The manipulation of the beam position using each of the setups, in terms of
problem areas and ease of use, are also discussed. This chapter aims to give an indica-
tion of the optimal setup for use in the future experiment involving the cryostat. The
results are also discussed with reference to the rough results obtained in chapter 3 in
terms of the coupling efficiencies achieved. An estimated spot size for optimal coupling is
calculated and used to motivate the interpretation of the results as well as the need for a
more extensive investigation. The significance of the absorption at different wavelengths
is also discussed where the absorbance spectrum of the ions motivates a proposed trend
that is expected. The results and subsequent discussions presented here aim to provide
a basis from which to continue optimising the experiment to investigate slow light effects
in WGMRs.

6.1 Free Beam Setup

In this sub-chapter the results from the initial setup are presented and discussed. The
setup is also scrutinised from a practical perspective, where possible improvements, aside
from a fibre coupled setup are mentioned. The aim of this section is to discuss the quality
of the coupling possible and its practicality for use in the future application.

All the mode coupled traces in this section were obtained for the same fixed angle
of the prism and WGMR assembly. The exact value of the angle is unknown, however
it was roughly chosen to be slightly larger than 90° with respect to the back face of
the prism. Additionally results were only recorded for a single wavelength, A = 600.2
nm. Changes in the incident angle could, however, have occurred as a result of the beam
position adjustments therefore affecting the modes coupled to.

Using the free beam setup it was possible to achieve mode coupling, the result of which
can be seen in figure 26| where the initial fine coupling obtained before any optimisation
of the beam was done is shown. The modes are seen as small dips in the signal. As ex-
plained in chapter 2, these arise from the interference between the WGMR mode(s) that
have been coupled in and subsequently back out of the cavity with the reflected beam in
the prism. If complete destructive interference occurs then the dips should reach all the
way down to the baseline, indicated by the green line where the detector was blocked.
The red line was recorded after the prism had been moved away from the WGMR so that
no mode coupling can be seen, i.e. beyond the extent of the evanescent field. It should
also be noted that the signal strength is higher than that of the initial mode coupled
signal. This is likely to be due to a shift in the beam incident on the detector due to the
movement of the prism and therefore a change in the refracted ray incident on the prism
and the subsequent TIR angle. This suggests that it should be possible to optimise the
signal of the mode coupled beam on the detector.
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Figure|26|shows the mode cou-
pled trace after the prism has A
been moved back to 'touch’; in-
dicated by the black line, in com- 2
parison to the initial mode cou-
pled trace, indicated by the blue
line. It is possible to see an in-
crease in the signal despite the
only controlled difference between
the two coupling conditions be-
ing the prism and WGMR sep-
aration. The change in signal
strength could therefore be at- . - .
tributed to the aforementioned )
shift in the beam position through Frequency Sweep (CHZ)
the prism and therefore where it
is incident on the detector. Since
the prism and WGMR separation
has been changed it would seem
sensible to assume that this may

have influenced the signal level.
The prism and WGMR separa- pering Gallery Mode Resonator separations. The green line

indicates the baseline where the detector has been covered.

Oscilloscope Trace Around 600.2nm
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Figure 26: A graph of the mode coupled trace of the Whis-
pering Gallery Mode Resonator around 600.2 nm. The red
line indicates a large prism and Whispering Gallery Mode Res-
onator separation resulting in no coupling. The black and blue

lines are mode coupled traces for different prism and Whis-

tion is likely to manifest itself in
different changes in the mode cou-
pled trace though. As was introduced in the theory in chapter 2, the separation leads
to one of three possible outcomes known as; under coupling, critical coupling or over
coupling. If under coupling had been the case in the initial mode coupled trace it would
be expected that the resonance dips in it, compared to the black line, would occur at the
same locations but would be less deep.

The arrows on figure 26 indicate a region where modes can be seen in the blue line
but not in the black line. If the black line is a more critically coupled version of the blue
line then these modes should be visible to at least the same depth as the blue line or
deeper. Upon scrutiny of the figure though the mode structures of the two lines do not
appear to be the same. This suggests that the angles of the incident TIR beams are not
the same and so therefore the phase matching conditions are not the same. Due to the
phase matching requirements of each of the modes, the incident TIR angle can be varied
in order to couple to different modes. This is normally achieved by rotating the prism
and WGMR assembly but it could well result from the differing position of the prism
since the attocube and prism are not positioned perpendicularly to the incident beam.
An arrow on the figure indicates a region where modes can be seen in the blue line but
not in the black line, as an example of the differing mode structure.

Figure shows an array of mode coupled traces for various different positions in

optimising the coupling by performing a beam walk with the mirrors. It is possible to see
a variation in the signal strength between the different traces. It is also possible to see
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some improvement in the resonance dips depths, although it is only slight. One mode,
enclosed by a box, was studied as an example and the depth of resonance was found to
be; 0.6 V,1.2 V and 1.6 V, for the red, blue and black lines respectively. This indicates
that the black line has the most critical coupling of the three. All three mode coupled
traces were recorded for the same prism and WGMR separation, only the beam walk and
subsequent beam adjustments incident on the detector, were performed.

Despite noticeable improvements Oscilloscope Trace Around 600.2nm
in the coupling with beam po-
sition adjustments, the cou-
pling efficiency recorded was
consistently low. This could
be attributed to several dif-
ferent causes such as; the fo-
cal spot size and shape be-
ing incorrect, the beam align-
ment being poor with many
sources of error and also ab-
sorption.  Since the absorp-
tion is not a parameter that
can be removed unless the . .

ol L - i L L

wavelength is significantly al- . & 4Frequenc’i T {EPGHZJ 1 s
tered as well as the fact

that the SHB required the
use of a wavelength on a hy-
perfine level absorption transi-
tion of the ions, this can be
dealt with later. The cru-
cial first steps to see if the
coupling can be improved in-
volve a better aligned beam
and also a well shaped focal
spot.
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Figure 27: A graph of the mode coupled trace around 600.2 nm
for three different beam optimisation settings denoted as position
1, 2 and 3 respectively. A mode has been highlighted by the
box where the change in resonance dip depths are compared to
show the improvements in coupling achieved at the different beam
positions. Position 1 has a depth of 0.6 V, position 2 of 1.2 V
and position 3 of 1.6 V showing that the coupling efliciency is

best for position 3.

The free beam setup was very difficult to use in terms of assessing changes in the
mode coupled trace. In order to make an adjustment in the beam position, both mirrors
needed adjusting, followed by the focusing lens and finally the position of the incident
beam on the detector, if necessary. During all of these stages it was necessary to recall
the original mode coupled trace, before any adjustments were made, and assess whether
the new beam position resulted in an improved and poorer trace. When the changes are
very slight, since the beam adjustments can only be slight in order to maintain coupling,
it is a problematic method. In addition to this, the lens could not be guaranteed to be
perpendicular to the beam so that the resultant focal spot was symmetrical. Since the
requirement for aperture matching, i.e. complete modal overlap, require the shape and
size of the focal spot to match the shape and size of the WGM on the prism’s back face,
it is critical that the focal spot shape is well controlled. A setup where the lens position
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is well aligned with the beam, as well a system where the beam can be translated in the
hlz,y and z directions in one movement, would greatly simplify the coupling procedure.
For this reason a fibre coupled setup was constructed, mimicking the setup described in
chapter 3. The following section describes the results obtained from this setup and the
improved usability.

6.2 Fibre Coupled Setup

This section presents the results obtained using the fibre coupled setup. In this section
mode coupled traces are obtained for a selection of different wavelengths but for the same
fixed angle. This angle was, like the free beam setup, unknown but chosen roughly to be
slightly larger than 90°. The results therefore cannot be directly compared with those
obtained using the free beam setup since the modes coupled to may not be the same.
Additionally, a neutral density filter was used in front of the detector to ensure that
the detector was not saturated. For this reason the y-axis of the figures presented here
are significantly smaller in scale than the previous section, but this is not indicative of
poor mode coupling or low intensity signal from the prism, simply an attenuated signal.

Flgure shows the mode WGMR Mode Coupled Trace and Non-coupled Trace Around 593.8nm
coupled trace for A = 593.8 nm Lar

in blue and the uncoupled %
(prism moved away from "touch’)

trace in red. The mode struc- MW‘.‘VWM
ture is clearly defined although I
the resonance dips are still quite
shallow. Since the best trace
obtained at MPL, figure 28| in
chapter 3, had long resonance
dips, with the longest stretching
over at least 50% of the height,
better coupling is expected to
be achieved. The coupling per- 0 1 5 = ) 5 5 7 B
formed in chapter 3 was done at Frequency Sweep (GHz)

A = 795 nm which lies outside
the absorption range of the ions.
Since absorption is likely to con-
tribute the the largest portion of
the loss, as discussed in chapter
2, it is useful to identify the sig-
nificance of the loss due to it.

Intensity (V)

&
in
T

Figure 28: A graph showing the mode coupled trace around
593.6 nm in blue and in red the trace with no mode coupling,
achieved when the prism and Whispering Gallery Mode Res-
onator separation is increased beyond the extent of the evanes-
cent field.

Figure 29| shows the mode coupled traces for different wavelengths but otherwise for
all the same conditions, i.e. no adjustment of the incident beam is done. It can be seen
that as the wavelength increases from 593.8 nm to 610.4 nm the signal strength reduces
and the modes become less clearly defined, to the point that it becomes difficult to dis-
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tinguish any modes. The mode coupling reduction could be attributed to absorption
for certain wavelengths since, according to figure [47, the absorbance of the ions peaks
around 610 nm. This spectrum does not however hold true for all the wavelengths since
it would be expected that loss due to absorption would be low and in fact lowest of all
the measured wavelengths, at around 605 nm. 606.2 nm does however show possibly
the worst coupling where it is in fact very difficult to even determine that there is any
coupling since the dips could be mistaken for fluctuations in the laser beam power.

The drop in the signal strength

over the various wavelengths WGMR Mode Coupled Trace around 593.8nm, 600.5nm, 606.2nm and 610.4nm
presented in figure 29] could be =T

attributed to poor beam align-
ment incident on the detec-
tor. As the wavelength was
adjusted the beam path is ex-
pected to change thus the angle
of the outgoing beam is likely
to have changed. This will shift -
where the beam hits the detec-
tor. When the signal dropped
the initial check was done by eye
to see that the beam still hit the 0 ' ' ' ' ' ' ' '

0 1 2 3 4 it 53 7 8
detector in the centre. Fine ad- Frequency Sweep (GHz)

justments could then be made
with the mirror if the signal was Figure 29: A graph showing the mode coupled trace around

Intensity (V)

still low, even when it could be four different wavelengths; 593.8 nm (blue), 600.5 nm (red), 606.2

seen in the centre of the detec- nm(black) and 610.4 nm(green).

tor. It is possible, however, that

there was some poor alignment with the detector even after fine adjustment. It would
therefore be sensible to optimise the beam position on the detector by checking the full
path of the beam from the prism (to ensure no signal has been lost) or by adding addi-
tional optics such as a focusing lens. It is critical that all of the beam from the prism is
detected. If some of the signal is lost the resulting measurements will be erroneous since
some of the contrast resulting from coupling will instead be replaced by an interference
of the different out-coupled WGMR modes, [12]. The beam alignment with the detector
could be additionally verified as the source of the signal drop by trying different detectors
perhaps with larger sensitive regions or by placing the detector closer to the prism output.
Of course for the anticipated slow light effect measurements, the detector distance will
be restricted and therefore ensuring that the signal is always optimally incident on it at
a further distance is more beneficial.

Another, larger set of results was recorded for different wavelengths in an attempt
to identify a pattern between the absorbance and the coupling. The same trend as be-
fore was found. This means that more extensive investigation into optimising the other
parameters which effect the coupling should perhaps be performed first. It will then be
possible to eliminate any additional effects they may contribute when investigating the
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extent to which the absorption effects the coupling loss. Figure illustrates the best
and worst mode coupled traces found where the blue line was recorded at A = 600.5 nm

and the red line at 605.4 nm.

Due to the smaller scan range
(9 GHz) of the laser used for
the measurements using the fi-
bre coupled setup, a full FSR
of the WGMR could not be
covered. This in turn, with
the addition of small resonance
dips, makes it difficult to iden-
tify modes which are the same
in different traces for different
wavelengths. Ideally it should
be possible to identify a mode
at different wavelengths, with at
least two traces containing the
same mode, to be able to com-
pare the change in width and
depth. This is required in or-
der to be able to comment more
accurately on the effect on the
total loss and criticality of the
coupling experienced by chang-
ing certain parameters. Ulti-
mately the aim of these experi-

WGMR Mode Coupled Trace around 600.5nm and 605.4nm
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BO5.4nm

Intensity (V)
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Figure 30: A graph showing the mode coupled trace around
600.5 nm, blue line, and 605.4 nm, red line. These illustrate the
best and the worst mode coupling, respectively, achieved when
taking a larger set of results for a range of wavelengths between
593.1 nm and 610.4 nm.

ments is to create a setup which is easy to operate and can be used in conjunction with
the cryostat setup, as well as producing the optimum coupling possible in the chosen

wavelength range.

6.3 General Discussion

A possible source of poor coupling affecting both of the setups is the focal spot size. An
estimated spot size for the fundamental mode of the WGMR is calculated below using
the formula for the mode volume as stated in chapter 2. This formula is intended for use
in calculating an approximate fundamental mode volume for a spherical WGMR; since a
disc shaped WGMR is used in this thesis, the thickness of the disc will act as a limiting
factor and therefore the spot size is subject to error.

s (600 x 1079\ ° "
Vops = 3472 (;—18) 390187% v/1 cm® = 7.389 x 1077 cm® (23)
L.

. ‘/;ff . 7.389 x 10713 3

_ 24
97k 27000207 % (24)
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Vers 6
r=4/gan =42x10"°m (25)

So the spot diameter is 8.51 x 107% m (= 9 pm).

The significance of using the appropriate spot size is to avoid parasitic mode coupling.
This means the coupling to additional modes than the one(s) desired. There is also an
additional effect which can result from coupling to multiple modes called intermodal mix-
ing. This is when the different modes overlap with each other and interact. This limits
the maximum possible coupling since the desired mode emits into the other modes, [12].
Intermodal mixing leads to non-linear behaviour, [17], which is not desirable in the future
slow light effect experiment. The spot size used in the fibre coupled setup was signifi-
cantly smaller than the one in the free beam setup. Since the smallest focal spot was
still greater than the above calculated value, both experiments are equally susceptible to
parasitic mode coupling. Due to the larger area of the incident spot size compared to
the desired spot size for one mode, the evanescent field generated will be wider. If the
spacing between the prism and WGMR in the extended regions is sufficiently small so
that the evanescent field has not decayed then propagative waves will be possible in the
WGMR in the region of the extended field. Using a focal lens with a shorter focal length,
or broadening the collimated laser beam incident on the lens, could be used to generate a
smaller spot size. The latter option is more useful to try since the setup should ultimately
be usable for the slow light effect measurements. The focal length needs to be greater
than 110 mm, the length from the outer cryostat window to the centre of the chamber.

Mode coupling in both the coarse
and fine coupling stages was accompa-
nied by a distinct glow (fluorescence) of
the WGMR, as shown in figure 31} Al
though this made it obvious when the
mode was being coupled to, it will be
less useful due to substantially reduced
visibility of the WGMR in the cryostat
setup.

The fibre coupled setup provided an
improved system for alignment in terms of
ease of use. However, it is still not entirely
possible to determine whether the coupling
efficiency, ideality and criticality, were sig- Figure 31: A photograph of the Whispering
nificantly or at all improved as a direct re- Gallery Mode Resonator with light coupled into
sult of the fibre coupled setup. It is how- it. The red 'glow’ shows the florescence from the
ever the better choice of the two tested se- Praseodymium ions, due to the interaction with in-
tups to proceed with to optimise the cou- coupled light.
pling. The beam from the fibre setup ap-
peared not to be entirely parallel with to the optical table as the beam out of the prism
was often clipped by the prism mount plate. This needs to be rectified and would be
best done with the use of an additional translational stage which can control the tilt of
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the beam in both the vertical and horizontal planes. This is suggested since the prism
coupling setup has a number of degrees of freedom due to the placement of the prism,
the placement of the WGMR and the subsequent orientation of the beam. Allowing the
beam to be manipulated in as many directions as possible allows as many of the different
degrees of freedom to be optimised by adjusting it.
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7 Conclusion and Outlook

Slow light effects, resulting from the creation of slow light structures from SHB, have been
found to be useful in many applications. Similarly WGMRs, although young in terms of
research compared to conventional resonators, have shown very useful unique properties
for use across many fields leading to more interest in them. The aim of this thesis is to
combine these two fields of study and to lay the foundations for an experiment which will
ultimately investigate slow light effects in WGMRs.

Due to the no previous WGMR studies having been performed in the QI group in
Lund, the thesis began by presenting an overview of the main areas of the theory required
in the anticipated experiment. Practical experience was then gained by visiting a group
based in MPL, who have well established research using WGMRs for various applications
such as bio-sensing. The knowledge gained was then applied to both the design of a pro-
posed holder to be placed into the cryostat as well as creating and using an experimental
setup to perform mode coupling.

The results show that coupling is possible using both a crude experimental regime
(free beam setup) as well as a more refined setup using a fibre coupled beam. It was
found, however, that the control over the manipulation of the beam and subsequently the
focal spot position, was better using the fibre coupled setup. It allowed a control over
the movement in the three axes, x-y-z, where the effects could be clearly and quickly
monitored by changes in the oscilloscope mode trace.

By comparing the rough mode coupling results obtained in Germany to those found here,
it can be seen that the efficiency of coupling to this WGMR can be better than those ob-
tained in the free beam and fibre coupled setups. Since the wavelengths use for coupling
in the two cases, Germany and Lund, were not the same, the decrease in coupling could
be attributed to loss due to absorption of the Pr3* ions. The fibre coupled setup was
therefore used to obtain results at various wavelengths in order to establish if this theory
is correct and therefore maximum possible coupling achievable. A change in the mode
coupling was seen for the various wavelengths; however it did not follow the expected
variation according to the absorbance spectrum of the ions. When the mode coupled
traces deteriorated, for wavelengths around 606 nm and 610 nm, the mode structure be-
came so unclear that it was not possible to determine a mode in them to use to compare
the depth and width with the same mode for a different initial wavelength scan.

The low efficiency coupling was also attributed to potentially poor modal overlap and
parasitic mode coupling. These arise from the size and shape of the focal spot used. The
focal spot size for the fundamental mode of the WGMR was estimated and compared to
the spot sizes used in the two setups. It was found that both of the spot sizes were too
large and therefore better mode coupling should be possible if a smaller, size and shaped
matched focal spot is chosen instead. It would therefore be advisable to perform mode
coupling with a variety of different lenses such that a selection of focal spot sizes close
to the approximated one are tested. It would also be interesting to look at coupling for
spot sizes smaller than the approximated one, if possible.

As mentioned above, the shape of the focal spot is also important. When the incident
Gaussian beam meets the back face of the prism, it becomes elongated in shape. If the
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WGMR has equal radii of curvature, i.e. spherical, then this elongated shape will not
match the WGMR mode shape, which would be symmetrical. The use of astigmatic op-
tics could then be implemented to shape the spot in order to match it with the WGMR
mode shape. Two things would then need to be known; the incident beam spot shape of
the back face of the prism and the WGMR mode shape at the ’touch’ point. Calculations
can be done to check both and then simulations for the optics required to manipulate the
spot shape could be performed. Since the WGMR used here is a disc with a curved (axial)
edge, its shape is already defined, meaning that manipulation of the beam spot shape is
the only parameter to be changed. Of course other resonators can be fabricated where
they are shaped to match the beam spot. Since the WGMR is a disc, it can be assumed
that its two radii of curvature are not equal (R # r), such that an elongated mode spot
shape would result. In order to determine the mode spot shape it is necessary to measure
r. This can be done by measuring the Newton rings between the WGMR rim and a glass
slide under a microscope. The vertical radius of curvature, r, can then be determined by
solving the relationship between R and r given in figure [32, where the ratio of the lengths
from the centre of the interference pattern out to a selected number of rings are compared.

Additional loss mechanisms, aside from the absorp-
tion and modal overlap mismatch, arise from sur-
face scattering and radiative losses. The radiative
loss, for large WGMRs, is small but it is possi-
ble to calculate the estimated contribution from equa-
tion  (17), given in chapter 2.  The surface scatter-
ing, however, can contribute significantly to the loss.
It would therefore be beneficial to verify the esti- '
mated surface scattering contribution by doing an Atomic
Force Microscopy measurement of the surface of the
outer rim of the WGMR. It is therefore possible to
use equation to determine the surface scattering
loss.

Figure 32: An illustration

By impl ting the ab ted ch d by de-
y implementing the above suggested changes and by de- .=, = Rings pattern

termining the extent of the various loss mechanisms present
in the coupling, it should be possible to optimise the setup so
that coupling can be performed close to the maximum the-
oretical efficiency. When this has been achieved the mode
trace should produce the longest and narrowest resonance
dips possible for the optimal experimental conditions. The
@-factor can then be measured from the experimental data
and compared to theoretical values. At this stage the cou-
pling efficiency is quite low and there are several loss mech-
anisms that can be assumed to not have been optimised for.
As a result any calculation of the ()-factor from the exist-
ing results would not give an accurate representation of the
WGMRs @Q-factor for the chosen wavelength range and op-
erating temperature. It is, however, critical to calculate the

seen at the boundary between
the Whispering Gallery Mode
Resonator rim and a flat glass
plate.  The annotations de-
scribe the ratio between the ra-
dial radius of curvature (R) and
the axial radius of curvature (r)
such that it is possible to deter-
mine 7 if A and R are known.
This measurement can be per-
formed using a microscope of

20x magnification.
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Q-factor accurately since the aim of the planned experiment to investigate slow light
effects in WGMRs aims to see if improvements in the @)-factor can result. If there are
errors in the value for the determined ()-factor before and as a result of slow light effects
then it will not be possible to draw any accurate conclusions since it will be unclear if
the effects are due to slow light effects.

If the anticipated improvement in the ()-factor is achieved from slow light effects then
there would be applications for the WGMRs under this regime. Since the resonance
linewidths would be narrowed the frequency resolution of the WGMR would be improved
with applications in laser stabilisation. Experiments involving the increase of the Purcell
effect could also benefit since a small mode volume, characteristic of WGMRs, and the
anticipated increase in the @-factor, would enhance the Purcell effect.
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8 Appendix

Figure 33: A schematic of the cryostat with some dimensions (in millimetres) marked. This figure is
taken from the manual for the cryostat.

Code for calculating the internal prism angles. The refractive indices of diamond and
liquid helium are used in order to determine the angle, o , for which the ’angle’, between
in the incident and reflected beams, is 90 °.

1 nd=2.419;

2 nh=1.025;

3

4 for beta = 1:0.2:90

5 theta = asind((nh*sind(beta))/nd);

6 alpha=2%(180—(90—theta)—48); %from calculated theta and given beta
7 angle = alpha+t+ (2*beta); Swant angle to equal 90degrees

8 M=[beta theta alpha angle];

9 disp (M)

10 end
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I attoMOTION

Piezo-based Nanopositioners
ANPx51

compact, open loop, linear, horizontal stepper positioner

Technology Ce with
travel mechanism inertial piezo drive AANC300 piezo positioning controller ANM150, ANM300
Size and
footprint; height 15x15;9.2mm Working
maximum size 15x18;9.2 mm mounting orientation axis horizontal
weight 79 magnetic field range 0..31T
temperature range (/RT, /HV, /UHV) 0..100°C
Coarse Mode @ 300K @4K range (/LT, /LT/HV, /LT/UHV) 10 mK..373K
input voltage range 0.60V 0.60V max. bake out temperature (/UHV, /LT/UHV) 150 °C
typical actuator capacitance 1.05 puF 0.15 pF minimum pressure (/RT, /LT) 1E-4 mbar
travel range (step mode) 3mm 3mm minimum pressure (/HV, /LT/HV) 1E-8 mbar
typical minimum step size 50nm 10nm minimum pressure (/UHV, /LT/UHV) 5E-11mbar
maximum drive velocity =1mm/s
Accuracy of Movement
Fine Mode @ 300K @4K ility of step sizes typically 5 % over full range
input voltage range 0..100V 0..150V forward / backward step asymmetry typically 5 %
fine positiong range 0..5um 0..0.8um
fine positioning resolution sub-nm sub-nm Connectors and /RT, /LT Versions all /HV, /UHV Versions
connector type 2-pole pin plug, 2-pole pin plug (PEEK),
Materials (1 ©0.5mm, d=2mm, 20.5mm,d=2mm,
positioner body titanium (upgrade option: beryllium copper) 30 cm cable with connector 30 cm cable with connector
actuator PZT ceramics electrical feedthrough solution  VFT/LT VFT/HV, VFT/UHV
connecting wires insulated twisted pair, copper
Load (@ ambient or axis horizontal
maximum load 0.25N (25 g)
maximum dynamic force along the axis N

Mounting
from the top 2 through holes dia 1.7 mm, entrbr. f. M1.6
from the bottom 2 threads M2 x 2.5 mm
load on top 4threads M1.6 x 2.5 mm
Article Numbers
/RT Version 1002223
/HV Version 1002219
/UHV Version 1002224
/LT Version 1002220
/LT/HV Version 1002221
/LT/UHV Version 1002222
3D view
top view bottom view

2.5 2xMeg2.2

outer position

Allrights, including rights created by patent grant or registration of a utility model or design as well s rights of technical modifications are reserved. Delivery l— a tt o C U b e
subject to availability. Designations may be the use of which by third parties for their own purposes may violate the rights of the trademark owners.
©attocube systems AG 2001-2013. Issued 2013/4 pioneers of precision

Figure 34: Technical details of the translational attocube (ANPx51), with feedback, taken from the
attocube company website [16]
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ANPx51/RES

compact, closed loop, linear, horizontal stepper positioner with resistive encoder

attoMOTION

Piezo-based Nanopositioners

Technology Ce with

travel mechanism inertial piezo drive AANC350 piezo positioning controller ANC350/RES

Size and Working

footprint; height 15%18;9.2 mm mounting orientation axis horizontal

maximum size 18x18;9.2mm magnetic field range 0..31T

weight 7.29 temperature range (/LT, /LT/HV, /LT/UHV) 10mK..373K
max. bake out temperature (/UHV, /LT/UHV)  150°C

Coarse Mode @ 300K @4K minimum pressure (/RT, /LT) 1E-4 mbar

input voltage range 0.60V 0.60V minimum pressure (/HV, /LT/HV) 1E-8 mbar

typical actuator capacitance 1.05 puF 0.15 pF minimum pressure (/UHV, /LT/UHV) 5E-11 mbar

travel range (step mode) 3mm 3mm

typical minimum step size 50 nm 10 nm Position Encoder

maximum drive velocity =1mm/s readout mechanism resistive sensor
sensor power (when measuring) 1w 1mW

Fine Mode @ 300K @4K encoded travel range full travel

input voltage range 0..100V 0..150V sensor resolution =~200nm

fine positiong range 0.5um 0..0.8pum repeatability 1.2pm

fine positioning resolution sub-nm sub-nm linearity (over full travel) <1%

absolute accuracy

typically < 1.5 % of travel range

Materials (1
positioner body titanium (upgrade option: beryllium copper) Connectors and F /RT, /LT Versions all /HV, /UHV Versions
actuator PZT ceramics connector type 2-pole pin plug, 2-pole pin plug (PEEK),
connecting wires insulated twisted pair, copper 20.5mm, d=2mm, 20.5mm,d=2mm,

30 cm cable with connector 30 cm cable with connector
Load (@ ambient or axis horizontal encoder connector additional 3-pole plug additional 3-pole plug (PEEK)

Load (@ ambient conditions)
maximum dynamic force along the axis

0.25N (25 g) electrical feedthrough solution  VFT/LT VFT/HV, VFT/URV
N

Mounting

from the top 2 through holes dia 1.7 mm, entrbr. f. M1.6
from the bottom 2 threads M2 x 2.5 mm
load on top 4threads M1.6 x 2.5 mm
Article Numbers

/RT Version 1003261

/HV Version 1003263

/UHV Version 1003264

/LT Version 1003262

/LT/HV Version 1003265

/LT/UHV Version 1003266

3D view

bottom view

25 2xM2g22

inner position

outer position

r_|—|_|

(H_1]

lj attocube

pioneers of precision

Allrights, including rights created by patent grant or registration of a utility model or design as well as rights of technical modifications are reserved. Delivery
subject to availability. Designations may be the use of which by third parties for their own purposes may violate the rights of the trademark owners.
©attocube systems AG 2001-2013. Issued 2013/4

Figure 35: Technical details of the translational attocube (ANPx51/RES), with feedback, taken from
the attocube company website[L6]
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ANRS51/RES

attoMOTION

Piezo-based Nanopositioners

compact, closed loop, rotary stepper positioner with vertical rotation axis and resisistive encoder

Technology Ce wi
travel mechanism inertial piezo drive 'ANC350 piezo positioning controller ANC350/RES
Size and Working
footprint; height 1515 (0 20); 9.5 mm mounting orientation axis vertical
weight 109 magnetic field range 0..31T
through hole in the middle of the axis 0 1.5 mm temperature range (/LT, /LT/HV, /LT/UHV) 10mK..373K
max. bake out temperature (/UHV, /LT/UHV)  150°C
Coarse Mode @ 300K @4K minimum pressure (/RT, /LT) 1E-4 mbar
input voltage range 0..60V 0..60V minimum pressure (/HV, /LT/HV) 1E-8 mbar
typical actuator capacitance 1.9 pF 0.4 pF minimum pressure (/UHV, /LT/UHV) 5E-11 mbar
travel range (step mode) 360° endless, both directions
typical minimum step size 1m® 0.5m® Accuracy of Movement
maximum drive velocity =10°/s wobble +1mrad
Fine Mode @ 300K @4K Position Encoder
input voltage range 0..60V 0..150V readout mechanism resistive sensor
fine positiong range 0..40m° 0..6m° sensor power (when measuring) 1w 1 mW
fine positioning resolution i ue encoded travel range 315°
sensor resolution =~6m°
Materials (1 il =50m°
positioner body titanium (upgrade option: beryllium copper) linearity (over full travel) <1%
actuator PZT ceramics absolute accuracy typically < 1% of travel range
connecting wires insulated twisted pair, copper
C andF /RT, /LT Versions all /HV, /URV Versions
Load (@ ambient or axis vertical connector type 2-pole pin plug, 2-pole pin plug (PEEK),
maximum load 0.3N(30g) 20.5mm, d=2mm, 20.5mm,d=2mm,
maximum dynamic torque around axis 0.2 Nem 30 cm cable with connector 30 cm cable with connector
encoder connector additional 3-pole plug additional 3-pole plug (PEEK)

electrical feedthrough solution ~ VFT/LT VFT/HV, VFT/UHV
Mounting
from the bottom 2 threads M2 x 2.3 mm
load on top 2threads M1.6 x 1 mm
Article Numbers
/RT Version 1003291
/HV Version 1003293
/UHV Version 1003294
/LT Version 1003292
/LT/HV Version 1003295
/LT/UHV Version 1003296
3D view
top view bottom view
15
oo

side view

T [,

0

Allrights, including rights created by patent grant or registration of a utility modelor design as well as rights of technical modifications are reserved. Delivery

subject to availability may be

©attocube systems AG 2001-2013. Issued 2013/4

the use of which by third parties for their own purposes may violate the rights of the trademark owners.
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Figure 36: Technical details of the rotating attocube (ANR51/RES), with feedback, taken from the
attocube company website [16]
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Figure 37: Solidworks model drawing of the rear inner frame bar of the cryostat holder
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Figure 38: Solidworks model drawing of the central (in relation to the incoming beam) inner frame

bar of the cryostat holder
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Figure 39: Solidworks model drawing of the left-hand (in relation to the incoming beam), inner frame
bar of the cryostat holder
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Figure 40: Solidworks model drawing of the right-hand (in relation to the incoming beam), inner frame

bar of the cryostat holder
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Figure 41: Solidworks model drawing of the base plate of the inner frame of the cryostat holder
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Figure 42: Solidworks model drawing of the outer frame bar(s) of the cryostat holder
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Figure 43: Solidworks model drawing of the upper plate of the outer frame of the cryostat holder
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Figure 44: Solidworks model drawing of the prism mounting plate used in the inner frame of the
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Figure 45: Solidworks model drawing of the Whispering Gallery Mode Resonator base plate used in

the inner frame of the cryostat holder
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Figure 46: Solidworks model drawing of the Whispering Gallery Mode Resonator stand used in the

inner frame of the cryostat holder
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Room temperature, Spectroscopy resolution~0.1 nm
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Figure 47: Absorbance spectrum of Praseodymium ions at room temperature, taken by Lund University

Chemistry Department
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