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Abstract
The focus of this thesis is to investigate and fabricate a platform that can facilitate the
enhancement of light-matter interactions. By tightly confining the photons and atoms to
the same region of space, the probability of interaction is drastically increased as compared
to free space interactions. Specifically, we focus on forming an optical cavity (or resonator)
incorporated into a hollow-core photonic crystal fiber (HCPCF) using two distinct types
of reflective mirrors along the axis of the fiber while still permitting atoms to be loaded
into the region of high field confinement.
One means of pursuing this goal that we explored was to propose and numerically
simulate two methods for implementing Bragg gratings in a HCPCF. These two methods
leave the hollow-core unobstructed and are both based on controlled selective injection of
photosensitive polymers into the photonic-crystal region of the hollow-core fiber, followed
by interference photolithography. We report the results of numerical simulations for the
hollow core fiber with Bragg gratings formed by the two methods. We find that a reflectivity
of > 99.99% should be achievable from such fiber-integrated mirrors. Such a device could
support high cooperativity and strong coupling regimes to be achieved.
We also demonstrate a fiber-integrated Fabry-Pérot cavity formed by attaching a pair
of dielectric metasurfaces to the ends of a hollow-core photonic-crystal fiber segment. The
metasurfaces consist of perforated membranes designed as photonic-crystal slabs that act
as planar mirrors but can potentially allow injection of gases through their holes into
the hollow core of the fiber. We have so far observed cavities with finesse of 11 and
Q-factors of ∼ 4.5 × 105 , but much higher values should be achievable with improved
fabrication procedures. We expect this device to enable the advancement of new fiber
lasers, enhanced gas spectroscopy, and studies of fundamental light-matter interactions and
nonlinear optics. These mirrors can be designed to be polarization dichroic — transparent
for one polarization and reflective for another. This unique property can be exploited to
allow for all signals to be directed along the high optical depth axis of the cavity and may
provide a excellent platform for applications such as optical switching.
Finally, we develop a novel protocol for a single photon all-optical transistor and how
it may be implemented in the above mentioned fiber cavity systems. This unique scheme
utilizes a far off-resonant vacuum cavity mode to stimulate a Raman absorption process
of a source photon which may be switched off by the insertion of a single gate photon
into the cavity mode. Relatively high switching contrasts and ratios for the source photon
transmission can be obtained in our system.
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Chapter 1
Introduction
The development of quantum mechanics initially led to a deeper understanding of nature at
a fundamental level. Several key aspects of this theory drastically altered our philosophical
picture of reality and challenged many preconceived notions in physics, such as the waveparticle duality, entanglement and the superposition principle. Amazingly, these concepts
have since become vital in the development of many significant tools that have pushed the
boundaries of our technological limits, such as the electronic transistor.
More recent research into quantum-based technologies have shown great promise for the
advancement of a wide variety of fields such as metrology, imaging, simulation, sensing,
cryptography and information science. In particular, quantum computation and quantum
information processing heavily relies on these principles to provide quantum advantages
over their classical counterparts, and it is in this vein that developing new devices exhibiting
these quantum phenomena are valuable. Nonlinear optics can in fact provide a platform
for the implementation of quantum logic gates towards a universal quantum computer
[83, 19, 127, 27].
One such system that demonstrates these desired quantum phenomena are nonclassical
states of light in the study of quantum optics. In order for photons to affect each other,
however, there needs to be an effective interaction between them. Photons, of course, do
not interact with each other, and instead matter can be used to act as a mediator between
the photons which, in turn, produce effective photon-photon interactions. However, at the
few photon level these nonlinearities can be realized with extremely strong light-matter
interactions.
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1.1

Motivations

The probability of a single photon interacting with a single atom can be characterized by
0
, where σ0 is the atomic absorption cross-section
the single atom optical depth, pint = Aσph
and Aph is the area spot size of the photon with wavelength, λ. The resonant cross section
of an atom is σ0 ∼ λ2 , while free-space focusing is diffraction limited such that in practise
Aph  λ2 , leading to very small interaction probabilities. The coupling of light to an
ensemble of Na atoms is instead proportional to the ensemble optical depth, OD = Na pint .
However, free-space illumination is again plagued by the fact that tight focusing leads to
short Rayleigh ranges which result in a small volume of interaction and reduced ensemble
optical depths.
In order to prevent the limiting of ensemble optical depths, there are considerable efforts
to couple ensembles to waveguides such as tapered optical nanofibers [75], photonic crystals
[42], as well as hollow core fibers [40, 104, 79]. In particular, hollow-core photonic-crystal
fibers (HCPCF) offer an excellent platform for enhancement of light-matter interactions,
particularly when the matter takes the form of an atomic ensemble [19] such as a dilute
atomic vapor. This is possible because the fiber geometry gives rise to a tight confinement
of photons and their overlap with atoms over distances not limited by diffraction, while
the hollow core allows introduction of atoms or molecules that would be incompatible with
a solid-core fiber.
Optical nanowires can provide large single atom optical depths of pint ∼ 0.15 [113, 43]
while the reported ensemble optical depths have reached ∼ 102 [90]. Conversely, HCPCFs
have not been shown to provide particularly large single atom optical depths (pint ∼ 4 ×
10−3 ), however they can produce ensemble optical depths as high as ∼ 103 [13, 84].
Over the last decade, HCPCFs loaded with room-temperature gases [41, 104, 98] and
laser-cooled atoms [23, 6, 13] have been used in a number of experiments exploring the
fundamental limits of non-linear optics at low light levels, such as all-optical switching [5],
stationary light pulses [14], cross-phase modulation [112], and single-photon memory [100].
The hollow-core photonic-crystal fibers have propagation losses from < 250 dB/km for
off-the-shelf fibers down to recently reported ∼ 1 dB/km [88], which approaches the lowest
losses reported for conventional solid-core fibers [73]. This gives hollow-core photoniccrystal fibers a significant advantage compared to other hollow-core waveguide platforms
with a comparable cross-section and mode-field diameter, such as hollow-core anti-resonant
reflection optical waveguides (ARROW) [122]. A cavity formed with dual-tapered reflectors
has been recently demonstrated [12] using these on-chip hollow-core waveguides, where the
reported losses for the fabricated structures are currently around 3 dB/cm. At the same
2

time, lithographical techniques developed recently for atom-chip applications [35] could be
used to integrate the hollow-core fibers into on-chip platforms.
Further enhancement of the light-matter interaction inside hollow-core fibers filled with
atomic gases, broadening the new horizons already opened by the HCPCF platform, could
potentially be achieved by dispersion engineering of the hollow-core fiber or by incorporating a cavity into it. The goal of this would be to increase the probability of interaction
between single photons and single atoms inside the fiber to as close as possible to unity
[108, 19], while at the same time keeping the hollow core unobstructed to allow loading of
atoms into the fiber.
For solid-core fibers, dispersion engineering and mirror integration can be achieved
using fiber Bragg-gratings [80, 8] which are implemented by periodically modulating the
refractive index of the fiber material, in particular, of the core. This task, however, is
challenging for the hollow-core fiber, as the fiber core is empty and, furthermore, the fiber
is designed with an effort to minimize the overlap between the propagating light and the
glass material of the cladding.
High-finesse cavities have also been reported with reflective coatings deposited on the
ends of a solid-core fiber piece [78]. Additionally, cavities in solid-core photonic-crystal
fibers were earlier realized by pressing mirrors against the cleaved ends of a fiber section
[49]. Unfortunately, sealing the face of a HCPCF with a multi-layer reflective coating or
with a mirror would make it impossible to introduce gases into the fiber core after the
cavity has been formed.
One of the main purposes of this thesis is to propose and experimentally implement
fiber-based optical cavities which addresses these technical challenges of both using a
hollow-core fiber to allow for the presence of atoms in the high field areas, as well as
mirrors that leave the core unimpeded for the injection of atoms. We focus on two separate methods of implementing Fabry-Pérot mirrors. The first proposal is to incorporate
Bragg gratings in a fiber segment by introducing modulated thin layers of resist coating
the hollow-core walls which act to marginally alter the effective refractive index. This periodic pattern of the effective index as perceived by the fundamental fiber mode, can then
result in Bragg reflection while still leaving the hollow-core accessible for the introduction
of atoms.
The second realization of a Fabry-Pérot cavity integrated into a HCPCF relies on dielectric metasurfaces. Metallic and dielectric metasurfaces, formed by large two-dimensional
arrays of nano-scale patterns, have been extensively explored in the past decade due to their
capabilities to manipulate light in previously unimaginable ways [125, 1, 72]. Metasurfaces
realized by perforating dielectric membranes, also known as photonic crystal (PC) slabs
3

[29] or high-contrast gratings [20], offer the additional advantage of being permeable by
gases and liquids [57] and thus make an almost obvious choice as a technology for forming a
cavity inside a HCPCF. In these cavities, the HCPCF provides tight transverse confinement
of light to its hollow core, while the photonic crystal slabs acting as dielectric metasurface
mirrors are mounted onto the ends of a fiber segment and provide longitudinal confinement
of light along the axis of the fiber. One of the main advantages of this platform, as we will
also explore in this work, is that such mirrors can be designed to be polarization-selective
(polarization dichroic), which opens new opportunities for engineering atom-photon and
photon-photon interactions.

1.2

Outline of Thesis

This thesis begins with basic background theory behind the nanophotonic structures explored in this research. Chapter 2 includes a brief overview and characterization of FabryPérot cavities. We then explore the theoretical description of the two mechanisms of
reflection utilized in the formation of the mirrors that form the fiber-based cavities in this
work. The first being Bragg reflection and the photonic crystal bandgap effect in higher
dimensions, and the second being Fano resonance by the means of guided resonances in a
2D photonic crystal membrane. Chapter 3 covers both the semi-classical and fully quantized description of an atom in a cavity and the various regimes of light-matter interaction.
It also provides a derivation of Vacuum Induced Transparency (VIT) and the phenomenon
of two photon absorption (TPA). The theoretical work done in Chapter 4 examines the
possibility and required specification of a cavity incorporated into a HCPCF by the use of
a unique formation of Bragg layers within the fiber. Chapter 5 presents the experimental
realization of a PC membrane-based optical resonator within a HCPCF. The work done
in Chapter 6 explores possible applications of such fiber-based cavities, specifically several
novel schemes for single photon all-optical switching. The thesis concludes with Chapter
7, in which a summary of the work done is given and the possible future directions are
discussed.
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Chapter 2
Nanophotonics and Optics
In this chapter, the classical physics underlying the various nanophotonic structures utilized
in this thesis will be discussed. We begin with a brief introduction and derivation of the
properties of a simple planar Fabry-Pérot resonator. We then describe the reflectivity
mechanism behind the different mirrors used for the fiber-integrated Fabry-Pérot cavities
that we developed. There are generally three different types of mirrors available: metallic,
Bragg (dieletric stack mirrors), and dielectric metasurfaces. The later two types of mirrors
are employed in this work, and thus are the two that will be discussed in this chapter.
We first consider Bragg reflection as a 1D photonic crystal bandgap effect and determine the characteristic bandwidth and penetration depth. In addition, we apply these
derivations to a 2D photonic crystal bandgap effect to provide intuition behind the means
in which the HCPCFs can allow for the extremely low loss. This chapter concludes with
a simple derivation of the last type of mirror. We show how the phenomenon of guided
resonances in a dielectric metasurface (photonic crystal membrane) produce Fano resonances in the reflectivity spectrum of incident light that is perpendicular to the plane of
the membranes.

2.1

Fabry-Pérot Cavity

A simple planar Fabry-Pérot cavity or etalon [102] is a device comprised of two parallel
reflective mirrors with complex field reflectivities r1 and r2 , and transmissivities t1 and t2 ,
set apart from each other by a distance, d, as shown in Fig. 2.1a. We assume that the
reflectivity and transmissivity are equal for both counter-propagating light. In order to
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Figure 2.1: (a) A Fabry-Pérot cavity, which is comprised of two parallel mirrors separated
a distance, d, apart with reflectivities r1 and r2 and transmissivities t1 and t2 , respectively. (b) Cavity transmission spectrum caused by the build-up of field that is transmitted
through the cavity after each round trip. Multiple cavity decay rates (linewidths), κ, are
plotted showing large finesse cavities possessing well resolved peaks with narrow linewidths.
calculate the transmission of the incident field, E0 , through the cavity at steady state, we
must add the build-up of all the contributions of transmitted light occurring after n round
trips, En . The field after each round trip will result in a total reduction in amplitude by
a factor of rrt ≡ r1 r2 e−αd due to reflection from each mirror, as well as loss associated
with the cavity medium with power attenuation, α. It should be noted that the field
attenuation would be α2 and the round trip distance is 2d, and thus a the attenuation of
α
the field caused by the medium in one round trip is ∼ e 2 2d = eαd . The field also obtains
a relative phase shift of ei2kd for each round trip. The resulting field that is transmitted,
ET , is thus expressed as
ET = E0 t1 t2 + E1 + E2 + E3 + . . .
= E0 t1 t2 + E0 t1 rrt ei2kd t2 + E0 t1 (rrt ei2kd )2 t2 + E0 t1 (rrt ei2kd )3 t2 + . . .


= E0 t1 t2 1 + rrt ei2kd + (rrt ei2kd )2 + (rrt ei2kd )3 + . . .
E0 t1 t2
=
1 − rrt ei2kd
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(2.1)

in which the last line makes use of the geometric series. The total transmission, T , for a
particular frequency, ν,can then be calculated from Eq. 2.1 as
T =

ET
E0

where the cavity finesse is defined as

2

=

Tmax
2 2
sin
1 + 2F
π

√
π rrt
F =
1 − rrt

πν
FSR



(2.2)

(2.3)

and the free spectral range (FSR) is given by

c
2d

(2.4)

|t1 t2 |2
(1 − r1 r2 )2

(2.5)

FSR =
The maximum transmission available is thus
Tmax =

which can simplify in the assumption that the two mirrors have identical reflectivity and
transmissivity by the use of the Stokes relations and energy conservation for purely real
field amplitudes (|t|2 = 1 − |r|2 ) to Tmax = 1. Consequently, full transmission of light
through the two parallel mirrors is allowed regardless of reflectivity (as long as the two
mirrors have equal reflectivity). This is a result of complete destructive interference of the
light in the backward reflected direction from the first mirror, and complete constructive
interference in the forward transmitted direction after the second mirror.
The transmission spectrum of a Fabry-Pérot cavity (Eq. 2.2) is plotted in Fig. 2.1b, in
which the FSR corresponds to the frequency spacing between resonant transmission peaks
and the finesse characterizes the loss of the cavity represented by the broadening of the
κ
,
peaks. In order to find the full width half maximum of the resonant peaks, FWHM = 2π
(for κ defining the cavity linewidth) we can solve for the frequencies which result in an
intensity of Tmax /2. Thus by using Eq. 2.2, the condition
2

 πν 
2F
sin2
=1
(2.6)
π
FSR

must be met. Solving for the frequencies, up to an integer multiple of the free spectral
range gives
FSR −1 π
sin (
)
π
2F
FSR
≈±
2F

ν=±

7

(2.7)

in which the second line uses the approximation of large finesse, which is a valid assumption
due to the requirement that the peaks must be well resolved in order to define a width.
Twice this frequency thus gives an expression for the full width half maximum
FWHM =

FSR
κ
=
2π
F

(2.8)

The broadening of the cavity resonant peaks is due to the fact that the imperfect mirrors
will always allow light to leak out of the cavity and couple to the continuum of outside
modes. The rate at which energy is lost from the cavity is also given by its linewidth,
κ, which can easily be seen by performing an inverse Fourier transform of the Lorentzian
resonant peaks of Eq. 2.2 to find the intra-cavity power, P (t), corresponding to exponential
decay over time
P (t) = P (0)e−κt
(2.9)
for some initial power, P (0). Large finesse cavities are thus associated with a small cavity
linewidth (or decay rate), as evident in Fig. 2.1b.
The average photon lifetime, τph , can be found by

Z ∞ 
d Nph (t)
dt
τph =
t −
dt N (0)
0
1
=
κ

(2.10)

in which the number of photons in the cavity, Nph (t), is proportionate to the power (see
Eq. 2.9).
The average number of round trips, Nrt , that a photon will undergo will simply be the
1
average lifetime in the cavity (Eq. 2.10) divided by the round trip time, τrt = 2d
= FSR
,
c
resulting in
τph
FSR
=
(2.11)
Nrt =
τrt
κ
We see from Eq. 2.11 and Eq. 2.8 that the average number of round trips is related to the
finesse of the cavity by
F
Nrt =
(2.12)
2π
Another important method of describing a Fabry-Pérot cavity is the Q factor, which
is a parameter to characterize any general damped oscillator. It is defined as the ratio

8

between the total energy stored by the resonator to the dissipated energy per oscillation
cycle caused by the damping.
Q = 2π

total stored energy
energy loss per cycle

(2.13)

The relative energy loss rate compared to the total energy in the cavity is, of course,
given by the cavity decay rate, κ (i.e. the cavity energy is exponentially decaying in time,
as shown in Eq. 2.9, with a time constant of τph = κ1 ). The relative energy lost per
oscillation will thus be this decay rate times the optical period, Top . The Q factor can
consequently be expressed as
Q = 2π

1
κTop

(2.14)

w0
=
κ
in which the resonant optical angular frequency of the light is w0 =

2π
.
Top

Eq. 2.8 can be used to find the relationship between the finesse and Q factor
Q = qF

(2.15)

where q is an integer such that the resonant optical frequency, ν0 , is an integer multiple of
the FSR, ν0 = qFSR. This q integer is normally very large due to the length of practical
cavities being much larger than optical wavelengths.
The Q factor for a simple Fabry-Pérot cavity with attenuation of the intra-cavity
medium, α, can be determined by finding the power lost in one round trip of the light
using Eq. 2.9 and Eq. 2.14
P (τrt ) = P (0)e−κτrt = P (0)e−

w0 τrt
Q

(2.16)

However, the reduction in power after one round trip is also given by the previously mentioned factor of the field reflectivities and attenuation squared, r2 ≡ (r1 r2 e−αd )2 . Defining
the power reflectivities of R1 ≡ r12 and R2 ≡ r22 gives a relation
P (τrt ) = P (0)R1 R2 e−α2d

(2.17)

Equating Eq. 2.16 and Eq. 2.17 and solving for the Q factor thus gives the final expression
Q=

2w0 d
c(2αd − ln(R1 R2 ))
9

(2.18)

using a round trip time of τrt = 2d/c. If we assume a cavity medium without attenuation
and with duplicate mirror reflectivities (R1 = R2 ), it can be seen that the behaviour of a
Fabry-Pérot cavity can be fully characterized simply by two quantities (FSR and F ) from
which all other relevant parameters (as discussed in this section) can be determined.

2.2

Bragg Reflection

Any structure with a dielectric constant (or refractive index) that exhibits a periodic
pattern in space could be called photonic crystals (PC), in analogy to solid state crystal
materials with a periodic lattice of potential. Electromagnetic waves that pass through
such materials can display various interesting properties, such as Bragg reflection and
holography. There are also many examples of photonic crystals that appear in nature.
They are responsible for the diverse colours of many animals and insects such as different
species of butterflies, beetles, and can even be found in the scales of some deep-sea fish
[115].
The simplest example of a PC is a medium composed of two alternating layers of different materials called a dielectric stack or Bragg mirror, and is essentially a one-dimensional
photonic crystal [121]. At each interface between the layers, light will experience Fresnel
reflections due to the discontinuity in the refractive index. We sill show that when there
are many layers, each resulting in Fresnel reflection and transmission, an exceptionally high
reflectance can occur due to the interference of the light from the back-reflection off the
many different interfaces in the medium. Interestingly, this effect can even persist when
the indices of the two layers are very similar producing extremely weak Fresnel reflection
at any given single interface.
We will explore the phenomenon of Bragg reflection by first deriving the general dispersion relation for Bragg layers and describe the optical stop bands that appear at particular
frequencies of light. As shown in Fig. 2.2, we begin by defining two layers of refractive
index n1 and n2 with thicknesses a and b, respectively. These layers are repeated for n
times with a spatial period of Λ = a + b. Within each layer, there are incident and reflected
electromagnetic waves travelling in the positive and negative z directions, respectively. The
total electric field is simply the sum of these forward and backward propagating waves with
complex amplitudes an and bn , respectively, for the field in the layer with index n1 and
cn and dn , respectively, for the field in layer 2 at the nth unit cell. We will assume the
fields are perpendicular to the plane of the Bragg layers so the wavevectors in each layer
type only have an z component, k1 = n1 ωc and k2 = n2 ωc . The electric fields in each layer,
10

x

n1

nth Unit Cell

b

n2

}

a

an-1 cn

an

bn-1 dn

bn

x = (n -1)Λ

x = nΛ

z

Figure 2.2: A Bragg medium consisting of two periodic layers with refractive indices n1
and n2 with thicknesses a and b, respectively. The unit-cell that repeated n times and has
a period of Λ = a + b. The field amplitudes moving in the forward (backward) z direction
in layer 1 and 2 are an (bn ) and cn (dn ), respectively.
E1n (z) and E2n (z), are assumed to be oriented in the x direction and can be written as
E1n (z) = an e−ik1 (z−nΛ) + bn eik1 (z−nΛ) , for nΛ − a < z < nΛ

E2n (z) = cn e−ik2 (z−nΛ+a) + dn eik2 (z−nΛ+a) , for (n − 1)Λ < z < nΛ − a

(2.19)

Two boundary conditions are used to ensure the fields are continuous and smooth over
each interface between the layers at position zL . The continuity boundary condition can
be expressed as
E1n (zL ) = E2n (zL )
(2.20)
where zL represents the location of the position of the interface connecting the two field
regions.
The second boundary condition requires that the field be smooth, and thus the derivatives of the field at each interface must be continuous. Alternatively, this boundary condition can be interpreted as demanding that the tangential magnetic field (oriented in the y
direction in this case) also be continuous. The magnetic field is of course proportionate to
the spatial derivative in the z direction of the electric field through Faraday’s Law, giving
∂E1n (z)
∂z

=
z=zL

11

∂E2n (z)
∂z

(2.21)
z=zL

The two boundary conditions of Eq. 2.20 and 2.21 can be combined to create a 2 × 2
matrix formalism relating the complex field amplitudes of the fields in neighbouring layers.
Evaluating the boundary conditions at the interface between layer 1 and 2 of the nth unit
cell (zL = nΛ − a) gives
 
 
cn
a
= I1→2 P1 n
(2.22)
dn
bn
and at the interface between layers 2 and 1 for the nth and (n − 1)th unit cells, respectively,
in which zL = (n − 1)Λ gives

 

c
an−1
= I2→1 P2 n
(2.23)
dn
dn−1
The matrix I1→2 (I2→1 ) is the well known transmission matrix from layer 1 to 2 (2 to
1) relating the field amplitudes on either side of an interface. It can be written in the form
of the Fresnel transmission and reflection coefficients t12 and r12 , respectively, as




1 1 + kk21 1 − kk21
1
1 r12
=
I1→2 =
(2.24)
t12 r12 1
2 1 − kk12 1 + kk21
where
k1 − k2
k1 + k2
2k1
=
k1 + k2

r12 =
t12

(2.25)

for s polarized waves. The I2→1 matrix is simply Eq. 2.24 with the layer 1 and 2 indices
switched. The phase matrices P1 and P2 account for the phase accumulated across layers
1 and 2, respectively, and are given by
 ik a

e 1
0
P1 =
(2.26)
0
e−ik1 a
and
P2 =



eik2 b
0
−ik2 b
0 e



Substituting Eq. 2.22 into 2.23 we find that


 
an−1
a
= I2→1 P2 I1→2 P1 n
bn−1
bn
12

(2.27)

(2.28)

The matrix multiplication can be performed in order to find a single transfer matrix connecting the incident and reflected field amplitudes an−1 and bn−1 , respectively, to the
corresponding amplitudes in the subsequent neighbouring unit-cell as

 
 
an−1
A B
an
=
(2.29)
bn−1
C D
bn

in which





1 k2 k1
+
sin k2 b
cos k2 b + i
A=e
2 k1 k2
 


1 k2 k1
−ik1 a
B=e
i
−
sin k2 b
2 k1 k2




(2.30)
1 k2 k1
ik1 a
C=e
−
− i
sin k2 b
2 k1 k2




1 k2 k1
−ik1 a
−
D=e
sin k2 b
cos k2 b − i
2 k1 k2
It should be noted that this transfer matrix is unimodular, that is it has a determinant of
one due to it describing the relationship between the fields in layers with equivalent index
of refraction. Also the four matrix elements are related by A = D∗ and B = C ∗ , where the
asterisk represents the complex conjugate.
ik1 a

The transfer matrix after N Bragg periods is simply found by taking the N th power of
the ABCD matrix in Eq. 2.29. The reflection of such a Bragg mirror would be found by
setting the final layer as have only propagating to the backward (bN = 0), and so
  
N  
a0
A B
aN
=
(2.31)
b0
C D
0
for a forward and backward propagating initial wave amplitudes, a0 and b0 , respectively.
The reflectivity, R, is simply the square of ratio of backward to forward propagating electric
field amplitudes waves at the initial layers,
2

b0
(2.32)
a0
An analytical expression for the reflectivity can be found at the Bragg condition to simplify
the transfer matrix after N periods, which results in
 2N 2
1 − nn12
R(N ) =
(2.33)
 2N
n2
1 + n1
R=
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2.2.1

Band Structure

The treatment of electromagnetic wave propagation inside a periodically modulated media
is analogous to the wave mechanics of electrons moving through a crystal lattice structure.
Moreover, the mathematics of solid state band theory is equivalent to that of light in a
periodically layered media. We will show that, as in solid state systems, a conduction
gap (forbidden stop band) will occur in the energy (or frequency) versus wave number
dispersion relation. As previously mentioned, Bragg layers are essentially one-dimensional
dielectric lattice with period, Λ, such that
n2 (z + Λ) = n2 (z)

(2.34)

By the use of Bloch’s theorem (or more generally, the Floquet theorem), the wave
equation describing waves through a periodic medium give solutions for the electric field
of the form
EK (z) = uK (z)e−iKz
(2.35)
where uK (z) has the same periodicity as the crystal structure, such that
uK (z + Λ) = uK (z)

(2.36)

and K is the crystal wave number or Bloch wave number. The dispersion relation is then
governed by the solutions for the allowed Bloch wave numbers.
Using the periodic boundary condition of Eq. 2.36 and keeping with the vector representation of the electric field amplitudes from the previous section, Eq. 2.35 can be written
as

 

an
−iKΛ an−1
=e
(2.37)
bn
bn−1
Thus, using the previously derived transfer matrix for the field amplitudes across one full
period (Eq. 2.29 and 2.30), we can write

 
 
A B
an
iKΛ an
=e
(2.38)
C D
bn
bn
This eigenvalue problem can thus be solved for the eigenvalues, eiKΛ , as
1
1
eiKΛ = (A + D) ± { (A + D)2 − 1}1/2
2
4

14

(2.39)

using the fact that the determinant of the transfer matrix is one (AD −BC = 1). Likewise,
the eigenvectors corresponding to the eigenvalues in Eq. 2.39 can be solved for as
  

a0
B
= iKΛ
(2.40)
b0
e
−A
multiplied by an arbitrary constant. The final solutions for the Bloch waves in layer 1 can
be found by combining the Bloch theorem (Eq. 2.35) with the field definitions of Eq. 2.19
giving


(2.41)
EK (z) = uK (z)e−iKz = (a0 e−ik1 (z−nΛ) + b0 eik1 (z−nΛ) )eiK(z−nΛ) e−iKz
with the field amplitudes given by the eigenvectors in Eq. 2.40.

Since it can be seen from Eq. 2.30 that A = D∗ , then A + D is purely real. The
dispersion relation can thus be found from the eigenvalues (Eq. 2.39) to be


1
−1 1
K(ω) = cos
(A + D)
Λ
2




(2.42)
1 n2 n1
1
−1
+
= cos
cos k1 a cos k2 b −
sin k1 a sin k2 b
Λ
2 n1 n2
where the wave numbers in each layer are k1 = n1 ω/c = n1 2π/λ and k2 = n2 ω/c = n2 2π/λ
for a free-space optical wavelength of λ.
The solutions to this dispersion relation can be found in two regimes. In the regime in
which | 21 (A + D)| < 1, the Bloch wave numbers are real, and thus correspond to solutions
describing propagating Bloch waves. However, in the regime in which | 12 (A + D)| > 1, the
Bloch wave numbers are instead complex with the form K = mπ/Λ + iKi , where m is an
integer and Ki is the imaginary part of the Bloch wave number. These solutions represent
Bloch waves that are evanescent in the Bragg media, resulting in incident light waves on
the Bragg material boundary being reflected. The frequencies in which these solutions
occur are the forbidden stop bands of the media dispersion diagram. The edges of the
optical stop band occur when | 12 (A + D)| = 1.
Fig. 2.3 plots the Bloch dispersion relationship of Eq. 2.42, showing the optical stop
band, when Re{K} = π/Λ with center frequency w0 and bandwidth ∆ω. It should be
noted that the dispersion relationship can also be used to find the group velocity, vg , of
the propagating light within the Bragg medium by vg = ∂ω
. Interestingly, we can also see
∂k
from Fig. 2.3 that for a 1D Bragg grating the group velocity approaches zero at the stop
band edges (corresponding to a Van Hove singularity).
15
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Figure 2.3: (a) Band diagram of a periodically layered medium comprised of two layers with
index n1 and n2 . The optical stop band is found at the Bragg condition of Re{K} = π/Λ
with a center frequency of w0 and bandwidth ∆ω for the first stop band.
An approximate solution can be found for K within the stop band. First we let the
Bloch wave number be complex with Re{K} = π/Λ such that
KΛ = π ± ix

(2.43)

for a positive real number x. We define the center of the stop band to occur at frequency
ω0 , in which we set
π
(2.44)
k1 a = k2 b =
2
λ0
λ0
which is called the Bragg condition (or a quarter wave stack since a = 4n
and b = 4n
).
1
2
We can also define a normalized frequency that is the difference from the center frequency as
ω − ω0
ω − ω0
n1 a =
n2 b
(2.45)
y(ω) =
c
c
The general solution for the imaginary part of KΛ as a function of frequency is found
by substituting Eq. 2.45 and 2.43 into Eq. 2.42 (and using the identity cos(aR + iaI ) =
cos aR cosh aI − i sin aR sinh aI for a number with real and imaginary parts, aR and aI ,
respectively) to find


1 n2 n1
cosh x =
+
cos2 y(ω) − sin2 y(ω)
(2.46)
2 n1 n2
16

At the stop band edges, the Bloch wave number becomes purely real again and so we
set x = 0 to obtain the upper and lower normalized frequencies
y± (ω± ) = ± sin−1

|n2 − n1 |
n2 + n1

(2.47)

and thus the frequency bandwidth of the stop band, ∆ω = ω+ − ω− , is found to be
|n2 − n1 |
4
∆ω = ω0 sin−1
π
n2 + n1
2 ∆n
≈ ω0
π navg

(2.48)

where we used the approximation |n2 −n1 |  n1,2 in the last line, and defined the difference
1
between the indices as ∆n = |n2 − n1 | and the average index, navg = n2 +n
.
2
We can also solve directly for x at the center frequency, w0 , by substituting Eq. 2.44
into the dispersion relation (Eq. 2.42). This reduces Eq. 2.42 to


1 n1 n2
cos KΛ = −
+
(2.49)
2 n2 n1
at frequency w0 . Solving for x by substituting Eq. 2.43 into Eq. 2.49 gives
n2
n1
∆n
2|n2 − n1 |
=
≈
n2 + n1
navg

x0 = ln

(2.50)

in which the last line is again found using the approximation |n2 − n1 |  n1,2 . This means
that the imaginary part of KΛ will vary from zero at the band edges, ω± , to a maximum
value of x0 at ω0 (Bragg condition) in which the Bloch wave number becomes


1
∆n
K0 ≈
π±i
(2.51)
Λ
navg
The general behaviour of the electric fields at the Bragg condition can be found using
Eq. 2.51 and Eq. 2.35 giving
π

EK0 (z) = uK0 (z)e−i Λ z e
17

1 ∆n
−Λ
z
n
avg

(2.52)

This, of course, describes an evanescent wave that decays exponentially upon entry into
the Bragg medium such that
− z
(2.53)
EK0 (z) ∝ e zp
with a characteristic penetration depth, zp , of
zp = Λ

2.2.2

navg
2 ω0
=Λ
∆n
π ∆ω

(2.54)

2D Photonic Crystal Bandgap Effect

A structure that exhibits a two-dimensional translational symmetry, in which the material
index (or dielectric, ) is periodic in the x-y plane but homogeneous in the z direction,
such that for a position in the lattice, ~r,
~ = (~r)
(~r + R)

(2.55)

is called a two dimensional photonic crystal [54]. The dielectric pattern repeats over any
linear combination of the primitive lattice vectors, ~a1 and ~a2 , such that
~ = n1~a1 + n2~a2
R

(2.56)

for integers n1 and n2 .
One example of this type of structure would be a hexagonal (also called triangular) lattice of holes imprinted into a slab of dielectric material, as depicted in Fig. 2.4. Structures
such as these can exhibit similar photonic crystal stop bands (sometimes called bandgaps)
as found in the previous section on Bragg layers. The spectral location of the stop bands
will depend on the geometrical parameters of the photonic crystal pattern including the
lattice constant, a, thickness t, and hole radius, r, and will result in complete reflection for
in-plane propagating modes.
The general dispersion relation can be found using Maxwell’s equations (assuming a
non-magnetic material with constant permeability, µ0 )
~ = −iω(~r)E
~
∇×E
~ = iωµ0 H
~
∇×H

(2.57)

~ and H,
~ respectively, with time-dependence
for monochromatic electric and magnetic fields, E
−iωt
e
. By taking the curl of Faraday’s law of induction and substituting in Ampère’s Law,
the following wave equation can be obtained for the electric field in the media
~ − ω 2 (~r)µ0 E
~ =0
∇ × (∇ × E)
18

(2.58)
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Figure 2.4: A 2D photonic crystal with a hexagonal (or triangular) pattern of holes in a
dielectric material with lattice constant, a, and hole radius, r. The pattern is repeated
for any linear combination of the primitive lattice vectors a1 and a2 . Bandgaps (or stop
bands) can occur in the dispersion relation for in-plane guided modes and thus can act
as a reflective mirror allowing only evanescent waves to exist within the photonic crystal
structure.
~ ~k),
We can use the expression for the spatial Fourier transform of the electric field, E(
such that
ZZZ
~
~ ~k)ei~k·~r d3 k
E(~r) =
E(
(2.59)

and the discrete Fourier transform for the periodic dielectric constant with Fourier coeffi~
cients, (G),
X
~ r
~ iG·~
(G)e
(2.60)
(~r) =
~
G

~ is any linear combination of primitive
in which a general reciprocal lattice vector, G,
reciprocal lattice vectors, ~b1 and ~b2 , such that
~ = m1~b1 + m2~b2
G

(2.61)

for integers m1 and m2 .
Substituting both Eq. 2.59 and Eq. 2.60 into Eq. 2.58 gives the dispersion relation
X
~k × (~k × E(
~ ~k)) + ω 2 µ0
~ E(
~ ~k − G)
~ =0
(G)
(2.62)
~
G
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The Bloch theorem still applies to the fields (as in Eq. 2.35), such that the solutions to
the fields are of the form
~ r
~ ~ (~r) = u ~ (~r)e−iK·~
E
(2.63)
K
K
~ = u ~ (~r)).
where the spatial distribution is periodic (uK~ (~r + R)
K
Using the dispersion relation (Eq. 2.62) in combination with the Bloch theorem (Eq.
~ (band diagram)
2.63), the propagation frequency as a function of the Bloch wave vector, K,
can be obtained. These Bloch vector solutions represent the allowed in-plane Bloch modes
for the given PC pattern geometry in the dielectric material. In the same vein as the
periodic Bragg layers, the dispersion relation can produce photonic bandgaps (stop bands)
in which the solutions for the Bloch wave vectors become complex numbers. These solutions
represent evanescent fields, and thus the light at frequencies within the stop band is unable
to propagate in the medium and is reflected when incident upon such spatially periodic
structures.
However, one of the main differences between a one-dimensional Bragg mirror and a
two-dimensional photonic crystal is that the polarization of the light can play a large role.
In a 2D PC slab, the in-plane guided modes (setting kz = 0 for simplicity) can be separated
into two distinct types. The first being transverse electric (TE) modes, which have magnetic
~ = Hz ẑ) with the electric
fields that are perpendicular to the plane of the membrane (H
field being completely in plane (Ez = 0). The other type is transverse magnetic (TM)
~ = Ez ẑ
modes in which the restraints on the magnetic an electric fields are reversed (E
and Hz = 0). TE and TM modes can exhibit extremely different dispersion relations,
with photonic bandgaps in distinct regions. Nevertheless, careful design of the PC pattern
dimensions can allow for the bandgaps of both the TE and TM modes to overlap, resulting
in a complete optical bandgap that occur for all polarizations.
Fig. 2.5a shows a band diagram for a 2D PC membrane (using Lumerical Mode Solutions) in a material of dielectric constant  = 13, and a hexagonal pattern of holes with
a radius and lattice constant ratio of ar = 0.48 for TE modes with Kz = 0. The Bloch
vector directions are plotted with respect to the hexagonal reciprocal lattice directions of
the irreducible Brillouin zone labelled Γ, M, and K as depicted in the inset. It is evident
that there exists a frequency bandgap (shown as the shaded region) in which no waves can
propagate in any direction.
Interestingly, the general behaviour of TE bandgaps is that they tend to occur for
PC patterns that have connecting regions of high index, such as a thin grid of dielectric
(dielectric veins). The TM bandgaps, conversely, appear for structures consisting of isolated
regions of high index material (such as a lattice of dielectric columns).
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(a)

(b)

Figure 2.5: (a) The band diagram of TE modes for a hexagonal lattice PC membrane
with  = 13, ar = 0.48 and Kz = 0 (found using Lumerical Mode Solutions software).
The photonic bandgap is shown in the shaded area and the inset depicts the Bloch vector
directions for the irreducible Brillouin zone. (b) An SEM image of a hollow core photonic
crystal fiber (HCPCF) with a hexagonal PC pattern in the cladding that confines light to
the center hollow core.
By using a triangular (or hexagonal) lattice of empty holes in a high index dielectric
medium, such as the one shown in Fig. 2.4, both the requirements for TE and TM bandgaps
can be met. The regions in the middle of the triangle of holes act as isolated high index
regions that produce TM bandgaps, while the dielectric material is all still connected with
thin bridges between the holes.
This is reason for the use of hexagonal patterns in the hollow core photonic crystal
fibers that are utilized in this thesis. A cross-section of the HCPCF is shown in Fig.
2.5b, in which the fiber transversely confines light of all polarizations to the center hollow
core region by the photonic crystal bandgap effect created from the surrounding triangular
lattice of holes in the fiber material.

2.3

Photonic Crystal Membranes

This section will focus on the mechanism by which reflection can occur from incident light
that is perpendicular to the plane of a photonic crystal pattern, as depicted in Fig. 2.6.
This is in contrast to reflection of light incident in the plane of the PC slab due to the
21
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Figure 2.6: Incident light perpendicular to the plane of the PC membrane can be completely reflected for a PC membrane with a certain material index, lattice constant, a, hole
diameter, d, (or radius, r) and membrane thickness, t.
photonic crystal bandgap effect, as discussed previously in Section 2.2.2.
In order to understand the mechanism of reflection for perpendicular incident light we
must explore the different types of modes that can exist in a membrane with an embedded
photonic crystal pattern. Fig. 2.7a shows a band diagram of TE (even) modes in a silicon
membrane with a square lattice of holes of radius, r = 0.2a and thickness, t = 0.5a for
the Bloch vector directions for the irreducible Brillouin zone, as shown in the inset. The
line dividing the shaded yellow region and the non-shaded region is the light line for which
ω = ck.
The guided modes that exist from in-plane incident light represent modes under the
light cone of the band diagram. These modes are trapped in the z direction (perpendicular
to the plane of the membrane) by total internal reflection. In addition to these modes,
guided resonances are also possible, which correspond to modes above the light cone (also
called the leaky modes). Similar to the in-plane guided modes, the electromagnetic fields
of the guided resonances are highly confined to within the PC slab.
However, in contrast to in-plane guided modes, guided resonances can couple to external
fields in complex ways. Guided resonances with lower Q factors are very leaky and thus
can couple strongly with the external fields, in contrast to extremely high Q resonances
which are tightly confined to the membrane. For a particular wavelength of incident light,
the design of the PC membrane can be tailored to cause complete destructive interference
between particular guided resonances and the external fields in the forward direction, while
allowing for constructive interference in the backward direction, thus producing a highly
reflective surface.
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A reflection spectrum of a 2D PC membrane can be seen in Fig. 2.7b, showing high
reflectivity peaks at resonant frequencies. Each resonant peak in the spectrum corresponds
to a particular guided resonant mode in the radiation region above the light cone. For example, the red dotted circle in Fig. 2.7a is the TE guided resonant mode (at perpendicular
incident light, kx = ky = 0, represented by the Γ point) that causes for the high reflection
peak in the red dotted circle shown in Fig. 2.7b.
The other TE modes evident in Fig. 2.7a have Q factors that are too large to couple
to the external fields and thus do not produce a clear Fano resonance in the reflection
spectrum of the PC film. The next higher order mode that has a low enough Q to produce
a high reflection peak (the neighbouring peak to the resonance circled in red in Fig. 2.7b)
happens to be a TM (odd) mode (only the TE modes are shown in the band diagram of
Fig. 2.7a).

2.3.1

Fano Resonance in PC slabs

The first detailed theoretical analysis of guided mode resonances in a two-dimensional PC
membrane was done by Fan et. al [29]. An intuitive explanation was found for the complicated reflection spectra that can be produced by PC membranes. This model describes
the fields in the time domain and relies only on interference and conservation of energy
arguments.
For incident light that is normal to the surface of the slab, there are two possible pathways light can take in order to transmit through the membrane. The first is the direct path
through the membrane without coupling into guided resonances, and the second pathway
is one in which the guided resonances are excited and subsequently decays slowly into free
space. As alluded to above, these resonances can be thought of as cavity modes in the
slab with relatively high Q factors. The total transmission will simply be the interference
between these two direct and indirect pathways. Conversely, these same processes can of
course be applied to the reflected fields as well.
The resonant peaks of reflection caused by the interference between a background (the
direct pathway) and a resonant scattering process (the indirect pathway) are characteristically asymmetric. This interference effect is a type of Fano resonance similar to those
found in some solid-state and atomic physics phenomena. The asymmetry of the Fano resonance peaks are due to the fact that the background pathway contributes field amplitudes
that are continuous and slowly varying over frequency, while the guided resonances have
amplitudes that change rapidly in magnitude and phase.
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(a)

(b)

Figure 2.7: (a) Band diagram (for TE modes) of a silicon membrane with a square lattice
PC pattern of hole radius, r = 0.2a, and film thickness, t = 0.5a, for Bloch vector directions
in the irreducible Brillouin zone depicted in the inset. The yellow shaded region represents
the radiation modes above the light cone (ω = ck) where leaky modes (guided resonances)
are possible. The non-shaded region are in-plane guided modes below the light cone. (b)
Reflection spectrum of the 2D PC silicon membrane (solid blue line). The dashed green
line shows the spectrum for a uniform film without PC holes with a refractive index found
by averaging the holes and silicon material of the PC film. The dotted red circles in (a)
and (b) represent the same low Q guided resonant mode. Both plots are produced by
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numerical simulations of the described PC membrane using Lumerical Solutions software.

These asymmetric Fano resonances of high reflection are clearly evident in the spectrum
shown in Fig. 2.7b. The direct pathway produces the broad background peaks that are
similar to a Fabry-Pérot spectrum. This is apparent from the spectrum of a uniform film
without holes (with an averaged index of the silicon material and PC holes), as depicted
as the dashed green line in Fig. 2.7b, in comparison with the background reflection of the
pattern membrane spectrum (solid blue line). The direct pathway is thus responsible for
this background spectrum of the PC film which acts to produce a Fabry-Pérot spectrum,
while the presence of holes introduces the narrow resonant peaks that allow for large
reflectivities. It is evident that the resonant peaks are characteristically asymmetric, with
certain resonances possessing narrow linewidths allowing for the transmission to vary from
0% to 100% within a very short range of frequencies.
In order to find a single Fano resonant peak, we find the total field transmission and
reflection amplitudes, t and r, respectively, by adding the contributions from the direct
pathway, td and rd , and the indirect pathway coupled to the particular resonant mode
giving
γ
i(ω − ω0 ) + γ
γ
r = rd ± f
i(ω − ω0 ) + γ
t = td + f

(2.64)

as a function of frequency, ω. The peaks corresponding to the indirect resonance pathways
are modelled as a Lorentzian shape with center frequency, ω0 , peak linewidth, γ, and
complex amplitude, f .
A Lorentzian shape is used because the guided resonances experience exponential decay
out of the membrane over time on both the reflecting and transmitted sides, which has
a Lorentzian spectrum in frequency space by taking the Fourier transform. The plus
and minus signs are due to the different symmetries of the modes about the plane of the
membrane. Odd modes represent a π phase difference between the fields leaking on either
side of the membrane, while the even mode fields are in phase.
The peak amplitudes, f , can be determined using conservation of energy such that
|t|2 + |r|2 = 1

(2.65)

We also note that since td and rd are the transmission and reflection amplitudes of incident
light through a uniform dielectric slab (without the PC holes), we must also require that
|td |2 + |rd |2 = 1
25

(2.66)

Using Eq. 2.65 and 2.66 with the total field amplitude coefficients of Eq. 2.64, the following
constraint on the resonant peak amplitudes can be made
f = − (td ± rd )

(2.67)

Since rd and td represent the background of the PC membrane spectra, as shown in
Fig. 2.7b, they can be fitted to the general form of a uniform slab with an incident plane
wave
2
2
− kz1
kz0
sin(kz1 z)
2kz0 kz1
rd =
2
2
kz0
+ kz1
cos(kz1 z) − i
sin(kz1 z)
2kz0 kz1
1
td =
2
2
kz0 + kz1
sin(kz1 z)
cos(kz1 z) − i
2kz0 kz1

i

(2.68)

which can be derived from the transfer matrix method described in Section 2.2 using Eq.
2.24 - 2.28, assuming only a single layer. The wave numbers kz0 and kz1 represent the
component of the wave vector perpendicular to the plane of the membrane in air and in
the dielectric medium, respectively. The thickness of the membrane is set as z.
Using the correct linewidth and center frequency of the resonances, the spectra of the
Fano resonances of the PC membranes can be reproduced using Eq. 2.68 and Eq. 2.67
in Eq. 2.64. This can be seen in Fig. 2.8, in which these equations are fitted to the first
resonant peak found in the simulation results of Fig. 2.7b (circled with a red dotted line).
and ω0 = 0.3816 × 2πc
. It
The tow fitting parameters used are γ = 1.122 × 10−3 × 2πc
a
a
should be noted that the fitting of this peak clearly becomes poor at larger frequencies.
This is caused by the fact that there is a nearby neighbouring (TM) resonant peak that
slightly overlaps this fitted peak.
To summarize, the principal phenomenon of Fano resonances appear in the reflection
and transmission spectra of a PC membrane by incident light that is perpendicular to the
plane of the membrane. These resonances are caused by the interference of the background
light of a direct pathway through the membrane with that of guided resonances confined to
the dielectric slab. Thus, full reflection can occur even without the presence of a complete
photonic crystal bandgap due to the leaky guided resonances coupling to the external field
to create asymmetric Fano resonances.
Interestingly, as we will explore more in Section 5.7, these membranes can also be designed to have reflectivities that are polarization dependent by using a PC pattern with a
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Figure 2.8: The first resonant peak of the silicon PC membrane simulated in Fig. 2.7b
(circled in a red dotted line). The simulation results (shown as a solid blue line here) are
fitted to Eq. 2.64 (using Eq. 2.68 and Eq. 2.67). This theoretical fit (shown as a dotted
green line) uses fitting parameters of γ = 1.122 × 10−3 × 2πc
and ω0 = 0.3816 × 2πc
.
a
a
broken symmetry. The type of symmetry that is broken will dictate what type of polarization dependence the mirror will exhibit. For example, if the pattern instead consists of a
lattice of rectangular holes rather than circular, this will allow for horizontal and vertically
polarized light to be reflected differently, and can even be designed to completely transmit
and reflect orthogonal polarizations for a particular wavelength of light [66].
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Chapter 3
Light-Matter Interactions
In this chapter, we begin with a discussion of light-matter interactions. Specifically, we
start by describing light propagation through a general medium. This leads into a brief
review of a simple two level atom interacting with a classical electromagnetic field. We
then introduce the interactions of a three level atom with multiple coupling fields, in
particular the Λ-scheme configuration. This will include multi-photon processes such as
electromagnetically induced transparency (EIT) [16, 45, 68] and two photon absorption
(TPA) [82, 95].
We continue this chapter with the theoretical treatment of a single atom in a cavity,
building on the concepts of an empty cavity, as reviewed in Chapter 2. This includes a
summary of the various relevant coupling regimes between the atom and resonator that
are possible, with their respective properties and applications considered. We then expand
the theory to describe an ensemble of atoms in a cavity, and conclude with a treatment for
three level atoms in a cavity resulting in vacuum induced transparency (VIT) [105, 106],
a phenomenon that we will later utilize in our proposal for an all-optical switch controlled
with a single photon.

3.1

Light-Matter Interaction in Free Space

In order to first describe light-matter interactions, we will begin by considering the prop~ and magnetic, B,
~ fields, of course,
agation of classical light in a media. The electric, E,
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obey Maxwell’s equations (in the absence of free unbound charges or currents)
~
~ ×E
~ = − ∂B
∇
∂t 

∂
1
1
~ ×B
~ =
~ + P~
∇
E
c2 ∂t
0

(3.1)

for a macroscopic polarization of the medium, P~ , which acts as a source term for the
fields. The wave equation for the fields can be found by combining Eq. 3.1 together for a
divergentless electric field (Gauss’s law) while taking the appropriate time derivatives to
give
2~
2~
~− 1∂ E = 1 ∂ P
(3.2)
∇2 E
c2 ∂t2
0 c2 ∂t2
The wave equation is a second order differential equation in space and time, however, it
can be reduced to a first order equation under the slowly varying envelope approximation
(SVEA) [92]. We define a nearly monochromatic electric field with central frequency, ωc ,
that has an envelop function, E, that varies slowly over time and the propagation direction
z, relative to the optical frequency period and wave vector, k = ωcc , such that
~ r, t) = 1 E(~
~ r, t)ei(kz−ωc t) + c.c.
E(~
(3.3)
2
where c.c. refers to the complex conjugate of the first term. Since we write the field in
the form of Eq. 3.3, then the response of the medium allows for the atomic polarization
density to be written as
1~
r, t)ei(kz−ωc t) + c.c.
(3.4)
P~ (~r, t) = P(~
2
with a slowly varying amplitude, P. The expressions for the electric field (Eq. 3.3) and
polarization (Eq. 3.4) can be substituted into the wave equation (Eq. 3.2). Due to the
slowly varying behaviour of the envelope functions, E and P, we make the approximations
∂P
∂t
∂E
(3.5)
ωc E 
∂t
∂E
kE 
∂z
which results in the reduced general SVEA wave equation for the envelop functions
ωc P 

∂
1∂
ik
E+
E=
P
∂z
c ∂t
20
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(3.6)

where we also assume, for simplicity, a plane wave field with no transverse spatial derivatives. In order to solve for the field we must find the polarization density, which is defined
as the dipole moment per volume caused by an applied field. The proportionality constant
between the polarization and the applied field, given the atoms respond linearly under a
sufficiently weak field, is the susceptibility, χ, which can be written such that
P = χ0 E

(3.7)

For the special case of a continuous wave field, in which the envelope function is constant
∂
E = 0), we can use Eq. 3.7 to obtain the simple differential equation
over time ( ∂t
∂
ikχ
E=
E
∂z
2

(3.8)

This is trivially solved to find
E(z) = E0 ei

kχ
z
2

(3.9)

with initial field amplitude, E0 . Substituting this solution for the envelop function, Eq.
3.9, back into the full equation for the field, Eq. 3.3, and setting the field in one direction,
~ r, t) = E(z, t)x̂, we find
E(~
1
E(z, t) = E0 ei(enkz−ωc t) + c.c.
2

(3.10)

for the plane continuous wave solution, where
n
e =1+

χ
2

(3.11)

turns out to simply be the complex refractive index (for small susceptibility, χ  1). Since
χ can in general be complex, there are two main effects from the media on the field that
can occur. Exponential attenuation or amplification of the field power is a result of the
imaginary component of χ, at a rate per distance, α, given by
α = k Im[χ]

(3.12)

while the real part of χ is responsible for a phase shift as the pulse traverses the media,
embodied by the real part of the refractive index of
n=1+
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Re[χ]
2

(3.13)

The effect of an atomic system on light can thus be characterized by the susceptibility
of the atomic cloud. In order to relate χ to the atomic system we can first use again
the definition of the polarization as the electric dipole moment per volume, (setting the
polarization and dipole moment along the x̂ direction)
Na
hµi
V

Na
=
µge ρeg e−iωc t + c.c.
V

P =

(3.14)

where Na is the number of atoms, V is the volume, and hµi is the average electric dipole
moment of a single atom. The last line is found using hµi = Tr[µρ], while the time dependence comes from converting to the Schrödinger picture. The dipole moment matrix
element, µge ≡ hg|µ|ei, and density matrix element, ρeg ≡ he|ρ|gi are found for the coherences between the atomic ground and excited state with a transition frequency close to the
carrier frequency of the applied field.
Using Eq. 3.7 in Eq. 3.4, and comparing the negative and positive frequency components to Eq. 3.14, we find that
Na µge
ρeg
(3.15)
χ=
V 0 E/2

and thus the response of the field in the atomic cloud can be reduced to finding the atomic
density matrix coherences, ρeg . We will show in the next two sections the derivations
of these density matrix elements for both two level (Section 3.1.1) and three level atoms
(Section 3.1.2).

3.1.1

Two Level Atom

Now that we have described the propagation of light through an atomic medium and the
effect of the induced dipole moments on the field, we will now look at how the field, in
turn, affects the atoms by causing coherences and driving transitions. This will be a semiclassical treatment, using quantized atomic energy levels interacting with a classical field,
while in the later sections of this chapter we will use the fully quantized picture.
Under the assumption of a weak external coupling field that is nearly resonant to a
single atomic transition, an atom may be approximated as a simple two level system. This
ensures that populations of other atomic levels are negligible. As shown in Fig. 3.1, we
denoted the ground and excited states as |gi and |ei, respectively, which have an energy
difference of ~ωeg . The atoms are illuminated by an external probe field that is nearly
31
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Figure 3.1: A two level atom excited by a weak external probe field with Rabi frequency,
Ωp , at a frequency detuning, ∆. The separation between the ground and excited state is
ωeg , and the spontaneous emission rate (natural linewidth) is Γ.
monochromatic with frequency, ωp , with again a slowly varying envelop, E, as previously
defined in Eq. 3.3. We also define the detuning between the probe laser field and atomic
transition energy as ∆ ≡ ωp − ωeg .
The Hamiltonian, H, describing this system is the summation of the internal atomic
energy, HA , and the interaction energy between the atom and field, HAF . Using the dipole
approximation, in which the atom is much smaller than the wavelength of the field, we
have
H = HA + HAF
HA = ~ωeg σ † σ
~
HAF = −~µ · E

(3.16)

with the ground state defined at zero energy. The raising and lowering atomic operators
are σ † = |eihg| and σ = |gihe|, respectively. We use the atomic dipole operator, µ
~ = −qr̂,
with the fundamental charge, q, and electron position operator, r̂. We can write the dipole
operator in the basis of the bare energy eigenstates as

µ
~ =µ
~ ge σ + σ †
(3.17)
noting that there is no permanent atomic dipole moment (he|~µ|ei = hg|~µ|gi = 0) due to
the spherical symmetry of the atom.

We can thus write the total Hamiltonian in the bare state energy eigenbasis with a
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classical field using Eq. 3.16, Eq. 3.17 and Eq. 3.3 as


Ωp
σ + σ † e−iωp t + eiωp t
H = ~ωeg σ † σ − ~
2

(3.18)

where we define the Rabi frequency as Ωp = µge~ E . The expectation values of σ and σ †
have a time dependence of e−iωeg t and eiωeg t , respectively, under the free evolution of the
excited state atomic Hamiltonian (corresponding to a positive and negative frequency).
This results in two terms that oscillate fast as ∼ e±i(wp +weg )t , and two cross terms that
oscillate slowly as ∼ e±i(ωp −ωeg )t . We can make the rotating wave approximation (RWA)
under the assumption that |∆| = |ωp − ωeg |  ωp + ωeg , which means the fast oscillating
terms can be set to an average of zero which acts to coarse-grain the dynamics over the
short optical time scales to focus only on the slowly varying dynamics over long times.
This is also under the assumption of a weak probe field, such that Ωp  ωeg .
It should be noted that this approximation necessarily accompanies our previous assumption of a two level atom. Both approximations ignore the far off resonance interactions
with the other levels of the atom and consider only the near-resonant interaction of one
excitation. If the detuning from the excited state becomes too large that the fast oscillating
terms must be considered, and this would require us to have to also consider the couplings
to other levels.

We see from Eq. 3.18 that after invoking the RWA we end up with the Hamiltonian

Ωp
σeiωp t + σ † e−iωp t
(3.19)
H = ~ωeg σ † σ − ~
2
This Hamiltonian is, of course, still time dependent, which would produce state coefficients
that are also time dependent, oscillating at optical frequencies. However, we can take
advantage of the fact that these oscillations are phase-locked (on resonance), and so we
may transform from the static lab frame to an appropriate rotating frame (laser frame) to
ignore these fast oscillations. This transformation between general states in the lab frame,
|ψi = cg |gi + ce |ei, with state coefficients, cg and ce , to a state in the rotating frame, |ψ̃i,
can be performed by applying a unitary operator, U , such that
|ψ̃i = U |ψi

(3.20)

U = eiωp t|eihe|

(3.21)

where
The corresponding rotated Hamiltonian, H̃, can be then found using the correct transformation of
∂U †
U
(3.22)
H̃ = U HU † + i~
∂t
33

giving


Ωp
(3.23)
σ + σ†
2
as the final Hamiltonian that we will solve. We will use a tilde to indicate when an object
is in the rotating frame.
H̃ = −~∆σ † σ − ~

This Hamiltonian encompasses the physics of the familiar Rabi oscillations between
ground and excited states, as well as resulting new eigenstates that are not simply the
bare energy eigenstates of the atomic Hamiltonian, but are instead the so-called dressed
states. These concepts will again be relevant for the three level atom, as will be discussed
in Section 3.1.2.
However, the phenomenon of decoherence (decay processes) in our system is not yet
captured simply with the Hamiltonian in Eq. 3.23. This can be solved several ways,
such as using the stochastic wave-function approach and phenomenologically introducing
non-Hermitian damping terms to the Hamiltonian (with the proper normalization) [39].
Alternatively, in accordance with solving for the susceptibility as derived in the previous
section, we will instead use the master equation approach for finding the density matrix
elements. This is done using the quantum Liouville-von Neumann equation
i
∂ ρ̃
= − [H̃, ρ̃] + ΓL[σ]ρ̃
∂t
~

(3.24)

where the spontaneous emission rate (natural linewidth) from the excited state to the
ground state is Γ, and we ignored other extra dephasing processes. The Lindblad superoperators, L[σ], encompasses the dissipative processes, defined as
1
L[σ]ρ̃ ≡ σ ρ̃σ † − (σ † σ ρ̃ + ρ̃σ † σ)
2

(3.25)

Solving for the density matrix elements gives the optical Bloch equations
∂ρee
Ωp
= −Γρee − i (ρ̃eg − ρ̃ge )
∂t
2
∂ρgg
∂ρee
=−
∂t
∂t

∂ ρ̃eg
Γ
Ωp
=−
− i∆ ρ̃eg − i (ρee − ρgg )
∂t
2
2

†
∂ ρ̃ge
∂ ρ̃eg
=
∂t
∂t
34

(3.26)

where the diagonal density matrix elements are not altered when in the rotating frame.
The steady state solution to these coupled differential equations can be found by setting
= 0. We also approximate the atomic population as remaining mostly in the ground
state due to our weak probe field assumption, thus setting ρgg ≈ 1, ρee ≈ 0 to find
∂ ρ̃
∂t

ρ̃eg ≈

iΩp /2
− i∆

(3.27)

Γ
2

for the diagonal density matrix element.
Substituting Eq. 3.27 into Eq. 3.15, as well as using the definition of the Rabi frequency
(Ωp = µge~ E ), we find the susceptibility to be approximately
χ=

N |µge |2
V 0 ~

Γ
2

i
− i∆

We can write this expression in terms of the resonant cross section, σ0 =
N σ0
χ=
V k0

Γ
2

i Γ2
− i∆

(3.28)
|µge |2
k0 ,
~0 Γ
2

as
(3.29)

Fig. 3.2a plots the real and imaginary parts of the susceptibility in Eq. 3.29. The absorption (imaginary part) is seen to exhibit a Lorentzian shape. The Lorentzian shape is
simply characterized by the denominator, in which the real part provides the full-width
half maximum (FWHM), Γ, and the imaginary part gives the centre resonance, ∆ = 0.
The behaviour of the field through an atomic medium of length, L, can be seen from the
propagation of the field amplitude for a continuous plane wave (Eq. 3.9) and substituting
Eq. 3.29 to find
E(L) = E0 e

− OD
2

Γ
2
Γ −i∆
2

(3.30)

where we have set the optical depth (for a constant atomic density) to be OD = N
σ L. It
V 0
can be seen that on resonance the field intensity decays as the standard Beer-Lambert law
N

I = I0 e− V σ0 L

(3.31)

The transmission, T , of the probe beam through the atomic medium is found using Eq.
3.30 through the relationship
2
E(z)
T =
(3.32)
E0
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Figure 3.2: (a) Normalized values for the real (solid blue line) and imaginary (dashed red
line) parts of the susceptibility of a two level atom with a weak probe field (Eq. 3.29),
representing the index of refraction and the attenuation, respectively. The absorption
Lorentzian peak has a full-width half maximum of Γ. (b) Transmission of a weak probe
field through a two level atomic medium (Eq. 3.32) with OD = 10.
Fig. 3.2b plots the transmission through an atomic cloud at varying probe field frequencies.
This behaviour will be shown to be in contrast for certain three level schemes, as will be
discussed in the next section.

3.1.2

Three Level Atom

We will now introduce a third level to the atom, |si, in a Λ scheme, as shown in Fig. 3.3.
This third state is a metastable ground state, in which the |gi-|si is a dipole forbidden
transition but separated with an energy difference of frequency ωgs . In addition, to a probe
field, Ωp , coupling to the |gi-|ei transition, we also apply a secondary control field at a
frequency, ωc , and Rabi frequency, Ωc , to the |si-|ei transition. The presence of these
additional pathways will result in new physical phenomena not present in the previous two
level system due to quantum coherence and interference effects.
The Hamiltonian, under the RWA, again accounts for the internal atomic energy levels,
as well as the interaction energy between the coupling fields and the atomic dipole transitions. We can invoke the RWA for each dipole interaction term separately by assuming
that each of the probe and control fields are coupled only to one transition in the system.
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Figure 3.3: A three-level Λ scheme, with coupling probe and control Rabi frequencies, Ωp
and Ωc , and detunings, ∆p and ∆c , respectively. Decay rates from the excited state to |gi
and |si are Γeg and Γes , respectively, while the metastable ground state decay is Γsg .
Setting the ground state to have zero energy, the Hamiltonian is
H = ~ωeg |eihe| + ~ωsg |sihs| − ~

Ωc
Ωp
† −iωp t
† −iωc t
(σge eiωp t + σge
e
) − ~ (σse eiωc t + σse
e
) (3.33)
2
2

†
†
=
= |eihg|, σse = |sihe|, and σse
where we define the atomic operators, σge = |gihe|, σge
|eihs|.

Similar to the two level case, we can transform this Hamiltonian into a rotating frame
to eliminate the fast time dependence, focusing only on the slow evolution described by
our dynamical equations. We do this by again by using a unitary operator, such that
U = eiωp t|eihe|+i(ωp −ωc )t|sihs|

(3.34)

Using Eq. 3.34 in Eq. 3.22, the transformed Hamiltonian is thus found to be
H̃ = −~∆p |eihe| − ~(∆p − ∆c )|sihs| − ~

Ωp
Ωc
†
†
(σge + σge
) − ~ (σse + σse
)
2
2

(3.35)

where the probe and control detunings are ∆p = ωp − ωeg and ∆c = ωc − ωes , respectively.
We will again resort to the density matrix formalism to solve for the coherences in the
presence of decay and dephasing, giving a master equation
∂ ρ̃
i
= − [H̃, ρ̃] + Γeg L[σge ]ρ̃ + Γes L[σse ]ρ̃ + Γsg L[σgs ]ρ̃
∂t
~
37

(3.36)

We have introduced the natural decay rates between the |ei-|gi and |ei-|si transitions
as Γeg and Γes , respectively. This of course means the total linewidth of the excited
state is Γe ≡ Γeg + Γes . Even though we have considered the |si-|gi transition as dipole
forbidden, we will also included its decay rate, Γsg , in our dynamics, which we can later
set as a relatively weak dissipative process. We will also ignore any additional dephasing
or coherence relaxation processes, such as collisions.
Since we are solving for the density matrix coherences, we will look at the relevant
equations obtained from the master equation (Eq. 3.36), the first being the coherence
between |ei and |gi,


Ωc
Γe
Ωp
∂ ρ̃eg
=−
− i∆p ρ̃eg − i (ρee − ρgg ) + i ρ̃sg
∂t
2
2
2


(3.37)
Γe
Ωp
Ωc
≈−
− i∆p ρ̃eg + i
+ i ρ̃sg
2
2
2
where we again assume that we are illuminating the atomic system with a weak probe
field, and thus the population is mostly in the ground state (ρgg ≈ 1, ρee ≈ 0).

Since Eq. 3.37 depends on the coherence between the |si and |gi states, we must look
at the equation governing ρ̃sg ,


Γsg
Ωc
Ωp
∂ ρ̃sg
=−
− i(∆p − ∆c ) ρ̃sg + i ρ̃eg − i ρ̃se
∂t
2
2
2


(3.38)
Γsg
Ωc
− i(∆p − ∆c ) ρ̃sg + i ρ̃eg
≈−
2
2

in which we drop the last term because it is proportionate to Ωp as well as ρ̃se , which itself
is unpopulated to lowest order in Ωp . This results in a term that has ∝ Ω2p dependence,
and can thus be ignored for a weak probe to lowest order.
ρ̃eg
= 0,
We can solve for the system in steady state ( ∂∂t
and Eq. 3.38 to give

ρ̃eg

∂ ρ̃sg
∂t

= 0 ) by combing Eq. 3.37

∆p − ∆c + i Γ2sg
Ωp
=−
2 (∆p − ∆c + i Γsg )(∆p + i Γe ) −
2

2


Ωc 2
2

(3.39)

Substituting Eq. 3.39 into Eq. 3.15, we find the susceptibility to be
−(∆p − ∆c + i Γ2sg )
N |µge |2
χ=
V 0 ~ (∆p − ∆c + i Γsg )(∆p + i Γe ) −
2
2
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Ωc 2
2

(3.40)

We can rewrite Eq. 3.40 in terms of the resonance scattering cross section, σ0 , and collecting
terms
i Γ2e
N σ0
(3.41)
χ=
V k0 Γ2e − i∆p + C
where we define the term C as
C≡

Γsg
2


Ωc 2
2

− i∆pc

(3.42)

using the definition ∆pc ≡ ∆p − ∆c as the two photon detuning. It can be seen easily from
Eq. 3.41 that the susceptibility of the two level system, Eq. 3.15, is reproduced exactly
when we remove the control field by setting Ωc = 0 (C = 0).
We can again use the susceptibility to find the behaviour of the probe field amplitude
through an atomic medium with optical density OD by substituting Eq. 3.41 into Eq. 3.9
E(L) = E0 e

3.1.3

− OD
2

Γe
2
Γe −i∆ +C
p
2

(3.43)

Resonant Control (∆c = 0): Electromagnetically Induced
Transparency (EIT)

We first investigate the behaviour of this three level Λ scheme when the control field is on
resonance (∆c = 0) and the weak probe field frequency, ∆p , is swept.
From Eq. 3.41 and 3.42, the susceptibility becomes
χ(∆c = 0) =

N σ0
V k0

Γe
2

with
C(∆c = 0) =

Γsg
2

i Γ2e
− i∆p + C

(3.44)


Ωc 2
2

(3.45)

− i∆p

We can see that when the probe field detuning becomes large (∆p  Ωc , Γsg ), the susceptibility approaches that of the simple two level system, since C ≈ 0. This means that
the absorption is approximated as the normal two level Lorentzian shape for large probe
detunings.

39

3-level Re(
3-level Im(
2-level Re(
2-level Im(

4

3

2

1 0 1 2
Detuning ( p / e )

3

)
)
)
)

Transmission

1.0
0.8
0.6
0.4
0.2
0.0
0.2
0.4

4

1.0
0.8
0.6
0.4
0.2
0.0

c = e /2
c=0

4

2
0
2
Detuning ( p / e )

(a)

4

(b)

Figure 3.4: (a) The normalized real and imaginary parts of the susceptibility of a two level
atom (Ωc = 0) and three level atom (Ωc = Γ2e ). (b) Transmission of a two and three level
atom, with OD = 10.
However, when the probe detuning becomes on resonance as well (∆p = 0), the susceptibility becomes purely imaginary since
χ(∆c = ∆p = 0) =

N σ0
V k0

i Γ2e
Γe
2

+

Ω2c
2Γsg

(3.46)

Remarkably, this absorption can become arbitrarily small for strong control fields and very
weak metastable decay rate (Ωc  Γsg ), which is easily achievable by choosing transitions
between the two ground state to be dipole forbidden. This phenomenon is deemed electromagnetically induced transparency (EIT) [34], and thus leaves the probe field transparent
to the atomic medium.
Fig 3.4a shows the susceptibility of both a two and three level system, while Fig.
3.4b shows the transmission. A large transmission peak is shown to occur on resonance,
contrasting a normal two level system, which would exhibit a low transmission. This effect
is also evident in Fig. 3.4a from the dip in the imaginary part (red dotted line) of the
susceptibility.
The approximate width of this EIT transmission window can be found using the imag-
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inary part of χ, ignoring any metastable decay rate (Γsg = 0), giving

Γe 2
N σ0
2
Im[χ] =

V k0 Γe 2 + (∆p − (Ωc /2)2 )2
2

(3.47)

∆p

If we again make the approximation of a strong control field such that Ωc  ∆p , Γe ,

2
N σ0 2Γe ∆p
Im[χ] ≈
(3.48)
V k0
Ω2c
The transmission is given using Eq. 3.48
T = e−Im[χ]k0 L

−OD

≈e
By setting T =

1
2

2Γe ∆p
Ω2
c

2

(3.49)

we find the full-width half-maximum (FWHM) to be approximately
r
ln 2 Ω2c
(3.50)
∆F W HM ≈
OD Γe

Interestingly, while the optical coherence, ρ̃eg , can become vanishingly small, the coherence between the atomic ground states, ρ̃sg , can remain finite with ρ̃sg ∼ − ΩΩpc . This
intuitively indicates that the atomic coherence is involved in this physical process.
The Hamiltonian of the system (Eq. 3.35) can in fact be diagonalized to find its
eigenstates. These eigenstates are of course no longer the bare atomic states due to the
coupling terms, and instead will be a superposition of the different atomic states. A simple
method to find the new ground state eigenstate is to rewrite the Hamiltonian at the twophoton resonance (∆p = ∆c ≡ ∆)
H̃ = −~∆|eihe| − ~
in which we define
|Bi ≡
as the normalized bright state and

ΩB
(|Bihe| + |eihB|)
2

Ωp |gi + Ωc |si
p 2
Ωc + Ω2p

q
ΩB ≡ Ω2c + Ω2p
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(3.51)

(3.52)

(3.53)

as the bright state Rabi frequency.
This transformed Hamiltonian shows transitions only between |Bi and |ei with a coupling strength of ΩB . The state orthogonal to this bright state is thus decoupled completely
from the excited state and has an energy of zero. This so-called dark state, |Di, satisfies
hB|Di = 0, and by invoking normalization we find
|Di =

Ωc |gi − Ωp |si
p 2
Ωc + Ω2p

(3.54)

Using this new dark/bright state energy eigenbasis, it can also be shown that the excited
state can decay into both |Bi and |Di, however of course only |Bi can be excited to |ei.
This results in coherent population trapping into the dark state, leaving all atoms in |Di
at steady state.
When the system is in this dark state[2], the absorption vanishes, which as shown
above, occurs for the two photon resonance condition (∆p = ∆c ≡ ∆), regardless of which
single photon resonance, ∆, is chosen. This effect can even be interpreted as the quantum
interference between the two pathways caused by Ωp and Ωc exciting to |ei, which act to
destructively interfere, resulting in the excited state being unpopulated.
Slow Light
In addition to EIT, another important phenomenon that occurs near resonance is the
reduction in group velocity of the probe field. The group velocity is given by the dispersion
relation, and if the real refractive index has a frequency dependence we can write
vg =

c
∂ω
=
∂k
ng

(3.55)

where we define the group index to be
ng = n(ω) + ω

∂n
∂ω

(3.56)

for the real phase index, n, which depends on the real part of the susceptibility by Eq.
3.13.
We will investigate χ at a resonant control, ∆c = 0, and under a large control field,
Ωc  ∆p , Γsg , giving
N σ0 Γe /2
χ≈
(∆p + iΓsg )
(3.57)
V k0 (Ωc /2)2
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Again we can see how the absorption (imaginary part) tends to zero as ΓΩsgc → 0, allowing
the probe to essentially experience a lossless media, in which a group velocity can be well
defined.
As per Eq. 3.56, we take the derivative with respect to ωp of the real part of χ (Eq.
3.57) and setting n ≈ 1 + Re[χ]/2, we find
ng ≈ 1 +

N σ0 cΓe
V Ω2c

(3.58)

for the group index at a resonant probe field (∆p = 0). Typical group index values can
become very large, reducing the group velocity found from Eq. 3.55 to be
vg ≈

Ω2c
N
σΓ
V 0 e

(3.59)

This is consistent with Fig. 3.4a, which shows a large slope in the real part of the susceptibility around resonance that is not present for the two level system.
It should be noted, however, this analysis is only valid for when the pulse frequency
bandwidth is within the EIT transmission window, given by Eq. 3.53, resulting in minimal
field loss. As evident from Eq. 3.59 and Eq. 3.50, as the control power is reduced, the
group velocity can become arbitrarily low, however the FWHM of the EIT window also
2
decreases as ∆F W HM ∝ ΩΓec .
A pulsed probe field will experience a compression in its length as it enters the atomic
cloud. This is because as the pulse first enters the medium, the front of the cloud will
initially experience a speed reduction from c to vg , while the end of the pulse still travels
at c. The length of the pulse will be compressed by a factor of vcg . However, the pulse
field amplitude will remain a constant, and thus the total power in the field is also reduced
by a factor of vcg . This somewhat counter-intuitive effect is a result of the coherence built
up in the dark state (Eq. 3.54). The remaining energy from the original pulse is instead
stored in this superposition of the ground state and metastable state [67]. Several notable
demonstrations of slow light using EIT have been performed [56, 47], as well the complete
stopping of a classical light pulse [64] and even storage of a single photon [28].

3.1.4

Off-Resonant Control (∆c 6= 0): Two Photon Absorption

As we have seen in the previous section, EIT takes place at the two photon resonance condition (∆p = ∆c ), which can occur for any particular detuning of the fields. However, another
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Figure 3.5: Comparison of a two level system and a three level system with ∆c = 2Γe and
Ωc = Γ2e . (a) The normalized imaginary part of the susceptibility and the (b) transmission
with OD = 10. The EIT resonance with large transmission is found at ∆EIT
= ∆c , and
p
Ω2c
2ph
the TPA resonance is found at ∆p = ∆c + 4∆c .
interesting phenomenon called two-photon absorption (TPA) appears at large control field
detunings. For a given ∆c  Γe , the spectrum of the probe field is usually characterized
by a normal Lorentzian shape profile centred near the probe field resonance, ∆p = 0, but
with an additional narrow absorption peak near the control field detuning, as shown in
Fig 3.5. This secondary peak represents the dynamics for Raman absorption, and can be
understood as the probe field causing a weak excitation to a virtual excited state, while simultaneously the strong control field acts to stimulate emission of light thereby transferring
the atom into the metastable ground state |si.
We can explicitly investigate this behaviour by re-writing the susceptibility as
!

Ωc 2
N σ0 i Γ2e
2
1 − Γsg
χ=
2
Γe
V k0 Γ2e − i∆p
(3.60)
( 2 − i∆pc )( 2 − i∆p ) + Ω2c
≡ χ0 + χ1

where the first term in the expression, χ0 , represents the simple two level Lorentzian
absorption profile (Eq. 3.29) that we found in Section 3.1.1. The physics of the three
level system are embedded in the second term, χ1 . In particular, this term gives a Fano
resonance at the TPA condition for a large control and probe field detuning.
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For the case of a large control field detuning, ∆c  Γe , and focusing only at the peak
near the two photon resonance, |∆p − ∆c |  12 (∆p + ∆c ), we can approximate the second
term as
Γ
−Γ
N σ0 i 2ph2 sg
χ1 ≈
(3.61)
V k0 Γ2ph − i∆2ph
2

where again the real and imaginary parts of the denominator are related to the approximate
FWHM and centre frequency, respectively, of the two photon absorption (TPA) peak as
defined as
2

Ωc
(3.62)
Γ2ph ≡ Γsg + Γe
2∆c
and
∆2ph ≡ ∆pc −

Ω2c
4∆c

(3.63)

The centre of the TPA is at ∆2ph = 0 (also called Raman resonance), and thus the resonance
condition for the TPA occurs when the probe field is at a frequency of
∆2ph
= ∆c +
p

Ω2c
4∆c

(3.64)

It is worth noting there is a simple interpretation for the effective linewidth and resonant
detuning of the TPA Raman transition. The strong control field acts to AC stark shift
Ω2c
, and thus the Raman resonance condition becomes
the |si state by the amount ωAC = 4∆
c
matching the probe detuning to the detuning of the control field relative to this AC stark
shifted metastable state energy.
The linewidth of the TPA absorption peak, as seen in Eq. 3.62, is simply the addition
of the two sources for transitions from the metastable state, |si, back to the ground state,
|gi. The first means by which this occurs is the natural decay of from |si to |gi, which
has a linewidth of Γsg . The second source is by the control field acting to transfer atoms
back to the ground state by scattering the atoms from |si. This scattering rate will be
Rsc = Γe ρee , in which the excited state population for a large detuning of the field is that
Ω2c
of a two level system, ρee ≈ 4∆
2.
c

Fig 3.5a shows the normalized imaginary part of the susceptibility, in which the narrow
TPA can been seen. It is evident from the transmission, shown in Fig. 3.5b, that there is
still an EIT peak with large transmission at the two photon resonance condition (∆EIT
=
p
∆c ), however there is also a nearby transmission dip at the TPA resonance condition (Eq.
3.64).
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Another useful interpretation of this result is to look at the dressed state picture. The
eigenstates of the system can be approximated in the large detuning limit, keeping only
Ωc
to give the unnormalized eigenstates
the highest order terms in ∆
c
Ωc
|si
2∆c
Ωc
|−i = |si +
|ei
2∆c

|+i = |ei −

(3.65)

which can be thought of as a result of the control field dressing the |ei with |si.

The single photon probe field resonance represents the probe coupling between the |gi
state and |+i state, giving an approximately two-level Lorentzian shape at ∆p = 0 with
a linewidth of Γe , since |+i is mostly the |ei state in this limit. The TPA, alternatively,
results from coupling between the |gi and |−i states at ∆2ph = 0 and has a width of
approximately Γ2ph .

3.2

Cavity Quantum Electrodynamics

We will now build on the discussion of light-matter interaction by inserting a two level
atom into a cavity. The case of a two level atom excited in free space was discussed earlier
in this chapter in Section 3.1.1, while in Section 2.1 we explored the physics of an empty
cavity. By combining these concepts, we allow for the light to be confined to a small volume
(as compared to a free space mode the size of the universe), increasing the effective field
strength and enhancing the interaction with the atom in a field deemed cavity quantum
electrodynamics (QED). One may also think of this enhancement as the photon passing by
the atom many times as it bounces between the cavity mirrors, increasing its probability
of interaction.
The next part of this chapter will be dedicated to determining the coupling between a
two level atom and a cavity mode which we will describe first by introducing the JaynesCummings Hamiltonian. However, the significance of coupling to a cavity mode (as compared to free space modes) is determined by the relative strengths between effects produced
by the cavity field and the competing dissipative processes. We will discuss the different
coupling regimes that are of importance to the work done in this thesis, and their different
characteristics.
The chapter will conclude by considering an ensemble of atoms in a cavity resulting in
the existence of collective states. These effects, together with the physics of a three level
atom, can be used to understand vacuum induced transparency (VIT).
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3.2.1

Jaynes-Cummings Hamiltonian

We previously have used a semi-classical treatment of light-matter interactions, in which
the electromagnetic field is described classically, while the atom is quantized. If we now
consider a two-level atom coupled to a single cavity mode, the field is instead quantized as
well to provide a fully quantum picture of the system.
The total Hamiltonian will simply be the summation of the atomic energy term, Ha ,
the cavity photon energy term, Hc , the interaction energy term, Hint ,
H = Ha + Hc + Hint

(3.66)

in which
Ha = ~ωeg σ † σ
Hc = ~ωc a† a
~
Hint = −~µ · E

(3.67)

where the cavity frequency, ωc , is an integer value of the cavity free spectral range (FSR)
such that ωc = 2πnFSR (n ∈ Z). We have ignored the vacuum energy of the cavity, and
assumed that the atom only couples to a single cavity mode, which is valid for a system
with a cavity frequency close to resonance with the atom (|ωc − ωeg |  2πFSR).
~ however we must
The interaction term is again the dipole coupling energy (−~µ · E),
now use the expression for the quantized electric field of the cavity, which is given by
~ =E
~ 0 (aei~k·~r + a† e−i~k·~r )
E

(3.68)

in which the cavity annihilation and creation operators for the cavity field mode are a and
a† , respectively. The electric field amplitude corresponds to the vacuum energy (0 |E|2 =
~ωc
), and is thus given by
2
r
~ωc
~0 =
E
ê
(3.69)
20 Vmode
with a field polarization along ê and mode volume of the field of
RRR
|E|2 dV
Vmode =
(3.70)
max{|E|2 }
for a dielectric constant, , where the maximum value of |E|2 is used for normalization.
We again use the dipole approximation, in which the spatial wavefunction of the electron
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is much smaller than the wavelength of the cavity field. This results in ~k · ~r  1, and thus
~
e±ik·~r ≈ 1.
Using the interaction energy from Eq. 3.67 with the quantized field and the dipole
operator from Eq. 3.68 and Eq. 3.17, respectively, we find
Hint = −~g(σ + σ † )(a + a† )
where we define the vacuum (or single-photon) Rabi frequency as
r
~ωc
µge
g≡
~
20 Vmode

(3.71)

(3.72)

The interaction energy can be simplified by again invoking the rotating wave approximation to ignore the non-energy conserving terms, σa and σ † a† , which are the terms with
fast rotation at ±(ωeg + ωc ) (as can be easily seen by converting into the interaction picture). We can then write the final Hamiltonian for cavity quantum electrodynamics (QED)
systems, called the Jaynes-Cummings Hamiltonian,
HJC = ~ωeg σ † σ + ~ωc a† a − ~g(σ † a + σa† )

3.2.2

(3.73)

Dissipation

In most cavity QED models there are two major sources of dissipation which act to disrupt
the coherent evolution of the atom-cavity field system, as shown in Fig. 3.6. We have
already discussed each process in some detail in previous sections. The first decoherence
process is spontaneous emission of the atom into a non-cavity mode (or free-space mode).
This is of course characterized by the natural linewidth, or spontaneous emission rate, of
the atom. The other process is the leakage of photons out of the cavity or absorption from
the cavity medium, which happens at the cavity decay rate, κ.
As before, we can incorporate the decay processes into the evolution of the system by
using the master equation approach, where we need only add the appropriate Lindblad
superoperator terms to account for the atomic and cavity decay,
i
∂ρ
= − [HJC , ρ] + Γ⊥ L[σ]ρ + κL[a]ρ
∂t
~

(3.74)

It should be noted that the non-cavity mode atomic decay rate, Γ⊥ , in Eq. 3.74 is
the modified decay rate induced from the cavity. An open cavity is described by a simple
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Figure 3.6: A two level atom interacting with a field in a cavity. The rate at which the
atom coherently interacts with the cavity photons is the vacuum Rabi frequency, g. The
two damping process are the atomic decay rate, Γ, which characterizes emission of photons
into modes other than the cavity mode, and rate at which photons are leaked from the
cavity, κ.
one-dimensional Fabry-Pérot etalon with a length much greater than the mode wavelength.
This regime results in an atomic spontaneous emission rate similar to that of its free-space
value because the atom can still interact and emit into the two orthogonal directions that
are unconfined by the cavity.
However, a closed cavity is one in which light is confined in all three dimensions, and
typically the cavity length is similar in size to the wavelength of light. These systems
restrict the atom to interacting only with a limited number of modes, and thus the emission
rate is greatly reduced from its free-space decay rate.

3.3

Coupling Regimes and Figures of Merit

As we have seen in the previous sections, there are essentially three parameters that govern
the atom-light interaction strength. Each defines a time scale relevant to a process related
to either coherence or decoherence in the system. The atom-photon coupling or vacuum
Rabi frequency, g, is the rate at which atomic excitations and cavity photons are exchanged.
The two important dissipative properties are the photon loss rate out of the cavity, κ, and
the decay rate into non-cavity modes, Γ⊥ .
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3.3.1

Strong Coupling

When the cavity and atom are near resonance and the cavity is made to not be leaky so
that the dissipation processes are negligible, there can be a coherent exchange of energy
similar to the free-space excitation of light with a two-level atom, as discussed in Section
3.1.1. The strong coupling regime is characterized by the coupling between the atom and
photons being much faster than the irreversible processes of photons lost from the system,
such that g  κ, Γ⊥ [36]. This allows for the reversible process of the atom emitting a
photon into the cavity and re-absorbing it before the photon can be lost.
In the strong coupling regime, the solutions for a cavity QED system can be found
in the eigenbasis of the tensor product of bare atomic states and the Fock states of the
photon. It can be seen from the Jaynes-Cummings Hamiltonian (Eq. 3.73), specifically the
interaction terms, that the states |e, ni are coupled with |g, n + 1i, where we have written
the atomic state in the first entry of the state, and the photon number as the second for a
given integer n, representing the smallest number of photons in each manifold. This means
that a state with no excitations, |g, 0i, will not couple to any other state.
This convenient property will allow us to solve system by restricting the infinite Hilbert
space to being spanned simply by |e, ni and |g, n + 1i. However, when dissipation is
significant, the dynamics become more complicated as the atomic decay couples |e, ni with
|g, ni, and the cavity decay couples |e/g, n + 1i with |e/g, ni.

Fig. 3.7 shows the manifold of the eigenstates with and without the coupling between
the atom and the cavity photon. The so-called dressed states, |±i, are the new eigenstates of the coupled system, and can be found by diagonalizing the Jaynes-Cummings
Hamiltonian (Eq. 3.73), giving
|+, (n)i = cos θn |e, ni + sin θn |g, n + 1i
|−, (n)i = − sin θn |e, ni + cos θn |g, n + 1i

(3.75)

where we define

√
2g n + 1
(3.76)
tan 2θn = −
∆
for the detuning, ∆ ≡ ωc − ωeg . The corresponding energies of the two dressed eigenstates,
E± , are


1
1
~p
E± = ~ωeg + ~ n +
ωc ±
4(n + 1)g 2 + ∆2
(3.77)
2
2
2
When the atom and cavity are exactly on resonance (∆ = 0), the degeneracy of the
bare states is broken at each excitation manifold and the dressed states become |±i =
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Figure 3.7: The left most ladders are the uncoupled bare states for a detuning between
the atom and cavity frequencies, ∆ = ωc − ωeg . When the atom and cavity are strongly
coupled, the new eigenstates are instead the dressed states.
√
with an energy splitting of 2 n + 1g. The dissipation in the system
acts to give each of the dressed states a finite linewidth. Since the dressed states are a
superposition state of excitations in the atom and the cavity, the effective linewidth is a
⊥
.
combination of both the atom and cavity decay rate, giving Γef f = nκ + κ+Γ
2
√1 (|g, n + 1i ± |e, ni)
2

The dressed state picture gives us a new means of interpreting the strong coupling
regime. When the condition g  Γ⊥ , κ is met, the dressed state peaks can be resolved
and the system undergoes weakly damped Rabi oscillations between atomic and cavity
excitations. If this condition is not met, the linewidth of the peaks becomes so large that
the splitting between the states are obscured and the system decays before it can undergo
a single Rabi oscillation.
A state that does not begin in these dressed states (i.e. not a steady state), will instead
undergo coherent oscillation between an excitation in the atomic state and an excitation
in the cavity mode (a cavity photon).√In particular, Rabi flopping will occur between the
|g, n + 1i and |e, 1i states at a rate 2 n + 1g.
Interestingly, the oscillation of excitation between the atom and cavity mode can occur
even in the absence of a cavity photon (n = 0). This effect can be interpreted as the
vacuum fluctuations stimulating emission of the atomic excitation to produce a cavity
photon, hence the name of the vacuum Rabi frequency for g. This coherent effect is the
dominate evolution if the system is in the strong coupling regime, resulting in many of these
oscillations before the photon is either lost through the cavity or the atom spontaneously
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decays.

3.3.2

High Cooperativity

The most important parameter that characterizes a cavity QED system is called the single
atom cooperativity, η, which is a dimensionless quantity defined as
η≡

4g 2
κΓ⊥

(3.78)

A regime that is closely related to the strong coupling condition is deemed high cooperativity, where η > 1. This requirement is equivalent to the strong coupling regime when
κ = Γ⊥ , however, it is a somewhat less stringent condition when κ < Γ⊥ or κ > Γ⊥ ,
because the both decay rates need not be separately larger than the Rabi frequency, but
instead their geometric average must be.
The strong coupling regime represents a system that has the splitting between the
dressed state cavity resonances much larger than their linewidths and are thus the peaks
are distinguishable. In contrast, the high cooperativity regime allows for the eigenstate
modes to overlap within their linewidths, however destructive interference between the
states can occur, which is what occurs in a classical EIT system and, more relevantly, to
the VIT phenomenon that will be discussed in Section 3.5 [108].
Two closely related physically significant quantities that arise are the critical atom
number, N0 , and the critical photon number, n0 , that represent the number of atoms and
photons, respectively, that are required to alter the systems properties. They are given by
2κΓ⊥
g2
4 Γ2⊥
Γ2
n0 = b ⊥2 =
2g
3 g2

N0 =

(3.79)

where b is determined by the geometry of the cavity field profile. A uniform plane wave has
b = 1, while b = 83 when averaged over a standing wave Gaussian profile [58]. Specifically,
the critical atom number is the number of atoms in the cavity required to induce a split
in the cavity resonance peak, while the critical photon number is a measure of the photon
number required to saturate the atoms.
Interestingly, it should be noted that the cooperativity is independent of the atomic
species (i.e. does not depend of the dipole moment), and is instead purely a function of
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the cavity features. This can be seen by assuming the non-cavity emission rate, Γ⊥ , will
be the natural spontaneous emission rate,
Γ=

3
|µge |2
weg
3π0 ~c3

(3.80)

which is valid for a one dimensional cavity where most emission directions are still free
space modes. Using Eq. 3.80 together with the cavity decay rate and coupling constant
formulas, Eq. 2.14 and Eq. 3.72, respectively, we find
η=

3Q λ3
4π 2 Vmode

(3.81)

η=

3F λ2
2π 2 Amode

(3.82)

or in terms of the finesse by Eq. 2.8,

for a mode area of the cavity, Amode , and wavelength, λ.
We may also explore a more physical interpretation of the cooperativity by first ex2
, and the average number of
pressing it in terms of the resonant cross section, σ0 = 3λ
2π
round trips using Eq. 2.11,
σ0
η=2
Nrt
(3.83)
Amode
Using the fact that the probability for an atom to absorb a photon for a single pass is
σ0
P1 = Amode
, and the average number of times the photon will pass the atom is Npass = 2Nrt
(since the photon bounces off the cavity mirrors and will pass by the atom twice for each
round trip), we can also write
η = P1 Npass
(3.84)
Since the probability that the atom is not absorbed in a single pass is 1 − P1 , the
probability that the photon does not get absorbed after Npass passes is simply (1−P1 )Npass .
We can then write the probability that the photon does get absorbed, Pabs , after passing
by the atom Npass times is
Pabs = 1 − (1 − P1 )Npass
≈ 1 − e−P1 Npass
= 1 − e−η
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(3.85)

1

where in the second line we used limx→0 (1 + x) x = e. This is valid for P1  1, which for
most cavity QED systems is true since the resonant cross section is on the order of optical
wavelengths while the cavity mode areas are still macroscopic. Thus we can see from Eq.
3.85 that the cooperativity acts as an effective optical depth for a single atom in a cavity.
This strict condition of strong coupling can be extremely difficult to overcome in some
systems with a single atom, where the cavity√cannot be made to have a high enough finesse.
Fortunately, the effective coupling becomes Na g for Na atoms interacting with the cavity
photons, as we will see in Section 3.4. This allows systems that would otherwise have low
single atom cooperativities, η < 1, to have a large collective cooperativity, ηcoll ≡ Na η > 1.
This so-called bad cavity but high collective cooperativity regime is important in systems
such as those exhibiting superradiance [77, 15].

3.3.3

Weak Coupling Regime

Cavity QED systems can be engineered and tailored to exhibit different effects depending
on the relative strengths between the couplings and dissipative processes. In particular,
the atomic decay rate can be drastically affected by the presence of a cavity, which is called
the Purcell effect [85].
The weak coupling regime is characterized by the atom-cavity coupling strength being
smaller than either the free space loss rate (g < Γ⊥ ) or the cavity loss rate (g < κ). It
should be noted that this regime would still allow for the cooperativity to be larger than
unity. This limit means that the photons in the cavity are lost (either to non-cavity modes
or leakage from the cavity) before they can undergo Rabi oscillations. Emission into the
cavity is thus an irreversible process similar to emission into free space. We will investigate
the alteration to the emission rate of the atom to produce an effective emission rate, Γef f .
In the limit of weak coupling, the presence of the cavity has a relatively weak effect on the
atom. This allows us to use perturbation theory in which the transition rate is given by
Fermi’s golden rule
2π
(3.86)
Γef f = 2 |he|Hint |gi|2 ρ(ω)
~
where he|Hint |gi is the matrix element of the perturbative interaction energy, and ρ(ω) is
the density of states per angular frequency.
For atoms in free space, the emitted photons have a quadratic density of states with
frequency, and Eq. 3.86 can be used to reproduce the natural spontaneous emission rate
of Eq. 3.80. However, the presence of the cavity can drastically modify the density of
available sates that the atom can emit into, and thus alter its decay rate.
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If we consider an atom with a transition frequency near a resonant frequency of a
cavity, all other cavity modes may be ignored because they are far detuned from the
atomic frequency. For this system, the atom is coupled a single cavity mode, which means
the density of states for the cavity has a spectrum that can be represented as a Lorentzian
peak centred on the resonant
frequency, ωc , and linewdith, κ. By normalizing the single
R −∞
Lorentzian peak with ∞ ρ(w)dw = 1, we can write
ρ(w) =

(κ/2)2
2
πκ (ω − ωc )2 + (κ/2)2

(3.87)

The interaction matrix element is found using the vacuum electric field, Eq. 3.69,
2
~
|he|Hint |gi|2 = |he|~µ · E|gi|
~ωeg
= µ2eg
20 Vmode

(3.88)

where we have assumed the dipole moment is aligned with the electric field polarization.
Substituting Eq. 3.87 and Eq. 3.88 into Fermi’s golden rule (Eq. 3.86) and evaluating
the density of states at the atomic frequency, ωeg , we find
2µ2eg ωeg 1
(κ/2)2
~0 Vmode κ (ωeg − ωc )2 + (κ/2)2
4g 2
(κ/2)2
=
κ (ωeg − ωc )2 + (κ/2)2

Γef f =

(3.89)

We can now find the enhancement ratio, called the Purcell factor, F, of the cavity-induced
emission rate, Eq. 3.89, and the natural spontaneous emission rate, Eq. 3.80,
Γef f
Γ
3Q (λ0 /n)3
(κ/2)2
= 2
4π Vmode (ωeg − ωc )2 + (κ/2)2

F≡

where we have used the Q factor of the cavity as Q =
atomic media, and free space wavelength, λ0 .

ωc
,
κ

(3.90)

for a refractive index, n, of the

When the cavity is set on resonance with the atomic frequency, ωeg = ωc , the effective
decay in Eq. 3.89 becomes
Γef f (ωc = ωeg ) =
55

2µ2eg Q
4g 2
=
~0 Vmode
κ

(3.91)

and the Purcell factor is

3Q (λ0 /n)3
(3.92)
4π 2 Vmode
The presence of a high Q cavity with a small mode volume on resonance can thus enhance
the spontaneous emission rate of the atom (F > 1) by effectively increasing the density of
states that the atom can emit into.
F(ωc = ωeg ) =

When the frequencies of the cavity and atom are far off resonant from each other (called
the dispersive regime, |∆| = |ωeg − ωc |  κ), we can approximate Eq. 3.90 as
F(|∆|  κ) ≈

3 (λ0 /n)3
16π 2 Q Vmode

(3.93)

and the spontaneous emission rate of the atom is suppressed by high finesse cavities (F < 1)
because the density of states is greatly reduced.
Amazingly, it is shown that the spontaneous emission rate of an atom is not an intrinsic property, but rather dependent on the environment of the atom. Thus, cavity QED
systems can be designed to not only enhance or suppress the spontaneous decay of the
atom by either setting the cavity frequency on resonance with the atomic transition or
far-detuned, respectively, but it can also be made coherent in the case of strong coupling
Rabi oscillations.

3.4

Atomic Ensemble in a Cavity

We will now investigate the behaviour of the system when many atoms are introduced into
the cavity and how collective effects may arise. The Hamiltonian describing a single cavity
interacting with many atoms is called the Tavis-Cummings Hamiltonian [109]. It is built
upon the Jaynes-Cummings Hamiltonian, in which the internal energy state of each atom
must be summed, as well as each interaction energy between the atoms and the cavity
mode, while ignoring any interactions between the atoms. Even though each atom may
be identical, they may be in a region of different electric field strength (for example atoms
in a Gaussian cavity mode), and thus could each have a different coupling to the cavity
mode, gj , resulting in
X †
X
HT C = ~ωeg
σj σj + ~ωc a† a −
~gj (σj† a + σj a† )
(3.94)
j

j
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This Hamiltonian can be approximately diagonalized by defining normalized collective
state operators, ΣGE and ΣEE , [97, 105] such that
X
1
gj σj
ΣGE ≡ √
Na gef f j
=

(3.95)

Σ†EG

for a number of atoms, Na , and an effective average coupling constant,
sP
2
j gj
gef f ≡
Na

(3.96)

representing the root mean square of the vacuum Rabi frequencies of the atomic ensemble,
and
ΣEE ≡ ΣEG ΣGE
1 X
=
gj gk σj† σk
2
Na gef f j,k

(3.97)

Using the definition of these collective operators, we can re-write the Hamiltonian in
Eq. 3.94 as
!
X †
p
(3.98)
H = ~ωeg ΣEE + ~ωc a† a − ~ Na gef f (ΣEG a + ΣGE a† ) + ~ωeg
σj σj − ΣEE
j

Note that the last term is a result of the fact that ΣEG ΣGE 6=
represents the number of non-collective excitations.

P

j

σj† σj , and in fact

We can also derive the symmetrically entangled collective state manifold by simply
applying the collective excitation operator, ΣEG , to the collective ground state, |Gi ≡
|g1 , g2 , . . . , gNa i, where each entry represents the different atoms in the ensemble. Each
time the collective excitation operator is applied, it creates an entangled excitation, giving
a total of Ne number of excitations, thus
1
|E Ne i ≡ √
(ΣEG )Ne |Gi
Ne !
Ne
X Y
1
=√
|g1 , . . . , el1 , . . . , elNe , . . . , gi
2
Ne
Ne !(Na gef
f)
m=1
l ,...,l
1

Ne
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(3.99)

If the number of excitations is much smaller than the total number of atoms, Ne  Na ,
it can be shown that the collective operators have the commutation relations [105]
[ΣGE , ΣEG ] = 1
[ΣGE , ΣEE ] = ΣGE
[ΣEG , ΣEE ] = −ΣEG

(3.100)

in which the collective operators act exactly like harmonic annihilation and creation operators of excitations. Interestingly, this means that excitations of an ensemble of atoms
acts like a quantum harmonic oscillator for a small number of excitations. These relations
also indicate that if the ensemble is initially prepared in |Gi, the state will evolve only
into superposition states of |Gi and |E Ne i for weak excitations, and will not couple to any
non-collective state.
Using our definitions in Eq. 3.97 and Eq. 3.99 we can also find that
X †
σj σj |E Ne i = Ne |E Ne i

(3.101)

j

and also
ΣEE |E Ne i = Ne |E Ne i

(3.102)

which results in the last term in our Hamiltonian in the collective state representation (Eq.
3.98) to be equal to zero. Thus, the Hamiltonian in the collective state manifold for an
ensemble of atoms with a small number of excitations can be written as
p
(3.103)
H = ~ωeg ΣEE + ~ωc a† a − ~ Na gef f (ΣEG a + ΣGE a† )

There are two important qualitative properties that the collective states possess. The
first is that the coupling strength between |EeN i and |ENe +1 i increases as the number of
excitations increase, since
p
hE Ne +1 |Hint |E Ne i = − Na (Ne + 1)gef f a†
(3.104)
√
This enhancement by Na for a small number of excitations is the behaviour of superradiance, and these collective excitation states are the famous Dicke states for Ne  Na
[26]. Superradiance occurs when an atomic ensemble spontaneously emit coherently into
a single electromagnetic mode.
The other feature is that the collective states are resilient against loss of a single atom.
Since the excitation is very weak such that Ne  Na , if any given atom is lost and measured,
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it will most likely be found to be in the ground state, preserving the entanglement of the
rest of the ensemble.
The form of the Hamiltonian in Eq. 3.103 suggests that the properties of a weakly
excited atomic ensemble coupled to a single cavity mode shows much of the same properties
as a single atom
√ in a cavity. The resonant case (ωeg = ωc ) also shows a vacuum Rabi
splitting of 2 Na gef f , and the far-detuned system shows an AC stark shift of the cavity
of
√

2
Na gef
f
.
∆

The main difference is that the single atom Rabi frequency is replaced
with g →
√
Na gef f , and thus the condition to see the Rabi splitting is reduced to Na gef f  κ, Γ⊥ .

However, there is one main distinction between the behaviour of the collective state
in a cavity as compared to a single atom. This comes from the fact that the single atom
operators do not follow the commutation relations of a harmonic oscillators since [σ, σ † ] =
σz 6= 1, unlike the collective state operators. This results in an anharmonicity in the
physics of a single atom coupled with a cavity, in√which splitting between the resonances
depend on the number of photons in the cavity, 2 n + 1g, as discussed in Section 3.3.
Conversely, the collective state manifold, under the assumption of small number of
excitations, does indeed act like a harmonic oscillator, resulting in the eigenenergy splitting
to be independent of the number of photons, and are simply a constant with number of
atoms. Thus, a weakly excited atomic ensemble coupled to a cavity mode acts like two
masses coupled by a spring, reacting the same no matter how strongly they are driven.
The anharmonicity, however, returns when the system is strongly driven creating a large
fraction of atoms in the excited state.
In the next section (Section 3.5), we will see that this nonlinearity in the photon number
will be restored even with many atoms in the cavity. This is because we will treat the atoms
as three-level systems such that the cavity will instead only couple to one atom at a time
and effectively saturate the atom with a high finesse cavity.

3.5

Vacuum Induced Transparency (VIT)

We will now conclude this chapter by combining the previous sections to consider an
ensemble of many three-level atoms inside a cavity. It has been shown how the interactions
between the cavity mode photons and atoms are enhanced in the strong coupling regime.
We can now explore the limit of no photons in the cavity mode to determine the effect
of the vacuum field on the dispersive properties of the atomic ensemble. Chapter 6 will
explore how the effects discussed in this section can be employed to develop a single-photon
all-optical switch using several different schemes.
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The previous sections have laid most of the mathematical foundation for these effects,
in particular the phenomenon of Vacuum Induced Transparency (VIT), which is similar to
EIT but with a few discrepancies such as in the group velocity delay. In EIT, the optical
nonlinearities are induced by the strong classical control field, while in VIT the vacuum
cavity mode can replace this classical field, creating the nonlinearities with the interaction
of just a single photon with the atoms.
The initial predictions of VIT [31, 87] assumed a single atom in a cavity, rather than
many atoms interacting with a single cavity probe field. However, these systems may be
treated the same as long as the average number of photons scattered by the atoms in the
cavity is much less than one.
In practice, this would be achieved by simply using a sufficiently weak probe to allow
for only a single atomic excitation in the ensemble, within the relevant time scales. These
processes can be somewhat counter-intuitive as there is only a single photon (at most)
that is involved in the physics of a three-level scheme in which the interference between
the simultaneous excitation of multiple pathways can, amazingly, still occur.

3.5.1

Hamiltonian and Master Equation

The Λ-type level scheme for a VIT system is shown in Fig. 3.8. A probe beam, Ωp ,
is allowed to interact with the atoms through free space coupling the ground and excited
states. The atoms are in a high-finesse cavity that has a resonance tuned near the transition
between the metastable state and the excited state. Photons would be detectable through
either the probe field mode or the cavity field mode.
The Hamiltonian for this system in the appropriate rotating frame under the RWA is
given by
X
X
Ωp X j ik~p ·~r
j −ik~p ·~
r
j
j
j
j †
(σeg e
+σge
e
)
H̃ = −~∆p
σeg
σge
−~(∆p −∆c )a† a−
~gj (σes
a+σse
a )−~
2
j
j
j
(3.105)
This Hamiltonian is of course analogous to the previously discussed three-level system for
EIT (Eq. 3.35), where we have again defined the probe detuning ∆p ≡ ωp − ωeg , cavity
detuning (the ’c’ now conveniently standing for ’cavity’ instead of ’control’), ∆c ≡ ωc − ωes ,
and the general atomic raising/lower operators σij ≡ |iihj|.

Rewriting the Hamiltonian in terms of the collective state operators we find
√
Na Ωp
†
†
H̃ = −~∆p ΣEE − ~(∆p − ∆c )a a − ~gef f (ΣES a + ΣSE a ) − ~
(ΣEG + ΣGE ) (3.106)
2
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Figure 3.8: The single excitation manifold scheme for a three-level atomic ensemble in a
cavity consists of the bipartite states |E, 0i, |G, 0i and |S, 1i. A weak probe field with
Rabi frequency Ωp is coupled through free space to the |Ei-|Gi atomic transition. The
cavity mode is coupled to the |Si-|Gi with an effective vacuum Rabi frequency, gef f , for
the atomic ensemble, with cavity photons leaking at a rate κ.
using the definitions of
1 X j ik~p ·~r
σ e
ΣEG ≡ Σ†GE ≡ √
Na j eg

ΣEE ≡ ΣEG ΣGE
ΣES ≡ Σ†SE ≡
and
gef f ≡

1 X

gef f

(3.107)

j
gj σes

j

sP

j

gj2

Na

(3.108)

It can be seen from Eq. 3.106 that in this three
level system, the effective coupling
√
strength to the cavity mode is not enhanced to Na gef f from having many atoms in the
cavity, unlike what we saw in the previous section for two level atoms in a cavity described
by Eq. 3.103. This is because the cavity is instead coupled to the |Si-|Ei transition, which
is left mostly unpopulated. The probe field photon, however, can excite any of the atoms
in the sample, and so it can be thought of as having an increased probability of interacting
with an atom. It is then only the single atom that has been excited by the probe photon
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that can couple to the cavity, and so there is no cavity-atom enhancement by having many
atoms in the sample.
We can further reduce the complexity of this Hamiltonian by only considering the socalled single excitation manifold. As we previously mentioned, the probe field is assumed
to be weak such that less than a single photon interacts with the ensemble at once, thus
restricting our Hilbert space to the bipartite sates of |G, 0i, |E, 0i, and |S, 1i, in which the
first letter and second number indicates the atomic state and the cavity photon number,
respectively. The Hamiltonian can then be considered a simple 3X3 matrix as
H̃ = − ~∆p |E, 0ihE, 0| − ~(∆p − ∆c )|F, 1ihF, 1|
√
Na Ωp
(|E, 0ihG, 0| + |G, 0ihE, 0|)
− ~gef f (|E, 0ihS, 1| + |S, 1ihE, 0|) − ~
2

(3.109)

The resulting master equation is determined by considering the decay channels from
the excited state to the two ground states, Γe ≡ Γes + Γeg , as well as introducing leakage of
photons from the cavity mode at a rate κ. For simplicity we will ignore any decay between
the two ground states in this treatment because the cavity decay rate in most systems will
dominate the dissipation from the |S, 1i state. The master equation, again analogous to
that of the classical EIT system in Eq. 3.36, becomes
i
∂ ρ̃
= − [H̃, ρ̃] + Γeg L[ΣGE ]ρ̃ + Γes L[ΣSE ]ρ̃ + κL[a]ρ̃
∂t
~

(3.110)

It should be noted that in this formalism of the master equation, probability is not preserved
for the single excitation manifold. This is noticeable by the fact that |S, 1i decays to |S, 0i
by the cavity leakage, which we do not consider in our manifold (as seen in Fig. 3.8).
This is the same problem that arises when using the alternative approach of the stochastic
wavefunction method, in which a non-hermitian Hamiltonian is used to account for the
decay processes.
However, both the master equation and the stochastic wavefunction approach can be
justified by use of perturbation theory under the assumption of a weak probe giving a small
excited state population. The other main assumption we will make in order to validate
our treatment is that the cavity decay rate out of the single excitation manifold from |S, 1i
to |S, 0i, which would represent non-conservation of probability, is much smaller than the
coupling strength between |E, 0i and |S, 1i (2gef f  κ), thus requiring us to operate in
the strong coupling regime. Again we can then set the ground state probability to be
approximately unity and the state can essentially be approximated as
|ψi ≈ |G, 0i + cE |E, 0i + cS |S, 1i
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(3.111)

with state coefficients cE and cS .
Mathematically the off-diagonal element density matrix equations found from the master equation, Eq. 3.110, become again equivalent to the classical EIT
√ system, Eq. 3.37 and
Eq. 3.38, with the substitutions Ωc → 2gef f , κ → Γsg , and Ωp → Na Ωp . The collective
states are then also characterized by the effective cooperativity parameter ηef f =

2
4gef
f
.
κΓe

The overall cooperativity also has a spatial dependence due to the mode profile of
the field strength through the coupling constant, gef f . Assuming a gaussian mode crosssectional profile with an intensity width of σ0 and a standing wave along the axis of the
cavity, we can determine the spatial dependence in polar coordinates as
2

g(r, z) = gmax cos(kz)e

r
− 2σ

0

(3.112)

The effective coupling along the axis of the cavity, assuming a uniform distribution, is
found by averaging over a period of the standing wave
1 X 2
g (z)
Na j j
Z
1 λ/2
2
cos2 (kz)dz
= gmax
λ −λ/2
1 2
= gmax
2

2
gef
f =

(3.113)

and thus the effective cooperativity becomes
1
ηef f = ηmax
2

(3.114)

at the centre of the Gaussian mode.

3.5.2

Transmission Spectrum

The alteration to the atomic response from the probe field is due to the coherent build up
of the |E, 0i-|F, 1i transition mediated by the cavity. As previously found, the dispersive
properties of the atomic ensemble are governed by the susceptibility, with the real and
imaginary parts being responsible for the phase accumulation and absorption, respectively.
Similar to the discussion in Section 3.1, the susceptibility, χ, relates the induced polarization of the medium due to an applied electric field by Eq. 3.7. The polarization, P, is
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the total collective state dipole moment per volume, P =
collective state dipole moment. It is clear that
χ=

hµEG i
,
V

where hµEG i is the total

hµEG i 1
V 0 E/2

(3.115)

The collective state dipole can be found using Eq. 3.111 by
hµEG i = hψ|er|ψi
= c∗E cG hE|qr|Gi + c∗E cS hE|qr|Si + c.c.
p
= Na (c∗E cG he|qr|gi + c∗E cS he|qr|si + c.c.)
p
= Na (µeg ρEG + µes ρES + c.c.)

(3.116)

with the electron charge, q, and single atom dipole moment hµeg i. The third line can be
found using the single collective excitation state for identical coupling constants for each
atom
X
1
hE|qr|Gi = √
gj hg, . . . , ej , . . . , g|qr|g, . . . , gi
Na gef f j
P
(3.117)
j gj
= µeg √
Na gef f
p
= Na µeg

Again by looking at the terms that oscillate with the correct frequency of the probe
coupling only the |Ei-|Gi transition, we find the susceptibility can be written as
√
Na µeg
ρEG
(3.118)
χ=
V 0 E/2
and again becomes a problem of finding the off-diagonal collective density matrix elements.
The master equation (Eq. 3.110) can be solved under adiabatic evolution to reach
steady state, which is valid for a weak probe compared to the cavity coupling, Ωp  2gef f .
The mathematical details are identical to that found in Section 3.1.2, giving the density
matrix element
√
∆p − ∆c + i κ2
Na Ωp
ρEG = −
(3.119)
2
2
(∆p − ∆c + i κ2 )(∆p + i Γ2e ) − gef
f)
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which can be substituted into Eq. 3.118 to find
χ=

∆p − ∆c + i κ2
Na |µeg |2
κ
Γe
2
V 0 ~ gef
f − (∆p − ∆c + i 2 )(∆p + i 2 ))

(3.120)

In order to characterize the behaviour of VIT using the single atom cooperativity
4g
parameter, η = κΓefef , we rewrite Eq. 3.120 as
χ=

OD
kL

i Γ2e (∆p − ∆c + i κ2 )
Γe
(∆p − ∆c + i(1 + η) κ2 ) − i∆p (∆p − ∆c + i κ2 )
2

using optical density, OD =
σ0 .

N
σ L,
V 0

(3.121)

for a sample of length, L, and resonant cross section,

The transmission of the probe field at resonance, ∆p = ∆c = 0, is then simply
T = e−Im[χ]kL
OD

= e− 1+η

(3.122)

where the transmission is that of a modified effective optical depth, which becomes reduced
as the coupling to the cavity is increased, creating a high transparency window. The system
can be considered to be mostly in the dark state, but due to the dissipation out of the
cavity it is not completely in the dark state.
The width of the transparency window, σV IT , can again be related to the figure of
merit, η, by approximating the transmission near ∆p ≈ 0 as a Gaussian shape with width
for large optical depths, OD  1 [34],
(1 + η)κ
σV IT ≈ √
OD

(3.123)

Fig 3.9 shows the VIT transmission window for ∆c = 0, with a larger transmission occurring
for larger coupling strengths. The width of the window is also seen to increase with the
larger cooperativities.

3.5.3

Group Velocity and Pulse Width

As in the case of EIT, the group velocity can experience a large reduction due to the large
dispersion in the transparency resonance window represented by a large derivative in the
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Figure 3.9: Transmission of the probe field at a cavity frequency resonant with the |Ei - |Si
transition (∆c = 0) for various cooperativities resulting in vacuum induced transparency
(VIT). The resonance probe transmission peak at ∆p = 0 increases in both amplitude and
width for larger coupling strengths, in accordance with the behaviours of Eq. 3.122 and
Eq. 3.123, respectively. The optical depth is set to OD = 10 and cavity decay rate as
κ = 0.1Γe .
real part of the susceptibility. The extension of the result to a VIT system, however, has
the remarkable implication that a pulse travelling through a medium coupled through free
space can be slowed simply from the presence of a cavity encapsulating the medium.
We can again find the group velocity by
vg =

c
dn
n + ωp dω
p

where using Eq. 3.121 in relation to the real refractive index, n = 1 +
resonance


η
1
dn
OD
1
ωp
=
+
c
dωp
L (1 + η)2 κ ηΓe

(3.124)
Re[χ]
,
2

we find at
(3.125)

∆p =∆c =0

dn
Since the dispersion can be very large, ωp dω
 1, we can approximate the group velocity
p
in the limit of gef f  κ,
κL (1 + η)2
vg ≈
(3.126)
OD
η
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The group velocity can become much smaller than the speed of light in a vacuum,
vg  c, which produces a group delay time, τd , for the pulse through the medium,
L
L
−
vg
c
L
≈
vg
1
η
= OD
κ (1 + η)2

τd =

(3.127)

Interestingly, the delay time is independent on the actual length of the atomic medium,
but simply on the OD. This delay time can intuitively be thought of as being caused by
the photon being stored in the cavity. The average time spent in the cavity is κ1 (Eq. 2.10),
η
while the fraction of the photons that are in the cavity mode can be shown to be (1+η)
2
[108].
There is a practical issue that may arise, however, in these types of experiments, as we
alluded to in Section 3.1.3. In order for the entire single photon pulse to be in a medium at
once, it must have a spectrum that fits within the transparency window, and subsequently
within the region of the large dispersive slope in the refractive index. The simplest way
to analyse this problem is to assume a Gaussian-shaped envelope in the frequency domain
with a spectral width equal to that of the transparency window (Eq. 3.123), thus the
electric field is
2
−

Ep (∆p ) ∝ e

∆p
2σ 2
V IT

(3.128)

which can then be Fourier transformed to find the time dependence of the pulse
−

Ep (t) ∝ e

t2
2T 2
V IT

(3.129)

where the minimum pulse width in time that will still fit in the transparency window is
thus
√
1
OD
TV IT =
=
(3.130)
σV IT
(1 + η)κ
This pulse width also represents the time scale in which the photon adiabatically constructs
the dark state polariton with the atomic medium.
For large OD, we can find the ratio between the delay time and the minimum pulse
time,
√
τd
OD η
=
(3.131)
TV IT
2 (1 + η)
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√
This results in approaching a OD dependence for a system in the strong coupling regime,
allowing the entire probe pulse to simultaneous fit into the atomic medium at once. However, it is evident that for OD < 1 the entire pulse cannot fit into the atomic cloud, no
matter how strongly the atoms are coupled to the cavity (even for η  1).

3.6

Validity of Approximations

In this section, and in the rest of this thesis, we utilize several assumptions when characterizing the actual physical system in order to find approximate solutions to otherwise
unsolvable dynamical equations. This work considers the use of cold cesium atoms in all
experiments, and thus we will discuss the validity each major approximation.
Most of the level selections employed would be within the D2 transitions, which have
a minimum hyperfine splitting on the order of νHF ∼ 100 MHz. The natural linewidth of
these transitions are Γ ≈ 2π × 5.2 MHz, which is of course much smaller than the level
splittings, allowing for effective two or three level systems to be designed while neglecting
any cross coupling to far off resonant levels. In addition, thermal excitations are also
negligible since the cesium atoms are cooled to ∼ 10µK, corresponding to νthermal = kBhT ≈
200kHz νHF .
In Sections 3.1 and 3.2 we had also discussed making the dipole approximation. This
is valid for wavelengths much larger than the spatial extent of the electron wavefunction.
Since the D2 transition wavelength is λ0 ∼ 852 nm and the dipole matrix element is
∼ 4.5ea0 (with a0 as the Bohr radius) [101], we have λ0  4.5a0 .
The final main approximate we have made is the rotating wave approximation (RWA),
†
and aσge . We also saw that
where we had dismissed the non-energy conserving terms, a† σge
such terms rotate at a frequency of ω0 + ω (with ω as either the driving probe frequency
or the cavity frequency, depending upon which context the RWA was made). Since the
atomic frequency is ω0 = 2π λc0 ≈ 2π × 3.52 × 1014 Hz. The relevant time scale that we are
concerned with is usually at least on the order of the lifetime of the atomic excited state
or longer, for which Γ1 ∼ 31ns. Thus, these co-rotating terms are extremely fast (∼ 107
oscillations) with respect to the time scales we are exploring and so their effects can be
considered to be averaged out to zero.

68

Chapter 4
Implementing Bragg Mirrors in a
Hollow-Core Photonic-Crystal Fiber
The contents of this chapter are mostly based on the work published in Ref. [32]. One of
the main goals of this thesis is to investigate and develop novel types of fiber-integrated
cavities that will allow for the loading of atomic gases to enhance light-matter interactions.
In this chapter we consider one such scheme for producing such a fiber-cavity, where we
have numerically simulated the performance and requirements of the cavity, particular
cavities that are incorporated into hollow core photonic crystal fibers (HCPCF).
The mirrors of the Fabry-Pérot cavity are formed by making Bragg reflectors, which
were discussed in Section 2.2, in the fiber. We propose two separate methods to do so.
Each method relies on periodically altering the effective index of the fiber cross section,
as shown in Fig. 4.1. The interfaces between the different refractive indices result in
Fresnel transmission and reflection of the propagating Gaussian mode supported by the
fiber. Large reflectivities can occur by designing the thickness of the Bragg layers such
that the reflected waves constructively interfere for a particular wavelength of light. These
methods are somewhat related to realizations of Bragg gratings in photonic-crystal fibers
reported in the past [99, 128], although these demonstrations were not done with hollow
core fibers and resulted in complete filling of the photonic crystal region. Atoms could
then be gravity loaded into the HCPCF, as we will describe in more detail in Chapter 5.
Our first method for forming Bragg layers (Figs. 4.2a and 4.2b) is based on coating the
inner wall of the hollow core with a photoresist which is then exposed to an appropriate
UV light interference pattern. The fiber core would then be flushed with resist developer to
remove the unexposed resist, leaving behind a ribbed structure acting as a Bragg grating.
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n1 n2

Figure 4.1: Bragg mirror formed in a hollow core photonic crystal fiber (HCPCF) by
periodically altering the effective index along the optical axis of the fiber. The interference
of a particular wavelength (Bragg condition) light reflected from each interface of the Bragg
layers can cause for near unity reflection.
The reflectivites possible of the Bragg mirrors using this technique are presented in Section
4.3.1.
The initial coating of the hollow core with resist could possibly be obtained by the use
of pressurized gas to eject resist loaded into the core. Adhesion of the resist to the core
walls would allow for a thin film to remain, in which the film thickness would ideally be
controllable by the variable pressure of the gas, the viscosity of the photoresist, and the
solvent used. Alternatively, uniform thickness could be achieved through some type of
evaporation technique, such as reported in [126], or through the use of chemical growth
out of a solution.
In our second proposed method (Figs. 4.2c and 4.2d), one or more of the holes of the
photonic crystal (PC) region are filled with UV sensitive epoxy. The fiber would again be
exposed to a periodic light pattern to leave behind a periodic modulation of the refractive
index of the injected epoxy. These results are presented in Section 4.3.2.
Both of these methods rely on selective filling of the holes of the photonic-crystal fiber.
Such filling has, to some extent, been demonstrated previously [117, 53, 119, 24, 59],
although refinement of these techniques will likely be needed. Alternatively, polymer colddrawing reported by Shabahang et al. [93] may also provide a possible technique to produce
high refractive index modulation in the fiber core.
The section begins by describing the simulation model for the HCPCF and the associated loss. We then describe in Section 4.2 the two theoretical methods in which we
calculate the reflectivities of the Bragg mirrors. In the concluding sections we present the
results of numerical simulations predicting the performance of these two types of Bragg
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(a)

(b)

(c)

(d)

Figure 4.2: The two proposed methods for integrating Bragg gratings into HCPCFs: (a) the
cross section and (b) cutout of a HCPCF with a thin film of resist coating the hollow core.
The (c) cross section and (d) cutout of a HCPCF with a UV-curable polymer selectively
filled in the first layer of the photonic crystal holes.
gratings as mirrors integrated into a HCPCF to form a Fabry-Pérot cavity.

4.1

HCPCF Simulation Model

We start by implementing a fiber model using the Lumerical MODE Solutions software in
which the field eigenmodes of the structure are solved to find its attenuation coefficient and
effective index. We simulated two different models of the fiber, which are roughly based
on HC-800-02 (Fig. 4.3a), a commercially available HCPCF from NKT Photonics guiding
light [10]. We focused on this particular commercial fiber as it can guide wavelengths
corresponding to transitions of alkali atoms, such as rubidium and cesium, whose vapors
are commonly used to study non-linearities and quantum optics of low light levels.
The physics by which these fibers guide light has been previously discussed in Section
2.2.2. The 2D photonic crystal pattern in the cladding surrounding the core opens a
photonic bandgap which allows for the trapping and guiding of the light in the empty
hollow core for a particular bandwidth of frequencies.
The first model, shown in Fig. 4.3b and referred to as the circular hole model, employs
an idealized circular shape for both the hollow core as well as the photonic crystal holes.
It resembles one of the first demonstrations of a hollow-core fiber by Cregan et al. [25]
in which light was guided by the photonic-bandgap effect in an air core and could be
considered the simplest HCPCF shape.
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The second model, shown in Fig. 4.3c and referred to as the hexagonal fiber model, is
based on a theoretical rendering of a HCPCF [60] which has a twelve-sided core with alternately long and short sides arising when the glass nodes of the core are placed at uniform
pitch and at the corners of each cladding hexagon. Shape-wise, the second model resembles
relatively closely to the scanning electron microscope (SEM) image of the commercial fiber
shown in Fig. 4.3a. The loss associated with the hexagonal hole model was found using
a discretized picture of the fiber shown in Fig. 4.3c. The hollow core diameter was scaled
to 6 µm, which resulted in a lattice pitch of ∼ 2.1µm and a PC hole diameter of ∼ 2µm.
Minimal attenuation in this model occurred at a wavelength of 851 nm and all subsequent
simulations for the fiber model are performed at this wavelength unless stated otherwise.
Although not exact, the hexagonal hole model of the fiber qualitatively reproduces the
transmission properties of the commercial fiber (Fig. 4.3d), which has a minimal loss of
∼ 0.150 dB/m. The simulated hexagonal model (Fig. 4.3f), yields a minimum loss of
∼ 0.330 dB/m. Our simulation model has neglected any additional losses that may be
caused by surface scattering and this higher loss arises from having fewer than 10 hole
layers [10] surrounding the hollow core. While increasing the loss, this reduced number of
hole layers allowed us to fit our simulation within our available computational resources.
Since the light propagating through this model will experience larger attenuation compared
to the actual fiber, we expect to obtain a conservative estimate on the performance of the
fiber Bragg mirrors calculated in the later sections of this chapter.
The attenuation spectrum for the circular hole model (Fig 4.3e) was minimized by
altering the lattice pitch of the triangular photonic crystal pattern, as well as the diameters
of the PC holes and hollow core of the fiber, resulting in optimized dimensions roughly
similar to HC-800-02 in which the pitch is specified as 2.3 ± 0.1µm and the hollow core
diameter as 7.5 ± 1µm. In our circular model, the resulting optimized pitch was 2.3 µm,
with a hole diameter of 2.174 µm and hollow core diameter of 6.386 µm. The minimum
attenuation found occurred at a wavelength of 860 nm, producing a minimum loss of ∼ 1.78
dB/m.
Although the circular hole model leads to inferior mirrors compared to the hexagonal
hole model, we included it to demonstrate that our methods can be applied to form mirrors
in more than one design of a hollow-core photonic crystal fiber. For these reasons, this
chapter will focus on the results from the hexagonal hole simulation model, and give only
a summary of the results provided by the circular hole model in Section 4.4.
Perfectly matching layer (PML) boundary conditions were used for an eigenmode solver
of size 23.6571 µm×22.7641 µm, in order to simulate a symmetric region around the core.
The number of mesh cells in this region were set at 2160 × 2160, so as to produce a
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Figure 4.3: HCPCF cross sections: The (a) SEM picture of the HC-800-02 fiber. (b)
The circular hole model and (c) hexagonal hole model [60] implemented to simulate the
fiber structure (optimized lattice pitch, PC hole size and hollow core diameter not drawn
to scale). Propagation attenuation in HCPCFs: (d) The manufacturer specification for
HC-800-02 and the numerically simulated losses for the (e) circular hole model and (f)
hexagonal hole model.
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discretized simulation that highly resembles the actual fiber structures. The subsequent
loss and effective index of the supported fundamental Gaussian mode can then be found.
Our simulations assume that the photoresist and UV epoxies that will coat the hollow core walls and fill the PC holes, respectively, are both continuous and homogeneous
materials.

4.2

Theoretical Calculation of Bragg Reflectivity

As we have seen in Section 2.2, ideally for an infinite number of periods, a simple Bragg
mirror would produce a reflectivity of 100% by Eq. 2.33 for wavelengths at the Bragg
condition (Eq. 2.44), where the wavelength is four times the optical path length of each
of the layers. In practice though, reflectivity will be reduced due to the loss associated
with the fiber itself, as well as due to additional losses arising from the presence of the
photoresist, which will partially disrupt the photonic-crystal waveguiding of the fiber.
The corresponding effective fiber loss reduces the reflectivity of the Bragg mirror as
the light penetrates into the grating region. Two separate methods are used to estimate
the attainable maximum reflectivity based on the fiber attenuation. The first method,
which we refer to as the penetration depth method (PDM), uses the fact that the spatial
distribution of the light within the bandgap of the Bragg mirror becomes exponentially
decaying as the light enters the Bragg layers, as shown in Section 2.2.1. This behaviour is
depicted in Fig. 4.4a.
We can then approximate the reduction in reflectivity as due to the loss that occurs for
travelling twice the average penetration depth, zp . This is a result of reflected light having
travelled, on average, a total round trip of 2zp due to propagation in and out of the Bragg
mirror. The assumption of an infinite number of Bragg periods is still used, however the
resulting approximate reflectivity, R, now becomes
R ≈ e−2(α1 z1 +α2 z2 )

(4.1)

in which the two Bragg layer attenuation coefficients are α1 and α2 , and the respective
total travel distance in each layer is z1 and z2 , such that zp = z1 + z2 . This approximation
can be further refined by considering a sinusoidally varying function of the resist layer
thickness that is likely to result from the interference lithography process, rather than a
step function. However, it was found to give negligible corrections to the reflectivity values.
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Figure 4.4: (a) The penetration depth method (PDM) method finds the reflectivity by
accounting for the attenuation associated with propagation of the light into the lossy Bragg
mirror to an average penetration depth, zp . (b) The method of single expression (MSE)
iteratively solves the coupled differential equations in Eq. 4.5 - 4.7 to find the reflectivity.
The Bragg layers are discretized into ∆x step sizes and the fields are solved for at the
transmitted side and iterated towards the illuminated side.
The average penetration depth can be estimated using the results from Section 2.2.1,
in which Eq. 2.54 gave
navg
(4.2)
zp = Λ
∆n
λ0
for a single Bragg period length, Λ = a + b, with the two Bragg layer lengths, a = 4n
and
1
λ0
b = 4n2 .
Evidently the penetration depth depends on the refractive indices of the two Bragg
layers, n1 and n2 . We extract the effective indices from the numerical eigenmode simulations of the fiber cross sectional models, as discussed in the previous section. Simulations
both with and without the presence of the resist are done, which act as the two respective
Bragg layers. The above penetration depth expression is an approximation valid for small
perturbations in the dielectric constant, which is the case here.
The second method for finding the reflectivities (calculations performed by Golam
Bappi) also takes into account the absorption of the medium and is referred to as the
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method of single expression (MSE) [4]. It utilizes the one dimensional Helmholtz equation,
d2 Ex (z)
+ k02 (z)Ex (z) = 0
d2 z

(4.3)

for an electric field, Ex (z), through a medium with complex dielectric constant, (z), at
position z with a free space wavenumber, k0 . For an inhomogeneous medium along the
~ ⊥ ∇), the general solution to Eq. 4.3 can be written as
direction of propagation (E
Ex (z) = U (z)ei(wt−S(z))

(4.4)

for a field amplitude, U (z), and phase, S(z). This form of the solution is an alternative to
the common expression of the summation of two counter-propagating waves.
The general form for the electric field presented in Eq. 4.4 can be used to rewrite the
Helmholtz equation (Eq. 4.3) in terms of the the amplitude and phase. We define the
spatial derivative of the field amplitude as Y (z) to obtain the set of coupled first order
differential equations
dU (z)
d(k0 z)
dY (z)
d(k0 z)
dP (z)
d(k0 z)

= Y (z)
=

P 2 (z)
− Re[(z)]U (z)
U 3 (z)

= Im[(z)]U 2 (z)

(4.5)
(4.6)
(4.7)

dS(z)
where P (z) ≡ U 2 (z) d(k
is defined as a function proportionate to the power flow density
0 z)
or Poynting vector.

In order to impose boundary conditions for the problem we assume that the Bragg
structure is defined for 0 < z < L. The incident plane wave illuminates the structure from
z < 0 to produce a forward travelling wave and a back reflected wave. The system is solved
by beginning at the end of the Bragg structure where only a forward transmitted wave is
present for z > L. We thus have the following boundary conditions at z = L,
U (L) = ET
Y (L) = 0
√
P (L) = U (L)2 sur

(4.8)

for a transmitted wave amplitude, ET , and dielectric constant of the surrounding media,
sur .
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The set equations Eq. 4.5 - 4.7 are iteratively solved in discrete steps by numerical
integration beginning at the transmitted side of the Bragg layers and proceeding toward
the illuminated side, as displayed in Fig. 4.4b. The continuity of the functions over each
interface between Bragg layers is retained by applying ordinary boundary conditions (as
discussed in Section 2.2).
These normal boundary conditions imply that at the illuminated side (z = 0), the
incident electric field can be written as
√
U 2 (0) sur + P (0) + iU (0)Y (0)
(4.9)
E0 =
√
2U (0) sur
The reflectivity for a reflected field amplitude at the incident interface, ER , can then be
expressed as
√
2
2
U 2 (0) sur − P (0) − iU (0)Y (0)
ER
= 2 √
(4.10)
R=
E0
U (0) sur + P (0) + iU (0)Y (0)
and the transmission is as T = | EET0 |2 .

4.3
4.3.1

Bragg Mirror Reflectivity Results
Coating Hollow Core Walls

The first approach we investigated for creating a Bragg grating along the axis of the fiber
is based on coating the walls of the hollow core with a thin film of photoresist, as shown
in Figs. 4.2a and 4.2b. The Bragg grating would be created by exposing the resist to a
periodic interference pattern from a UV laser, such as from a Lloyd interferometer. The
exposed sections of the resist film would then be flushed away by injecting resist developer
into the fiber, which would produce a longitudinal variation of the fiber’s effective refractive
index.
Propagation attenuation in the fiber is greatly dependent on the film thickness of the
resist. Figs. 4.5a and 4.5b shows the loss and effective propagation refractive index for
various film thicknesses, respectively, using the hexagonal simulation model. The three
different resist refractive indices explored were ∼ 1.61, corresponding to photoresists such
as AZ701 specifically, as well as 1.45 and 1.30 which act to span the region of possible
resist indices in the hopes to observe a general trend.
Both methods for calculating the maximum reflectivities (PDM and MSE) of the fiber
Bragg grating result in similar trends. Figs. 4.6a-4.6c show these reflectivity trends for
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Film
Thickness

(a)

(b)

Figure 4.5: Simulation results for (a) attenuation and (b) effective refractive index in the
fiber with a varying layer thickness of photoresist coating the inside walls of its hollow core,
as shown in the inset. Results are obtained for the hexagonal hole model at a wavelength
of 851 nm. Three different indices for the resist material were used: 1.61, 1.45 and 1.30.
Simulations were done using a custom mesh size of ∼ 1.6 nm×1.6 nm×1.6 nm for the resist
film in order to accurately model the relatively thin layer.
the hexagonal simulated model, although there are noticeable discrepancies between the
calculated reflectivities obtained by the two methods for small thicknesses of the photoresist
(1-5 nm). This is due to the extremely low effective index contrast between the Bragg
layers that occurs when using these particular film thicknesses, which presents a challenge
to the numerical implementation of MSE. Maximum reflectivities, using the hexagonal hole
model, were found to occur using a 700 nm thick resist film (at all three resist indices)
with a value of > 99.99%.
To put this result in perspective, we can compare it to reflectivities potentially achievable by index modulation of just the silica material of the photonic crystal region. Such
refractive index modulation of silica can be achieved, for example, by exposing the fiber
to femtosecond laser pulses [50, 103]. The result can be up to ∼ 10−3 index change of
the material and forming Bragg gratings in solid-core PCFs have been reported previously
[37, 69]. Such index modulation of the glass material would result in only minor additional
losses and would produce a relatively high maximum reflectivity value of ∼ 99.2%. However, to obtain such a high reflectivity based only on this low index modulation of the silica
material, the number of Bragg periods required would be ∼ 105 (corresponding to > 5.1
cm penetration depth) since the effective index contrast for the propagating mode would
only be ∼ 10−5 .
There is a similar effect when using an extremely thin layer of resist in the hollow
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Figure 4.6: Maximum reflectivities for a Bragg mirror formed by periodic films of resist
coating the hollow core. The three different material refractive indices used are (a) 1.61,
(b) 1.45, and (c) 1.3 for the hexagonal hole model (note that 1-Reflectivity is plotted). The
penetration depth method (PDM) calculates the reflectivity using Eq. 4.1 by accounting
for the attenuation acquired as the light propagates an average penetration depth (Eq. 4.2)
into the Bragg gratings. The method of single expression (MSE) is also used to analyze
the grating reflectivity. Some of the reflectivity data points are absent for MSE because
the numerical algorithm did not always converge to a finite value.
core. The reflectivity from these thinner films shown in Figs. 4.6a-4.6c can be quite large,
however they suffer from the same consequence of inducing low index modulation in the
fiber. This is in contrast to about ∼ 3 × 102 Bragg periods (∼100 µm penetration depth)
required for > 99.99% reflectivity using the 700 nm thick resist film coating the fiber core.
Consequently, large penetration depths will of course require longer mirrors to reach a
given reflectivity. Additionally, if a pair of such mirrors is used to form a cavity within
the fiber, the cavity mode volume would be larger for mirrors with larger penetration
depth, which would in turn decrease the atom-field coupling strength in cavity quantum
electrodynamics (QED) experiments [51], as we will discuss further in Section 4.5.

4.3.2

Selective Filling of Outer PC Holes

Another technique that could be used to modulate the effective index of the fiber in order
to create a Bragg grating is to selectively fill the outer PC holes with a photo-sensitive
polymer, as shown in Figs. 4.2c and 4.2d.
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The disadvantage of this approach to fabricating Bragg gratings, however, is that the
relatively smaller size of the PC holes (∼1 µm) will likely prevent material from being
removed by flushing the holes with a developer after exposure. Consequently, only the
difference in index between the exposed and unexposed polymer can be relied on, rather
than the absence of material (in contrast to the method described in the previous section).
This results in a reduction of the effective index contrast for the propagating mode by
about an order of magnitude compared to the previous method based on coating the walls
of the hollow core with photoresist.
Filling the PC holes will thus require more Bragg periods in order to produce a given
reflectivity (even in the absence of fiber loss) and a larger penetration depth will occur.
Similar to coating the inner wall of the hollow core, the presence of material in the PC
region will disrupt the finely-tuned bandgap effect and will increase propagation losses in
the fiber.
For this technique, we investigate the use of a UV-curable epoxy (glue), in which a
standing wave of UV light can be used to cure the glue in a periodic pattern, resulting in
a modulated index of the material. The three indices we simulated are 1.62, which will
imitate UV-glues such as Norland optical adhesives NOA162 epoxy, as well as 1.45, and
1.30 in order to again span the range of potential indices. Curing the epoxy is assumed to
increase its refractive index by ∼ 2 × 10−2 .
Simulations are done as each hole is filled individually in a circularly consecutive pattern. Other filling sequences investigated were found to produce larger attenuations, however there may still exist an optimal manner in which to consecutively fill the holes but this
is not further explored in this thesis. We present two implementations of this technique,
one in which the first layer holes in the PC region (closest to the fiber core) are filled, and
the other for when the second layer of holes are filled. Figs. 4.7a (4.7c) and 4.7b (4.7d)
show the loss and effective index, respectively, associated with the number of filled holes
in the first (second) layers of the PC region with uncured UV epoxy for the hexagonal hole
model.
Figs. 4.8a and 4.8b show the maximum reflectivities calculated for the hexagonal hole
model by filling the first and second layers of the PC region, respectively. These calculated
reflectivities are obtained by combining the numerically calculated attenuation and effective
index of the fiber with injected epoxy (cured and uncured) using the PDM and MSE as
described in Section 4.2.
It can be seen that the two methods for determining the reflectivity are again relatively
comparable for the hexagonal model simulation. The filled PC holes give a maximum
reflectivity of ∼ 99.8% for the simulated model (using 1.30 uncured epoxy index and one
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Figure 4.7: Simulation results for attenuation and effective refractive index in the fiber with
the first or second layer of PC holes filled with epoxy: (a) and (b) show the simulation
results for the filled first layer of PC holes using the hexagonal hole model. (c) and (d) show
results for the filled second layer of PC holes. All simulations are performed at a wavelength
of 851 nm. The ’hole number’ signifies the number of filled holes in a clockwise direction.
Three different indices for the uncured polymer material were used: 1.62 (representative
of Norland NOA162 optical adhesive), 1.45 and 1.30.
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(a)

(b)

Figure 4.8: Maximum reflectivities for a Bragg mirror formed by periodic exposure of UVcurable epoxy selectively injected into the photonic crystal region. Hexagonal hole model
is used for simulation when the (a) first and (b) second layers in the PC region are filled
with modulated material. The three different material indices used for the uncured epoxy
are 1.62, 1.45, and 1.30, while the cured epoxy indices are 1.64, 1.47, and 1.32. Both PDM
and MSE reflectivity results are plotted.
hole filled in the first layer of the PC region). Reflectivities exceeding 99% appear to be
achievable by filling one or two holes in the first ring with epoxy of either one of the three
refractive indices we considered, while filling the holes in the second ring seems to result
in reflectivities barely exceeding ∼ 90%.
Maximum reflectivities are observed to overall be lower when the Bragg layers are
formed by filling the second layer, rather than the first layer, of PC holes. However, the
maximum reflectivity for a mirror created by filling the PC holes is, in general, predicted
to be substantially lower than when a resist film is added to the hollow fiber core.
This can be explained by the low effective index modulation and high attenuation of
the Bragg layers caused by filling the PC holes. Disruption of the PC region reduces
the fiber ability to trap light in the transverse direction, leading to larger losses. The
differentiation between Bragg layers due only to the small difference in cured and uncured
epoxy contributes to the extremely low index modulation of the mirror. This low effective
index modulation also implies that a larger penetration, and thus mirror length, would be
required to produce the given reflectivities caused by filled PC holes, as compared to a
mirror created by modulation of a resist layer in the hollow core.
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Figure 4.9: Maximum reflectivity of a lossy Bragg mirror for a range of effective refractive
index contrast between layer pairs and average loss per unit length of the structure for the
hexagonal hole model. Resist layer thicknesses that produced the highest reflectivities in
the core coating method are marked in the plot (black circles), together with the points
corresponding to the largest reflectivity predicted for the hole filling method (purple diamonds) for the corresponding number of holes filled. The reflectivity produced by Bragg
layers formed by modulating the fiber silica material is also plotted (white dot).

4.4

Fiber Bragg Mirror Performance

The results of our numerical simulations of the hexagonal model are summarized and
juxtaposed in Fig. 4.9, which shows the reflectivity of a Bragg mirror with lossy layers
estimated using the PDM method to determine the total loss and resulting reflectivity.
Here, |∆n| = |n2 − n1 | with n1,2 being the values of the (complex) effective refractive
index of each layer. Larger reflectivities naturally arise for lower attenuation in the layers,
as well as larger index contrast because the penetration depth is reduced. The highest
reflectivities predicted for the simulated fiber models is marked in the plots for both Bragg
mirror approaches based on modulated resist coating the wall of the hollow core, as well
as for the approach based on filing the crystal holes.
For comparison, the result arising from modulating the refractive index of only the
silica material of the photonic crystal is identified as well (white dot). Unfortunately,
introducing even small amounts of the photosensitive polymer into the fiber structure
results in significant increase of the propagation loss. However, the increased contrast in
effective refractive index between the grating layers seems to offer distinct advantages for
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the mirror performance by require a fewer number of Bragg layers to produce a given
reflectivity.
For the circular hole model, the highest reflectivity occurs by coating the hollow core
with a resist thickness of 700 nm (at a resist index of 1.61), giving a reflectivity of > 96%.
In contrast, the filled PC holes instead give a maximum reflectivity of ∼ 44.4% using the
1.30 uncured epoxy index and one hole filled in the first layer of the PC region. The
number of Bragg periods required for the largest reflectivities occurring from coating the
hollow core periodically is ∼ 2 × 102 Bragg periods (corresponding to ∼ 90µm penetration
depth).
Much like the hexagonal hole model results, the Bragg mirrors formed by modulation of
the silica material itself using the circular hole model produce large reflectivities of > 97%,
however they again require a much larger number of Bragg periods of ∼ 2 × 104 (∼ 0.9 cm
penetration depth) since the effective index contrast between layers is greatly reduced.
Our reflectivity calculations can be further validated by bidirectional eigenmode expansion simulations solving Maxwell’s equations in the frequency domain for a Bragg grating
using the Lumerical software package. Figure 4.10a shows the simulated spectrum of the
hexagonal hole model forming a Bragg grating with 100,000 periods for a resist coating
thickness of 700 nm (and resist index of 1.61) of the hollow core walls. These simulations
produce similar reflectivity values to those found using the penetration depth method
(Fig. 4.6a) which relies on the plane-wave approximation of the light propagation in the
structure. Additionally, this simulation predicts the range of frequencies reflected by this
grating.
Note that for a low-contrast Bragg mirror such as discussed here, the mirror bandwidth,
∆ω, can also be easily estimated from the discussion in Chapter 2 using Eq. 2.48 in which
∆ω ≈ ω0

2 ∆n
π navg

(4.11)

where ω0 denotes the angular frequency of light resonant with the Bragg condition. Fig.
4.10b shows the bandwidth (Eq. 4.11) and corresponding penetration depth (Eq. 4.2) for
a range of index contrast values that we expect to arise for a Bragg grating formed by the
methods proposed here (using the hexagonal hole model). We can see from Figs. 4.9 and
4.10b that as the index modulation is increased, both the maximum reflectivity and the
width of the bandgap increase, while the penetration depth decreases for an ideal Bragg
mirror at a given average loss. At the same time, when loss in the fiber becomes more
significant, the reflectivity can be reduced drastically, however the bandgap and penetration
depth remain relatively constant.
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Figure 4.10: (a) The simulated spectrum of a fiber Bragg grating using a 700nm thick resist
(1.61 index) coating the hollow core walls for 100,000 periods. The maximum reflectivity
is ∼ 99.9969%. (b) Estimated reflectivity bandwidth of the Bragg mirror (dashed blue,
Eq. (4.11)) and corresponding penetration depth (solid orange, Eq. (4.2)) plotted against
refractive index contrast between the layer pairs forming the mirror.

4.5

Fiber Bragg Cavity

If a cavity is formed from two of these Bragg mirrors placed in a simple Fabry-Pérot
configuration, as depicted in Fig. 4.11a, we can define the distance between the two
mirrors as the cavity spacer, Lspacer . The field between the Bragg mirrors is a constant
Gaussian mode area profile supported by the HCPCF, however, as previously discussed,
the field will decay exponentially along the optical axis as it enters the Bragg layers. Since
the mirrors are no longer simple planar mirrors with a definite travel length of the light,
the effective total length of this cavity can instead be defined as the spacer length plus
twice the penetration depth (one for each of the two Bragg mirrors), Lef f = Lspacer + 2zp .
While our calculations predict that a relatively high reflectivity can be achieved by
modulating just the fiber material (e.g. by high intensity laser pulses), the benefit of using
Bragg gratings formed by adding photosensitive material to the fiber structure is that the
penetration depth, and thus the length of mirror required to achieve a given reflectivity,
would be significantly smaller in this case. In addition to size-related advantages, a shorter
mirror would allow tighter longitudinal confinement of light in a cavity formed by a pair
of such mirrors, which is preferable for a number of applications, especially those related
to cavity QED.
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Figure 4.11: (a) A Fabry-Pérot cavity integrated into a HCPCF using two Bragg mirrors
placed a distance Lspacer apart. The field along the optical axis of the fiber is shown as
the black line, which experiences exponential decay when entering the Bragg layers with
an average penetration depth of zp , producing an effective length of the cavity as Lef f =
Lspacer + 2zp . (b) Cooperativity at varying effective index contrasts between Bragg layers
and average attenuation per period. The thicknesses resulting in the largest cooperativity
by coating the hollow core with resist (for each resist index) are plotted as black dots. The
black line distinguishes the high and low cooperativity regimes. Bragg mirrors formed by
modulating the fiber silica material is plotted as a white dot.
The benefits of using the types of Bragg mirrors discussed in this chapter are easily seen
in Fig. 4.11b, where we have assume a planar cavity with the Q factor as Eq. 2.18. The
black dots again represent the thicknesses of the hollow core coatings that resulted in the
highest reflectivities (for each index) at their respective attenuations and index contrasts
between Bragg layers. As in the previous section, the white dot is that of modulating
the fiber material itself. We then plotted the calculated single atom cooperativity, η,
with the solid black line separating the regions of high and low cooperativity. Since the
Q
, as shown in Section 3.3.2, it is evident that a
cooperativity is proportional to η ∝ Vmode
minimal mode volume is desirable, and thus we assume the limiting case of a zero cavity
spacer. Evidently high cooperativity should be achievable employing Bragg layers formed
using resist to coat the hollow core walls, while modulation of the silica material cannot
reach this regime despite producing similar reflectivities.
The strong coupling regime is explored in Fig. 4.12 as a function of cavity spacer using
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Figure 4.12: The thicknesses of the resist coating the inner walls of the hollow core that
produce the highest reflectivity and cooperativity are again plotted here for each resist
index discussed (for n = 1.30, 1.45, 1.61 we use resist thickness, t = 700nm, 400nm, 700nm,
respectively). The strong coupling regime is defined as κg > 1 (since g > Γ⊥ is the less
stringent inequality). Forming Bragg layers by modulating the fiber silica material results
in κg  1 and so is not plotted.
cesium atoms, where we only plot κg because Γg⊥ > 1 is easily satisfied for such systems.
The Bragg mirrors using a modulation of the silica fiber material results in κg  1 and
thus is not plotted. The index resist index of 1.45 with a coating thickness of about 400
nm produces the greatest coupling at a cavity spacer of ∼ 600 µm.
Interestingly, the presence of an optimal cavity length is because there are two competing effects that contribute to the strong coupling regime. For smaller cavity spacers, the
photons will bounce off the mirrors more times per oscillation time, which may result in a
higher loss due to the imperfect mirrors. However, the photons are of course confined to a
smaller mode volume which acts to increase the coupling strength. Conversely, for larger
cavity lengths, more time is instead spent traversing the cavity media (i.e. the fiber), which
can have a relatively low attenuation compared to the loss through each mirror bounce.
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4.6

Conclusions and Outlook

To summarize, two methods for fabricating reflective Bragg gratings in HCPCFs have been
proposed and numerically simulated. The numerical simulations and subsequent reflectivity
calculations performed for our fiber models predict a HCPCF-integrated Bragg mirror that
has a maximum reflectivity of > 99.99% and that does not obstruct the hollow core. Both
the high cooperativity and the strong coupling regimes seem to be possible using the Bragg
mirrors discussed in the chapter. Given that our models used to simulate the fiber modes
have propagation loss exceeding that of the manufacturer specifications, our calculations
should represent a reasonable estimate of the achievable performance.
This Bragg reflection is possible despite the small overlap between the propagating
mode confined to the hollow core and the grating itself. A relatively similar scenario
occurs in other well-known photonic devices, such as distributed Bragg reflectors (DBR)
which are used in certain diode lasers. In this case, the reflectors are formed by the periodic
presence of material on the surface of a waveguide containing the diode to create Bragg
mirrors which form the laser cavity, even though the overlap between the guided mode and
the grating structure is again minimal [46].
Periodic coating of the inner wall of the hollow core of the fiber with photoresist appears
to be the most promising way to produce a high reflectivity Bragg mirror and strong
coupling cavity systems due to the relatively low loss and high index contrast between Bragg
layers resulting from this approach, although finding techniques to deposit a photoresist
layer of controllable thickness onto the core wall might present a challenge. On the other
hand, creating Bragg layers by selectively filling the PC holes of the fiber with a periodically
exposed UV-curable polymer results in a mirror with smaller contrast between its Bragg
layers but the resist injection methods required for this have already been demonstrated
[117, 53, 119].
While our calculations focused on a specific HCPCF model, we anticipate similar results
for other photonic-bandgap HCPCFs. This work can be further extended by modelling
these Bragg gratings for HCPCFs based on inhibited coupling between core and cladding
modes, also known as ’kagome’ fibers [10]. Given the distinctly different guiding mechanism
in these fibers, it would be interesting to see the effects of polymer injection into the fibers’
microstructure on propagation losses and effective refractive index.
We expect these mirrors to be utilized for novel devices, such as fiber-integrated lasers
with atomic or molecular vapors serving as the gain medium, sensors, and frequency standards, as well as for fundamental studies of light-matter interactions.
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Chapter 5
Fiber-integrated cavity based on
photonic-crystal slab mirrors
The contents of this chapter are, in part, based on work published in Ref. [33]. In this
chapter, we describe the design and fabrication of a tunable fiber-integrated cavity using
photonic crystal membranes acting as mirrors, the physics of which is described in Section
2.3. The large reflectivities of these patterned membranes arises from the presence of
internally guided resonance modes that are confined to the membrane by total internal
reflection [29].
Light trapped in these resonances can leak out by coupling to external radiation modes.
At particular resonant optical frequencies, the leaked light will interfere constructively in
the backward direction and destructively in the forward direction with respect to the
incident light [30], which can, under ideal conditions, result in a structure acting as a
perfect mirror.
The PC mirrors are mounted onto a segment of HCPCF, as shown in Fig. 5.1, such
that the full confinement of the light is provide by this photonic device to a relatively small
volume in the hollow core. In addition, the loading of an atomic ensemble is possible by
injection through the PC holes of the membranes and into the hollow core of the fiber.
Loading of an ensemble of cold atoms into these fiber-integrated cavity devices would
be possible using the setup shown in Fig. 5.2. A magneto optical trap (MOT) is used
to cool and trap cesium atoms to a spherical cloud inside a glass cell held at an ultrahigh vacuum (UHV). Within the same glass cell, the fiber cavity is vertically oriented and
mounted directly underneath the atomic cloud. The atoms are loaded into the fiber by
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Figure 5.1: The HCPCF-integrated Fabry-Pérot cavity. The fiber serves as the cavity
medium and confines light in the transverse direction, while a pair of dielectric metasurfaces
(PC membranes) mounted on the ends of the fiber segment confine light longitudinally.
simply switching off the MOT, allowing the atoms to fall through the holes of the PC
pattern and into the hollow core of the fiber due to gravity [6].
In addition, the atom loading efficiency can be increased by the presence of a reddetuned, magic wavelength dipole trap coupled through the fiber. The dipole trap acts
to funnel the atoms into the hollow core during the loading process and helps to trap the
atoms within the fiber to the centre of the core. The fact that the atoms are cooled to
∼ 10µK not only acts to reduce Doppler broadening of the transitions, but also allows
the atoms to be trapped by the relatively shallow dipole trap. Once the atoms are loaded
into the fiber, the use of these optical tweezers will also reduce collisions with the walls
of the hollow core and focus the atoms to the region of the core with the largest electric
field amplitude, further increasing light-matter interactions. A magic wavelength dipole
trap is used to eliminate the effect of AC stark shifts that would otherwise act to alter the
transition frequency of the atoms. This speaks to one of the main reasons for the choice of
cesium atoms over other alkali atoms. Apart from its larger mass which allows cesium to be
cooled to lower temperatures, its transition wavelength of ∼ 852 nm and magic wavelength
of ∼ 935 nm are close enough to each other to be both within the guiding bandwidth
of commercially available HCPCF, which is not the case for other alkali atoms such as
rubidium.
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Figure 5.2: A magneto optical trap (MOT) would be used to load atoms into the fiber
cavity. Atoms can be gravity-loaded by turning off the MOT system and letting the atoms
be funnelled into the hollow core of the fiber using a magic wavelength dipole trap (blue
beam) [Image credit: Chris Haapamaki].
We will begin this chapter by outlining the simulation efforts taken to achieve a highly
reflective PC pattern design and the challenges involved. We then describe the nanofabrication procedure used to create the patterned membranes and the microassembly techniques
used to mount the membranes onto the fibers to form a cavity. The membrane reflectivities
and cavity spectrum are presented as well as a demonstration of tuning the resonance peaks
by temperature control. We conclude the chapter with preliminary results of a polarization
dependent cavity.

5.1

Photonic Crystal Membrane Simulations

The photonic-crystal membranes used here are designed and fabricated in silicon nitride
(SiN). This material was chosen due to its low absorption at the target wavelength of
852nm for our cavities, as we plan to eventually use the cavities for experiments with lasercooled cesium atoms at this transition wavelength. The reflection and transmission spectra
of the membrane mirrors are determined by the membrane thickness, material refractive
index, as well as type and dimensions of pattern used. The design can be adjusted for
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other wavelengths or dielectric materials.
In order to find the combination of parameters that will produce broad-band, near-unity
reflectivity at the desired wavelength, we employ finite difference time domain (FDTD)
simulations using a commercial software package (Lumerical) to determine the spectrum of
the photonic-crystal mirrors. While high reflectivity for a broad range of wavelengths may
not be a necessary requirement for some applications, it should make it easier to maintain
high reflectivity at the target wavelength if imperfections arising in the fabrication process
end up shifting the structure’s central wavelength.
We chose to use circular holes, which are somewhat easier to fabricate since they do not
require any sharp features such as a square or rectangle. We also had originally explored
simulating a hexagonal pattern of holes, however they did not produce very broad peaks
in the reflectivity spectrum. We thus decided to instead utilize a simple square lattice of
circular holes, in which three parameters dictate the full optical properties of the mirrors:
lattice constant (hole pitch), a, hole radius, r, and thickness, t, of the silicon nitride film.
In previous studies [66], highly reflective broad band regions have been found using
computationally more efficient techniques, such as transfer matrix methods, however these
methods assume the light incident on the structure is a plane wave. Here, on the other
hand, the light incident on the membrane will be the fundamental mode of the HCPCF,
which has a nearly Gaussian profile with a waist size similar to the radius of the hollow
core. In this work, we used HC-800-02 fiber available from NKT Photonics, which has a
mode field diameter of ∼ 5.5µm.
Fig. 5.3a shows the difference between the spectrum of a PC membrane assuming
a plane wave source and a Gaussian source as the incident light. This illustrates that
the reflective properties of the photonic-crystal membrane can be highly dependent on
the transverse profile of the incident light, especially for the tightly-confined fiber-guided
modes. This is because the reflective properties of the PC membranes are also dependent on
the angle of incidence of the illuminating plane wave. In the Fourier domain, a Gaussian
beam profile has a Gaussian profile of spatial frequencies, and thus is a combination of
plane waves at varying incidence angles, producing a distinct spectrum compared to a
single plane wave with normal incidence. It is the interference of these plane waves that
ultimately produce the final reflectivity of the Gaussian beam.
As a result, our FDTD simulations have to simulate the whole mirror structure, as
the translational periodicity and symmetries, which can be exploited to simplify the calculations for plane waves, are not available. This resulted in much larger computational
requirements as the simulation region could not simply be a unit cell of the pattern. Instead, a 15µm×15µm square simulation region was used to encompass the majority of the
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Figure 5.3: (a) FDTD simulation results of the reflectivity produced for light incident
perpendicularly on a PC membrane with lattice constant a=819 nm, hole radius r=347
nm, and film thickness t=500 nm. A plane wave and a Gaussian beam (with 2.75 µm
waist radius) experience significantly different reflectivities. (b) The simulated reflectivity
spectra for plane wave and Gaussian beam with membrane parameters chosen to optimize
the reflectivity for the 2.75 µm-waist Gaussian source with a=680 nm, r=297 nm, t=369
nm (material index used was 2.26).
Gaussian beam. This allowed for reasonable computational times without losing a large
amount of power to the outer edges of the simulation region to approximately maintain
energy conservation (R + T ≈ 1).
We reduce simulation time by a factor of four by exploiting the four-fold symmetry of
the beam shape and PC pattern by setting the minimum x and y boundaries to Symmetric
boundary conditions, while the maximum x and y boundaries are set to perfectly matching
layers (PML) that act to absorb any radiation exiting the simulation region. Nonetheless,
given the larger computational requirements, we applied the Particle Swarm Optimization
(PSO) algorithm provided in the Lumerical package to efficiently search the parameter
space in order to maximize reflectivity.
Another major challenge in designing these PC patterns is keep the gap size of the
material bridging the neighbouring holes (bridge size = a − 2r) large enough to ensure
the structural stability of the membrane. If this bridge is to small, the membranes risk
breaking or cracking during the fabrication procedure. We found that keeping this bridge
size to be & 100 nm will allow for the membranes to retain the rigidity needed to survive
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the various stresses that are present in fabrication process. However, a larger membrane
thickness can potentially allow for smaller bridge sizes to be structurally stable.
A combination of parameters predicting a reflectivity > 99.9% at 852nm was found to
consist of a 680 nm lattice constant, hole radius of 297 nm, and membrane thickness of 369
nm (Fig. 5.3b), in which both a Gaussian source as well as a plane wave source resulted in
relatively high reflectivities. It was also found that the reflectivity was > 99% for Gaussian
mode sizes with a waist radius > 2µm. However, given the multiple dimensions of the
parameter space, other parameter combinations are likely to result in high reflectivities as
well.

5.2
5.2.1

Fabrication of Fiber Cavity
PC Membrane Fabrication

We fabricate the photonic-crystal membranes using electron-beam lithography and dry
etching. It should be noted that developing an effective and reproducible nano-fabrication
procedure for these PC mirrors took the majority of the effort in making the optical
devices described in this chapter. Our early attempts at developing a fabrication procedure
involved using SiN films on Si wafer chips with a single square window leaving the SiN
film free-standing. These were purchased from Norcada (NX5200E) which had an index of
2.11 at 852nm. Unfortunately, complications arose during the SiN etching procedure. The
free-standing film was somewhat thermally isolated from the rest of the Si chip and so the
SiN window was non-uniformly heated during the plasma etching causing for a variable
etching rate of the SiN across the window.
Instead we decided to grow the SiN in-house using low-pressure chemical vapour deposition (LPCVD) on a 4 inch Si wafer producing a film with refractive index of 2.26 at 852
nm. The growing procedure is not completely uniform across the wafer and it is difficult
to grow the SiN film to be exactly the correct thickness that the design requires. For these
reasons, we grow the SiN films to be slightly thicker than the design thickness and simply
etch each individual chip to the correct thickness. This also allowed us the possibility to
fabricate designs at varying thickness without needing to grow an entire new film on a
wafer.
We dice the 4 inch wafer into 8 × 8mm chips in which we can fabricate the PC pattern,
while using a thick layer of PMMA on the SiN film (∼ 1µm) to act as a protective layer
during the dicing process. The following procedure is how we fabricated the PC mirror
templates onto an individual 8 × 8mm chip, which is summarized in Fig. 5.4a.
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Figure 5.4: (a) Summary of the PC membrane fabrication process. E-beam lithography is
used to create a pattern in ZEP520A resist, which is transfer to an Al hard mask followed
by a SiN etch using RIE. The film is left free standing by undercutting the Si using a KOH
wet etch. (b) The fabricated mirror template with the PC pattern that will be mounted
onto the HCPCF tips to form a cavity. The inset shows a scanning electron microscope
(SEM) image of the inner square of photonic crystal holes at the desired dimensions to
produce maximum reflectivity at ∼852 nm.
1. Remove PMMA: The initial PMMA protective layer is removed by approximately
15 minutes of immersion in Remover PG at 80◦ C with sonication.
2. Reactive Ion Etch: The SiN film is etched to the design thickness using Reactive
Ion Etching (RIE). The etch recipe uses a mixture of C4 F8 /SF6 at 130/60 sccm,
respectively, at 10 mTorr, 1000 W ICP RF power, and 30 W platen RF power. The
platen temperature is set to 15◦ C. Before running the etching process on a sample,
we condition the chamber by running the etch recipe for 45 minutes. The etch rate is
determined by first etching the sample for 1 minute and measuring the film thickness
before and after etching using filmetrics. Typical etch rates are 15-20 nm/min, which
is then used to determine the total etch time required to etch the sample to the correct
thickness.
3. E-Beam Physical Vapour Deposition: A 40 nm thick layer of aluminum is
deposited onto the SiN film to act as a hard mask using e-beam evaporation.
4. Spin Coat Resist: We spin coat a 450nm thick layer of ZEP520A (Zeon Chemicals)
positive e-beam resist onto the chip. A spin speed of 3000 rpm for 60 seconds is used
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at a ramp rate of 3000 rpm/s. The chip is then baked for 2 minutes at 180◦ C.
5. E-beam Lithography: The hole pattern is written in the ZEP resist using e-beam
lithography at 100 keV and developed using amyl-acetate for 90 seconds.
6. Al Etching: The e-beam pattern is transferred onto the aluminum mask using a
two-step RIE process. The first step acts to break through any oxides formed and
consists of a Cl2 /BCl3 gas mixture at 10 sccm/40 sccm, respectively at 5 mTorr,
800W ICP power and 150W HF power for 8 seconds. The second step is designed to
etch the Al and instead uses a Cl2 /BCl3 gas mixture of 40 sccm/10 sccm, respectively,
with a reduced HF power of 120 W for 10 seconds. We also include 50 sccm of N2
in the recipe for both steps to reduce re-deposition of the Al by physical sputtering
that can result in micro-masking effects by forming a passivation layer of aluminum
nitride on the chamber walls [111].
7. SiN Etch: We again use RIE to now transfer the patterned template from the Al
mask onto the SiN film by using the same SiN etching recipe as previously mentioned.
A 1 minute etch is performed on a test SiN chip after the chamber is conditioned to
measure the etch rate. The sample is then etched for the appropriate amount of time
to achieve 150% of the film thickness.
8. Remove E-beam Resist: ZEP resist is removed by again exposing the chip to
Remover PG immersed in an 80◦ C bath with sonication for ∼ 15 minutes.
9. KOH Undercut: We remove the underlying Si wafer substrate with a KOH wet
etch, leaving the patterned silicon nitride structure as a free standing film. The KOH
solution is set to 45% concentration and kept at 80◦ C and covered in order to prevent
evaporation for long etch times. Typically the sample is kept in the KOH solution
for ∼ 1 hour, followed by two 5 minute immersions in DI water for neutralization.
Each neutralizing DI water bath is also held at 80◦ C to prevent the formation of
crystals on the surface of the chip as the KOH is removed. Typically this is done
by putting the three beakers (one KOH, two DI water) in a large water bath that is
held at 80◦ C. After neutralization, the sample in put into two IPA solutions twice,
for 5 minutes each, and gently dried from the side using N2 gas. This is done to
prevent the sample from breaking, which can become extremely delicate for certain
pattern dimensions that leave only a small (< 100nm) bridge of SiN material between
holes. The sample is exposed to IPA prior to drying in an attempt to reduce the
otherwise large surface tension of the surrounding DI water that would risk breaking
the sample if immediately dried after the DI water exposure. The KOH etchant also
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Figure 5.5: A diagram of the mounting technique, as described in the text.
acts to remove the Al hard mask. However, the samples that fabricated the templates
onto the Norcada chips did not require KOH etch since they already had a window
that left the SiN film free-standing. For these Norcada samples an Al wet etchant
(Type A) is used instead to remove the Al hard mask after the SiN plasma etching.
We resorted to using a hard mask and a two-stage etching procedure because of the low
selectivity between the etch rates of the ZEP and silicon nitride in the RIE process that
would not allow us to etch through the entire SiN membrane before completely etching the
ZEP mask. However, this may be avoided by using a thicker layer of e-beam resist, which
is possible for thinner SiN membranes which require less etching.
Many alterations were made to the fabrication procedure in order to find a methodology
that allowed for a reliable and repeatable recipe for producing the PC-patterned silicon
nitride membranes. We summarize the various generations of samples in Appendix A to
keep a record of the attempted processes and the issues that arose.
The final mirror template can be seen in Fig. 5.4b. The outer large trenches allow
access to the underlying silicon wafer for the KOH solution to undercut the pattern, as
well as to allow for easy removal of the mirror during the mounting procedure. The two
dimensional lattice of PC holes is patterned in the central square of the structure shown
and is large enough to cover the hollow core and photonic crystal regions of the fiber.
The purpose of the larger holes surrounding the centre PC region is to aid in the presence
of excess glue during the mounting of the membranes onto the fiber faces, which will be
expanded upon in the next section.

5.2.2

Mounting Technique

We mount a pair of membranes onto the ends of a HCPCF segment using vacuum compatible UV-curable epoxy (Norland Optical Adhesive 88). The mounting technique is based
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on the method developed by Shambat et. al [94]. It is summarized in Fig. 5.5 and consists
of the following steps:
I. A sharp (∼ 50µm diameter) tungsten probe is first used to deposit two small epoxy
droplets near the mirror template. This is achieved by dipping the tip of the probe
into a drop of epoxy and then tapping the tip onto the surface of the chip until
droplets of the desired size are produced using a micromanipulator stage.
II. The fiber is then stamped onto a pair of the droplets, transferring the epoxy onto
the glass cladding area of the cleaved face of one end of the HCPCF segment, again
using a micromanipulator stage.
III. The HCPCF is then aligned and lowered onto the PC mirror template and the setup
is flooded with UV light to cure the epoxy.
IV. The HCPCF is then retracted with the PC membrane attached. Depending on the
intended application, the UV-curable epoxy can also be substituted by almost any
two-component epoxy with a convenient curing time.
The trenches that form the edge of the template allow for easy separation of the structure from the remaining silicon nitride film thanks to the connecting narrow bridges. The
large outer holes that surround the inner square of the photonic-crystal region allow the
epoxy to leak through the film such that the membrane can sit flush against the fiber face.
This also prevents excess epoxy from seeping into the PC region. Fig. 5.6 shows an SEM
image of the PC membrane mounted onto the end of a HCPCF.

5.3

PC Membrane Reflectivity Measurements

Prior to mounting the PC membranes onto the fiber segment to form a cavity, the reflectivity of each fabricated template must be first measured. In Fig 5.7a we show the optical
setup used to measure the reflectivity spectrum of each PC mirror. We used two methods of measuring the reflectivity: power measurements and cavity measurements, both of
which are depicted in Fig. 5.7b showing a diagram of this reflectivity measurement setup,
with the two methods differing by the optical pieces shown in the dashed boxes. We use a
flip mirror to introduce a thermal white light source for imaging purposes with the use of
another flip mirror directed to a CCD camera.
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50 μm

Figure 5.6: SEM image of the PC membrane attached to the tip face of a HCPCF segment.
The centre square lattice of PC holes in the membrane covers the entire PC region of the
underlying HCPCF.
For the power measurements, the sample is illuminated with either a laser or white light
source by splitting the beam with a beam sampler and focusing through an objective where
the reflected light is measured. The spot size is focused small enough to be completely
localized within the PC region (∼ 50 × 50µm). In order to obtain a spectrum using the
laser source, a photodiode is used to measure the output power as the laser wavelength is
stepped through in small increments. We also used a thermal white light source (and a
supercontinuum source for later samples) in which we could obtain a one-shot measurement
of the entire spectrum by using a spectrometer in place of the photodiodes.
For devices that were fabricated on the Norcada samples, we were also able to obtain
a transmission spectra because of the presence of the complete window through the Si
substrate, allowing us to collect the transmitted light. Since the power of the laser slightly
fluctuates over time and at varying wavelengths, the measurements from the transmission
and reflection photodiodes (A and B, respectively) are normalized to the power of the
input light. This is done by taking a power measurement using an additional photodiode
(C) placed at the transmitting side of the beam sampler (see Fig. 5.7b), and relating this
power to the input power onto the membrane by calibrating it to the known splitting ratio
of the beam sampler (as well as taking into account losses from the objective).
The second method for finding the reflectivity, as again depicted in Fig. 5.7b, was done
by forming a cavity between the PC sample and a metallic mirror of known reflectance
that is inserted behind the sample. The frequency of the input laser is swept as the
reflectivity (photodiode B) is measured to obtain the characteristic Fabry-Pérot spectrum.
The reflectivity for the PC mirror is found from fitting this spectrum using Eq. 2.2 for which
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Figure 5.7: (a) Image of one of the versions of the reflectivity measurement optical setup.
(b) Optical setup used to measure the transmission and reflectivity of the PC mirrors using
power measurements and cavity measurements (shown in the dotted black boxes). Imaging
of the sample is done using flip mirrors to introduce a white light source to illuminate the
sample and a CCD camera is positioned to collect the reflected output light.
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Figure 5.8: (a) Reflectivity of a PC pattern consisting of a square lattice of circular holes
on Norcada samples (index 2.11) with thickness, t = 500 nm, lattice constant, a = 817
nm, radius, r = 383 nm using power measurements. The cavity measurements using a
metallic mirror found a reflectivity of ∼ 92% at 852 nm wavelength. Due to fluctuations
in the laser power, the calibration is not stable and acts to create the noise seen in these
reflectivity measurements.
Rcavity = 1 − Tcavity . However, since this method requires for the light to be transmitted
through the sample to form the cavity with the metallic mirror, these measurements are
only possible using samples that have an open window in the Si substrate (e.g. Norcada
samples).
Fig. 5.8 shows the power measurements and simulation results for a PC membrane
that was fabricated on a Norcada SiN sample with an index of 2.11. The cavity reflectivity
measurements agreed with the power measurements, giving a reflectivity of ∼ 92% at 852
nm. The spectrum seems to generally match the simulated results, however the overall
reflectivity is lower. The dimensions of the fabricated PC pattern do not exactly match
the desired design parameters, and so further refinement of the fabrication procedure may
allow for higher reflectivities to be achieved.
However, the results of the simulations of the actual fabricated pattern dimensions still
predicted larger reflectivities than were ultimately observed. A great deal of effort was directed towards determining the reasons for this non-negligible discrepancy. Unfortunately,
we could not so far find satisfactory and conclusive answer to this question while pursuing
several possible solutions. We initially investigated whether the silicon nitride film was
absorptive, however we measured an insignificant amount of material attenuation using
filmetrics and ellipsometry.
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One of the main potential (and possibly the most likely) reasons for this loss in reflectivity, which will require further study, would be scattering either due to imperfections in
the fabricated pattern or debris left on the samples. The Al mask seemed to leave the
patterned holes with slightly coarse walls rather than smooth circles, as well as caused
for non-uniformities and roughness of the film itself, even after removal of the mask. In
addition, debris was commonly left on the chips from the metal etch and wet etching procedures. Due to the delicate nature of the films, cleaning of any debris from the samples
(such as Piranha cleaning) proved to be difficult. In particularly, the membranes have a
high risk of breaking after the wet etching process which leaves the films free-standing.
The other area that may result in discrepancy between measured and simulated results
is the method of reflectivity measurement, which will also require additional inquiry. The
initial results (such as in Fig. 5.8) utilized a Ti:sapphire laser to sweep over a frequency
range and take power measurements with a photodiode. However, this laser suffered from
power fluctuations over time and thus made calibration slightly unreliable. Later measurements used a supercontinuum source to provide a one shot measurement, nonetheless,
calibrate to an initial input power was still not perfect. Another issue that arose during
the reflectivity measurements was that the illuminating Gaussian spot size (∼ 40µm in
diameter) may have been too large, allowing for some light to be scattered at the pattern
edges. The low field at the outer edges of the pattern should have ideally minimized any
loss of input power, especially in later samples that used a larger PC pattern size (∼ 150µm
×100µm), which lead us to believe this conceivable concern should not have been a major
issue.

5.4

Fiber-Integrated Cavity Measurements

After the PC membranes are mounted onto the HCPCF segment to form a cavity, its
Fabry-Pérot spectrum must be measured. The fiber cavity was mounted onto a piece of
silicon wafer with a lithographically defined clamping structure [70] and the transmission
spectra was measured using the optical setup shown in Fig. 5.9a, which is similar to the
setup that measured the PC reflectivities described in the previous section.
The light from a Ti:Sapph laser is aligned onto the fiber core using a 10× microscope
objective and the transmitted light is coupled into a single mode fiber (SMF) before being
detected by a photodiode. A 10× objective provides a coupling beam size that is close in
size to the supported mode of the HCPCF. The SMF provides a spatial filter to remove
any undesired higher order modes that may have been excited by the initial light coupling
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Figure 5.9: (a) Optical setup used to measure the transmission and reflectivity spectrum
of the fiber-cavity. (b) The transmission spectrum of the fiber-cavity found by scanning
the input light frequency at a centre wavelength of 852nm. The normalized transmission
data (purple dotted line) is fitted to Eq. 5.1 (orange solid line).
into the cavity so that the spectrum arising only from the fundamental mode of the fiber
cavity can be observed.
In addition, a half-wave plate (HWP) is used to align the polarization of the input
light with the slow and fast axis of the birefringent HCPCF. By rotating the polarization
of the coupling light, the two fundamental modes of the fiber can be excited with varying
contributions from both. Each mode produces distinct Fabry-Pérot peaks that overlap
each other which are produced by the modes experiencing different propagation constants
in the fiber. By matching the polarization of the light with the birefringent axis of the
fiber, almost complete suppression of one of the polarization modes can be achieved, resulting in the observation of only a single set of Fabry-Pérot peaks, as shown in Fig. 5.9b,
corresponding to one of the fundamental modes.
The fiber cavity transmission spectrum shown in Fig. 5.9b is plotted for frequency
shifts with respect to 852 nm and can be fitted to the normalized transmission intensity,
T , of a Fabry-Pérot resonator as discussed in Section 2.1:
T =

I
=
I0
1+

1


2F 2
π

sin2

πν
F SR

,

(5.1)

where ν is the frequency of the incident light. The two fitting parameters that are deterc
mined from this spectrum are the finesse, F , and the free spectral range, F SR = 2nL
,
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where c is the speed of light, L is the length of the cavity, and n is the effective refractive
index of the cavity medium. The finesse and the FSR then determine the quality factor of
the resonator, Q = FFSR ν (Eq. 2.15).
In addition to quantifying the performance of our cavity, measuring the finesse also
allows us to evaluate the power reflectivity, R, of the photonic-crystal mirrors. From Eq.
2.3 the finesse is determined by the round trip loss in the electric field, r, such that
√
π r
(5.2)
F =
1−r
√ √
in which each round trip field loss is r = R1 R2 e−αd , for mirror power reflectivities, R1
and R2 , cavity length, d, and propagation loss, α. Assuming identical mirrors, R1 = R2 ≡
R, and a round trip distance of twice the cavity length, the round trip loss becomes
r = Re−α2L

(5.3)

For the case of the HC-800-02 fiber used to assemble the cavity, this loss is ∼ 150dB/km
for wavelengths around 850nm. Using the fitted values for F SR and F from the cavity
transmission spectrum, the reflectivities of the cavity PC mirrors can then be calculated
using Eq. 5.2 and 5.3, as shown in Fig. 5.10a, giving a maximum R ∼ 76% at 845nm.
The reflectivities of our fabricated PC membranes were significantly below the design
prediction. The fabricated PC pattern sizes were a ≈680 nm, r ≈260 nm, and t ≈363 nm,
while the optimal design was found to be a=680 nm, r=297 nm, t=369 nm for an input
Gaussian beam of 2.75µm waist radius. Refinements to our fabrication procedure should
allow us to produce mirrors with much higher reflectivities and, consequently, cavities with
increased finesse, as reflectivities exceeding 99% have been demonstrated [22], albeit for
mirrors designed for beams with larger waist of ∼ 50µm. The currently fabricated mirrors
form fiber cavities with maximum F ≈ 12 and Q-factor of about 5×105 (Fig. 5.10b). In
Section 5.6 we will discuss the particular cavity performances and that would be required
for various coupling regimes.

5.5

Cavity Tuning

Fig. 5.11b shows tuning of our cavity by changing its temperature. As the temperature is
altered, the thermal expansion and contraction of the fiber material which acts to modify
the effective length of the cavity, which of course dictates the free spectral range of the
resonant peaks. Since a given resonant peak, ν0 is simply an integer, q, of the FSR
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Figure 5.10: (a) The reflectivity of the individual PC mirrors on the fiber tips extracted
from the transmission spectrum fit. The parameters of the PC membrane measured from
its SEM image were a ≈680 nm, r ≈260 nm, and t ≈363 nm. (b) Finesse (orange triangles)
and Q factor (blue squares) of the fiber-cavity for a range of wavelengths. The finesse and
FSR are found by fitting Eq. 5.1 to the cavity transmission spectrum and the Q factor is
then found using the relationship Q = FFSR ν.
(ν0 = qFSR), the shift in this resonant peak frequency, ∆ν0 , between two cavity lengths,
L and L0 , is then


1
c 1
−
∆ν0 = q
(5.4)
2 L L0
For this measurement, the silicon wafer piece holding the fiber cavity was mounted onto
a thermoelectric element. As the cavity temperature is changed, the thermal expansion
changes the length of the HCPCF, L, by about 5-10 nm per ◦ C, causing the cavity resonances to shift by ∆ν0 ∼ 0.2 GHz per ◦ C at the measured optical frequency ranges. In
practical applications, the cavity can thus either be stabilized by keeping it at a specific
temperature or locked to a reference frequency using temperature tuning as part of the
feedback loop.
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Figure 5.11: (a) A temperature stage is used to tune the temperature of the fiber cavity
which acts to shift the resonant Fabry-Péro peaks. The red arrows represent the coupling
input light from the objective into the fiber cavity. (b) Normalized transmission spectrum
of the cavity at varying temperatures. The resonant peaks are shifted ∼ 0.2 GHz per ◦ C.

5.6

PC Membrane-Based Cavity Regimes

As discussed in Section 3.3, two important coupling regimes are the strong coupling and
high cooperativity regimes. Unfortunately, the fabricated fiber cavities discussed in the
previous sections of this chapter do not yet meet the criteria to be in either of these regimes.
2
, at varying PC mirror reflectivities and
In Figs. 5.12a we plot the cooperativity, η = 4g
κΓ
cavity lengths. From Eq. 3.81, we can see that the cooperativity is species independent
and these calculations hold for coupling to any atom in a cavity system.
Additionally, the coupling strength is affected by the mode volume and thus the coop1
erativity becomes inversely proportionate to the mode volume (η ∝ Vmode
). It can be seen
that as the cavity length is decreased, the cooperativity becomes larger, and a minimum
PC mirror reflectivity of ∼ 0.996 is required to reach high cooperativity, η > 1. The current
fiber cavity devices produce a cooperativity of η ∼ 10−2 , which of course does not meet
the high cooperativity requirement. However, our current MOT setup allows for a loading
efficiency of atoms into a HCPCF of about Na ∼ 104 atoms, and so in theory, our cavity
may be able to reach the collective cooperativity regime in which Na η ∼ 102  1 which
may allow for our system to exhibit certain phenomena such as superradiance.
Fig. 5.12b indicates the region in which the strong coupling regime is possible with these
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Figure 5.12: (a) Single atom cooperativity for the fiber cavities discussed in this chapter
2
with varying lengths. High cooperativity occurs for 4g
> 1. (b) Plot showing the relaκΓ
tionship between g, κ, and Γ at varying cavity lengths for cesium atoms in a fiber cavity.
Strong coupling regime occurs for g > κ, Γ, which is depicted as the shaded blue region for
a mirror reflectivity of 0.998. Mirror reflectivities lower than this cannot reach the strong
coupling regime, regardless of cavity length. [44]
fiber cavity devices. Remarkably, for a given PC membrane reflectivity (which determines
the cavity decay rate), the strong coupling regime is only achievable for a certain range of
cavity lengths. Similar to the results found in Section 4.5, this effect is caused by contesting
effects as the cavity length is altered. At smaller lengths, the cavity has a smaller mode
volume allowing larger coupling constants, however photons are lost through the larger
number of bounces off the non-unity mirrors per time. Larger lengths, on the other hand,
instead attributes the photon a larger portion of time traversing the fiber, which can have
a relatively low attenuation compared to a single reflection off a PC membrane.
The blue shaded region depicts the strong coupling regime for a mirror reflectivity of
0.998, which approximately represents the lower limit of reflectivity that is required to
allow for strong coupling, as evident by the plot where both g > κ and g > Γ. This
slightly more stringent condition compared to the requirements for high cooperativity is of
course again not possible with the currently fabricated fiber cavity that have only ∼ 80%
effective PC mirror reflectivities. However, recently it has been demonstrated that PC
membranes can be fabricated with a reflectivity of ∼ 0.9995 [22], and so with improved
fabrication techniques both the high cooperativity as well as the strong coupling regimes
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Figure 5.13: Previous cavity systems require the free space and cavity illumination signals
to be perpendicular to each other, resulting in side illumination of the atomic cloud along
the low optical depth axis [Image source: [21]]. The co-linear illumination scheme provided
by the polarization dependent fiber-integrated cavity can allow for both the free space and
cavity sources to be sent along the high optical depth axis of the atomic ensemble by setting
the correct polarization of the each signal.
may be possible in these devices.

5.7

Polarization-Selective Membranes

As alluded to earlier in this chapter, another main beneficial feature of using photonic
crystal membranes as mirrors is that they can be designed to be polarization-selective
(i.e. completely reflective for one polarization of input light and fully transmissive for the
orthogonal polarization). This allows for all light signals (e.g. probe and gate photons) to
be sent along the optical axis of the fiber, and all interactions with the atoms can be set to
occur either within a cavity or effectively in free space simply by choosing the appropriate
polarization of the input light. This geometry provides a means of co-linear illumination
in which all input sources are sent along the longitudinal axis of the atomic cloud and thus
will have largest optical depth. This is in contrast to other cavity systems such as Bohnet
et al. [15] and Chen et al. [21], as illustrated in Fig. 5.13. These systems require the free
space illumination to be perpendicular to the axis of high optical depth of the cloud, and
thus reduce the total optical depth achieved for the signal illuminated from the side.
In order to create a polarization-selective spectrum, the type of broken symmetry that
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Figure 5.14: (a) Unit cell of a polarization-selective photonic crystal pattern. The linear symmetry is broken by using a rectangular lattice and elliptical holes. (b) FDTD
simulations show complete transmission and complete reflectivity at orthogonal linear polarizations using a plane wave source (ax = 781 nm, ay = 560 nm, dx = 504 nm, dy = 396
nm).
the PC pattern exhibits needs to reflect the type of polarization dependence. For example,
if the mirror is to be selective for right and left handed circular polarization, the PC
pattern needs to break chiral symmetry. In this work, we develop a mirror that has linear
polarization selectivity, and thus the PC pattern must break x/y symmetry. We decided to
employ a pattern composed of a rectangular lattice (instead of a square lattice) of elliptical
holes (instead of circular holes), as shown in Fig. 5.14a.
This pattern, of course, has a larger number of degrees of freedom than the previously
discussed symmetric pattern (non-polarization selective), and so again optimization algorithms were used to find pattern dimensions that maximized the difference in reflectivities
at orthogonal polarizations. Using a plane wave source, it is possible to design a mirror
with near unity reflectivity and transmission for orthogonal polarizations, as shown in Fig.
5.14b. Unfortunately, using a Gaussian mode source can again drastically alter the spectrum of the PC membranes, requiring a more extensive effort to find parameters that act to
have a large polarization selectivity by again using particle swarm optimization algorithms.
Similar to the fabrication challenges previously discussed, one main requirement for
these patterns to be practical to fabricate is to set a lower limit for the material bridge
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size between two neighbouring holes. If this bridge size is too small, the membranes
risk breaking during the fabrication procedure. Given this restrained parameter space,
we obtained a heuristic result that gave a polarization dependence with a Gaussian source
while keeping the dimension ratios reasonable. The optimal pattern dimensions found were
for a membrane thickness of t = 342 nm, x and y lattice constants of ax = 676 nm and
ay = 444 nm, respectively, and x and y hole diameters of dx = 430 nm and dy = 364 nm,
respectively, giving a reflectivity of > 99% and ∼ 11% at the two orthogonal polarizations.

5.7.1

Polarization Dependent Reflectivity Measurements

To fully characterize the spectrum of the polarization-selective PC membranes, it is not
merely enough to take an absolute reflectivity, as is the case for the non-polarization dependent mirrors. Instead, we need to find each of the four Jones matrix elements describing
the input and output x/y polarization intensities, Iin,x/y and Iout,x/y , respectively. The
Jones matrix acts to relate the input intensities to the output reflected intensities such
that


 

Rxx Rxy Iin,x
Iout,x
(5.5)
=
Ryx Ryy Iin,y
Iout,y
It can be seen from the definition in Eq. 5.5 that each Jones matrix element has a
different physical meaning. The Rxx and Ryy elements represent the direct coupling for an
input polarization to the reflected output of the same polarization state. Conversely, Rxy
and Ryx represent the cross coupling between the two polarization states that describes
the amount of the reflected polarization that is orthogonal to the input polarization state.
A perfectly polarization-selective mirror will thus have Jones matrix elements of Rxx =
Rxy = Ryx = 0 and Ryy = 1.
Each of the Jones matrix elements can be measured using the optical setup shown in
Fig. 5.15a. We define the z direction as the axis of propagation of light, the x direction as
in the plane of the figure, and the y direction as perpendicular to the plane of the figure.
The source light, either from a laser of supercontinuum source, is initially polarized in
the x direction and half-wave plate (HWP) A is then used to control of the input light
polarization. The light can be set to be polarized in either the x or y by setting the angle
of the HWP, with respect to the x direction, to 0◦ or 45◦ , respectively (since of course the
HWP will rotate the polarization of light twice this angle).
To measure each polarization of light, an x polarized filter is used in which HWP B
controls which polarization of light is measured by the photodiode by again using the
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Figure 5.15: (a) Optical setup used to measure the four Jones matrix elements in Eq. 5.5.
Half-wave plate A is used to set the polarization of the input light and half-wave plate
B sets the polarization of the measured reflected light. (b) A summary table of the four
settings of the half-wave plates A and B and the corresponding Jones matrix element that
is measured.
appropriate setting of either 0◦ or 45◦ . The table in Fig. 5.15b provides a summary of
the HWP settings used to measure the corresponding Jones matrix elements. It should be
noted that if HWP A is set to 45◦ , it will rotate the input light to y polarized, but will also
again rotate the x and y polarized reflected light to y and x, respectively. This is why the
HWP B set to 0◦ would then measure the y polarized reflected light, and the x polarized
reflected light will be measured with HWP B set to 45◦ .
The fabricated polarization dependent PC membrane shown in Fig. 5.16a had approximate pattern dimensions of t = 342 nm, ax = 676 nm, ay = 444 nm, dx ≈ 396 nm, and
dy ≈ 352 nm. Primarily, the hole diameters are the main parameters that are not the
exact optimal pattern dimensions that were found using the FDTD simulations due to
fabrication challenges as previously discussed. However, there is still a large polarization
dependence as found by the measured Jones matrix elements shown in Fig. 5.16b, using a
Ryy
≈ 23 was
supercontinuum white light source. The maximum extinction coefficient of R
xx
found to be at a wavelength of 820 nm.
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Figure 5.16: (a) SEM image of a rectangular lattice of elliptical PC pattern resulting in a
polarization selective mirror (with pattern dimensions t = 342 nm, ax = 676 nm, ay = 444
nm, dx ≈ 396 nm, and dy ≈ 352 nm). (b) Jones matrix elements for the fabricated
Ryy
≈ 23
polarization dependent PC mirrors. The largest extinction ratio was found to be R
xx
at 820 nm (with Ryy ≈ 93 and Rxx ≈ 4).

5.7.2

Mounting Polarization-Selective Mirrors

The construction of a polarization dependent fiber-integrated cavity using the fabricated
asymmetric PC patterned membranes poses several additional challenges when mounting
the PC mirrors to the fiber segments. Mainly, the axis of the two PC mirrors must be
aligned with each other, as well as with the birefringent axis of the HCPCF. This slight
birefringence in the fiber is a result of the asymmetric patterning of the PC region in the
cladding of the fiber, as well as any additional external stresses that may be applied to the
fiber, such as that from the various mechanism that hold the fiber to the sample chip (e.g.
the clamping structures or epoxy droplets).
A preliminary procedure was used to mount the polarization dependent mirrors to
the fiber while addressing these new alignment concerns. The first step is to determine
the angle of the birefringent axis of the HCPCF, which was done using the optical setup
shown in Fig. 5.17. The input light that is coupled to the fundamental mode of the HCPCF
segment is initially polarized horizontally in the plane of the figure. HWP A is now used
to rotate the input light to a given angle, 2θ, with respect to the horizontal plane of the
figure (thus the axis of the HWP is set to θ). HWP B is then also set to an angle of θ such
that it would rotate the light from 2θ back to the horizontal x direction in the absence of
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Figure 5.17: Optical setup used to measure the birefringent axis of the HCPCF. Both halfwave plates A and B are set to an angle of θ with respect to the horizontal and rotated
until the power at the photodiode is minimized, thereby determining the angle of either
the slow or fast axis in the fiber.
the HCPCF. This output light is then passed through a polarizer oriented in the vertical
y direction perpendicular to the plane of the figure with the power being measured by a
photodiode.
When the coupled light into the HCPCF is not polarized to either the slow or fast
axis of the fiber, the output light from the fiber will be elliptically polarized, and thus
some fraction of the total power will be measured by the photodiode. However, when the
polarization of the coupling light is set to either the slow or fast axis of the fiber, the output
light will be linearly polarized and at the same initial angle as the input light (assuming the
axis does not rotate appreciably in the length of the fiber segment). HWP B will then act
to rotate this light back to the horizontal and thus the power measured by the photodiode
after the polarizer will be minimal. The birefringent axis is the then found by stepping
through different θ angles until the power measured at the photodiode is minimized at
θmin , indicating that the axis of the fiber is at an angle of 2θmin .
Each mirror must then be mounted with respect to the measured angle of birefringence
in the fiber. The method does not distinguish which axis of the fiber that was found, slow or
fast. However, the PC mirrors only need to be aligned to one of the birefringent axis of the
fiber and thus this information is not required. The mounting of the polarization dependent
mirrors is done by attaching the chip with the fabricated PC templates to a rotation mount.
The entire template is simply rotated to the appropriate angle with respect to the HCPCF
axis before performing the mounting procedure previously described in Section 5.2.2 for
each of the two cavity PC mirrors.
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Figure 5.18: Spectrum of a polarization-selective fiber-integrated cavity using asymmetric
PC patterned membranes acting as mirrors. Background noise is still included as the signal
is not filtered through a single mode fiber.

5.7.3

Preliminary Polarization-Selective Fiber-Cavity

Two separate polarization dependent PC mirrors were mounted onto a HCPCF segment,
as discussed in the previous section. We show here only preliminary data of the resulting
polarization-selective cavity in Fig. 5.18. It is clear that there is a dependence on the
transmission based on the input polarization. This is shown through the fact that there
are several Fabry-Pérot peaks present in the transmission of the y-polarized light, while
the peaks are mostly absent for the orthogonal x-polarization. However, this data is still
noisy and the background power was not filtered by coupling the transmitted light into a
single mode fiber (SMF) to eliminate other higher order modes that may be excited.
Fitting the Fabry-Pérot spectrum again to Eq. 5.1 we find that the effective reflectivity
of each of the cavity mirrors is ∼ 30%. This is of course much lower than the measured
reflectivities of the membranes before being mounted on the fiber (Fig. 5.16b). This drastic
drop in effective reflectivity may, at least in part, be accounted for by the fact that the
mirrors were not perfectly aligned to each other, and in fact were ∼ 3◦ − 6◦ misaligned.
In addition, the mirrors themselves were also not aligned with the birefringent axis of the
fiber, which would result in partial cross coupling into the transmissive polarization each
round trip. In order to achieve a higher finesse and greater polarization selection in the
cavity these alignment issues in the mounting procedure must be resolved.
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5.8

Conclusion and Future Work

In conclusion, we have demonstrated a novel type of fiber-integrated cavity created by
attaching a pair of perforated photonic membranes acting as dielectric metasurface mirrors
to the tips of a HCPCF piece. As the holes can allow injection of gases into the fiber, we
expect this cavity to open paths to a broad range of exciting new applications. Even with
the currently demonstrated relatively low finesse of ∼12, the cavity can be used to improve
the performance of fiber-integrated gas lasers [74] and frequency references [116].
The tight confinement of photons over macroscopic distances in the HCPCF cavity,
not available in confocal cavities, could potentially enable novel regimes of the recently
demonstrated super-radiant lasers [15] and spin-squeezing measurements [62, 52], as well
as offer an alternative to tapered fibers in exploring multi-mode strong-coupling cavity
quantum electrodynamics (cavity QED) systems [91].
While not yet confirmed through numerical simulations, the membrane should allow
the loading of laser-cooled atoms into the HCPCF. One area that will require further
investigation is the effect of the Casimir-Polder potential that acts to attract the atoms to
the walls of the PC holes as they fall through the holes. We show a one-dimensional plot
of this − Cr44 potential (with C4 = 8.2 × 10−56 Jm4 [63, 120]) in Fig. 5.19 across a single
PC hole with a radius of 250 nm, in which the blue shaded regions indicates the silicon
nitride walls. It is evident that this force may become important near the walls of the PC
holes, however, since the atoms will have a downward velocity as they approach the holes
they may be able to escape this potential. A full numerical simulation of the atoms falling
through the membrane will need to be performed in order to fully characterize the loading
efficiency through such perforated membranes. Atoms passing through a PC membrane
with a hole radius of 170 nm has recently been demonstrated [61], suggesting our proposed
scheme of loading atoms through the membranes and into the HCPCF is plausible.
With improved reflectivities of the fabricated membranes, a cavity with high singlephoton cooperativity [107] could be realized in the very near future [7] and pave the way
toward tantalizing new studies combining coherent control techniques of light propagation,
such as slow light and light storage, with cavity QED phenomena in atomic ensembles.
This fiber-based cavity also allows for the potential of on-chip integration by the use of
lithographically fabricated mechanical structures forming fiber couplers [70].
Our preliminary data showing a dependence of the cavity spectrum on the polarization
of the input demonstrates the potential for a polarization-selective fiber-integrated cavity
using asymmetric PC mirrors [66, 20]. Before these cavities can be fully realized, the
challenges of mounting the mirrors with the correct orientation with respect to each other
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Figure 5.19: Plot of the attractive Casimir-Polder potential across a single photonic crystal
hole of radius 250 nm. The walls of the silicon nitride membrane are shown as the blued
shaded region. We use a − Cr44 potential from the dielectric surface with C4 = 8.2×10−56 Jm4
from [63, 120].
and the birefringent axis of the HCPCF must first be addressed in a controllable and
repeatable way. Future efforts to solve these problems may be to incorporate the mounting
technique directly with the optical coupling scheme used to find the slow and fast axis of
the fiber. By positioning the PC membranes freely near the end of a fiber segment, the
reflected light from the fibers may be monitored as the PC membranes are rotated in order
to determine the optimal angle for attaching the mirrors.
In addition to this work, we have also successfully designed and fabricated mirrors
sensitive to the left/right handedness of circularly polarized input light. This work could
also lead to forming a free space cavity that have circular polarization-selectivity.
A polarization selective cavity, such as the ones discussed in this chapter, may be used
to implement vacuum-induced transparency (VIT) [106] in a high-optical-depth ensemble
or to improve the performance of the recently demonstrated all-optical transistor controlled
by a single photon [21] by simplifying its geometry and allowing the ’gate’ and ’source’
fields to both propagate along the axis of the cavity. Novel schemes for optical switching
that may be implemented in such a cavity will be discussed in the next chapter.
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Chapter 6
All-Optical Single Photon Switching
The focus of this chapter will be on the specific applications of a cavity QED system for
the purpose of all-optical single photon switching. These devices could provide seamless
integration with existing telecommunication networks to allow for optical computation and
communication. The speed and efficiency of classical computation in such systems could
potentially be enhanced by the use of optical transistors, by enabling faster signals and by
the avoidance of resistive heating [71]. In addition, if the limit of single photon switching
can be reached, further applications can be found in quantum information, computation
and key distribution protocols [17].
Electromagnetically induced transparency (EIT) has previously been utilized to demonstrate all-optical switching with a few hundred photons [5]. Cavity QED systems have also
been able to demonstrate ∼ 20% two-photon attenuation [38, 106, 114] and have performed switching of the cavity transmission with a single atom [110]. More recently, a
single photon gate optical switch has been shown using a four-level scheme [21].
One possible avenue for creating optical switching is to use high finesse cavities to facilitate the nonlinearities that are required to produce the effective photon-photon interactions
between gate and source. In that spirit, the theoretical work done here could potentially
be applied to any type of cavity that can reach the strong coupling regime. However, as
we will see, the polarization dependent PC membrane fiber-cavities in Chapter 5 make
them particularly suited for the photonic switches discussed here, assuming they can be
fabricated with a high enough finesse.
There are two main types of optical switches that will be discussed in this chapter.
We begin by describing a four-level atom scheme with a switching field that controls the
transmission of probe photons acting as a source field for the optical transistor. The later
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sections will describe a simple three-level scheme with a vacuum coupling cavity, with the
switching of a free-space probe field provided by the insertion of a single photon into the
cavity mode. These schemes can be easily integrated into the polarization dependent fibercavities discussed in this thesis by setting all probe and switch fields that do not require
the presence of a cavity to the polarization that is transparent to the PC mirrors, and the
orthogonal polarization will provide the vacuum cavity mode required for the switching
scheme. The main benefit of such a system is that the probe and switch fields can all be
sent along the longitudinal axis of the cloud within the hollow core of the fiber, allowing
for a high optical depth (as opposed to other systems requiring side illumination of the
atomic cloud).

6.1

Four-Level Optical Switching Scheme

The four-level system that we will describe is shown in Fig. 6.1a, where we have two
metastable ground states, |gi and |si, and two excited states, |ei and |di. The bipartite
states are expressed by atomic excitation and number of cavity excitations (number of
photons in the cavity mode). A weak probe field and switch field with Rabi frequency,
Ωp and Ωs , respectively, are applied to the transitions as shown. The natural decay rates
between states |ii to |ji are Γij . A single empty cavity mode, a, is used to couple the |si-|ei
transition, with a cavity decay rate of κ. The frequencies, ωk , of the fields and cavity mode
are detuned from their respectively coupled transition frequencies, ωij , by ∆k ≡ ωk − ωij .
We will show that the weak probe field transmission can be controlled by the presence
(or absence) of the switch field in an N-type scheme, as shown in Fig. 6.1b. Previous
optical switches have utilized a similar four level switching scheme [5], however they suffer
from using a strong classical control field coupling the |si-|ei transition to act as a bias.
Our scheme replaces this classical field with a vacuum cavity mode to allow for a truly
single photon gate transistor without the need for a bias power.
Following a formalism similar to the one introduced in Section 3.4, we again use an
ensemble of Na atoms, with the definition of the collective state operators (Eq. 3.107) and
effective coupling constant (Eq. 3.108). In the RWA the Hamiltonian becomes
H =~ωeg Σee + ~ωsg Σss + ~ωdg Σdd + ~ωc a† a
√
Na Ωp
Ωs
†
(Σeg e−iωp t + Σge eiωp t ) − ~ (Σds e−iωs t + Σsd eiωs t )
− ~gef f (Σes a + Σse a ) − ~
2
2
(6.1)
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Figure 6.1: (a) Four level scheme used for optical switching of the weak probe field, Ωp , by
controlling the switching field, Ωs . A cavity mode is set to near resonance to |si and |ei
transition with a coupling constant, gef f , eliminating the need for biasing the switch with
a strong control field. The decay rate between states |ii to |ji is Γij . (b) Transmission of
the probe field at different switch field powers. (OD = 10, 2gef f = Γe , ∆p = ∆c = ∆s = 0,
Γh = Γe )
If we again restrict ourselves to the low excitation manifold shown in Fig. 6.1a (since
we assume a weak probe), and transform into the appropriate rotating frame, the total
Hamiltonian for this four level system can be written as
H̃ = − ~∆p |e, 0ihe, 0| − ~∆pc |s, 1ihs, 1| − ~∆pcs |d, 1ihd, 1| − ~gef f (|e, 0ihs, 1| + |s, 1ihe, 0|)
√
Na Ωp
Ωs
(|e, 0ihg, 0| + |g, 0ihe, 0|) − ~ (|h, 1ihs, 1| + |s, 1ihh, 1|)
−~
2
2
(6.2)
where ∆pc ≡ ∆p − ∆c and ∆pcs ≡ ∆p − ∆c + ∆s .

The dissipation can be incorporated into the system through use of the master equation,
where
i
∂ ρ̃
= − [H̃, ρ̃] + Γeg L[Σge ]ρ̃ + Γes L[Σse ]ρ̃ + Γds L[Σsd ]ρ̃ + Γdg L[Σgd ]ρ̃ + κL[a]ρ̃ (6.3)
∂t
~
In this treatment we will ignore any decay between the metastable states, which is valid
under the assumption that the decay from the |s, 1i state is dominated by the cavity decay,
κ  Γsg .
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4

We can again find the transmission of the probe field through an atomic cloud with
length, L, and optical depth, OD, from the susceptibility for a collective state (Eq. 3.118),
which depends on the off-diagonal density matrix element, ρ̃eg . Using the steady state
solution ( ∂∂tρ̃ ≈ 0) of Eq. 6.3 and assuming a weak probe such that Ωp  2gef f , Ωs and
ρee = ρss = ρdd ≈ 0, ρgg ≈ 1, we find
χN scheme =

OD
iγe
k0 L γe − i∆p + C

(6.4)

where, similar to Section 3.1.2, we define
C≡

2
gef
f
γs − i∆pc + S

and
S≡
with the decays defined as γe ≡
Γe ≡ Γeg + Γes ).

Γe
,
2

γs ≡

(6.5)


Ωs 2
2

γd − i∆pcs

Γsg
2

+ κ2 , and γd ≡

(6.6)
Γd
2

+

κ
2

(with Γd ≡ Γdg + Γds ,

It should be noted that in this treatment we have ignored any extra dephasing processes and considered only the spontaneous emission rates. To include other homogeneous
broadening effects, such as from collisions, we include an additional term to the master
equation in Eq. 6.3 of the form γhij L[σzij ]ρ̃, where γhij is the extra dephasing decay rate and
σzij is the Pauli Z operator for a given |ii-|ji transition. This has the effect of replacing
Γ
Γij
→ 2ij + γhij in our above equations for the susceptibility (Eq. 6.4-6.6).
2

6.1.1

Resonant Case

For the optical switch that we will discuss here, we set both the probe and switch fields, as
well as the cavity mode, in resonance with their respective transitions, ∆p = ∆c = ∆s = 0.
The susceptibility in Eq. 6.4 then becomes
χ(∆ = 0) =

OD
iγe
k0 L γe + C(0)

with
C(0) ≡

2
gef
f

γs +

120

Ω2s
4γd

(6.7)

(6.8)

This resonant case reproduces the purely imaginary susceptibility of the normal VIT and
2
gef
g2 f
f
→
classical EIT results in Eq. 3.46 and Eq. 3.121, with the substitution C(0) = ef
.
Ω2
γs
s
γs + 4γ

d

Thus we can see that the presence of the switch acts as an additional decoherence channel
to interrupt the EIT coherent quantum interference process.
In order to quantify the performance of the optical switch we can introduce two different (but similar) figures of merit. We may investigate the behaviour of the transmission
switching ratio, q ≡ TT0s , as well as the switching contrast, c ≡ T0 − T s, where Ts is the
transmission of the probe field in the presence of a switch field, and T0 is the transmission without the switch. In the following sections we will discuss various systems and the
characteristics required to maximize these two figures of merit.
Switching Ratio
The transmission with the switch field off results in a transmission (similar to EIT) of




γe
(6.9)
T0 = exp −OD
g2 f 

γe + ef
γs
where we can solve for the required vacuum Rabi frequency


OD
2
+1
gef f = −γs γe
ln T0

The presence of the switch field will alter the transmission to






γe
Ts = exp −OD
g2



γe + efΩf s 

(6.10)

(6.11)

γs + 4γ

d

which can be solved for the required switching field power (which is ∝ Ω2s ) given a particular
T0 by rearranging Eq. 6.11 and substituting Eq. 6.10 to give
!
OD
+
1
ln
T
−1
(6.12)
Ω2s = 4γs γd OD0
+1
ln Ts

121

Thus we can find the ratio between the powers of the switch field and cavity coupling
strength using Eq. 6.12 and Eq. 6.10
Ω2s
OD ln q
γd
=4
2
gef f
γe (OD + ln Ts )(OD + ln T0 )

(6.13)

where we have introduced the transmission ratio, q ≡ TT0s . It is worth noting that the above
ratio is independent of the metastable decay rate, γs . If we use a large optical depth,
OD  ln T0 , ln Ts , we can approximate the above expression as
Ω2s
γd ln q
≈4
2
gef f
γe OD

(6.14)

to obtain a general trend that a larger optical depth requires a lower switch field power for
a given switching ratio.
Switching Contrast
The contrast between switching transmissions, c ≡ T0 −Ts , has a slightly different behaviour
as a function of the optical depth than the switching ratio. As we will see, there is actually
an optimal optical depth for which the switching contrast will be maximized. To find this
we simply take the derivative of the contrast with respect to optical depth. To simplify
things, let us first define the transmissions with the switch field off and on, T0 and Ts ,
respectively, as
T0 = e−OD·A0
(6.15)
where
A0 ≡

γe
γe +

2
gef
f
γs

(6.16)

and
Ts = e−OD·As
where
As ≡

γe
γe +

2
gef
f

(6.18)

Ω2
γs + 4γs
d

We can then take the derivative of the contrast as

dc
d
=
e−OD·A0 − e−OD·As
d(OD)
d(OD)
= −A0 e−OD·A0 + As e−OD·As
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(6.17)

(6.19)

Setting Eq. 6.19 equal to zero and rearranging we find the OD that will optimize the
contrast as
0
ln A
As
(6.20)
ODmax =
A0 − As
Using Eq. 6.20 we can solve for the maximum contrast as
cmax = e−ODmax ·A0 − e−ODmax ·As
A0


A0 As −A0
A0
=
1−
As
As

(6.21)

We can see from Eq. 6.18 that as the switch field becomes strong (Ωs  κ, gef f ) then
As ≈ 1 and the OD that maximizes the contrast asymptotes to a constant
ln A0
ODmax ≈
(6.22)
A0 − 1
More importantly, it is clear from Eq. 6.21 that in this limit,
A0

cmax ≈ A01−A0 (1 − A0 )

(6.23)

If we also assume that the lifetime of the metastable state is very long, such that Γsg  κ,
then γs ≈ κ2 and we can rewrite Eq. 6.16 in terms of the cooperativity as
A0 ≈

1
1 + ηef f

(6.24)

and thus the maximum optical depth and contrast become
1 + ηef f
ln(1 + ηef f )
ODmax ≈
ηef f
and
cmax

1
≈
1 + ηef f

1
ηef f

respectively.


1−

1
1 + ηef f

(6.25)


(6.26)

We can make further simplifications if we assume our cavity system is deeply in the
strong coupling regime such that ηef f  1, thus we find from Eq. 6.25 and Eq. 6.26 that
ODmax ≈ ln ηef f

and
cmax ≈ 1 −

1

ηef f
which of course will approach unity at this optimal optical depth.
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(6.27)
(6.28)
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Figure 6.2: Transmission switch ratio as a function of the switch Rabi frequency normalized
to the cavity vacuum Rabi frequency (Eq. 6.14). We use the D2 cesium transition (µ =
1.7138 × 10−29 Cm) at a wavelength of 852 nm. Varying cavity decay rates, κ, shown with
the resulting mirror reflectivity required to produce the given decay rate. The number of
atoms are set to 104 corresponding to an optical depth of 36.9. The fiber loss is ∼ 150
dB/m with a core radius of 3.5 µm and Gaussian mode radius of 2.75 µm, and the length
of the fiber is set to 1 cm. Γe = Γd = 2π × 5.2 MHz.

6.2

Semiclassical: Continuous Probe and Control Switch

We will begin investigating the behaviour of the four level switch by considering the simplest
system in which we apply continuous plane wave probe and switch fields. Although the
schemes discussed in this chapter could be employed in a variety of cavity QED systems,
we will represent the relevant results for the type of system employed our research group.
Specifically, we use the D2 transition of cesium atoms (Γe = 2π × 5.2 MHz) that can be
cooled to a ∼10 µK temperature, with the |gi-|ei state as the F = 3 → F 0 = 3, and the
|si-|di state as the F = 4 → F 0 = 4.
The cavities that we will perform the following calculations for are the fiber-integrated
resonators discussed in Chapter 4 and 5. The HCPCF that we use has a loss of ∼ 150 dB/m
attenuation at the wavelength of 852 nm, with a core radius of 3.5 µm and a Gaussian
mode radius of 2.75 µm. For simplicity, we will set the cavity length, L, to 1 cm unless
otherwise stated. Such a system results in a vacuum Rabi frequency of gef f ≈ 2π × 8.6
MHz.
The approximate switch transmission ratio is plotted in Fig. 6.2 as a function of the
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Figure 6.3: Transmission contrast at varying optical depths. The maximum contrast occurs
at a particular optical depth for each given switch power (given in both units of photons
per second and MHz). The decay rate is set to κ = γe and L = 1cm, Γe = Γd = 2π × 5.2
MHz.
switch-to-cavity coupling constant, gΩefsf , as determined by Eq. 6.14. The number of atoms
is set to Na = 104 , which is approximately the number of atoms that has been successfully
loaded into a HCPCF using a magic wavelength dipole trap [6, 123, 124], and corresponds
to an optical depth of OD = 36.9. The transmission ratio is plotted for different values
of the cavity decay rate, given the attenuation of the fiber. The reflectivity of the cavity
mirrors that produce the given decay rate is also shown. The ratio, of course, increases
with a larger switch power, however, a minimal switch power would be ideal in order to
require less photons.
The other major figure of merit, switch transmission contrast, exhibits more interesting
behaviour, as discussed in the previous section. Fig. 6.3 shows the transmission contrast
as a function of the optical depth at a fixed cavity decay rate of κ = γe . Various switch
powers are also plotted and shown in units of the number of photons per second. It is
clear that the contrast actually is maximized at a particular optical depth, derived in the
previous section in Eq. 6.20, which occurs at a larger OD as the power is decreased.
The optical depth that maximizes the contrast and the resulting maximum contrast at
this optimal optical depth are shown in Fig. 6.4a and 6.4b, respectively, as a function of
the switch field power at various cavity decay rates. Interestingly, as the cavity becomes
more lossy, the optimal optical depth is reduced, and of course the maximum contrast
achievable is lowered as well. These extra decay mechanisms act as decoherence for the
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Figure 6.4: (a) Optimal optical depth that allows for the (b) maximum contrast between
on and off switch states for a range of switch field powers. Each are plotted at different
cavity decay rates and respective mirror reflectivities (L = 1cm, Γe = Γd = 2π × 5.2 MHz).
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Figure 6.5: (a) Optical depth required to produce the (b) maximum contrast at varying
cavity decay rates, κ, and switch field strengths, Ωs .
VIT phenomenon, which causes for the transmission without the presence of the switch to
decrease.
The presence of an optimal optical depth can also have a relatively simple physical
interpretation from two competing effects between the on and off switch positions. For
a given switch power, an optical depth that is too small will not act to absorb enough
of the probe light, and thus will have a larger Ts . However, when the optical depth is
too large, the VIT must have very large coherences in order to create transparency, and
thus T0 is decreased. With very large switch fields, we see from Fig. 6.4a and 6.4b that
the optimal optical depth and maximum contrast, respectively, asymptotically approach
constant values described by Eq. 6.25 and 6.26. For completeness, we also solved the system
without the underlying assumptions of steady state or a weak probe field by numerically
solving the full coupled differential master equation (Eq. 6.3). The analytical results of
this section only begin to diverge from the numerical solution (without approximations)
for a probe field Ωp > 0.1γe .

6.2.1

Quasi-Continuous Wave Switch

If we are now assuming that the probe is a weak (potentially single photon) pulse, there is
another important factor that must be considered: the group velocity. As we have seen in
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Section 3.5.3, a VIT system produces a large dispersion on resonance and thus a reduction
in the group velocity. When the switch field is on, the normal VIT dispersion and resulting
group velocity is altered, however it can still be greatly reduced for a relatively weak switch
field.
As we have seen in the previous section, high switch powers are needed for large switching ratios and contrasts. However, the goal is to minimize the number of switch photons
required for a given switch performance. We can quantify the total number of switch photons required by simply assuming it is a quasi-continuous plane wave source, in which it is
only turned on during the time it takes the probe pulse to traverse the atomic cloud with
this reduced group velocity. Thus we effectively assume a perfect a square wave pulse for
the switch field which has a constant power when turned on.
Assuming this quasi-continuous switch field we will investigate the switching process,
for simplicity, by restricting the analysis to using the contrast as the primary figure of
merit. Fig. 6.5a and 6.5b shows the optical depth that produces the largest contrast and
the maximum contrast achievable, respectively for varying cavity decay rates and switch
fields.
We find the group velocity of the probe pulse, vgp , plotted in Fig. 6.6a, using Eq.
3.124 by taking the derivative of the susceptibility of the four level system (Eq. 6.4). As
mentioned, the group velocity is greatly reduced for low switch powers, as shown in the
plot, and is slightly dependent on the cavity decay rate.
However, it is also clear that at a switch field of Ωs ≈ 2.5γe the group velocity of the
probe diverges to infinity. This is a mathematical consequence that as the switch field is
increased, the dispersion relation transitions from a positive slope to a negative slope. On
resonance, the phase index is n = 1, and there exists a switch field power that causes for
∂n
= −1, thus causing the group index to become zero, ng = 0. It should be noted
ωp ∂ω
p
that we plot the absolute value of the group velocity, and in fact the group velocity is
actually negative for switch powers greater than this resonance value. These complications
are avoided by again considering only the low switch field powers.
Next we use the group velocity of the probe field to determine the number of switch
photons, Ns , required by assuming that Ωs is turned on for a time equal to the time
it takes the probe pulse to travel the length of the atomic cloud. Fig. 6.6b shows these
results, where the low switch powers used naturally require a low number of switch photons.
Interestingly, a low number of switch photons is also required near the point in which the
group velocity is divergent. This is due to the fact that as the group velocity of the probe
becomes large, the transit time of the atomic cloud can become extremely low, and thus
the switch field is only on for a short period of time, reducing the total number of photon
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Figure 6.6: (a) Group velocity of the probe pulse as a function of the switch field and
cavity decay rate. It should be noted that we plot the magnitude of the group velocity,
as the dispersion relation for large switch powers creates a negative group velocity. (b)
Number of switch photons required for a quasi-continuous source that is assumed to be
turned on for only as long as the transit time of the probe pulse of the atomic cloud. (c)
Frequency width of the switch field square pulse with a width in time equal to the transit
time of the probe pulse.
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required.
Naively, one may initially propose that using a switch field power near this divergent
group velocity point would be optimal to use in a switch. However, there are issues that
arise when considering switch fields that produce these large probe group velocities and
thus extremely short transit times. The first issue occurs from considering the switch field
only being on for a short period of time (effectively a narrow square wave pulse). By the
Fourier transform, the frequency width of the switch becomes very large.
This effect is evident in Fig. 6.6c, where we have plotted the frequency bandwidth of
these switch field square pules. Again at the divergent group velocity switch field power
we see that the frequency spectrum also becomes divergent. This becomes problematic
when the bandwidth becomes comparable to the frequency difference between the nearest
neighbouring atomic states as cross coupling to these states may occur, which for the D2
line hyperfine transitions in cesium is on the order of ∼ 100 MHz. Ideally, the bandwidth
of the switch pulse would be smaller than the linewidth of the atomic level, which is on
the order of ∼ 10 MHz.
In addition to this consideration, a large probe group velocity means that the full probe
pulse may not fit into the atomic ensemble at once, and instead the head of the pulse may
exit the cloud before the tail end of the pulse can enter. If we narrow the probe pulse too
much in time, the bandwidth of the pulse may even become larger than the transparency
window, as explored in Section 3.5.3, and undesired absorption of the probe may occur.

6.3

Pulsed Probe and Control Switch

In order to treat the system in a more realistic manner, we will now consider both the switch
and probe fields as pulses. This would allow for the switch field to not be at full strength
the entire time that the probe field traverses the cloud. The switch field could instead be
allowed to travel with the probe pulse with a shorten pulse width in time requiring fewer
photons.
However, the additional challenge that this treatment introduces is that the interaction between the atoms with both the switch and probe field simultaneously requires the
respective pulses to overlap. Thus, for an efficient switch, it is desirable to engineer the
system in such a way as to match the switch pulse and probe pulse group velocities.
As discussed in the previous sections, the four-level N-type scheme results in a reduced
group velocity of the probe field. Unfortunately the weakness of the probe field means that
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Figure 6.7: A five level M-type scheme that can be used to tune the group velocity of the
switch field, Ωs , by altering the detuning of the tuner cavity mode, ∆t . (Γd ≡ Γdg +Γds +Γdf ,
Γe ≡ Γeg + Γes + Γeg , Γf ≡ Γf s + Γf g )
there is little population in the |si state, and so the group velocity of the switch pulse is
only marginally affected. In the following sections we will discuss two separate possible
schemes to alter the switch group velocity until it is the same as the probe pulse.

6.3.1

M-Scheme Group Velocity Matching

The scheme discussed in this section is similar to that proposed by Ottaviani et al. [81].
We introduce a third metastable ground state, |f i, where a tuner field can be applied to
the |f i-|di transition in an M-type scheme, as shown in Fig. 6.7. However, rather than
introducing an additional source, which would require additional photons, we can eliminate
this need by instead using again a cavity mode to drive this transition. In fact, we can even
utilize the same cavity that drives the |ei-|si transition by simply setting a separate cavity
resonant frequency tuned near ωdf . Such a scheme would restrict the maximum amount
, as a larger detuning would begin to become
of detuning possible for these modes to F SR
2
resonant to the neighbouring Fabry-Pérot peak.
This five level scheme can be thought of as two Λ-type EIT schemes together, one from
the |gi-|ei-|si transitions, and the other from |si-|di-|f i transitions, which can allow for
slow light of both the probe and switch fields. We define the tuner cavity mode drive
frequency as ωt . As we will show, the group velocity of the switch field can be tuned by
altering the detuning, ∆t ≡ ωt − ωdf , of the tuner field.
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We can build onto the system master equation of the N-scheme in Section 6.1 to determine the behaviour of an M-scheme. By adding the interaction energies of the tuner field
and the internal energy of the additional |f i state, and again moving into the appropriate
rotating frame, we find the system Hamiltonian to be
H̃ = − ~∆p |e, 0c , 0t ihe, 0c , 0t | − ~∆pc |s, 1c , 0t ihs, 1c , 0t |
− ~∆pcs |d, 1c , 0t ihd, 1c , 0t | − ~∆pcst |f, 1c , 1t ihf, 1c , 1t |
√
Na Ωp
(|e, 0c , 0t ihg, 0c , 0t | + |g, 0c , 0t ihe, 0c , 0t |)
− ~gc (|e, 0c , 0t ihs, 1c , 0t | + |s, 1c , 0t ihe, 0c , 0t |) − ~
2
Ωs
− ~ (|h, 1c , 0t ihs, 1c , 0t | + |s, 1c , 0t ihh, 1c , 0t |) − ~gt (|d, 1c , 0t ihf, 1c , 1t | + |f, 1c , 1t ihd, 1c , 0t |)
2
(6.29)
where we define ∆pcst ≡ ∆p −∆
control and tuner cavity mode
qc +∆s −∆t , and the effective
q
µ

c
t
and gt ≡ ~f d 20~ω
, respectively. We have again
coupling constants as gc ≡ µ~es 20~ω
Vmode
Vmode
restricted the Hilbert space of the system to the lowest excitation manifold. The states
are expressed using the notation as the first entry indicating the atomic excitation level,
and the second and third entries as the control cavity mode (|gi-|ei transition) and tuner
cavity mode (|f i-|di transition) photon number, respectively.

The master equation is determined by the Hamiltonian in Eq. 6.29 such that
∂ ρ̃
i
= − [H̃, ρ̃] + Γeg L[Σge ]ρ̃ + Γes L[Σse ]ρ̃ + Γef L[Σf e ]ρ̃
∂t
~
+ Γds L[Σsd ]ρ̃ + Γdg L[Σgd ]ρ̃ + Γdf L[Σf d ]ρ̃
+ κc L[ac ]ρ̃ + κt L[at ]ρ̃

(6.30)

using again the notation of Section 6.1 for the decay rates between states. For generality,
the cavity decay rates for the control mode (ac ) and tuner mode (at ) are set as κc and κt ,
respectively. We will again ignore any natural spontaneous emission between any of the
metastable ground states since the cavity decay rates will be the most dominant sources
of decoherence from these states, κ  Γsg , Γf s , Γf g .
By solving the above master equation in the steady state, weak probe approximation,
the susceptibility is found to be (using Eq. 3.118)
χM scheme =

iγe
OD
k0 L γe − i∆p + C
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(6.31)

where we define
C≡
S≡

gc2
γs − i∆pc + S

Ωs 2
2

(6.32)

γd − i∆pcs + T
gt2
T ≡
γf − i∆pcst
with γe ≡

Γeg
2

+ Γ2es +

Γef
,
2

γs ≡

Γsg
2

+ κ2c , γd ≡

Γdg
2

+ Γ2ds +

Γdf
2

+ κ2c and γf ≡

Γf g
2

+

Γf s
2

+ κ2c + κ2t .

As in previous sections, the group velocity is dependent on the dispersion relation of
∂χ
the susceptibility, specifically the derivative of the susceptibility, ∂ω
. By using Eq. 6.31
in Eq. 3.124, the group velocity of the probe field can be found. In addition, using Eq.
3.124 as the definition of group velocity, we can solve for the switch pulse group velocity
by numerically solving the steady state solution of master equation for the M-level scheme
(Eq. 6.30) to determine the density matrix element ρ˜ds and its derivative.
However, since the switch field group velocity is altered due to the interaction of atoms
in the |si state, we cannot simply assume ρgg ≈ 1, ρee = ρdd = ρss = ρf f ≈ 0 in the weak
field approximation. Instead, we must keep the lowest order Taylor expanded terms to
introduce a small population in the other metastable ground states. The expanded state
populations become

ρgg = 1 −



Ωp
2

2

2

+ gc2

2|δp δcp − gc2 |2

Ωs 2
δpcst
2

Ωp δcp (gt2 − δpcs δcpst ) +
ρee =
2
δA
ρss = −

Ωp gt2 − δpcs δpcst
gc
ρgg
2
δA
Ωp Ωs δpcst
gc
ρgg
2
2 δA

2

ρdd = −

Ωp Ωs 1
= − gc gt ρgg
2
2 δA

2

ρf f
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2

2

ρgg
(6.33)

where we define
δp
δpc
δpcs
δpcst

= −∆p − iγe
= −∆pc − iγs
= −∆pcs − iγd
= −∆pcst − iγf

δA = [δp δpc −

(6.34)

gc2 ][δpcs δpcst

−

gt2 ]

− δp δpcst



Ωs
2

2

We again calculate the group velocity tuning for an atomic cloud of cesium atoms,
however, if we assume a 1 cm length cavity giving a FSR = 1.5 GHz, then we cannot
use the separate hyperfine levels of the D2 line (as in Section 6.2). This is because the
difference in the energy levels is less than the FSR, since we require the excited states to be
resonant with two separate cavity modes. Instead, we can set the |di state as a hyperfine
level in the D2 , while the D1 line can be used for the |ei state, with a transition wavelength
∼ 894.6 nm. The requirement of three distinct metastable ground states can be achieved
with the application of a uniform magnetic field to Zeeman split the 62 S1/2 states.
Fig 6.8 shows the detuning of the tuner cavity mode required to match the group
velocities of the probe and switch pulses in this system, where we have set ∆p = ∆c =
∆s = 0. We also have chosen Ωs = γe and set κ = 0.75γe , which corresponds to a fiberintegrated cavity with mirror reflectivity R ≈ 0.9999. It is evident that the group velocities
can indeed be matched by tuning the tuner cavity to ∆t ∼ −1.23γe . However, it is also
clear that this resonant phenomenon is incredibly sensitive to tuner cavity detuning, and
thus the precision required may be difficult to implement in practical systems.

6.3.2

Bragg Grating Slow Light

An alternative method for engineering a system that will match the group velocities of the
probe and switch fields is by utilizing Bragg dispersion within the cavity. This is simply
achieved by modulating the effective refractive index of the cavity medium. One way to
perform this modulation was described in Chapter 4, where the hollow core walls of the
fiber are coated with a periodic modulation of resist to alter the effective cross-sectional
refractive index. In that work, the fiber Bragg layers were designed to be highly reflective
mirrors by tuning the periodicity of the resist modulation to allow for the desired frequency
of the cavity (e.g. the atomic transition frequency) to be within the photonic bandgap.
Two such Bragg sections would then be applied to opposite ends of a fiber segment to form
the Fabry-Pérot cavity.
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Figure 6.8: Group velocities of the probe and switch pulses when altering the tuner cavity
detuning, ∆t , while keep ∆p = ∆c = ∆s = 0. The D2 and D1 lines of cesium are used for
the |di and |ei excited states, respectively. We set Ωp = 0.01γe , Ωs = γe , and κ = 0.75γe ,
assuming a 1 cm length HCPCF fiber cavity with 104 atoms.
Alternatively, to allow for slow light in this optical switching scheme these Bragg layers
would need to be present along the entire fiber (rather than just the end segments), and
the operational frequency would instead be set to be outside of the bandgap, although near
the bandgap edge. Regardless of the technical details of the cavity system used, in general,
any Bragg modulation of the cavity medium refractive index can allow for slow light.
These Bragg layers need to be designed to operate at a frequency slightly outside of the
bandgap because, firstly, we of course require the light to be allowed to propagate within
the medium, and secondly, the highly dispersive effects near the bandgap edge acts to slow
the light pulse, as briefly discussed in Section 2.2.1. From the definition of group velocity,
, we can see from the bandgap diagrams in Chapter 2 (such as Fig. 2.3) that as
vg = ∂w
∂k
the frequency approaches the bandgap edge, ω → ω± , then ∂w
→ 0. By adjusting the
∂k
periodicity of the Bragg layers the group velocity of the switch pulse could potentially by
tuned to match that of the probe field.
As we will see, there is a major advantage for using Bragg dispersion to slow light
rather than an additional VIT scheme (M-scheme), as suggested in the previous section.
For so-called structural slow light, which deals with the dispersion resonances created by
the structure and geometry of a spatially dependent refractive index, the electric field, and
thus intensity, can become enhanced as the pulse is squeezed in space when entering into
the medium.
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In the case of this structural slow light, such as that produced by the Bragg dispersion,
as the pulse enters the Bragg medium it is compressed along the optical axis in space (but
not in time) as it slows, resulting in an enhanced electric field within the pulse. The origins
of this enhancement can be understood as the result of the addition of the both the forward
and backward propagating waves contributing to the total electric field strength at a given
location.
Conversely, material slow light, which is a result of the resonance associated in a media
with a frequency dependent refractive index (but spatially uniform), does not allow for
electric field enhancement [18]. As we alluded to in Section 3.1.3, the phenomenon of slow
light in a general EIT system results in the partial transfer of energy from the pulse to the
atomic coherent dark state superposition (polariton), and the electric field in the pulse is
not altered as it enters the atomic media.
We can find the structural slow light enhancement in the case of a sinusoidally varying
index modulation, n(z) = n0 + n1 cos(2κ0 z), where κ0 = Λπ is the Bragg condition for a
spatial index period of Λ. This is done by solving for the envelope fields for the forward,
EF , and backward, EB , travelling waves with the coupled equations [18, 118]
1 ∂EF
∂EF
+
= iκEB e2i∆βz
∂z
v ∂t
(6.35)
∂EB
1 ∂EB
−2i∆βz
−
= −iκEF e
∂z
v ∂t
where κ ≡ n0 n1 ω0 is called the coupling strength at the center Bragg frequency ω0 =
k0 c/n0 . The wavenumber mismatch is ∆β = n0 ∆c for ∆ = ω − ω0 and v = nc0 is the
background group velocity.
In principle, these coupled equations can be solved for an incident pulse of a particular
shape with the total field in the medium being E = EB + EF . The steady state solution
of Eq. 6.35 can in fact be found analytically to be
γ cosh(γ(z − L)) + i ∆v sinh(γ(z − L))
γ cosh(γL) − i ∆v sinh(γL)
(6.36)
κ sinh(γ(z − L))
EB (z) = −iE0
γ cosh(γL) − i ∆v sinh(γL)
p
for an incident electric field, E0 , where γ ≡ κ2 − (∆/v)2 which can be used to find
the total energy stored, U , from the volume-average of the time-averaged energy density,
u = 12 n2 0 (|EB |2 + |EF |2 ), as
EF (z) = E0

(κ/γ)2 tanh(γL)/(γL) − (∆/γv)2 sech2 (γL)
U = U0
1 + (∆/γv)2 tanh2 (γL)
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(6.37)

where U0 = 12 0 n20 |E0 |2 AL is the average total energy in the background material. We can
now use this field enhancement to reduce the amount of initial switch photons needed to
produce a given contrast, since the switch pulse will have an increased intensity within the
atomic medium as it interacts with the probe field.
Taking the results of the previous sections, it is clear that various aspects of the system
need to be considered to find an optimal switch setting. We desire a minimal number of
switch photons to produce a large contrast. By matching the group velocities of the probe
and switch using structural slow light, this can be achieved. Using structural slow light,
rather than material slow light, can further reduce the required number of photons due to
field enhancement with the medium.
However, the pulses need to also have a bandwidth that will fit into the VIT window. If
we chose an input Ωs ∼ 2γe , we find a relatively low number of photons required per pulse,
as well as an acceptable bandwidth (as seen from Fig. 6.6c), but a maximum contrast that
is about ∼ 0.4 (Fig. 6.4b) depending on the losses of the cavity. As we will see in the
following sections, these switching performances can be greatly improved by using instead
a simple three-level system rather than the four-level scheme.

6.4

Three-Level Switching Scheme

The work presented in this chapter has so far involved a four-level scheme that uses a
switching field that is resonant on the fourth state. The main issues with such a scheme
is that it is difficult to match the group velocities of the switch and probe fields, however,
even if the pulses can be matched, a relatively substantial amount of photons are required
for the switching process to produce, at maximum, only a moderate amount of contrast
for our given fiber-cavities.
In the rest of this chapter, we will discuss another type of switching scheme that is
based only on a three-level system, which can address both the problems of group velocity
matching as well as the strict condition of applying only a single switch photon to produce
a relatively high contrast. In general, these issues are overcome by instead driving the
cavity mode with a single switch photon in order to alter the nonlinear properties of the
system. It can be shown that a single switch photon can be efficiently loaded into the
cavity mode by pulse shaping the input photon. The most efficient pulse shape is the time
reversal of a photon leaking from the cavity by exponential decay with decay constant, κ,
i.e. an exponentially growing pulse with a κ growth constant [65, 3].
This can also allow the photon to be trapped within the cavity for at least as long as
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(a)

(b)

Figure 6.9: (a) Three level scheme for optical switching where the
switch
√ insertion of a single
Γe
photon (shown in purple) into the cavity mode alters gef f → ns + 1gef f , γe → 2 + ns κ
and γs → Γ2sg + κ2 + ns κ. (b) The transmission of the probe field is shown to be drastically
affected by the presence of a single switch photon to create two distinct transmission states.
the transit time of the probe field. In such as case, the group velocity of the probe and
switch no longer need to be matched, instead the lifetime of the cavity photon simply needs
to be longer than the transit time of probe pulse, which would be possible assuming low
enough decay rates needed to reach the strong coupling regime.
The following sections will discuss two ways of accomplishing this type of switch, the
first is when the cavity mode is set on resonance and the second is when it is set far off
resonance, the later of which will prove to be a much more versatile method for producing
larger contrasts and ultimately will be the superior switching scheme that is explored in
this chapter.

6.4.1

On-Resonance Cavity Mode: VIT Switch

Fig. 6.9a shows a switching scheme with only three levels the probe field and cavity set on
resonance to the |gi − |ei and |si − |ei transitions, respectively. A single switching photon
is inserted into the cavity to modify the resonant transmission of the weak probe field, as
shown in Fig. 6.9b. We can see the reason for this effect by looking at the Hamiltonian
(on-resonance) for a single manifold with, for generality, ns number of switch photons in
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4

the cavity,
√
√
Na Ωp
(|E, ns ihG, ns |+|G, ns ihE, ns |)
H̃ = −~ ns + 1gef f (|E, ns ihS, ns +1|+|S, ns +1ihE, ns |)−~
2
(6.38)
where again the dynamics are determined from the master equation of Section 3.5.1
∂ ρ̃
i
= − [H̃, ρ̃] + Γeg L[ΣGE ]ρ̃ + Γes L[ΣSE ]ρ̃ + Γsg L[ΣSG ]ρ̃ + κL[a]ρ̃
∂t
~

(6.39)

The solution to the master equation will reproduce the previously discussed equations
for
the
susceptibility, except that the cavity coupling strength will be replaced with gef f →
√
ns + 1gef f , and the coherence decay terms must be modified such that γe = Γ2e → Γ2e +ns κ
and γs = Γ2sg + κ2 → Γ2sg + κ2 + ns κ. We find the susceptibility (for general detunings) thus
to be
i Γ2e
OD
χ=
(6.40)
k0 L γe − i∆p + C
keeping the definition of optical depth as OD =
C≡

N |µeg |2
k L,
V ~0 Γe /2 0

2
(ns + 1)gef
f
γs − i∆pc

and with
(6.41)

Similar to Section 6.1.1 we can again find the transmission in the absence and presence
of the switch photon, T0 and Ts , respectively, from Eq. 6.40 as
T0 = e−OD·B0
where we define
B0 ≡

Γe /2
γe (0) +

2
gef
f
γs (0)

(6.42)

(6.43)

and
Ts = e−OD·Bs
with
Bs ≡

Γe /2
γe (ns ) +

2
(ns +1)gef
f
γs (ns )

(6.44)
(6.45)

where we recognize that both γe (ns ) and γs (ns ) are functions of the switch photon number.
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As per the analysis in the previous sections of this chapter, we have identified two relevant figures of merit in assessing the performance of these optical switches: the transmission
ratio, q and contrast, c such that
T0
(6.46)
q=
Ts
and
c = T0 − Ts
(6.47)
The transmission ratio at varying number of switch photons is plotted in Fig. 6.10a
for an optical depth again corresponding to 104 atoms in our system, and a cavity decay
of κ ∼ 0.75γe corresponds to a mirror reflectivity of R ∼ 0.9999 for the fiber integrated
cavities of Chapter 4 and 5. Fig. 6.10b shows the absolute value of the contrast between
the transmissions.
For a lower number of switch photons, it is clear that a low decay rate is desirable. Large
cavity decay rates result in a decreased transmission ratio because it acts as a decoherent
term that reduces the VIT phenomenon and thus both Ts as well as T0 are decreased, and
the ratio between the two can even become q < 1. However, the transmissions can become
arbitrarily small while still producing a large ratio.
It can be seen from Fig. 6.10 that the certain values of the number of switch photons
and cavity decay rates result in c = 0 and q = 1 (Ts = T0 ). When a switch photon is
added, there are two competing effects that contribute to the resulting transmission. The
coupling strength to the cavity is increased, which allows for a larger transmission, however
this is also an increase in the decay processes which act to decrease the transmission. For
low decay rates and number of switch photons, T0 > Ts while for larger decay rates and
switch photon numbers Ts > T0 .
Interestingly, there is a number of switch photons that will allow for an optimal contrast
for a given cavity decay rate, which is plotted as the dotted red line in Fig. 6.10b. We can
∂c
= 0 and solving for ns , giving
obtain a simple analytical form for this by setting ∂n
s
nmax
=−
s

α gef f √ 2
+ 2 κ − ακ
κ
κ

(6.48)

where we define α = Γsg /2 + κ/2.
Ideally, the optical switch will operator with only a single switch photon, and from these
calculations we find maximum contrast of only ∼ 0.125 with the current fiber-cavity device.
However, one of the device parameters that we have not yet altered is the cavity length.
1
Since gef f ∝ √Vmode
, changing the length of the fiber will affect the coupling strength to
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Figure 6.10: (a) Transmission ratio and (b) absolute value of the contrast as the number
of switch photons is changed as well as the cavity decay rate. The optical depth is set
to OD ≈ 36.9, corresponding to about ∼ 104 atoms in a 1cm long HCPCF cavity. The
red dotted line represents the number of switch photons that will produce the maximum
contrast possible for a given decay rate (Eq. 6.48).
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Figure 6.11: (a) Transmission ratio and (b) contrast for an optical switch in a fiber cavity
with varying decay rates and cavity lengths. The number of atoms is set to Na = 104
(OD ∼ 37) and the number of switch photons is set to ns = 1.
the cavity mode. If the density of the atomic cloud within the cavity is kept constant,
then the optical depth of the medium will scale linearly with length. We chose to set the
number of atoms, rather than density, as a constant because the number of trapped atoms
within the MOT cloud before loading into a fiber-cavity is relatively constant.
Fig. 6.11a and 6.11b show the transmission ratio and contrast at different cavity lengths
with a constant number of atoms set to 104 with the use of only a single switch photon.
For relatively low cavity loss rates, the ratio benefits from a larger cavity volume, however,
the contrast is reduced. The combination of these results indicates that both the total
transmissions of both states of the switch are being reduced for larger mode volumes due
to the decrease in coupling strengths.
The on-resonance three level VIT switching scheme presented in this section can merely
produce a maximum contrast of ∼ 0.125 and ratio ∼ 2.4, suggesting that a different scheme
will need to be developed to allow for enhanced contrast and ratios. As we will see in the
next section, more favourable performances can potentially be obtained by instead setting
the cavity to the far off-resonance case.
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6.4.2

Off-Resonance Cavity Mode: VIRA Switch

The final section of this chapter will be dedicated to describing the most promising method
for producing a single-photon optical switch using an atomic medium in a resonator. Similar to the previous section, we use a simple three level scheme with the vacuum cavity
mode coupled to the empty atomic transition [89, 96, 9], as shown in Fig. 6.12a. However,
the cavity and probe photons are set to the far off-resonant regime, where the physics of
two-photon absorption, as discussed in Section 3.1.4, are relevant.
In this system, the strong control field is again replaced by a vacuum cavity mode, and
thus the narrow two-photon absorption peak of the classical field system is instead induced
by the vacuum mode in a process we deem Vacuum Induced Raman Absorption (VIRA).
The probe photon is stimulated by the vacuum in a Raman transition to the metastable
|si state.
The switching scheme is employed by setting the probe frequency on resonant with this
VIRA peak for a given cavity detuning, ∆c , as shown by the green dot vertical line in
Fig. 6.12b. The large absorption (imaginary part of susceptibility) corresponds to a low
transmission of the probe photons. When a single switch photon
is loaded into the cavity,
√
the effective coupling is again affected in which 2gef f → 2 ns + 1gef f and the excitation
manifold is also increased. This acts to shift the VIRA peak such that the probe field is
no longer on the absorption resonance and thus becomes highly transmissive through the
atomic cloud.
This dispersive switching scheme benefits from the fact that the VIRA peak can be a
very narrow resonance which can be shifted by the presence of even a single switch photon.
This allows for a very large alteration in the absorption even if the resonant peak shift is
minimal. We can see this easily from the approximated VIRA peak position for the probe
detuning (for a given switch photon number, ns ) as
∆Vp IRA (ns )

2
(ns + 1)gef
f
= ∆c +
∆c

(6.49)

which can be thought of as the VIT resonance (∆p = ∆c ) but instead with respect to the
AC stark shifted metastable |si state by an amount
VIRA peak can similarly be found as
ΓV IRA (ns ) = 2γs + 2γe
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2
(ns +1)gef
f
.
∆c

2
(ns + 1)gef
f
∆2c

The effective width of the

(6.50)
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Figure 6.12: (a) Optical switching scheme for a vacuum induced Raman absorption (VIRA)
regime three level atom coupled to a cavity mode in the presence and absence of a switch
photon, ns . The two switching states are for zero switch photons in the cavity mode (blue)
and one switch photon (purple). (b) Absorption plot of the VIRA switching scheme. The
probe field is set on the VIRA resonance for zero cavity switch photons (green dashed line)
resulting in a large absorption for ns = 0, while a low absorption occurs for ns = 1 which
acts to shift the VIRA peak off resonant from the probe field. (∆c = 10Γe , κ = 0.1Γe )
The scattering cross section, σV IRA of this absorption can be shown (from Eq.3.61 with
the appropriate substitutions for a vacuum control field) to be

σV IRA =

2
(ns +1)gef
f
2
∆c
σ0
(ns +1)g 2
γs + γe ∆2 ef f
c

γe

(6.51)

with the coherent decay rates, γe and γs , as defined in the previous section. Interestingly,
as γs → 0, this secondary off-resonant absorption peak can approach the same attenuation
as the normal two-level on-resonant absorption peak, but it of course has a much narrower
linewidth (Eq. 6.50).
The requirement for a large transmission contrast and ratio will thus be that the VIRA
resonant shift created by the presence of the switch photon is much larger than the linewidth
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of the VIRA peak, such that for one switch photon
∆Vp IRA (1) − ∆Vp IRA (0)  ΓV IRA (1)

2
2
2gef
gef
f
f
 2γs + 2γe 2
∆c
∆c

(6.52)

Naturally, for a negligible cavity loss rate and metastable linewidth we find from Eq. 6.52
that this requirement is simply ∆c  2Γe . This means there is, in general, a minimum
cavity detuning we require for a good switch, however as the detuning becomes too large
such that ∆c  γe , gef f , the effective cross section (Eq. 6.51) is reduced giving smaller
absorptions and thus there is a (non-trivial) optimal cavity detuning that will maximum
the switching performance.
The other main requirement for such a practical switch to operate is that the cavity
detuning in which the cavity operates at cannot be larger than half of the free spectral
range of the cavity. This is because the driving cavity mode, unlike a classical driving
source, has multiple resonant peaks and thus each Fabry-Pérot peak can, in principle,
couple to the atomic transition.
For this work we are only considering the coupling to the nearest peak, but this results
in the limitation that as |∆c | > 12 FSR, the neighbouring resonant peak will then begin to
couple to the atomic resonance. The fiber-integrated cavities developed in Chapter 5 have
a length of ∼ 1cm for an FSR ∼ 15 GHz, well within the limit for the cavity detunings
considered here.
Transmission Contrast and Ratio
As discussed in the previous sections, the transmission contrast and ratio are the figures
of merit that we will consider in this work. Fig. 6.13a and 6.13b show the contrast and
ratio, respectively, for this VIRA-based optical switching scheme for a general cavity with
a mode area of the hollow core fibers used in this work (diameter of 5.5µm) with decay
rates, κ, for 104 atoms in a 1 cm length cavity. It is evident that the contrast and ratio can
be relatively large for a small cavity decay rate, which can be achieved for some systems.
However, the fiber cavities developed in this thesis are limited by the intrinsic attenuation associated with the HCPCF. It has been recently shown that photonic crystal
membranes can be fabricated to achieve a reflectivity of R ∼ 0.9995[22]. This corresponds
to a minimum cavity loss rate to be κmin ∼ 0.92γe , resulting in a maximum switching
contrast of ∼ 0.17.
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Figure 6.13: Transmission (a) contrast and (b) ratio for the VIRA-based optical switching
scheme. A cavity length of 1 cm with 104 atoms in a cavity (OD∼ 37) with a mode area
diameter of 5.5µm is used for these calculations.
In addition to finding the optimal cavity detuning, the coupling strength can also
be altered by again simply changing the length of the cavity to affect the cavity mode
volume. We plot the switching contrast and ratio different cavity lengths for various cavity
detunings at κ = 0.92γe in Fig. 6.14a and 6.14b, respectively. The observed trends become
non-trivial because in addition to tuning the cavity coupling rate, gef f , adjusting the cavity
length will also affect the total optical depth (assuming a constant number of atoms are
still loaded).
Interestingly, the transmission contrast and ratio seem to exhibit somewhat complimentary behaviour in certain regions. The transmission ratio is largest for small cavity
detunings, while large contrast require slightly increased values for the cavity detuning.
This is because at small detunings the transmission becomes drastically reduced due to
the overlap between the absorption peaks of the two switching states, causing the ratio
between the transmissions of the two states to become extremely large.
However, there exists a region (red outlined region in Fig. 6.14) that allows for a
moderately large contrast and ratio of ∼ 0.7 and ∼ 107 , respectively for cavity lengths of
∼ 1mm. It should be noted that these values can become much larger if it is feasible to
make fiber-cavities with a length much smaller than 1 mm, although this would introduce
new technical challenges and the current mounting method described in Section 5.2.2 would
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(a)

(b)

Figure 6.14: Transmission (a) contrast and (b) ratio for various cavity lengths which act
to alter the coupling coefficient, gef f , as well as the optical depth for a constant number of
atoms set to 104 , with κ = 0.92γe and a mode diameter of 5 µm. The regions inside the
red ellipses represent the parameter space that can simultaneously achieve relatively high
values for both contrast and ratio.
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need to be heavily modified. In general, this switching scheme can potentially lead to much
larger contrast and ratios in other cavity systems that have a reduced cavity loss rate, such
as free space cavities.

6.5

Conclusion

We have explored all-optical switching schemes in both a four-level and and a three-level
system. The use of the coupling vacuum cavity mode to the atomic system means that a
strong classical bias field is no longer required, as is the case in previously demonstrated
optical switching schemes. The four-level switches, however, suffer from complications
when using pulsed fields due to the difficulties in matching the group velocities of the
switch and probe pulses. These schemes also, in general, require many switch photons and
have low transmission contrast and ratios.
The described three-level switching schemes provide much larger switching contrast and
ratios by using a far-detuned cavity mode Raman transition. They also eliminate the need
to match group velocities by instead inserting a single photon into the cavity mode in order
to switch the atomic medium from being highly absorptive to highly transmissive.
This particular optical switching process is naturally suited for a device such as the
polarization-selective fiber-integrated cavities discussed in Chapter 5. The probe field can
be sent along the longitudinal axis of the atomic cloud to allow for high optical depths
by setting photons to the polarization that is transmissive to the PC mirrors allowing for
interaction with the atoms in effectively free space. The switching photons are then sent at
the orthogonal highly reflective polarization to be inserted into the cavity mode. However,
it should be noted that in our fiber cavity systems, the cavity loss rate is limited by the
attenuation of the HCPCF media. Conversely, in other cavity systems with much lower
cavity decay rates, the VIRA-based switching scheme discussed here may produce a much
larger contrast and ratio than we reported for our fiber cavity devices.
Such an optical switch can even be useful in other applications such as quantum nondemolition experiments [76]. The presence of a single photon in the cavity mode can be
determined simply by monitoring the transmission of the probe field. Other applications
may also include single-photon phase gates [86] by taking advantage of the large dispersions
that occur at the VIT and VIRA resonance peaks.
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Chapter 7
Conclusions and Outlook
7.1

Summary

The work presented in this thesis demonstrates novel techniques for developing unique
optical resonators that may facilitate the enhancement of light-matter interactions. This
is enabled by the tight confinement provided by the small mode area of the fundamental
mode supported by hollow core photonic crystal fibers (HCPCF). The other main feature
of the mirrors used to make these fiber-based cavities is that the hollow core is also left
unobstructed to allow for the loading of an atomic ensemble into the cavity. This research
can be summarized into three main projects:
1. A fiber-integrated cavity is shown to be possible using Bragg mirrors at each end
of the fiber segment. In order to modulate the effective refractive index to form a
Bragg reflector, a thin layer of material (e.g. resist) may be used to coat the inner
core walls and modulated periodically along the axis of the fiber. We show that such
a device is indeed possible to reach the strong coupling regime by finely tuning the
thickness of this coating layer.
2. We successfully demonstrated a novel type of fiber-integrated resonator in which
highly reflective photonic crystal membranes are designed, fabricated, and mounted
onto a fiber segment to form a Fabry-Pérot cavity within the fiber. It is also shown
that these photonic crystal membranes can be made to have a large polarization
dependence which may be used to produce a polarization-selective cavity, permitting
all light signals to be sent along the high optical depth axis of the atomic ensemble.
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3. Several unique schemes for establishing a single-photon all-optical switch are discussed and explored by replacing a strong control bias field with a vacuum cavity
mode. We find that a scheme involving the far off-resonant Raman transitions enabled by a vacuum cavity mode can allow for large transmission contrasts and ratios
of a signal probe using a single photon injected into the cavity mode as a switch.
The implementation of such a scheme would benefit from the use of the polarizationselective fiber-integrated cavities that are developed in this work.

7.2

Future Directions

Each of the above separate projects offer various avenues that may be explored in future
work. The obvious next steps in progressing the project involving the development of
a fiber cavity formed using Bragg layers within the fiber is to fabricate such a device.
We briefly discussed the possibility of using a pressure sensitive technique to eject resist
through the hollow core of the fiber to controllably dispense a thin coating of material on
the core walls. Once this is accomplished, interference lithography implemented with two
properly angled ultraviolet laser beams illuminating the fiber from the side may be used to
create a standing wave interference pattern to periodically develop the resist, after which
the hollow core may be flushed with developer to leave regularly spaced rings of resist.
Admittedly this fabrication procedure may require a substantial development to achieve
the needed high degree of controllability and repeatability.
There are two main areas of advancement for the fiber-integrated cavities formed with
PC mirrors. The first means of improvement is to fabricate the PC membranes to produce
higher reflectivities. One obvious path forward may be to alter the fabrication procedure,
such as employing critical point drying after the KOH wet etch in order to reduce the risk
of breaking or cracking the membranes during drying as well as to leave a cleaner surface
devoid of any debris.
The other possibility is to develop a more resilient and effective design for the PC
pattern. This would include finding dimensions that will produce a high reflectivity with
broader tolerance in the acceptable pattern dimensions, since the exact desired sizes can
be difficult to fabricate precisely. In addition, parameter dimensions that leave larger
bridges of material will act to structurally strengthen the membrane to further prevent
any breaking and cracking of the film. One possible route forward may be to use spatially
variable pattern dimensions across the film, such as a radially dependent lattice constant
and/or hole size. This may even address the difficulties in making a pattern that is highly
reflective for an input Gaussian mode shape.
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Further development of the polarization dependent fiber cavities using asymmetric PC
mirrors also provides a rich medium for possible technical advancement. Again efforts may
be made to possibly design and fabricate the PC mirrors to have a larger polarization
selectivity. However, the more immediate improvement needs to be in finding a more
reliable and accurate means of mounting these membranes to the fiber faces with the
correct alignment with respect to each PC mirror axis as well as to the fiber birefringent
axis. One potential approach that such a mounting process may utilize would be to actively
monitor the power of coupled light through the fiber that is reflected back from the PC
mirror while rotating the mirror itself until the reflected light has the correct polarization
and the power is maximized.
Once either the Bragg mirror-based or PC mirror-based fiber cavities are fabricated
with the required specifications to allow for large nonlinearities at the few photon level,
there are several interesting experiments that may be carried out by loading cold cesium
atoms into the cavities from the MOT system using the gravity loading technique discussed
in Chapter 5. Primarily, as discussed in Chapter 6, a polarization dependent fiber cavity
that can reach the strong coupling may be used for an efficient single photon switch.
Unfortunately, the current fiber-based cavities using PC membranes do not yet have a
high enough finesse to reach the strong coupling regime and are instead in the weak coug2
 1. Nonetheless, several interesting effects can
pling and low cooperativity regimes, κγ
be demonstrated with cavities occupying these regimes. One such phenomenon is superradiance and specifically, superradiant lasing within the cavity. These experiments require
g2
∼ 10−2 , as well as collective cooperativity,
low cooperativity, in which our device has κγ
2

g
Na κγ
 1, which may be possible with the previously demonstrated loading of Na ∼ 104
cesium atoms into a HCPCF with our MOT system.

It should be conceded that such a loading efficiency may be somewhat optimistic as
the consequence of have a perforated membrane partially obstructing the entrance to the
hollow core will most likely be to reduce the total number of atoms loaded. However,
the exact impact of this complication remains to be determined and would require further
investigation. It would also be beneficial to examine the cavity QED system in more
depth, such as how the dipole trap beam shape will be modified as it passes through the
PC membranes. Moreover, other possible means to increase the previously shown number
of atoms loaded by our MOT setup may be explored. For example, increasing the dipole
trap depth by using larger powers or near red-detuned frequencies may increase loading
efficiencies, as well as forming larger initial MOT clouds with optimal trapping settings.
These fiber-based cavities discussed in this thesis were all specifically designed to be
utilized with laser-cooled cesium atoms to create large optical nonlinearities. At the same
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time, there are other applications which can benefit from cavities integrated into hollowcore fibers. One example of such an application would be fiber-integrated gas lasers that
can be formed by filling these cavities with room-temperature gas. For example, a cavity
designed for a wavelength of ∼ 1500 nm, where the transition frequencies of acetylene
molecules can be found, would be a platform for fiber-integrated lasers in the telecom Sand C- bands [41, 55, 74]. Similarly, these cavities could be used to enhance the operation
of the recently demonstrated ultraviolet light sources based on plasma generated inside
large-diameter hollow-core fibers through RF discharge in Xenon gas [11, 48].
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Appendix A
Fabrication Variants of Photonic
Crystal Membranes
The following table summarizes the main alterations made to the various fabrication procedures and the different approaches taken throughout this work. Slight variations of the
process were required for particular PC pattern dimensions and type of sample used. A
noteworthy example being the need for KOH undercut etching for the in-house grown SiN
films which have a Si substrate, while the Norcada samples already have free-standing SiN
films and thus do not require undercutting.
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167
ZEP/Al

ZEP/Al

ZEP/Al

7

8

ZEP

4

6

ZEP

3

ZEP/Al

ZEP

2

5

Mask
ZEP

Generation #
1

500 nm

500 nm

500 nm

500 nm

500 nm

500 nm

500 nm

SiN Thickness
500 nm

Substrate
Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)

Samples destroyed after SiN plasma etching. RF
power too high (50 W RF). White precipitate
formed during Al etch, and Al mask cracked after trying to clean with acetone/IPA.
Used 30 W RF power for plasma etching. Sample destroyed after Al dry etch (only outer edges
of window broke). Possibly performed the Al dry
etch for too long.
Used 30 W RF power and 2000 ICP power for
plasma etching. Used tapered hole size on edge of
PC pattern to allow for structural support. Sample
broke after removing ZEP.

Used thicker ZEP mask (2 × 300 nm = 600 nm).
Sample again etched mask before etching entire
SiN film. Etching selectivity not large enough between ZEP and SiN.
Used Al hard mask to increase selectivity. Samples broke during Al wet etch when spraying with
neutralizing DI water.

PC parameters used for optimizing reflectivity of
Gaussian wave source. (ax = 742 nm, ay = 533
nm, r = 191 nm). Etched through ZEP before
fully through SiN film.
PC parameters used for optimizing reflectivity of
Gaussian wave source. Films broke after final DI
rinse (holes too large after plasma etching).

Notes
PC parameters used for optimizing reflectivity of
plane wave source. (a = 817 nm, r = 347 nm).
Broke after plasma etching.

168
ZEP/Al

ZEP/Al

15

16

ZEP/Al

13

ZEP/Al

ZEP/Cr

12

14

Mask
ZEP/Cr

Generation #
11

500 nm

500 nm

500 nm

500 nm

500 nm

SiN Thickness
500 nm

Free-standing
film
(Norcada,
refractive index
= 2.11)

Free-standing
film
(Norcada,
refractive index
= 2.11)

Free-standing
film
(Norcada,
refractive index
= 2.11)

Free-standing
film
(Norcada,
refractive index
= 2.11)
Free-standing
film
(Norcada,
refractive index
= 2.11)

Substrate
Free-standing
film
(Norcada,
refractive index
= 2.11)

Used PMMA to glue sample onto carrier wafer for
SiN etching, but baked at 90◦ C instead of 180◦ C to
avoid re-flowing the ZEP mask. Al mask cracked,
potentially from bending due to adhesion of films
to the gel pack used as the chip container.
Used plastic containers rather than gel pack as a
chip container. Using 125% of total SiN plasma
etch time. First sample to be not destroyed after the entire fabrication process. Precipitates still
found on the samples after the Al dry etch. The
holes were smaller than the design size (fabricated
r = 330 nm, design was for r = 347 nm).
Used N2 in the Al dry etch, which acted to eliminate the precipitates formed during the process.
The SEM performed after developing the pattern
caused for irregularities in the pattern and the film
broke during the Al wet etch.
Used incorrect Raith file of the PC pattern for the
e-beam lithorgraphy.

Notes
Used chrome as hard mask and did only 125% of
the total etch time during the SiN plasma etch
(instead of normally 150%). Not all patterns properly developed after the e-beam exposure. Sample
broke after SiN plasma etch.
Did not stir during the e-beam developing of the
PC pattern. Chrome etch did not properly etch
through.
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ZEP/Al

ZEP/Al

ZEP/Al

20

21

ZEP/Al

18

19

Mask
ZEP/Al

Generation #
17

430 nm

500 nm

500 nm

500 nm

SiN Thickness
500 nm

Free-standing
film
(Norcada,
refractive index
= 2.11)
Si (In-house SiN,
refractive index =
2.26)

Free-standing
film
(Norcada,
refractive index
= 2.11)

Free-standing
film
(Norcada,
refractive index
= 2.11)

Substrate
Free-standing
film
(Norcada,
refractive index
= 2.11)

Notes
The PC holes are designed for a plane wave source
(a = 817 nm, r = 347 nm). Reflectivity results are
shown in Fig. 5.8, in which reflectivities of ∼ 99%
are predicted, but only ∼ 92% are measured. Difficulties arose while removing chip from Si carrier
wafer and so we decided not to use PMMA to glue
the chip to the wafer.
Reset software hole sizes to compensate for the
reduced hole size that was previously fabricated.
Used white paste for gluing sample to carrier
wafer, instead of PMMA, which previously caused
issues. Only patterns near the edge of the SiN
window produce smooth holes that are near the
correct design size. Debris left on the sample, possibly from the white paste used to glue the chip to
the carrier wafer.
After developing the e-beam resist, no pattern was
visible. The ZEP possibly did not adhere to the
chip when spin coating because the chips are older
and may have accumulated a thin film of water
on the surface. Fabricated elliptical holes that are
polarization-selective.
Determined that the plasma etch rate of the SiN
is different for regions in the middle of the SiN
window than near the edges. Sample broke during
transfer out of cleaning beaker.
Cleaned sample with asher. Fabricated PC holes
with a = 800 nm, r ≈ 300 nm (for a design of
r = 340 nm). Simulated reflectivity should be R ∼
93% for a Gaussian source. Measured reflectivity
is near this predicted value, but the calibration
measurements caused for a large amount of noise.

170
ZEP/Al

ZEP/Al

25

ZEP/Al

23

24

Mask
ZEP/Al

Generation #
22

369 nm

369 nm

369 nm

SiN Thickness
369 nm

Si (In-house SiN,
refractive index =
2.26)

Si (In-house SiN,
refractive index =
2.26)

Si (In-house SiN,
refractive index =
2.26)

Substrate
Si (In-house SiN,
refractive index =
2.26)

Notes
Fabricated PC holes for a = 680 nm, and r ∼ 260
nm (designed pattern for r = 297 nm). SiN films
were mounted onto HCPCFs and the resulting
spectra were used in our published work in ACS
Photonics (2018) 5, 2, 337-341. Mirror reflectivities are predicted to be > 99%, however the measured results when mounted onto the fiber were
R ∼ 80%. Small precipitates formed after the initial RIE to etch the SiN film to desired thickness.
Performed an O2 plasma cleaning after the initial
etch of the SiN to the correct thickness. Dose test
for JEOL to find the correct dose needed for the
given resist thickness for the optimized parameters
for Gaussian source (same parameters as Generation 22). Larger PC holes were destroyed because
the ZEP film possibly obtained moisture why the
chips were diced.
Performed another dose test using JEOL and
baked the ZEP resist again to release moisture. PC
holes were r ∼ 295 nm (with a designed r = 297
nm). Reflectivity measured was only R ∼ 90%,
while the simulations show it should be R ∼ 99%.
Tried illuminating sample with 4× and 10× objective, but the different spot sizes both produced the
same reflectivity results.
Fabricated a much larger region of the PC pattern
to investigate if the spot size of the beam is too
large and power is being lost to the outer regions
where the PC holes are absent. The calibrated
dose used was 315 µC/cm2 . Again there is small
black precipitates that form after the initial SiN
etch to thin the film thickness, which are possibly
caused by the Al hard mask.
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ZEP

PMMA

29

ZEP

27

28

Mask
ZEP

Generation #
26

430 nm

184 nm

163 nm

SiN Thickness
163 nm

Si (In-house SiN,
refractive index =
2.26)

Si (In-house SiN,
refractive index =
2.26)

Si (In-house SiN,
refractive index =
2.26)

Substrate
Si (In-house SiN,
refractive index =
2.26)

Notes
Fabricated the PC pattern from [22] (t = 163 nm,
a = 676 nm, r = 239 nm, which are scaled to give
large reflection at 852 nm). Tried using O2 plasma
to clean the sample from the black precipitates after the initial thinning of the SiN film, however the
precipitates were not removed. Performed EDS on
these precipitates and determined they were pillar
structures but still composed of SiN.
Again fabricated t = 163 nm, a = 676 nm, r = 239
nm. Measured reflectivity peak near 900 nm wavelength with R ∼ 95%, which matches the simulation results for a Gaussian wave. Used white light
source and optical spectrum analyser for the reflectivity measurements and so the noise fluctuations
are much less than the laser frequency scan previously used. Mounted these membranes onto a
HCPCF and found that the effective reflectivity
dropped to R ∼ 66%.
Fabricated an optimized parameter set using a
Gaussian source but a much thinner film (t = 184
nm, a = 681 nm, r = 299 nm). Did not use
Al mask, tried ising a thick ZEP mask instead.
Cracks were formed on the ZEP mask after developing, and the films broke after KOH wet etching.
Tried to eliminate the need for Al mask, which
may cause for micromasking, by using thick layer
of PMMA to mask the SiN etch (ZEP cannot be
spun thick enough). Performed new dose test for
PMMA, however doses used were much too small
and did not produce large enough holes.
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PMMA

PMMA

PMMA

33

34

PMMA

31

32

Mask
PMMA

Generation #
30

430 nm

430 nm

430 nm

430 nm

SiN Thickness
430 nm

Si (In-house SiN,
refractive index =
2.26)

Si (In-house SiN,
refractive index =
2.26)
Si (In-house SiN,
refractive index =
2.26)

Si (In-house SiN,
refractive index =
2.26)

Substrate
Si (In-house SiN,
refractive index =
2.26)

Notes
Again performed a dose test for PMMA resist
(a = 790 nm, r = 320 nm). The features in the
spectrum match the simulations, however the maximum reflectivity measured (R ∼ 85%) did not
match the simulated results (R ∼ 95%). Large
amount of debris was present on the sample of
plasma etching.
Fabricated large regions of PC holes to accommodate a large white light illuminating spot size.
Measured reflectivity (R ∼ 95%) still much lower
than the predicted results (R ∼ 99%).
Repeated Generation 31, however we used critical
point drying (CPD) to reduce risk of breaking, but
debris was still left on the sample after drying.
Repeated Generation 32, we also performed a double clean for the plasma etching to reduce resputtering of the thick PMMA mask. Membranes
broke during CPD.
Repeated Generation 33, although we instead
used a shorter conditioning time (5 minutes) of
the plasma etching chamber to try to reduce resputtering of mask. Debris was still present after
this SiN etch. Reflectivities are again measured to
be low (R ∼ 90%).
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Generation #
35

Mask
ZEP

SiN Thickness
342 nm

Substrate
Si (In-house SiN,
refractive index =
2.26)

Notes
Fabricated polarization-selective membranes (t =
342 nm, rx = 215 nm, ry = 182 nm, ax = 3676
nm, ay = 444 nm). Used ZEP again because the
SiN film thickness was thin enough to not require a
thick e-beam mask. No re-sputtering problem occurred, suggesting that the thick PMMA used in
the previous samples caused for this re-sputtering
onto the film during the plasma etching. Simulated results were R ∼ 99% and R ∼ 11% at the
two orthogonal linear polarizations. We measured
the reflectivity to be R ∼ 94% and R ∼ 4% at
orthogonal polarizations.

