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1 Introduction

In 1930, Heinrich Lamm reported the first demonstration of light guidance in optical
fibers when he used a short bundle of glass fibers to transmit the image of a light bulb
filament. The simple, unclad optical fibers guided light based on the principle of total
internal reflection, but it was not until 1953 that a cladding layer was added, providing
considerable improvement in transmission. By 1960, the first working laser was reported
by Theodore Maiman and losses for glass-clad optical fibers were about 1 dB/m. During
the 1960s and 1970s, both optical fibers and laser sources saw considerable advances in
performance.  Significant progress in the fabrication of optical fibers was made in the
1970s and the losses were reduced to 0.2 dB/km by 1979. The process of Q-switching
was reported in 1962, making laser pulses in the nanosecond regime and kW peak powers
possible for the first time [1]. Peak powers grew even more with the invention of mode-
locking, which produced picosecond (1072 s) and eventually femtosecond (107" s) pulses
of light. By 1982, mode-locked and amplified lasers were producing peak powers in the
multi-gigawatt regime [2].

The combination of high power laser sources and optical fibers has enabled many

technologies such as in vivo laser surgery, laser welding and laser machining. However,
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as applications demand shorter and more energetic pulses be delivered to the target, the
limits of standard step-index fibers are quickly being reached. Nowhere is this more
apparent than in the delivery of amplified femtosecond laser pulses, which routinely
reach peak powers in the gigawatt regime. Maintaining the properties of a femtosecond
pulse as it traverses an optical waveguide is complicated by extremely high intensity,
which can lead to beam deteriorating nonlinear effects and waveguide damage from
optical breakdown. The following sections discuss some of these limitations as well as
the utility of femtosecond pulses and how fiber delivery of femtosecond pulses could

benefit numerous applications.

1.1 Overview of Femtosecond Lasers and Applications

The first femtosecond regime laser pulses were demonstrated by Ippen ef al. in 1974
using a passively mode-locked CW dye laser [3]. Over the following decades,
femtosecond pulses were obtained from mode-locked semiconductor and eventually rare-
earth doped crystalline lasers. Kerr-lens mode-locked (KLM) Ti:Sapphire lasers have
now produced pulses as short as 5fs [4].

Today, femtosecond regime lasers are commercially available and finding
widespread use in applications such as materials processing, microscopy, spectroscopy,
communications and nonlinear optics. A wide range of materials including metals,
semiconductors, polymers, glasses and ceramics can be precisely micro-machined using
femtosecond laser pulses due to the ability to deposit energy efficiently and rapidly. Heat
diffusion is significantly reduced compared to long pulse lasers and therefore the ablation

thresholds are well defined and the heat affected zone (HAZ) is minimized, resulting in



precise, well-defined microstructures. Microscopy techniques such as two-photon
microscopy and optical coherence tomography (OCT) also benefit from femtosecond
laser pulses. Two-photon microscopy makes use of the quadratic dependence of two-
photon absorption on the pump intensity for highly localized reactions, while OCT makes
use of the large coherent spectral bandwidth associated with femtosecond pulses to
achieve high spatial resolution. Femtosecond optical spectroscopy applications such as
femtosecond-stimulated Raman spectroscopy and other pump-probe arrangements are
being used to dissect the dynamics of molecular interactions on an ultrafast timescale.
Communications systems employing temporal solitons of femtosecond pulses could
reach bitrates of multiple Tb/s. The high intensities associated with femtosecond pulses
also make them key sources for exploring nonlinear optics. Processes such as
supercontinuum generation are now easily achieved by passing femtosecond laser pulses

through nonlinear media.

1.2 Waveguiding Femtosecond Laser Pulses

All of the applications in Section 1.1 would benefit from optical fibers or waveguides that
could deliver a high quality beam of high intensity femtosecond pulses in a compact and
robust package. However, while many systems exist that can deliver nanosecond pulses
with significant peak power, the extreme intensities associated with femtosecond pulses
makes them prohibitively difficult to deliver using conventional fibers and waveguides
due to nonlinear optical effects, temporal dispersion and optically induced damage [5].
When femtosecond pulses interact with transparent dielectric materials, such as the

glasses that comprise the cores and claddings of conventional fiber optics, a host of



different physical phenomena can occur. These phenomena are dependent on the
properties of the laser pulse (wavelength, energy, temporal duration and spectral
bandwidth) as well as the properties of the material (refractive index, nonlinear and
absorption coefficients). As femtosecond pulses of even moderate energy have peak
powers in the kW regime, coupling these pulses into single-mode fibers with cores < 10
um diameter can easily reach intensities on the order of GW/cm®. At these intensities,
the intensity dependent refractive index can distort and spectrally broaden the pulse
through self-phase modulation. Combined with chromatic dispersion in the normal
dispersion regime, the pulse can be significantly broadened temporally at the fiber output.
Furthermore, amplified femtosecond pulses focused to a 10 um spot size can reach
intensities of TW/cm?, sufficient to cause bulk damage.

A number of different specialty fibers have been developed for the purpose of
delivering high power laser radiation. Most of these fibers rely on either increasing the
mode field area (thereby decreasing the intensity), guiding in a region of low third-order
nonlinearity such as air, or a combination of both. Some examples that are investigated
in this dissertation are large mode area (LMA) photonic crystal fibers, hollow silica
waveguides and waveguide arrays. A brief discussion of each of these fibers follows; a
more detailed explanation of their guiding properties will be given in Chapter 4.

The photonic crystal fiber (PCF) was introduced by Knight ef al. in 1996 [6]. In
contrast to the solid, low refractive index cladding in conventional fibers, the cladding of
a PCF is comprised of a periodic arrangement of air holes that run the entire length of the
fiber, the size and spacing of which determine the guiding properties. Photonic crystal

fibers can be classified into several groups, depending on the core type and guiding



mechanism. Two LMA-PCFs are investigated in this dissertation. The first has a solid
23 um core diameter and guides light based on modified total internal reflection; it also
exhibits a remarkable property of single-mode guidance that is independent of core size
and wavelength. The second photonic crystal fiber has a hollow core and guides light in
air using a kagome lattice cladding. Air guidance significantly reduces nonlinear effects,
since air has a nonlinear coefficient 1000 times smaller than that of fused silica.

Another specialty fiber, hollow silica waveguide, with inner thin-film coatings of
silver and dielectric, was developed by Miyagi et al. for delivery of infrared light [7].
These waveguides were originally used to deliver CO, and Er:YAG laser energy although
similar waveguides have more recently been used to deliver ultraviolet, visible and near-
infrared light [8, 9]. Matsuura et al. have also recently demonstrated the delivery of high
power femtosecond regime pulses using a cyclic olefin polymer (COP) coated hollow
waveguide [10]. Femtosecond pulse delivery in four hollow silica waveguides with bore
diameters of 300, 500, 750 and 1000 pum is investigated in this dissertation.

Multicore fibers, which contain multiple evanescently-coupled single-mode cores
were introduced by Glas et al. in 1998 [11]. Originally developed for increasing the
power handling in fiber lasers and amplifiers, these fibers support eigenmodes that are a
combination of the individual guided modes of each core, the so-called supermodes. The
number and degeneracy of the supermodes is dependent on the number of cores and the
geometric symmetry of their positions within the cladding. The utility in multicore fibers
for ultrashort pulse delivery is that they are scalable to very large mode-areas by simply
adding more cores. With the proper array design and supermode discrimination,

multicore fibers could be capable of handling relatively high power with high-brightness



output. This dissertation investigates femtosecond direct-written waveguide arrays as a
means of examining the supermode behavior of several different array designs. An
introduction on the femtosecond direct-write process is given in the following section

with a detailed explanation given in Chapter 5.

1.3 Femtosecond Direct-Written Waveguides

An interesting application of femtosecond laser pulses is the ability to direct-write
waveguides in transparent materials. In 1996 Davis et. al. demonstrated direct-written
optical waveguides in the bulk of a fused silica substrate [12]. By focusing femtosecond
pulses into a bulk transparent substrate and then translating the substrate with respect to
the beam, continuous ‘tracks’ of high refractive index can be ‘written’ into the material.
When the conditions are properly selected, the tracks can form single-mode optical
waveguides.

Many groups have used this technique to fabricate optical waveguides in other
substrates such as phosphate glasses, polymers, crystals and rare-earth doped glasses.
Complex devices such as splitters, directional couplers, interleavers and waveguide lasers
have also been demonstrated. The ability to fabricate complex three-dimensional (3-D)
embedded waveguides using this technique provides research opportunities in the field of
coupled-mode waveguide devices that were not possible with ion-exchanged waveguides
or optical fiber drawing. Understanding the coupling conditions in waveguide arrays, for
example, is becoming increasingly important as fiber laser arrays are scaled-up in power

with the requirement of maintaining beam quality. In Chapter 5, we show that direct-



written waveguides can be used as a prototyping tool to explore the coupling properties

and modal power distributions in novel waveguide arrays.

1.4 Purpose of This Study

The purpose of this dissertation is to investigate ultrashort pulse delivery in specialty
fibers and waveguides. Three types of waveguides are evaluated: large mode-area
photonic crystal fibers, hollow silica waveguides and multicore waveguides. Advantages
and drawbacks of each type of waveguide for ultrashort pulse delivery are determined
through numerical and experimental analysis.

Numerical analysis of multicore waveguides is used to design novel arrays with
tailored modal power distributions that are dependent on the properties of a single core in
the array [13]. These designs are evaluated experimentally by fabricating waveguide
arrays using the femtosecond direct-write technique and then testing the as-fabricated
arrays for ultrashort pulse delivery [14].

A novel numerical analysis technique for evaluating the guided modes of an
actual photonic crystal fiber based on a scanning electron micrograph is presented. The
method takes into account manufacturing flaws in the fiber to give a simulated
representation of the actual guided mode.

The first systematic study of femtosecond pulse delivery in four different hollow
silica waveguides is presented [15]. The loss and temporal dispersion of near-infrared
femtosecond pulses as a function of waveguide bore diameter, bend and input
polarization are determined. The results are in excellent agreement with a theoretical

model of temporal dispersion in hollow silica waveguides [16].



The first reported tissue ablation using Fresnel-lens-focused femtosecond pulses
delivered through hollow silica waveguide is presented. The results are found to be

identical to those of free-space ablated tissues [15].

1.5 Chapter Overview

Chapter 2 discusses the physical phenomena associated with femtosecond pulse
interaction with transparent materials. Section 2.1 discusses focusing a Gaussian beam in
free-space into a transparent material with a higher refractive index. Section 2.2
introduces the phenomena of dispersion and nonlinear effects such as self-phase
modulation, inelastic scattering and self-focusing. Section 2.3 discusses the processes by
which femtosecond pulses are absorbed and ionize transparent materials. Section 2.4
discusses the modifications that can be induced in the bulk of transparent materials by

femtosecond laser pulses.

Chapter 3 introduces numerical models that are used to evaluate the modal properties of
specialty fibers such as multicore fibers and photonic crystal fibers. Section 3.1
introduces the scattering matrix method, which will be used extensively throughout the
dissertation. Section 3.2 discusses numerical modeling of multicore waveguides using
the scattering matrix method and coupled mode analysis. Section 3.3 introduces a
method for tailoring the modal power distribution of waveguide arrays based on altering
the properties of a single core in the array. Section 3.4 describes how the scattering

matrix method can be used to model photonic crystal fibers.



Chapter 4 experimentally evaluates the propagation of femtosecond pulses in several
different specialty fibers including: photonic crystal fiber, photonic bandgap fiber and
hollow silica waveguides. Section 4.1 investigates femtosecond pulse delivery in a large
mode-area, solid-core photonic crystal fiber. A method for simulating the modes of the
photonic crystal fiber is presented and the results are compared to experimental guided
modes. Section 4.2 investigates femtosecond pulse delivery in a large mode-area,
hollow-core photonic crystal fiber. Section 4.3 examines femtosecond pulse delivery in
hollow silica waveguides with four different bore diameters. Measured temporal

dispersion values are compared to a recently developed model.

Chapter 5 discusses direct-writing of optical waveguides in glass. An overview of the
process and process variables are given in Section 5.1. Section 5.2 discusses the
experimental setup that was used for direct-writing waveguides. Waveguide arrays that
test concepts of supermode tailoring that were introduced in Chapter 3 are presented in
Sections 5.3 and 5.4. Section 5.3 discusses waveguides and arrays written in soda-lime
glass, while Section 5.4 discusses waveguides and arrays written in high purity fused

silica.

Chapter 6 summarizes the main findings of the dissertation and discusses applications
and future directions for the research. A summary of the specialty fibers and waveguides
tested is given in Section 6.1 along with a table describing their properties and
performance. Section 6.2 demonstrates an application in which hollow silica waveguides

were used to deliver ultrashort pulses for the ablation of porcine tissues. Diffractive optic



focusing of the hollow silica waveguide output is discussed in Section 6.2.2. Finally,

future research directions are discussed in Section 6.3.
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2 Ultrashort Pulse Interaction with
Transparent Materials

The interaction of laser light with transparent materials has been studied extensively in
the development of high power lasers. Ultrashort laser pulses with relatively low
nanojoule pulse energies, when moderately focused in the bulk of transparent materials,
can have sufficient intensity to cause nonlinear optical effects to occur, leading to
refractive index variation and changes in the amplitude, phase and frequency of the
exciting pulse. Given high enough intensity, ultrashort pulses can induce morphological
changes such as color center formation and densification which can lead to permanent
refractive index modification in transparent materials. In order to predict the response of
transparent materials to ultrashort pulse excitation, several factors must be taken into
account, namely the focusing conditions, the nonlinear propagation of the pulses in the
material, the electron-phonon-lattice dynamics in the vicinity of the beam waist and the

mechanisms and morphology responsible for refractive index modification.

11



2.1 Gaussian Beam Focusing in Transparent Materials

The interaction of femtosecond pulses with a transparent medium is highly dependent on
the focusing conditions. The propagation characteristics of a focused Gaussian beam can
be determined using either geometrical (ray) optics or wave optics in the paraxial
approximation. The paraxial wave treatment using the Huygens-Fresnel-Kirchoff
integral will be applied in this section to the analysis of focusing a Gaussian beam into a

transparent medium.

2.1.1 Focusing in the Paraxial Limit

Consider the scalar field,

w(x,p,z,t) =y (x, p,z)e™ 2.1)

whose complex amplitude, 7 satisfies the scalar wave equation
(v2 +k )7 (x,y,2) =0 (2.2)

where k=@’ us . A general solution to (2.2) is given by a summation of plane waves

e e T ke By assuming the & -vectors are approximately in the &, direction (i.e.

k} +k; K2+ k2

taking > <<1), then k. can be written as k. zk—%. The fast k,

dependence is thereby factored out of . This is the so-called paraxial approximation.
In this case, the scalar field can be written as

w(x,y,2,t) =u(x,y,z)e ™ (2.3)
where u 1is a slowly varying function. Substituting (2.3) into (2.2) gives the paraxial

wave equation

12



v;u—zjka—”zo (2.4)
0z

with V; =(6°/ex*)+(6°/&y*). In addition to this differential form, u can also be

derived from the integral form known as the Huygens-Fresnel-Kirchoff integral in the

Fresnel approximation, given by

; (x—xo>2+<y—yo>2}

u(x,y,z):ilzﬂsuo(xo,yo,zo)e{_‘k{ ”

dx,dy, . (2.5)
This integral is completely equivalent to (2.4), but offers a more intuitive approach
because it explicitly states the beam shape u(x, y,z) with propagation, given an initial

beam shape u, (x,,,,2,)-

In order to simplify the analysis of a beam propagating through an optical system

comprising multiple elements, an ABCD matrix is used. This 2x2 element matrix

A B
[M :{C DD completely describes an optical system within the paraxial

approximation. By considering a general optical system with an infinite aperture (i.e. no
field limiting apertures in the transverse plane) and applying Huygens principle, (2.5) can

be written in the following form:

'1{ A(x02 +yO2 )+D(x2 +y2 )—2x0x—2y0y

. -J 2B
u(x,y,z):éﬂyuo (X9, Y- 20 Je

dx,dy, . (2.6)

13



An eigensolution to (2.6) is obtained when the double integral is taken between —oo and
o, giving

{7jk[x2 +y2/2q]}

u(x,y,z)ce (2.7)

The variable ¢ is called the Gaussian complex beam parameter. Taking the initial beam

shape as

{—jk[xoz +J/02/2‘10]} (28)

Uy (Xy, Vy»Zy) C €
and substituting back into (2.6), again evaluating the double integral between —o and oo,
gives

1 e{f./‘k[x2 +2/ 26/]}

u(x,y,z)=—— 2.9
(x,7,2) A5 Bl (2.9)
The complex beam parameters g and g, are related by the ABCD law,
= Ag +B ) (2.10)
Cq,+D

A Gaussian beam can be physically interpreted as a spherical wave of complex beam

parameter g . Separating ¢ into its real and imaginary components gives

1 1 ([ A
f}‘f[mwzj &1

where w and 1/R are the beam radius and phase curvature respectively. Using (2.10) and

(2.11), the transformation of a Gaussian beam by an optical system can be determined.

The g -parameter formalism will now be applied to evaluating the focusing of a Gaussian

beam into a transparent material of refractive index n,. A collimated (R = o) beam is

14



2
assumed incident on a lens, so g, = j [WZW ] . The ABCD matrices of the focusing lens,

free-space propagation, interface and bulk dielectric are given by:

L
z
MlgnerpropagatiOn = 1 . Mimerﬁ)ce = O & and Md[elecm‘c = |:O 1:|
1 n,
f

Multiplying these terms to obtain the ABCD parameters and substituting the result into

(2.10) along with ¢, yields the g-parameter inside the dielectric medium. The result is

illustrated in Figure 2-1. Several features are obvious from this plot and can be
generalized via algebraic manipulation of the calculated g-parameter. Notably, refraction

causes the beam to focus at z= f'=n, [, where n, is the refractive index of the dielectric
and f is the lens focal length. The beam waist, w,, is unchanged from the beam waist in
air, however, the Rayleigh range, z, = 7w,’ / A (a.k.a. confocal parameter) is extended to

nzy.
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Figure 2-1. Gaussian beam focusing through an air/dielectric interface. A Gaussian beam
of diameter D passes through a lens of focal length f at z= 0 and is incident on a

dielectric interface at z=0.5f (shaded area). The case of focusing a Gaussian beam in
air is also illustrated (dashed line).

The paraxial approximation is valid for focusing lenses with numerical apertures < 0.45
and generally within 20% for numerical apertures up to 0.65 [17]. The experiments
performed within this dissertation use lenses with numerical apertures < 0.45, therefore

the paraxial approximation is assumed when examining the focusing conditions.

2.2 Propagation of High Intensity Femtosecond Pulses in Transparent
Waveguides

The previous section described focusing a beam across an air/dielectric interface into the
bulk of a transparent material. Once the laser pulses are in the material, they are subject
to the properties of the material such as dispersion, nonlinear refractive index and
vibrational modes. This section discusses each these phenomena and describes their

consequences on femtosecond pulse propagation in optical waveguides.

16



2.2.1 Dispersion

Temporal pulse broadening in transparent optical waveguides is the result of dispersion,
which may be either intermodal or intramodal. Intermodal (a.k.a multi-path or modal
delay) dispersion occurs in multimode optical fibers due to the time difference between
the shortest and longest paths a ray may take through the fiber. In the modal picture, this
is associated with the difference in group delay for each of the modes in the fiber. For a

step-index fiber, this time difference is given by:

2
ar="f L _p|_LEn (2.12)
c \sing, c n,
where n; and n; are the refractive indices of the core and cladding respectively, c is the

speed of light in vacuum, L is the fiber length, A ~ (nl1 -n2)/nl1 is the normalized index
. . -1 n12 - n22 1 NA .
difference between the core and the cladding and ¢, =cos™ | —— |=cos | — | is
n n

the critical angle required for total internal reflection from the cladding [18]. Intermodal
dispersion can be reduced in graded index fibers where the oblique rays travel in a lower
refractive index than the rays in the core. This makes up for the path length time
difference, allowing all of the rays to reach the output at nearly the same time. Single-
mode fibers eliminate intermodal dispersion completely, since there is only a single
group delay associated with the fundamental mode.

Intramodal dispersion, or Group-Velocity Dispersion (GVD), is present even in

single-mode fibers and consists of both chromatic and waveguide dispersion. Chromatic

17



dispersion is the wavelength dependence of the refractive index experienced by a pulse as
it passes through a material. Its origin lies in the atomic and molecular resonances that
are present in the material. Far away from these resonances, the refractive index can be

approximated by the Sellmeier equation:

() =143 DO (2.13)

. 2 P
“a)j -

where, @, =27z-c/A; is the oscillator frequency and B, is the oscillator strength [18-

20]. In practice, these terms are typically obtained by fitting the measured dispersion
curves to the Sellmeier equation. For silica, a three term Sellmeier equation (M = 3) is
typically used, accounting for the resonances in the ultraviolet and infrared [19].
Material dependent coefficients can be used to solve the Sellmeier equation and
determine the group index given by [18-20]:

dn

n,=n ”’(_) (2.14)

do

The group index is the refractive index experienced by a spectral component at frequency
w as it propagates through a medium. The corresponding velocity of the spectral

component in the medium is called the group velocity and is given by [18-20]:

v, =(ﬁj - = (2.15)

8 do n,

where [ is the propagation constant for a particular eigenmode. ,B(a)) can be expanded

in a Taylor series about the carrier frequency @, given by [18]:

IB((‘)): B +(a)_w0 )ﬂl +%(a)_a)0 )2132 +%(a)_a)0 )3ﬂ3 o (2.16)

where,
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do™

B, = (dmﬂj (m=1,23,....) (2.17)

Chromatic dispersion in fused silica has two regimes, normal and anomalous, which
result from the group index behavior for the material. The minimum value for the group
index occurs at a wavelength called the zero-dispersion wavelength (ZDW), which is
approximately 1270-1290 nm for fused silica, depending on the presence of dopants and
their concentration. At wavelengths shorter than the ZDW, the group index increases
with decreasing wavelength, implying that the longer wavelength spectral components
have a higher group velocity than the shorter wavelength spectral components. This is
called the normal dispersion regime. The anomalous dispersion regime occurs at
wavelengths longer than the ZDW, where the group index increases with increasing
wavelength, implying that the longer wavelength spectral components have a lower group
velocity than the shorter wavelength components. A pulse propagating in either of these

regimes will undergo a temporal broadening of

AT

% do\ v

4

= ar A d (LJACO =LB,Aw=DLAA (2.18)

where £, is the Group Velocity Dispersion (GVD) parameter, L is the fiber length, Aw
is the spectral width of the input pulse and D = (_j—zﬂcj p, 1s the dispersion parameter.

Since the propagation constant, £, is dependent on both material and waveguide
properties, the dispersion parameter D, which contains £, can be written as a sum of two

terms Dy and Dw to represent the material and waveguide contributions respectively.

These are given by:
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27Z'A dnz 1 an
D =— g =8 d, 2.19
YT de e di 2.19)

27A |y, va’(ve) , dm, d(vb)
Ao dV’ do dv

D, = (2.20)

where n,, is the group index of the cladding, V is the fiber V-parameter and b is the fiber

b-parameter [18, 19]. Unlike Dy, which is negative below and positive above the ZDW,
Dw is negative for all wavelengths. This property allows the creation of dispersion
shifted and dispersion flattened fibers by varying the magnitude of Dw by simply altering
the fiber parameters.

Third Order Dispersion (TOD) must be considered when the wavelength is near
the ZDW or when the pulse width is < 1ps. It results in an oscillatory structure on either

the leading or trailing edge of the pulse, depending on whether f, is negative or positive
respectively. For S, = 0, the oscillations cause the intensity to go to zero between the
peaks and for small g, the oscillations are damped and a long continuous tail is formed.

The dispersion length L, =T’ /| S, *, where Ty is the initial temporal half-width at

the 1/e intensity point, provides a length scale over which dispersive effects become

important for pulse evolution in a dielectric medium. For TOD, L,'=T,’ /| ﬂ3| . IfLpis

on the order of the medium length L, dispersive effects must be considered. If L,'<L,,

then TOD effects must also be considered.
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2.2.2 Nonlinear Effects

Nonlinear effects in optical waveguides arise from nonlinear contributions to the
polarization P, which is physically the dipole moment per unit volume and originates
from atomic and molecular resonances present in materials. In the classical model of
light interaction with matter, an electron or atom can be made to oscillate when displaced
from its equilibrium position. The time-varying electric field of the incident light
provides the driving force while the restoring forces arise from adjacent atoms or the
nucleus in the case of a single electron. The resonant frequency is determined by the
magnitude of the restoring forces and the mass of the oscillating body. The periodic
charge displacement caused by the oscillation produces a dipole moment that varies
sinusoidally in time with the oscillation. The sum of all these induced dipole moments
gives the polarization. The contributions of the atomic and molecular resonances to the

refractive index, dispersion and absorption are through the electric susceptibility,

X.=Xx.'tJjx.'" which defines the complex refractive index given by

n= (l+ Xt Ze”)% =n'+jn". The propagation constant and attenuation coefficient are
then given by f=n'k, and o =n'"k, respectively [19].

The polarization is related to the electric field E through P=¢,y,E =P, + P, ,
where y, is the electric susceptibility function and P, and P,, are the linear and

nonlinear contributions to P [18-21]. This may also be written as
P:go(;((l)-E+Z(2)-EE+;((3)-EEE+...), where  7Y(j=1,2,...) is the " order

()

susceptibility and y"’ is a tensor of rank j+1 [18]. The linear (and dominant)
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contribution to P is given by ;((1 . The nonlinear contribution to P is given by the higher-

order susceptibilities, with the lowest order nonlinear effects originating from ;((3). For
silica, the second-order susceptibility is zero since SiO, has inversion symmetry [19, 21].

In a linear, homogeneous, isotropic media, y, is independent of field strength, position
within the material and field orientation
Nonlinear effects originating from the third-order susceptibility, ;((3) include

third-harmonic generation (THG), four-wave mixing (FWM), and effects due to
nonlinear refraction such as self-phase modulation (SPM) and cross-phase modulation
(XPM). THG and FWM require special phase matching techniques to be efficient and
can be neglected for most cases. Other nonlinear effects are caused by inelastic
scattering which results from the exchange of energy from the high intensity pulse to the
material. This scattering is related to the vibrational excitation modes of the silica
molecules and can be classified as either Stimulated Raman Scattering (SRS) or
Stimulated Brillouin Scattering (SBS). SRS and SBS are discussed in more detail in
Section 2.2.4.

A useful term in characterizing the extent of nonlinear propagation in optical

fibers is the nonlinear length, Ly, =1/(y-F,) where y =kon,/ A,

A, is the effective
mode cross section, F, is peak power of the incident pulse and #, is the nonlinear index

coefficient [18, 20]. If the medium length, L << Ly, then nonlinear effects can be
neglected. However, for L on the order of or larger than Ly;, nonlinear effects must be

considered.
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The refractive index of fused silica has a nonlinear dependence on the intensity of

the applied field. This nonlinear refractive index can be written as [18-21]:
— /=2 — 2
n=n,+7,(E*) =n,+20m,|E(@) =n,+n,1 2.21)
where n, is the weak field refractive index, E is the electric field, I is the intensity of the
field in the material andn, is the nonlinear index coefficient. The relation between n,
and 7, is given by:

4 _
n2 = ;nz (222)

and the dependence of 7, on the third order susceptibility is given by:

n, = FZO) (2.23)
If the optical field is assumed to be linearly polarized so that only the #©) component
contributes to the refractive index, then

n, ~— Re(z?) (2.24)

8n

o

For fused silica, n, ~ 3x107" cm®/W [18-20].

2.2.3 Self-Phase Modulation

The intensity dependence of the refractive index introduced through the nonlinear index
coefficient leads to a phenomenon called self-phase modulation (SPM). An optical field

in a fiber will undergo a self-induced phase shift whose magnitude is given by:

¢ =nk,L=(n,+ n2|E|2)k0L =9, +du (2.25)
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where k,=27/A4 and L is the fiber length [18-20]. The nonlinear phase-shift

@y, =n,k, L E|2 is due to SPM. The effect of SPM on the shape and frequency spectrum

of a propagating pulse can be described by considering a plane wave propagating in the z

direction with a linearly polarized electric field given by [19]:

E= %Eo (z,0)e"" M e (2.26)

where E (z,t) is the pulse envelope, @, is the center frequency and c.c. is the complex

conjugate. Including the nonlinear refractive index gives:

e % E (2,0 Jnke?) =i (PO | (2.27)

where O¢(t) = n2k0|E0(z,t)22. By differentiating the time dependent terms, the

instantaneous frequency can be found:
0
W= E(a)ot —09(1)) = w, + Sw(t) (2.28)

2

where Jw(t) = —nzkoz§|E0 (z,1) Qualitatively, SPM introduces new frequency

components to the pulse through ow(¢). This added frequency content is distributed over

the pulse envelope in a positively chirped fashion (i.e. the leading edge of the pulse is red
shifted and the trailing edge is blue shifted). The maximum phase shift occurs at the
pulse center (T = 0) and is given by ¢, =L, /Ly, =7-BL,, ,where L, =[1-e* /e

is the effective medium length which takes into account the loss & . The maximum
frequency shift occurs at the positions where the slope of the pulse is of maximum

magnitude (the inflection points) and is proportional to ¢, /T, .
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For cases where the dispersion length Lp is on the order of the fiber length L, the
combined effects of SPM and GVD must be considered [18]. In the normal dispersion
regime, SPM enhances temporal broadening because of its positive frequency chirp. This

in turn causes ¢, to decrease due to the drop in peak power, reducing spectral

broadening compared to the case with zero GVD. In the anomalous dispersion regime,
the positive chirp due to SPM is nearly cancelled by the negative chirp due to GVD. This
interplay between SPM and GVD can lead to the propagation of undistorted, chirp free

pulses called solitons.

2.2.4 Inelastic Scattering

Two types of inelastic scattering that occur silica glasses are stimulated Raman scattering
(SRS) and stimulated Brillouin scattering (SBS). The spontaneous Raman scattering
effect can be viewed as an inelastic collision between an incident photon and a molecule
that slightly excites the material resonances and causes the vibrational or rotational

energy to change by an amount AE = hv, —hv, where v, is the frequency of the incident
photon and v, is the frequency of the scattered photon. For v, < v, , the scattered light
is called a Stokes wave and for v, > v, the scattered light is called an anti-Stokes wave.

In silica glasses, the Stokes process dominates and propagates in the same direction as the
incident wave. As the Stokes wave increases in intensity, it can interact with the incident
wave (pump) to further excite the material resonances, enhancing the Raman process by
increasing the rate of frequency conversion. This enhanced interaction is called SRS.

An approximate threshold power, defined as the input pump power at which the

Stokes power becomes equal to the pump power at the fiber output is given by:
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16-K .- A4
Pops = SES—W (2.29)
gR eff

where K, = 1 if the polarization is preserved in the fiber and K, = 2 if the

polarization is completely scrambled, A4 . is the effective core area, g, is the Raman

eff

gain coefficient and L, is the effective fiber length [21].

When ultrashort pulses (< 100ps) of significant power propagate in the normal
dispersion regime of a dispersive medium, the combined effects of GVD, SPM, XPM,
pulse walkoff and pump depletion must be taken into account. Pulse walkoff results from
the difference in group velocity between the pump and Raman pulses. The Raman pulse

builds up after one walkoff length, L, =T, / (vgl —vgz) and causes pump depletion. After

~3 L, , the transfer of energy from the pump to the Raman pulse is nearly complete. The

resulting spectra are broadened and asymmetric due to SPM and XPM. For pulses < 1ps,
the Raman gain does not vary linearly over the entire bandwidth of the pulse and
intrapulse Raman scattering must be considered.

SBS is inelastic scattering that results from the annihilation of a pump photon,
creating a Stokes photon and an acoustic phonon simultaneously. It manifests itself
through a backward propagating Stokes wave that carries most of the input energy when
the Brillouin threshold is reached. However, since the spectral width of the Brillouin
gain spectrum is very small, SBS can be neglected in the case of short pump pulses (<
10ns).

In the case of intense ultrashort pulses, the spectrum can be broadened to 100nm
or more due to a combination of SPM and other nonlinear effects such as SRS and FWM

occurring simultaneously. The resulting spectrum is called a supercontinuum.
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2.2.5 Self-Focusing

Self-focusing occurs due to the intensity dependence of the refractive index. When a
propagating pulse reaches a critical power, the beam can collapse due to the formation of
a positive (Kerr) lens in the material. This occurs because the intensity is higher on-axis
and creates a region of higher refractive index through the nonlinear index coefficient
compared to the lower intensity wings. This lensing results in large intensities in the
material and can lead to damage. The expression for the critical power for self-focusing
is given by

P - al’

o T
4rznyn,

(2.30)

where o ~1.83, A is the wavelength, n is the refractive index of the material and n, is

the nonlinear index coefficient [22]. The critical power for self-focusing in silica glass is

approximately 1.7 MW for A =775nm. A Gaussian beam with power F, greater than

P will self-focus after propagating a distance of

A P

cr

5 -1/2
L:M[i_lj 231)

where 7, is the minimum waist radius of the beam [22].

2.2.6 Self-Steepening

Self-steepening results from the intensity dependence of the group velocity and causes
the peak of a pulse to travel slower than the wings. This results in the trailing edge of a

pulse becoming steeper as it propagates in the z direction. The spectrum is affected by
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also becoming asymmetric and experiencing more spectral broadening on the short-

wavelength side. The self-steepening parameter is given by [18]

§=—. 2.32
ol (2.32)

Self-steepening can eventually lead to an optical shock as the trailing edge approaches

vertical. This occurs at a distance of
zZ, =~ 0.39(LNL /s) (2.33)

for Gaussian pulses.

2.3 Femtosecond Pulse lonization Mechanisms in Transparent Materials

The optical bandgap of transparent dielectrics is wide in the visible and near-infrared.
For example, fused silica has a bandgap of 9 eV, while a 775 nm photon has an energy of
1.6 eV. Therefore, in order ionization to occur, an electron must either absorb multiple
photons simultaneously (multiphoton ionization) or it must be collisionally ionized by
conduction band electrons accelerated in the optical field (impact ionization). Initial
conduction band electrons must be produced by the process of multiphoton ionization or
through defects and impurities in the material. Multiphoton ionization is the dominant
mechanism for ultrashort pulse ablation, since it contributes substantially more electrons
than are initially present due to defects [23]. Multiphoton ionization also has no
threshold and can contribute so-called “seed” electrons to the conduction band even at
low (< 10" W/cm?) intensities. For incident pulse intensities between 10'* and 10"
W/em?, subsequent impact ionization of these seed electrons then promotes other valence

electrons into the conduction band. The process goes as follows: the seed electrons gain
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energy from the incident laser field much faster than it can be transferred from the
electrons to the lattice since the electron-ion transfer time in a dense plasma is on the
order a few picoseconds [24]. Eventually, these electrons are accelerated to energies
greater than the ionization potential and can collisionally ionize (impact ionization)
neighboring atoms, thereby producing more free electrons. This avalanche continues
until a critical density plasma is created where energy deposition from the laser is greatly
reduced due to reflection from the critical surface [23]. For incident pulse intensities >
10" W/em?, multi-photon ionization alone is sufficient to reach the critical plasma
density and cause damage. Once ionization is complete, the free electron density is
comparable to the ion density, approximately 10" — 107 cm™. At this point, the material
no longer has the properties of a dielectric; in fact, all materials are similar in this state.
The ensuing dynamics can then be expressed through the two-temperature diffusion
model which describes the transition of the energy deposited in the electrons to the lattice

[25].

2.4 Femtosecond Pulse Induced Modifications in Transparent Materials

The mechanisms responsible for the modification of the refractive index of materials
exposed to femtosecond pulses have been under much debate in recent years. Typical
modifications in transparent materials include the formation of color centers,
densification, thermo-mechanical stress and void formation. This section describes how
some of the most common morphological changes can occur as a result of femtosecond

pulse-material interaction.
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2.4.1 Color Center Formation

Femtosecond lasers pulses are capable of producing defects that render transparent
dielectrics photosensitive. The creation of color centers has been observed for glasses
such as high-purity borosilicate, alkali silicate and soda-lime silicate (soda-lime glass).
Coloration is due to the creation of metastable vacancies and interstitial defects induced
during femtosecond laser pulse irradiation. The threshold intensity for such defects is
typically on the order of 10'> W/cm? lower than the threshold for bulk damage. For
soda-lime glass, which is considered in section 5.3, the defects are attributed to trapped
hole centers which link non-binding oxygen holes and neutral Na atoms [26]. These
color centers have absorption peaks at 420 and 620 nm.

Although some groups have attributed an increase in refractive index to color
center formation [27], others have shown that post-process annealing of samples can
remove the color centers, while the increased refractive index persists [28, 29]. A more
likely mechanism for at least part of the refractive index increase in glasses exposed to

femtosecond pulses is densification, as discussed in the following section.

2.4.2 Densification and Compaction

Densification of fused silica exposed to near-infrared femtosecond pulses has been
verified by Raman spectroscopy [30]. The Raman spectra obtained by Chan ef al. show a
large increase in the peaks at 490 and 605 cm™ (the D1 and D2 bands respectively) as a
function of the irradiating pulse energy. These peaks correspond to the breathing modes
of 4- and 3-membered ring structures in the silica network. Since bond angle decreases

with an increase in the number of rings, it follows that density is increased [30]. Another
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study by Streltsov ef al. also included the 1060 and 1200 cm™ lines in addition to the D1
and D2 lines. They concluded that the fictive temperature was constant and that the shift
of the 1060 cm™ line combined with the behavior of the D1 and D2 lines was in fact due

to densification and compaction of the femtosecond-pulse-exposed glass [31].

2.4.3 Induced Stress

Stresses can form in areas surrounding material exposed to femtosecond pulses as a direct
consequence of volumetric changes or densification in the exposed region. These
stresses can be evaluated through birefringence pattern analysis using polarization
microscopy. By measuring the retardance of light through the sample from given
birefringence data, Streltsov et al. have shown that induced stresses from densification

can account for a portion of the refractive index increase [32].

2.4.4 Void Formation

Void formation is associated with high energy pulses producing micro-explosions in the
focal volume that result in rapid expansion of hot electrons and ions into the surrounding
material [33]. This represents an upper threshold for femtosecond-written waveguides
and can result in significant power loss in fibers subjected to high energy pulses, as

significant scatter occurs from regions which contain voids.
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3 Numerical Modeling of Multicore
and Photonic Crystal
Waveguides

The propagation of light in a specialty fibers such as a multicore fiber or a photonic
crystal fiber can be described by Maxwell’s equations and is subject to the properties of
the fiber such as the refractive indices of the core and cladding, the core (or hole)
diameter and the core (or hole) spacing. A number of numerical methods exist for
determining the eigenmodes that are supported by waveguide arrays and specialty fibers
such as photonic crystal fiber. Photonic crystal fibers have been modeled using methods
such as the plane wave expansion method, the effective index method, the beam
propagation method and the finite-element method, among others. Multicore waveguides
and fibers have been extensively modeled using coupled mode theory [34]. Bochove et
al. and Huo et al. have recently used coupled mode theory with gain to more accurately
predict the performance of multicore fiber lasers with 7- and 19-cores respectively [35,
36]. Yamashita et al. have applied a point matching method to analyze multicore
waveguides [37]. This method, originally developed by Goell [38] is based on expansion

of the electromagnetic fields in terms of circular harmonics. Wijngaard [39] and later
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Huang and Chang [40] have also used circular harmonics expansion to analyze coupled
waveguides.

Another method that is particularly useful in analyzing specialty fibers comprising
multiple parallel cylinders, whether they are of high or low refractive index, is the
Scattering Matrix Method. In the following sections, we apply the Scattering Matrix
Method (SMM) to solve for the propagation constants of two different types of specialty
fibers. The first type has high refractive index dielectric cores embedded in a low
refractive index medium, similar to the cases studied by Lo ef al. [41] and Felbacq et al.
[42]. The resulting supermodes are used directly in coupled mode analysis to determine
the power exchange as a function of distance along the waveguides. The next type is a
photonic crystal fiber with low index inclusions that support leaky modes as in references

[43-45].

3.1 The Scattering Matrix Method

Consider the two-dimensional system composed of N cylindrical parallel waveguides
illustrated in Figure. 3-1. Each waveguide core j has a refractive index #; and a local
coordinate system (x; y;). The waveguides share a common origin, O in a global
Cartesian coordinate system with axes xyz and their centroids are located at position (7;,
0). The distance between waveguides i and j is given by 1. In general, the cores can
have arbitrary cross-sections [42], however, the waveguides discussed in this paper are
assumed to be circular and invariant along the z-axis. The medium outside the cylinders

is homogeneous and infinite with refractive index 7.

33



Figure. 3-1. General system geometry for the Scattering Matrix Method

In a locally homogeneous region, the longitudinal electric and magnetic fields of the
structure, E, and H, respectively, satisfy the Helmholtz equation (Vj +kn’ - ,BZ)FZ =0,
where F =E or H, V' is the transverse Laplacian, k =2z/1 is the free-space
wavenumber, 1 is the wavelength, g is the propagation constant and n is the refractive

index with i =1 in the core and i =2 in the cladding.

The longitudinal fields may be expanded about a point, p in the vicinity of core
j in a Fourier-Bessel series [46]. For point p in the cladding,
F(r,8,)=F.(r,,4)+F (r,.8,) (3.1
where,

Fg)=3 S 0" H Ok )
z rp P ;; Jj r/p (32)

X eXp (im¢/p ) exp (iﬂzp )
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is the scattered field from all cores in the array and

gy = Y a Gk, yexp(img, Yexp(ifz,) (3.3)

m=—x

0 is the Hankel function

is the field incident at p from all external sources. In (3.2), H
of the first kind of order m used to describe outward propagating waves [42] and in (3.3)
J, 18 the Bessel function of the first kind. The terms 7, and ¢, are the polar
coordinates describing the location of point p with respect to the center of core j in the

x-y plane. The longitudinal fields within the core are expanded about a point p'

according to
Fi(r,.¢,) = Z " J (kr,yexp(img,, )exp(ipz, ). (3.4)

In (3.2), (3.3) and (3.4) k =+/k;n’ — " is the transverse wave number, with i=1 in the

H

core and i =2 in the cladding. The amplitude coefficients,a;”, b'* and ¢, as well as

the modal propagation constants B are determined by applying the electromagnetic
boundary conditions at the core cladding interface(s). The boundary conditions require
that the tangential E and H field components, ¢ and z, are continuous at the core-
cladding boundary, namely: F'+F’'=F' and F, +F’ =F’. Solving these four equations

(see Appendix A) leads to a relation between the coefficients of the locally incident field

and the scattered field of core ;,

A

b =54, (3.5)

where §; is the infinite square scattering matrix of core ;. Equation (3.4) can be

expanded as:
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o

F;p = z a/'Eﬂ;HJm (k2r/'p ) eXp (im¢/_p )
(3.6)

+ i b;‘;l'"Hm(l) (kzrjp ) exp (im¢jp )

+ZV: i b;l’HHm(l)(kzrkp) exp(im¢kp )
k=1 0

k#j

In order to express the scattered fields from all N cores in a common coordinate system

linked to core j, we use Graf’s addition theorem for the Hankel function to obtain

Hm(l)(kzrkl )exp(im%) = i Hq“jm (kzr]_k)exp(i(m—q)¢/_k) a7)

g=—o

XJt] (kzrjp ) CXp (lq¢1p )

Substituting the right-hand side of (3.7) into (3.6) and solving for the coefficients gives

i, =0+ T b . (3.8)

Here, O, is a column matrix determined by the incident field, F'. The square matrix

T, ; 1s given by
(3.9)

T , =exp(i(q—m)¢kj)Hqu(k‘,rkj).

kojom,

Substituting (3.8) into (3.5) and rearranging leads to the following linear system of

equations

S

I -5, 7:,2 _SI]-;,JV SIQI

-S.T, I _SZT;,N ) S,0,

>

(3.10)

2721

I b 5.0,

N

=S T

N7 N,

The propagation constants of the supermodes are found by setting the incident

field to zero (i.e. Q=0). Equation (3.10) may then be re-written as M(8)-5=0. The
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infinite harmonics in the preceding equations are truncated from (—oo,—oo+l,---,oo) to
(=M ,-M +1,---,M), giving a square matrix M(3) of size 2N (2M +1)x2N (2M +1). The
modes are then determined by numerically searching for the zeros of the determinate of
M(p). The resulting values for £ are then back substituted into (3.10) to find the b

coefficients. It is then possible to solve for the remaining coefficients and fields of the

array.

3.2 Modeling Multicore Fibers and Waveguide Arrays

3.2.1 Coupling Analysis

Once the supermodes are known, the coupling characteristics are given by the
superposition of supermodes as they propagate in the z direction [47]. The transverse

electric field distribution of odd modes in the v core is given by:

. 2nvk 2avk\ _.,.
E"(z)=|a, sin +a,, cos e P
n n 14

=1,2,--,n) (3.11)

and

EP (z)= Aaye " (v=0) (3.12)
where a,, and a, are the unit vectors in the » and e directions in the vth coordinate
respectively, k is the mode number, f; is the propagation constant of mode k and A4y is the
ration of the HE;; mode vector amplitude in the center core to that in one of the

surrounding cores. The field can then be described by the superposition of the

eigenmode fields as:
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E(2)=> a,EY(2) (3.13)
k
The «, coefficients are determined by the coupling conditions, which, for the cases

investigated in this dissertation, are for center core (v = 0)coupling only. Using the

weakly guiding approximation, the transverse magnetic fields are determined from

EY (2)| = /e |1 (2)]. (3.14)

3.3 Tailoring modal power distribution in waveguide arrays

In this section, waveguide arrays comprising three, four, five, six and seven cores, as
illustrated in Figure 3-2, are analyzed. The arrays are similar in that they all have
equally-spaced outer cores with a common central core. We investigate these arrays with
the central core as a key parameter of interest; by adjusting its properties we show how
the near field mode profile can be tailored. We determine the properties of the central
core required to achieve an equal power distribution among all cores of the array — a
result particularly interesting to power scaling waveguide arrays. Once the propagation
constants are obtained via the SMM, the amplitude coefficients and electromagnetic
fields of the supermodes are calculated. The effect of parameters such as core diameter

and core spacing on the behavior of the multicore waveguides is determined.
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Figure 3-2. Waveguide arrays with common central cores
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For all cases, the outer core radius is @ =3.5um and all cores are spaced
D =10.5 um (center-to-center) from the center core. The wavelength is A=1.06 um and
the waveguides have a step-profile refractive index with a core-cladding difference of An

=2x107. The central core diameter is varied in the simulations to give a central core V-

number () in the range from V, = 0.3161 to 2.3706, where
V= ka(n?—n2)". (3.15)

The V-number of the outer cores was held constant at ¥, =1.5804 . Since V, <2.405 for
all cores, each of the individual waveguides therefore supports a single guided mode. A
total of seven harmonics, (-M,-M +1,---,M)=(-3,-2,---,3), were used in the

calculations.

The normalized propagation constants of the supported supermodes are plotted as

a function of V

. 1n Figure 3-3 through Figure 3-7 for each of the waveguide arrays. Due
to the reflection and rotational symmetries of the arrays, the supermodes can all be
classified into the C,, point group, where n=N-1 [48]. The modes they support are
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therefore either non-degenerate or doubly degenerate. Furthermore, each array supports
ntl odd and n+1 even coupled HE;; modes for a total of 2(n+1) supermodes. For
simplicity, we label the modes with their LP,, mode designations and degree of
degeneracy in Figure 3-3 through Figure 3-7. As V. increases, the field in the central
core overlaps less with the field in the surrounding cores, resulting in weaker coupling.
As a result, the supermode propagation constants tend to increase as the field is more
confined to the center core. This effect is most pronounced for the supermodes which
have non-zero field in the central core, namely the fundamental, LPy; supermode and the
LP,; (LP¢) supermodes in the 3- and 4-core (5-, 6- and 7-core) waveguides. In the case
of the 6- and 7-core waveguides, the propagation constants of the LP,; (also LP3; in the

7-core array) and LPyp modes overlap at discrete frequencies as the LPg, propagation

constant increases with increasing V.

1.001

1.0008 Q O O :

o 1.0006+ LPo; R

B/k

LP11

1.0004

1.0002+

Figure 3-3. Normalized propagation constants as a function of the central core V-number
(V,) for the 3-core waveguide. The V-number of the outer cores is V,= 1.5804
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Figure 3-4. Normalized propagation constants as a function of the central core V-number
(V,) for the 4-core waveguide. The V-number of the outer cores is V,= 1.5804
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Figure 3-5. Normalized propagation constants as a function of the central core V-number
(V,) for the 5-core waveguide. The V-number of the outer cores is V,= 1.5804
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Figure 3-6. Normalized propagation constants as a function of the central core V-number
(V,) for the 6-core waveguide. The V-number of the outer cores is V,= 1.5804
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Figure 3-7. Normalized propagation constants as a function of the central core V-number
(V,) for the 7-core waveguide. The V-number of the outer cores is V,= 1.5804
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Next, we examine how the power distribution of the array varies with V.. 1In
order to determine the optimum value of V, for power scaling, we plot the normalized
power in each core against V. (Figure 3-8) for the LPy; mode and locate the V, value at

which all cores have equal power (for equal infensity among all cores, the V. values are

slightly smaller due to the smaller center core area.). The crossing points for the 3-, 4-, 5-

, 6- and 7-core arrays are V. = 1.4671, 1.3882, 1.3487, 1.3372 and 1.3576 respectively.
As V. is increased beyond this value, the central core power continues to increase and the
power in the outer cores drops. Arrays with all identical cores have V. to the right of this

crossing point and are power limited by the central core. Conversely, arrays with V. to

the left of the crossing point are power limited by the outer cores. The power

distributions in supermodes with zero center-core fields are only slightly affected by
adjusting V.

The effect of ¥, on the near-field mode profile is illustrated in Figure 3-9 which shows
the normalized LPy; mode electric field for each of the waveguide arrays for three values
of V.. In each case, the plot on the left is for ¥ =0.3161, the middle plot is for V. equal

to the optimum value required to give an equal power among all cores for the in-phase

supermode and the plot on the right is for ¥ =2.3706. The outer cores all have

V. =15804.
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Normalized Power

Figure 3-8. LPy; supermode normalized power as a function of V. for the multicore arrays
in Figure 3-2. The number of cores is displayed in parentheses. Solid lines represent
outer cores, dashed lines represent center cores. All outer cores have V,=1.5804.
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Figure 3-9. Normalized electric field plots of the fundamental, in-phase (LPy;) supermode
for the waveguides in Fig. 2. From left to right: V.=0.3161, optimum value and 2.3706
respectively. V,=1.5804 for all cases.
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3.3.1 Analysis of 7-core Array

In this section, we analyze the 7-core waveguide in greater detail, including the behavior

of all supermodes as a function of V.. We also investigate the role of core spacing and

dispersion properties of the array. The electric fields of the four higher-order supermodes

(six LP modes with two degenerate doublets) for the 7-core structure are plotted in Figure

3-10 for the same three cases of V. as in Figure 3-9. As predicted in Figure 3-7, the field

c

distributions of the LPy; and LPy, supermodes which have non-zero field in the center

core, are sensitive to changes in V. whereas the remaining supermodes are relatively

unaffected.

The effect of core spacing on the supermodes of the 7-core array is plotted in

Figure 3-11 for two cases: (1) with all cores identical and (2) with ¥V, =1.3576 (the

crossing point in Figure 3-8). As in Figure 3-10, the supermodes with zero field in the
center core are only slightly affected by altering the central core properties and are nearly
degenerate with corresponding supermodes in the identical core case. In general, as the
core separation increases and evanescent coupling decreases, the propagation constants
converge to that of an individual outer-core waveguide. For case (2), however, the LP(;

mode propagation constant converges to a value equal to that of a single center-core

waveguide (8.), since the field is more confined to the center core with increasing V. in

this case.
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Figure 3-10. Normalized electric field plots of the higher order supermodes for the 7-

core structure; from left to right: V=0.3161, 1.3576 and 2.3706 respectively. V,=1.5804
for all cases. (a) LP;; (b) LPy; (c) LPgy (V=0.3161 is beyond the modal cutoff) (d) LP5,
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The dispersion properties of the 7-core array, for the same two cases: (1) with
identical cores and (2) with optimum ¥ =1.3576 (at a wavelength of 1.06pum), in the

wavelength range from 0.7um to 1.6um, are plotted in Figure 3-12. Again, the
supermodes with zero field in the center core are nearly degenerate with the identical core
case. Also, the supermodes with non-zero center core field, namely the LPy; and LP;
modes, have reduced propagation constants for case (2) due to the presence of the center

core with smaller V-number.
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Figure 3-11. Normalized propagation constant versus core spacing for case (1): identical
cores (solid line) and case (2): V=1.3576 (dashed line). Overlapping modes from each
case are circled.
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Figure 3-12. Dispersion for the 7-core array with identical cores (V=1.5804 at
A=1.06um, solid line) and with central core V,=1.3576 at A=1.06um and outer core
V,=1.5804 at A=1.06um (dashed line). Overlapping modes from each case are circled.

3.3.2 Conclusions

We have determined the propagation constants and electromagnetic fields of
evanescently coupled waveguide arrays comprising three, four, five, six and seven cores
with a common central core using the SMM. We show that all cores in an array can have
equal power in the LPy; supermode if the V-number of the central core is properly
selected. We have also investigated the 7-core array in greater detail by determining
electromagnetic fields for higher order supermodes and comparing the dispersion

characteristics and effect of core spacing for arrays with all identical cores and those with

non-identical central cores. For 7-core arrays with smaller V., the supermodes with non-
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zero center core fields (the LPy; and LPy; modes) have lower propagation constants
compared to the identical core case, due to the presence of the field in the center core

with reduced £. In fact, the dispersion characteristics show that the LPyp; mode p
approaches B as the core separation is increased, while the remaining supermode
propagation constants approach g . These results can be used to tailor the near field of

waveguide arrays with common central cores. With the proper mode discrimination to
select the LPy; supermode in an array with optimized V , a significant increase in array

power handling could be achieved. The methods described herein could also be applied
to devices with active cores for more efficient use of the gain medium. These results are

easily scalable to larger arrays and multicore photonic crystal waveguides.

3.4 Modeling Photonic Crystal Fibers

The SMM is also well suited for modeling photonic crystal fibers [43-45]. The method is
essentially the same as for the case of multicore fibers with the high-index cores replaced
with low index (air) cores. As an example, the SMM is used to determine the
fundamental mode of a PCF with 36-holes in a hexagonal arrangement with an air hole
missing in the center of the array as shown on the left in Figure 3-13. The radius of each
hole is 1.9 um, the pitch (center-to-center hole spacing) is A = 13 um and the hole and
cladding refractive indices are 1.000800 and 1.453888 respectively. The effective index
of the fundamental mode was determined to be 1.453583 at a wavelength of 775 nm. The
simulated power distribution of the fundamental supermode is shown on the right in

Figure 3-13.
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Figure 3-13. Simulated PCF. Left: hole geometry, Right: fundamental mode power
distribution simulated using SMM
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4 Femtosecond Pulses in Specialty
Fibers

In this chapter, three types of specialty fibers are investigated for ultrashort pulse
delivery: a solid-core photonic crystal fiber (PCF), a hollow-core photonic crystal fiber
(HC-PCF) and silver-coated hollow silica waveguide (HSW). All three fibers have large
mode-areas (LMA), however, the mechanisms of light confinement and light-matter
interactions are unique for each case. The output from each of the fibers is characterized
in terms of the beam profile, spectra, temporal dynamics and energy transmission as a

function of input pulse energy.

4.1 Solid-Core Photonic Crystal Fiber

Photonic crystal fiber (PCF) was introduced by Knight ez al. in 1996 [6]. The cladding is
formed by a periodic array of air holes that run the length of the fiber and has an
effective-index that is determined by the air-filling fraction and hence the hole diameter
and spacing (pitch). The core in a solid-core PCF is created by omitting at least one air
hole, forming a localized region that effectively has a higher index than the rest of the
structure. This effective-index difference is a strong function of wavelength, since at

longer wavelengths the modal field extends further into the holes, thereby reducing the

52



effective cladding index [49]. This property provides novel functionality including
single-mode propagation at any wavelength within the transparency window of fused
silica [50] and anomalous GVD at visible and infrared wavelengths [51]. Of special
interest to ultrashort pulse delivery is the fact that the core size in PCF can be scaled to
large diameters and still remain single-mode [52]. This is possible because for a PCF, the
number of guided modes is independent of the ratio of the core radius to the optical
wavelength as is the case in conventional fibers. For a PCF, the number of guided modes
depends only on the ratio of the air hole diameter to the spacing between the holes. A
PCF will support a single-mode for a hole-to-pitch ratio < 0.43. The performance of
large core PCF is limited by bend loss, which becomes impractical for very large cores
and tight bends.

Previously, Knight and co-workers have fabricated and tested a 22.5um core PCF
and confirmed single-mode guidance [52]. They estimated its bend radius for
catastrophic loss of power to be ~ 50 cm at 458 nm and ~ 4 cm at 1550 nm. While the
bend losses are much higher than for conventional single-mode fibers, the 22.5um core
diameter represents an increase of approximately 20 times the cross-sectional area,
reducing the intensity in the core by the same factor. This provides the possibility of
much higher power pulse propagation compared to standard single-mode fibers.

The LMA solid-core PCF used in this experiment was obtained from Crystal-
Fibre A/S in Denmark (Figure 4-1). The fiber has a triangular lattice of 3.8 pm diameter
air holes with a center-to-center spacing (pitch) of 13 pm. A single air hole is omitted in
the center of the structure to form a pure silica core with a diameter of 23+1 um. This

core diameter is approximately 3 to 5 times the diameter of a conventional single-mode
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fiber, increasing the nonlinear threshold by approximately 20. The numerical aperture
(NA) for the fiber is 0.02, which is about 5 to 7 times smaller than for conventional
single-mode fibers. This is due to the small air filling fraction, and therefore small index

differential, between the core and the cladding.

Det WD Exp
GSE 8.8 9559 0.6 Torr

Figure 4-1. SEM image of solid-core PCF

4.1.1 Scattering Matrix Method Modeling of Real PCF

The SMM was used to model the PCF in Figure 4-1. A threshold image of the scanning
electron micrograph was obtained to reveal only the holes of the fiber as shown on the
left in Figure 4-2. An algorithm was then used to extract the minimum circle diameter
that completely encloses each hole as well as the centroid of each hole for input into the
SMM. The retrieved holes are plotted on the right in Figure 4-2. Recall that the SMM
assumes that a cylinder with cross-section C; is enclosed by a circle D; with center O; and
that the diameter of D; is the smallest possible diameter that includes C; [42]. The hole
and cladding refractive indices used in the simulation were 1.000800 and 1.453888

respectively. The SMM gave an effective index of 1.453706 for the fundamental mode at
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a wavelength of 775 nm. Compared to the ideal, as-designed PCF that was modeled in
section 3.4, which had an effective index of 1.453583, the model of the actual fiber is
within 0.009%. The near-field output beam profile of a 710 mm long section of PCF

with 30 nJ, 135 fs input pulses and the simulated output from the SMM are plotted in

Figure 4-3 and are in good qualitative agreement.
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Figure 4-2. Left: Threshold image of Figure 4-1. Right: Retrieved ‘holes’ from threshold
image.
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Figure 4-3. Output from real PCF Left: simulated output using the SMM, Right:
experimental output from 710 mm long fiber with 30 nJ input pulses. White circles
indicate air hole positions.

4.1.2 Characterization

4.1.2.1 Experimental Setup

The experimental setup for characterizing the solid-core PCF is illustrated in Figure 4-4.
Pulses from a Ti:Al,Oj; regenerative amplifier with the properties listed in Table 4-1 and
energies ranging from 30 nJ to 2000 nJ were endfire coupled into the PCF using a 150
mm focal length lens. The beam was spatially filtered prior to the lens using a pinhole to
produce an Airy pattern and an iris in the far field to select the central Gaussian lobe.
The pulse energy was adjusted using a half-waveplate and polarizer and the input
polarization was linear along the x-axis. An adjustable beam expander was used to
closely match the fiber numerical aperture. The ultrashort pulses were coupled to either a
650 mm or a 710 mm long section of PCF that was loosely draped between two fiber
holders. The fiber bend radius was estimated to be 4 m at each fiber holder. The CW
beams from a 633 nm HeNe laser and a 532 nm diode-pumped solid-state laser were also

collinear with the ultrashort pulses to aid in alignment of the optical components and for
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excitation of the fibers and waveguides at other wavelengths in the visible regime. The
wavelength could easily be chosen by selectively blocking the unwanted beams. The
near-field fiber output was coupled into a 20x microscope objective and observed using a
beam profiling system (Spiricon) and spectrometer with resolution of 0.29 nm (Ocean
Optics). The power was measured before and after the fiber using a silicon photodetector
(Newport 818-SL). Temporal pulse dynamics were monitored using a home-built
interferometric autocorrelator with a GaP photodiode as a nonlinear detector. The
autocorrelator signal was coupled to a lock-in amplifier, digitized and recorded on a

personal computer.

INTERFEROMETRIC
AUTOCORRELATOR
SPECTROMETER
--------- . '@DETECTOR
PINHOLE A2 IRIS LENS FIBER
GLAN
POLARIZER I OB.IECTNE ; ccp
SOURCE ! FRAMEGRABBER
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BEAM SPLITTER
EXPANDER

Figure 4-4. Experimental setup for characterizing the solid-core PCF

Table 4-1. Output pulse properties of Ti:Al,Os regenerative amplifier

Pulse Width, trpaym 110-135fs
Wavelength, 4, 780 nm
Repetition Rate, R, 1 kHz
Pulse Energy, E, <1mJ
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4.1.2.2 Output Beam Profiles

Near-field output beam profiles were recorded as a function of input pulse energy. No
significant differences were noted over the entire energy range tested. Beam profiles at
output energies of 2.6 nJ and 178 nJ in the vicinity of the core are shown in Figure 4-5.
The beam output from the fiber appears to be single-mode even under slight bending; in
fact, beam profiles for delivery of 532 nm and 633 nm light also look very similar (data

not shown), suggesting that the fiber indeed has a large single-mode bandwidth.

y (um)

10 20 i 220 -10

-20 -10

10 20

0

® ()

Figure 4-5. PCF near-field beam profiles. Left: 2.6 nJ output energy, Right: 178 nJ
output energy
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4.1.2.3 Temporal Dynamics

An interferometric autocorrelation of the input pulse, taken prior to the 150 mm coupling
lens, is shown in Figure 4-6. In general, an interferometric autocorrelation signal should
exhibit an 8:1 (peak:wing) ratio. In this case the ratio is approximately 6.5:1, likely due
to an imbalance in the pulse energies in the two arms of the autocorrelator. An 8:1 ratio
has been verified in autocorrelations of pulses that were not spatially filtered, so the

difference is likely due to slight misalignment of the spatially-filtered pulses in the
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autocorrelator. Furthermore, the shape of the autocorrelation of the spatially-filtered
pulses is similar to that of the un-filtered pulses, but appears to be slightly broader. The
autocorrelation full-width at half-maximum (FWHM) is 150 fs. In order to determine the
actual FWHM pulse duration, the autocorrelation FWHM must be multiplied by a proper
scale factor that is dependent on pulse shape. The input pulse duration for this case was
estimated to be 110 fs, assuming a Gaussian pulse shape. It should be noted, however,
that recent a study by Zeek et. al. in which frequency-resolved optical gating (FROG)
was used to determine actual scale factors, showed that the assumption of simply a
Gaussian or sech” pulse shape could result in measurement errors on the order of 25%,

especially for complex pulses [53].
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Figure 4-6. Interferometric autocorrelation of input pulse

Interferometric autocorrelations of the output pulses from the 650 mm long PCF

for input pulse energies in the range from 100 nJ to 1000 nJ are plotted in Figure 4-7.
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The output pulse autocorrelations show complex structure even for those recorded at the
lowest input energy of 100 nJ. In fact, every autocorrelation over the entire range of
energies recorded exhibits a widening of the autocorrelation envelope combined with a
narrowing of the interference pattern, which is indicative of induced chirp. This chirp can
be attributed to self-phase modulation (SPM) which is also responsible for the spectral
broadening and oscillatory structure observed in the spectra in Figure 4-8. The pulse
duration is further increased by normal group velocity dispersion (GVD), which has a
more pronounced contribution due the significantly broadened spectrum. Additionally,
side-lobes appear for input (output) pulse energies between 200 nJ (90 nJ) and 300 nJ
(130 nJ). Similar side-lobes were observed in an experiment by Ouzounov et al. when
they coupled 100 fs, 1.25 nJ pulses into a 15 um core solid-core PCF [54]. Since their
fiber had a hole-to-pitch ratio of 0.6, they attributed the peaks to higher-order mode
transmission. In this case, however, the fiber supports only a single-mode and no
changes in the output beam profiles were noted near the input energies at which the side-
lobes occurred. The side-lobes that appear are more likely due to the steep, highly

structured spectrum that results from nonlinearities [55].

4.1.2.4 Output Spectra

Output spectra for the 650 mm long PCF were taken at input energies over the
range from 100 pJ to 1000 nJ. These spectra are plotted in Figure 4-8. A composite,
interpolated spectrum is shown in Figure 4-10. At 100 pJ (dashed line in Figure 4-8), the
output spectra was similar to the input spectra. However, by 20 nJ, spectral broadening

was more pronounced and modulation of the spectra had occurred due to SPM (Figure
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4-9). As the input pulse energy was increased above 100 nJ, the spectrum continued to
broaden and exhibited significant modulation. Above an input pulse energy of 400 nJ,
the fiber had a faint red/orange glow which could be seen with the unaided eye. By the
transmission peak at 550 nJ input energy, the spectrum had broadened to more than 150
nm in the wings. For the most part, spectral broadening ceased for input pulse energies
above 500 nJ, due to the onset of fiber damage and subsequent reduction in transmitted

energy and degree of SPM.
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Figure 4-7. Interferometric autocorrelations of PCF output for given input pulse energies
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Figure 4-8. Output spectra from solid-core PCF with given input pulse energies
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Figure 4-10. Interpolated spectra for the 650 mm long, solid-core PCF (logarithmic scale
intensity)
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4.1.2.5 Transmission

The transmission as a function of input pulse energy for the 650 mm long fiber is plotted
in Figure 4-11. In order to determine the input pulse energy that resulted in fiber damage,
the transmitted pulse energy was measured in an iterative fashion where the previous
(lower energy) point was re-measured after each successive energy increase. If the
previous point was not the same as the initial measurement, then it was assumed that
damage had occurred and transmission measurements were retaken at all lower energy
points. The energy was then increased above the previous highest value and the process
repeated.

As shown in Figure 4-11, the transmitted energy was nearly linear with input
pulse energy over the range from 100 pJ to 375 nJ, with a transmission efficiency
(including coupling losses) of approximately 44% for the 650 mm long fiber. The 710
mm long fiber had a smaller transmission (approximately 15%), but exhibited a similar
trend. The first sign of damage in the 650 mm fiber occurred with 550 nJ input (190 nJ
output) pulses. Damage was also first observed in the 710 mm long fiber for similar
output pulse energy of 195 nJ. Since this output pulse energy corresponds closely with
the calculated energy required to cause self-focusing, it is suggested that the damage is a
direct result of self-focusing induced pulse compression of off-axis energy in space and
time [56]. Input pulse energies that were higher than those required to initially damage
the fiber resulted in subsequent damage and continued drop in fiber transmission. The
transmission drops for the first two points taken after the transmission peak for the 650

mm long fiber (600 nJ and 650 nJ) were 89% and 83% of the peak respectively. Beyond
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an input energy of 650 nJ, the transmission experienced only a slight drop with 81% of
the peak delivered at 1000 nJ input energy.

Observation of the fiber input using a stereoscope as the input pulse energy was
increased revealed the onset of a region of bright light slightly behind the input face for
coupled pulse power above approximately 0.5 MW. This occurred in the 710 mm long
fiber for an input (output) pulse energy of 400 nJ (60 nJ). The intensity of the light
increased up to an input energy of 1600 nJ (output 195 nJ), as shown in Figure 4-12.
Beyond 1600 nJ, the output energy dropped due to fiber damage. An explanation of the
observed light can be found by considering the dynamics of the pulse as the power
approaches the critical power for catastrophic self-focusing, P It has been suggested
that a pulse propagating in a LMA fiber will undergo adiabatic focusing as the power is
increased toward P [57]. The intensity is therefore increased significantly in the fiber
prior to the region where catastrophic self-focusing and damage occur. This increase in
intensity will excite a cascade of nonlinear effects, causing significant spectral

broadening and the experimentally observed ‘bright light” region at the PCF input.
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Figure 4-11. Energy transmission through 650 mm long PCF
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Figure 4-12. Images of PCF input for increasing input pulse energy in the 710 mm long
fiber. Pulses are incident from the right. The input (output) pulse energies are 400 (60),
600 (100), 800 (117) and 1600 (195) nJ from left to right respectively.

4.1.3 Conclusions

For 30 nJ input pulses in the 710 mm long PCF, the measured output pulse energy was
2.6 nJ and the output spectrum showed no signs of self-phase modulation induced
broadening. Spectral broadening began between an input energy range of 30 to 75 nJ

(2.6 to 7.1 nJ output) and was symmetric about the central wavelength of the input pulses.
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At an input pulse energy of 400 nJ, a bright light region became visible just after the fiber
input face. This region continued to become more intense as the input energy was
increased up to 1600 nJ, at which the output power was approximately the critical power
for self-focusing. Above the self-focusing threshold, the fiber was further damaged by
subsequent increases in input pulse energy. The experiment was repeated for a 650 mm
length of the same PCF with similar results. Temporal dynamics were examined for the
650 mm fiber and it was found that side-lobes were present in the interferometric
autocorrelation at input powers below the critical power for self-focusing. The side-lobes
were attributed to the highly structured spectrum that results from fiber nonlinearities. As
the output power was increased above the critical power for self-focusing, the temporal
side-lobes disappeared, due to a reduction in peak intensity.

A delivered pulse energy of 2.6 nJ with negligible spectral broadening is
comparable in delivered energy to that of previously reported values for a large mode-
area PCF [54]. In comparison the previously reported fiber, the PCF in this study was
slightly over half as long (710 mm compared to 1300 mm) and had a much smaller air-
filling fraction (0.1 compared to nearly unity). The PCF in this study therefore had a
much smaller numerical aperture and higher bend losses, but output a single transverse
mode. In contrast, the PCF in [54] supported many higher-order modes, a few of which

were observed at the output.

4.2 Hollow-Core Photonic Crystal Fiber (HC-PCF)

Hollow-core photonic crystal fiber (HC-PCF) was introduced in 1998 by Knight et a/

[58]. HC-PCF is typically fabricated by stacking silica capillary rods in a fiber perform
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in precise arrangements to form a crystal lattice. Several rods are then removed in the
center of the bundle to form a core region and a modified drawing method is used to pull
a fiber. For certain capillary arrangements (e.g. hexagonal close-packed or triangular), a
photonic crystal will exhibit a full two-dimensional (2-D) photonic bandgap. Modes with
propagation constants ( ) outside the bandgap will propagate in the cladding region.
Modes with £ values within a 2-D photonic bandgap cannot fill the cladding and are
therefore confined to the core. Since the confining mechanism is not total internal
reflection (TIR), the core does not have to have a higher index than the cladding,
allowing propagation in an air core.

Photonic bandgap guidance can occur through two different processes: frustrated
tunneling and Bragg guidance. In frustrated tunneling, kn, < <kn, where k is the
vacuum wave constant and », and n, are the refractive indices of the high and low index
regions respectively. This is the same condition as in a conventional TIR fiber. The high
index regions act as TIR waveguides and the light is evanescent in the low index regions.
Pass bands and band gaps exist between adjacent high index layers. If a high index layer
has a smaller width than its neighboring high index layers and supports a # that is within
the bandgap, then resonant tunneling between adjacent high index layers is frustrated.
Bragg photonic bandgaps, on the other hand, occur for fS </kn, allowing light to
propagate in all layers and bandgaps occur as a result of multiple scattering and
interference [59].

For high power delivery, the Bragg form is preferred over the frustrated tunneling
form, since it allows concentration of optical power in air. Earlier silica-air HC-PCF with

a honeycomb lattice of air holes guided light through frustrated tunneling and it was
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found that light was confined to the fused silica surrounding the air core, but not actually
in the core [58]. To ensure a Bragg photonic bandgap, air-filling fractions > 30% are
typically required as well as the omission of more than one capillary to form the core.

The HC-PCF investigated in this section was generously donated by the
Optoelectronics Group at the University of Bath in Bath, United Kingdom. The fiber is
fused silica and has an outer diameter of 185 um. The outer diameter of the cladding
region is approximately 62 pm and the air core is approximately 27 pm in diameter. The
cladding structure pitch is approximately 4 pm and the strut width is < 500 nm. An SEM
image of the fiber endface is shown in Figure 4-13. The cladding for this fiber has a
kagome-lattice (Star of David) structure which is generally associated with incomplete, or
non-existent photonic bandgaps. Rather than true Bragg photonic bandgap guidance, it
has been proposed that these fibers confine light to the air core by either suppressed
coupling between core and cladding modes due to a low density of states in the cladding

[60, 61] or through higher-order photonic bandgaps [62].
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Figure 4-13. SEM image of HC-PCF cross-section (left) and close-up view of core and
kagome structured cladding (right)

70



4.2.1 Characterization

4.2.1.1 Experimental Setup

Since the core diameter of the HC-PCF is similar in size to the PCF, the experimental
setup for characterizing the HC-PCF was identical to the setup used for the PCF in
section 4.1.2.1 with the main difference being slight adjustments to the beam expander to
improve coupling. Also, above an input pulse energy of 2.6 pJ, the signal in the
autocorrelator GaP detector was saturated and a neutral density filter was inserted before
the autocorrelator to reduce the intensity. The fiber was also slightly repositioned for
input energies above 2.6 pJ in order to improve the output beam profile and increase the
transmission efficiency. Initial coupling to a 500 mm long section of HC-PCF revealed
significant scatter at multiple points along the fiber, possibly due to imperfections or
breaks in the kagome-lattice. Output beam profiles also confirmed that light was not
guided in the core for the 500 mm long fiber. Therefore, a shorter 60 mm long section of
HC-PCF was verified to be free of major scattering defects along its length and used for
further testing. Similar to the PCF tested in the previous section, the HC-PCF was
characterized by endfire-coupling femtosecond pulses and measuring the transmission
efficiency, output beam profiles, output spectra and temporal dynamics as a function of

the input pulse energy.

4.2.1.2 Output Beam Profiles
The near-field output beam profiles for 775 nm, 30 nJ, 135 fs, input pulses are shown in
Figure 4-14. The fiber is illuminated with a white light source to aid in viewing the

position of the guided mode within the core. The guided mode is centered within and
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confined to the air core with minimal light propagating within the cladding. Figure 4-15
shows the near-field output beam profiles for input pulse energies ranging from 0.9 to 8
wJ without the additional white light excitation. For pulse energies at or below 2.6 pJ the
output beam has multiple lobes that are attributed to a slight misalignment of the coupled
pulses resulting in excitation of a few higher-order modes. Above 2.6 pJ, the fiber was
repositioned and the output beam is single-mode with only minor asymmetry. A
Gaussian fit of the output profile for 8 uJ input pulses resulted in an R* value of 0.989

(Figure 4-16), indicating the predominance of the fundamental mode.
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Figure 4-14. Image of 775 nm output from HC-PCF showing the position of the guided
mode within the air core Left: entire fiber cross-section, Right: close-up of kagome-
lattice cladding and core
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Figure 4-15. Output beam profiles for 0.9, 2.6, 4.2 and 8 pJ (from left to right
respectively) input pulses in a 60 mm long HC-PCF
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Figure 4-16. First-order Gaussian fit (solid line) of output profile for 8 pJ input pulses
(R? =0.989). (Inset) Dotted white line indicates plotted cross-section.

4.2.1.3 Temporal Dynamics

The input pulses are the same as shown in the interferometric autocorrelation in Figure
4-6, with a pulse duration of approximately 110 fs. Interferometric autocorrelations of
the output pulses were taken over an input energy range from 200 nJ to 6 pJ.
Autocorrelations from 1 pJ to 6 pJ are plotted in Figure 4-17. At an input pulse energy
of 1 wJ, the autocorrelation exhibits the characteristic 8:1 peak:wing ratio and has a

FWHM pulse duration of approximately 100 fs assuming a Gaussian deconvolution

factor (\/5 ). For an input pulse energy of 2 ulJ, the autocorrelation peak intensity is
lower, but the FWHM pulse duration remains approximately the same. At 2.6 pJ input,
the signal from the autocorrelator GaP photodiode was saturated at the pulse intensity
peak as indicated by the flattening around zero delay in Figure 4-17. An ND filter was
inserted before the autocorrelator to prevent the saturation and autocorrelations were
taken for pulses above 4.2 puJ. Above 4.2 pJ, the autocorrelation FWHM is relatively
unchanged giving a FWHM pulse duration of approximately 110 fs, which is the same as

the input pulses.
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Figure 4-17. Interferometric autocorrelations of HC-PCF output for given input pulse
energies

74



4.2.1.4 Output Spectra
Output spectra were taken at input energies over the range from 1 nJ to 8 uJ. Unlike the
PCF, the HC-PCF does not exhibit significant spectral broadening or modulation over the
entire input energy range as shown in Figure 4-18 through Figure 4-20. The spectrum
does, however, undergo subtle changes as the input pulse energy is increased. These
changes are caused by interaction of the pulse with the kagome-lattice cladding which is
a normally dispersive, Kerr medium. Although the portion of light in the silica strands of
the cladding is typically on the order of a few percent for HC-PCF [63] and
characteristically smaller for kagome lattice fibers [62], the contribution to the effective
nonlinear refractive index is relatively large. For example, in [63] a HC-PCF was shown
to have a nonlinear coefficient of 8.6 x 10”* m*/W whereas the nonlinear coefficient of
air alone is 2.9 x 10" m?/W, or about three times smaller.

For the HC-PCF under test, asymmetric spectral narrowing is observed at 1 pJ
and a tail begins to form on the short wavelength side. The asymmetric formation of a
tail on the short wavelength side is sometimes associated with self-steepening [18];
however, the temporal peak does not appear to be shifting in the interferometric
autocorrelation data. Another possibility could be due to down-chirped input pulses
undergoing SPM [64]. Above 4.2 pJ, the main spectral peak continues to narrow with
increasing input pulse energy and a peak forms in the short-wavelength-side tail. The
secondary peak is attenuated as input pulse energies are increased further. At 8 pJ, the
main peak has narrowed to a FWHM of 9 nm, compared to the original FWHM of 11 nm

and the secondary peak remains.
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Figure 4-18. HC-PCF output spectra with input pulse energies < 2.6 pJ
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Figure 4-19. HC-PCF output spectra with input pulse energies > 4.2 pJ
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Figure 4-20. Output spectra from HC-PCF as a function of input pulse energ
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4.2.1.5 Transmission

The energy transmission through the HC-PCF as a function of the input energy is plotted
in Figure 4-21. The transmission is linear over the entire range of energies tested, though
the transmission efficiency of the more energetic input pulses is higher due to the
predominance of the lower-loss fundamental mode. The transmission for the lower and
higher energy ranges was approximately 24% and 34% respectively, including coupling
losses. At an input energy of 8 puJ, the output energy was 2.6 pJ, corresponding to a

delivered peak power of 23.6 MW and peak intensity on the order of 5 TW/cm®.
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Figure 4-21 Energy transmission through 60 mm long HC-PCF
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4.2.1.6 Damage

The fiber was inspected using a DIC microscope after coupling 3 uJ pulses.
Discoloration of the cladding was observed at up to 1 mm away from the input end face
as shown in Figure 4-22. However, this discoloration had no noticeable effect on the

transmission properties of the fiber.

Figure 4-22. Discoloration in HC-PCF cladding after 3 pJ, 110 fs input pulses

4.2.2 Conclusions

A maximum energy of 2.6 uJ was delivered through the HC-PCF with no significant
spectral broadening. The output spectrum is slightly broadened with a secondary peak
forming on the short wavelength side as the energy is increased. Comparatively, a 3 m
long, 12.7 um core diameter HC-PCF exhibited a red-shift as pulse energy was increased
above 300 nJ due to intrapulse Raman scattering in air [65]. However, the larger core,
short length of HC-PCF in this study has a SRS threshold approximately 200 times
higher.

The delivered energy of 2.6 pJ represents a peak power of 23.6 MW and an

intensity in the core of over 4 x 10'> W/cm?. Clearly, the nonlinear threshold for the HC-
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PCF is much higher than for the solid-core PCF in Section 4.1. This is as expected, since
the nonlinear coefficient of air is approximately 10° times lower than that of fused silica.
Also, the trend of the energy transmission in Figure 4-21 suggests that the HC-PCF is
capable of handling even higher power than was tested in this study, without significant

deleterious effects on the transmitted pulse.

4.3 Hollow Silica Waveguide (HSW)

Hollow silica waveguides with a thin metallic inner coating have long been used to
deliver CO, and Er:YAG laser energy in surgical and industrial applications [66]. More
recently, similar waveguides have been developed to deliver ultraviolet, visible and near-
infrared light [8, 9]. Applications directly related to high power ultrashort pulses include
spectral broadening and pulse compression in gas-filled waveguides [67]. Matsuura et al.
have also recently demonstrated the delivery of high power femtosecond regime pulses
using cyclic olefin polymer (COP) coated hollow waveguides [10].

In this section, the transmission characteristics of high power femtosecond regime
pulses are determined for silver coated hollow waveguides with four different bore
diameters. The waveguides are commercially available and contain an inner thin-film
dielectric layer to enhance the reflectivity of Er:YAG laser energy at the waveguide wall.
Although the thickness of the dielectric layer is not optimized for low loss in the near-
infrared, sufficient energy is transmitted to ablate tissue when focused by micro-lenses as
discussed in Section 6.2.

The hollow waveguides were obtained from Polymicro Technologies, LLC. They

are fabricated by first coating the inner wall of a silica tube with a thin film of Ag and
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then a thin layer of Agl. The Agl acts to protect the Ag and also to enhance the
reflectivity through thin-film interference. The thickness of the Agl layer for these
particular waveguides has been optimized for delivery of Er:YAG radiation at a
wavelength of 2.9 um. The silica tube is protected by an acrylate buffer coating. The
waveguide construct is shown in Figure 4-23 and the waveguide properties are listed in

Table 4-2 [68].

Acrylate Buffer

Silica Tube y

Silver Film A
Agl Film I
Figure 4-23. Hollow silica waveguide construct.

Table 4-2. Hollow Silica Waveguide Properties [68]

Bore L.D. (um) | Glass O.D. (um) Buffer O.D. (nm) Length (m) Polymicro Part #

300 £20 400 £ 15 750 + 25 1.0 HWEA300750
500 =25 650 £ 20 850+ 30 0.5 HWEAS500850
750 £ 30 950 + 25 1200 + 50 0.92 HWEA7501200
1000 = 50 1300 + 25 1600 + 50 0.98 HWEA10001600

4.3.1 Characterization

4.3.1.1 Experimental Setup
A Spectra-Physics Spitfire Ti:Sapphire regenerative amplifier was used as a source for
the femtosecond-regime pulses. The pulses had a central wavelength of 800 nm and a

repetition rate of 1 kHz. The laser power was adjusted using a half-waveplate and
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polarizer in the amplifier prior to pulse compression. An autocorrelator with a resolution
of 5 fs was used to measure the temporal duration of the output pulses. In all cases, the
input pulse duration was < 150 fs and the input pulse energy was < 700 pJ.

It is well known that the HE;; mode experiences the lowest loss in a hollow
waveguide and that the highest coupling efficiency to this mode is achieved for a laser
beam waist to bore radius ratio of w/a = 0.64 [69]. Therefore, an extremely long focal
length (>1 m) is required for a single element lens, due to the short laser wavelength and
relatively large waveguide bore diameters. In order to efficiently couple the laser to the
HE;; mode in a much shorter distance, a telephoto lens system was used as illustrated in
Figure 4-24. The positive and negative focal length lenses in the telephoto lens system
are separated by a distance s. The waveguide input is located a distance d from the
negative lens, and s is adjusted to obtain the proper waist. The focal lengths for the two
lenses used were f; = 150 mm and f, = -48 mm. The distance s is limited by the
extremely high intensities in the negative lens. As s is increased (s < f}), the beam
diameter in the negative lens becomes smaller and the intensity becomes sufficient to
cause nonlinear effects and or damage in the lens. To avoid these effects, the beam

diameter in the negative lens was maintained at > 2 mm.

)2 Telephoto Lens
[ le—s—rled—n Focusing Lens

T ( ' Hollow Waveguide \ |:
Ultrashort Pulse — ‘
| i ~ Target
il .
N

Figure 4-24: Experimental setup for testing hollow waveguides
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The waveguides were placed in aluminum v-grooves attached to a 5-axis aligner
during testing. For bend loss measurements, v-grooves with a bend radius of R = 500mm
were used. The input polarization for the bend loss measurements was selected as either
parallel or perpendicular to the bend plane using a half-waveplate prior to the coupling
optics. Beam intensity profiles of the output from straight and bent waveguides were

taken using a Spiricon Laser Beam Analyzer (LBA).

4.3.1.2 Beam Profiles of Output

Intensity profiles of the output from straight and bent waveguides at distances < 50 mm
from the distal end are shown in Figure 4-25 through Figure 4-28. In each figure, the
profile on the left is for the straight waveguide and the profile on the right is for the
waveguide bent 90° (45° for the 500 um waveguide) with a 500 mm bend radius and
perpendicular polarization. Most of the energy appears to be in the fundamental mode
for the straight waveguides due to optimum launch conditions for excitation of the HE;
mode at the input. The profiles of the bent waveguides consist of numerous peaks due to

higher-order mode excitation under bending.

Figure 4-25: Output profiles for 300 um bore diameter waveguide Left: straight
waveguide, Right: bent waveguide
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Figure 4-26: Output profiles for 500 um bore diameter waveguide Left: straight
waveguide, Right: bent waveguide
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Figure 4-27: Output profiles for 750 um bore diameter waveguide Left: straight
waveguide, Right: bent waveguide

Figure 4-28: Output profiles for 1000 um bore diameter waveguide Left: straight
waveguide, Right: bent waveguide
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4.3.1.3 Output Spectra

The output spectra for a straight 700 mm long, 750 pm bore diameter waveguide with
Trwnm = 135 fs, 150 pJ input pulses is shown in Figure 4-29. The input and output pulses

are nearly identical, indicating the absence of nonlinear effects.

1.00+

2
q

Normalized Intensity
o
g

Figure 4-29. Output spectra from 700 mm long, 750 um bore diameter waveguide with
150 wJ input pulses

4.3.1.4 Loss

The measured losses for straight waveguides and waveguides bent 90° (45° for the 500
um waveguide) with a 500 mm bend radius are listed in Table 4-3. The losses are
determined by measuring the power immediately before and after the waveguide, so
coupling losses are included. The bend losses are listed for polarizations both
perpendicular (1) and parallel ( || ) to the bend plane.

The transmission for the straight waveguides is high due to minimal excitation of
lossy higher order modes. A transmission efficiency as high as 91% was achieved for the

I mm bore waveguide. The transmission of the 500 and 750 um waveguides was slightly
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less and the 300 pum waveguide exhibited the lowest transmission efficiency at 63%,
which is likely due to the higher attenuation coefficients for the smaller bore and possibly
a lower coupling efficiency. The bend losses are high due to the thickness of the
dielectric layer not being optimized for 800 nm. Bending excites higher order modes
which are lossy due to increased interaction with the waveguide wall. The loss is
especially high when the input polarization is parallel to the bend plane due to the

dominance of lossy TM modes [10].

Table 4-3. Measured Waveguide Losses

Bore Diameter Length Straight Loss Bemf Loss (dB/m) Bemi Loss (dB/m)
(um) (dB/m) R=500mm, L R=500mm, |
300 1.00 m 2.0 10.7 36.1
500 0.50 m 0.6 12.6 26.8"
750 0.92m 0.54 10.2 38.2
1000 0.98 m 0.41 5.6 25.5

"45° bend angle, all others are 90°

4.3.2 Comparison with Temporal Broadening Model

The autocorrelation measurements of the temporal pulse broadening for straight and bent
waveguides are listed in

Table 4-4. Pulse broadening in hollow waveguides is mainly a result of group delay of
the modes in the waveguide or intermodal dispersion. In general, the broadening
increases with waveguide bore diameter since the attenuation of higher order modes is
less in the larger bore waveguides. The higher order modes in these waveguides are not

“filtered” as efficiently as they are in the smaller bore waveguides and propagate through
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to the output where they are delayed with respect to the lower order modes. The
measured broadening in the straight 300 and 500 um waveguides is on the order of the
resolution of the autocorrelator. The number of modes present at the output of the
waveguides can be estimated from the pulse broadening which corresponds to the
difference in the group delay between the highest and lowest order modes. Following the
analysis in reference [10], the transverse phase constant # and number of transmitted LP
modes were determined for each of the waveguides. The results are listed in Table 4-4.
The number of transmitted modes generally increases with both waveguide bore diameter
and bend. A minimum of two modes are estimated for the straight 300 um waveguide,

while the number of transmitted modes for the bent 1000 pm waveguide is more than 50.

Table 4-4. Pulse Broadening in Hollow Waveguides

Bore Diameter | Straight (fs) Bent 500mm, - (fs) u, straight u, bent
(LP mode order) (LP mode order)
300 4 - 3(2) -
500 6 13" 5(4) 6 (6)
750 15 22 9(13) 11 (19)
1000 24 69 16 (35) 26 (>50)

"45° bend angle

The measured values for temporal broadening were compared to a refined ray tracing
program that took into account roughness of the internal reflecting and refracting inner
layers [16]. A comparison between the experimental measurements and calculations
conducted at identical parameters are listed in Table 4-5. The 500 um bore diameter
dispersion values are for a 0.5 m length of waveguide, compared to nearly 1 m lengths for
the other bore diameters. Overall, good agreement is found between experiment and

theory, with as little as 8% difference between experiment and simulation [16].
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Table 4-5. Comparison between the experimental and calculated values for pulse
dispersion in hollow silica waveguides [15]

Bore Dia. (um) Waveguide Theoretical Theoretical Experimental
Smooth Rough
500 Straight 9 11 6
Bent" 11 18 13
750 Straight 17 22 15
Bent” 19 30 22
1000 Straight 26 30 24
Bent” 60 75 69
R =500 mm

4.3.2.1 Damage

No damage was observed in the straight waveguides for input energies up to 700 pJ. In
fact, a long term power delivery study was conducted in which 430 pJ was delivered
through a straight 750 um waveguide over a period of 8 hours without a loss in power or
waveguide degradation. However, damage was observed in the 750 um waveguide when
it was bent with 300 pJ input with perpendicular polarization after only a few minutes of
irradiation. Damage spots, in which the silver coating was discolored, were present along
the outer edge of the waveguide at several areas along the bend (Figure 4-30). This is
likely due to the shift in electric field distribution to the outer edge which occurs in bent

waveguides [70].
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Figure 4-30. Damage in 750 um hollow waveguide with 300 pJ input pulses as a result
of bending

4.3.3 Conclusions

The transmission characteristics of commercially available hollow waveguides with four
different bore diameters were determined for ultrashort pulses from a Ti:Sapphire laser.
A telephoto lens system was used to efficiently couple the laser to the HE;; mode at the
waveguide input. The waveguides exhibited low loss when straight and significantly
higher losses when bent, due to excitation of lossy higher order modes. Beam intensity
profiles confirmed that most of the energy remained in the HE;; mode at the output of the
straight waveguides and multiple intensity peaks were present for the bent waveguides.
Autocorrelation measurements show increasing pulse broadening with waveguide bore
diameter and bend. The number of transmitted modes was estimated from the pulse
broadening and it was shown that the mode order increases with both waveguide bore
diameter and bending. No damage was observed for up to 700 pJ in the straight
waveguides, but 300 pJ was sufficient to damage the 750 um waveguide when bent. This
damage was in the form of discoloration of the silver coating at several spots along the

outer waveguide wall along the bend.
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5 Femtosecond Direct-Written
Waveguide Arrays

In this chapter, the femtosecond direct-write technique is used to fabricate optical
waveguide arrays in soda-lime glass and fused silica substrates. A brief background on
the technique is given as well as examples of prior art. The main variables at play during
waveguide writing are discussed and the experimental setup is described in detail. The
conditions required to obtain single-mode waveguides in each substrate type are
determined. The concept of supermode ‘tailoring’, as described and modeled in section
3.3, is also tested by fabricating common-core waveguide arrays with varying center-core
properties in both soda-lime glass and fused silica. The central core refractive index and
diameter are shown to be key variables in tailoring the guided modes in common-core

arrays as predicted in Chapter 3 by the Scattering Matrix Method (SMM) model.

5.1 Laser Direct-Writing

Laser direct writing in transparent materials was first described by Sopori and Chang in
1978, when they used a CO, laser to write a densified track in a thin film of Na,0/SiO,

[71]. Femtosecond laser direct-written waveguides were first reported by Davis ef al. in
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1996 [12]. In short (see Chapter 2 for a more in-depth discussion on the physics of
femtosecond pulse-material interaction), when a femtosecond pulse of sufficient energy
is focused inside the bulk of a transparent material, multiphoton absorption, nonlinear
ionization, optical breakdown and subsequent plasma formation occurs near the beam
waist. Rapid quenching and re-solidification follow, resulting in morphological,
chemical and physical changes to the material. By translating the substrate with respect
to the beam, a modified line is ‘written’ in the material. The process is very dependent
on the writing conditions, e.g. pulse width, translation speed, pulse energy, repetition
rate, focusing conditions and material properties. When the conditions are within a
narrow optimal range for writing waveguides, the refractive index within the focal
volume is increased with respect to the surrounding material due to densification.
Typical values of the refractive index increase, An, are on the order of 10 to 10”. Other
phenomenon, such as color-centers or void formation may also result depending on the
type of material and writing conditions.

Direct writing of waveguides in bulk transparent substrates using femtosecond
laser pulses has opened the possibility to fabricate complex three-dimensional devices
that would have been impractical with technologies such as planar fabrication or ion-
exchange [12]. A number of waveguide properties such as diameter, cross-section, depth
and refractive index can be finely tuned by controlling the characteristics of the writing
beam. Since the process relies on nonlinear or multiphoton absorption, it is amenable to
a variety of transparent substrates and material modifications can be confined to a small
focal volume. Several groups have demonstrated the ability to direct-write three-

dimensional devices such as splitters [72], directional couplers [73], interleavers [74] and
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interferometers [75]. Linear, cubic and hexagonal direct-write waveguide arrays have
also very recently been fabricated by Szameit et al.; their group has also characterized the
coupling characteristics of these devices and demonstrated spatial soliton formation at

high peak powers [76].

5.1.1 Waveguide Writing Variables

Although many of the following variables are fixed in this work, it is important to
understand their effect on the waveguide writing process and to define the phase space

over which single-mode waveguides can be fabricated.

5.1.1.1 Materials

The list of materials investigated by researchers continues to grow. These include
organic glasses, inorganic glasses, polymers, thin films and crystalline materials. The
type of index change induced by femtosecond laser pulse processing is dependent on the
type of material. For example, some materials exhibit lower refractive index changes
[77] or color centers [32]. The magnitude of the induced index difference for a given
writing pulse is also material dependent. Of special interest in this work are silicate
glasses, in particular soda-lime glass (Corning 0215) due to its low cost and widespread
availability and fused silica (Corning HPFS) due to its lack of impurities, well known

properties and prevalent use in the fields of fiber optics and optical waveguides.
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5.1.1.2 Parallel versus Perpendicular Writing

Two different waveguide writing configurations that are often used are parallel (a.k.a.
longitudinal) and perpendicular (a.k.a. transverse or side-writing). These are in reference
to the way in which the beam is focused into the sample, i.e. either parallel to the optical

axis or perpendicular to it respectively as shown in Figure 5-1.

= Q}
l AN

=1

[

Figure 5-1. Parallel (left) and perpendicular (right) waveguide writing schemes. The
arrow indicates the movement direction of the substrate.

Each method has obvious advantages and disadvantages. Parallel writing can produce
waveguides with a circular cross-section, however, waveguide length is limited by the
working distance of the focusing lens. Also, since the writing depth is constantly
changing and comparatively large, parallel writing is more susceptible to optical
absorption, spherical aberrations and nonlinear effects. Perpendicular writing has the

advantage that the writing depth can be maintained, typically at a shallow depth, during
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writing so as to avoid absorption, aberrations and nonlinearities. It can also be used to
write arbitrarily long waveguides, limited in length only by the substrate size or
translation stage limits. Its main drawback is that, unless the beam is focused to a very
small spot size (using a high numerical aperture, short focal length lens), the waveguide
cross-section is non-circular and elongated along the optical axis. Perpendicular writing
is often the preferred technique and therefore a number of groups have developed
methods to correct the waveguide symmetry. The method of astigmatic focusing,
described by Cerullo ef al. [78] is one such technique and is implemented in the

experimental setup in Section 5.3.1.1.

5.1.1.3 Focusing Conditions

As discussed in Section 2.1, the behavior of femtosecond pulses in transparent materials
is very dependent on the focusing conditions. Effects such as supercontinuum generation
and multiphoton-induced bulk damage typically have threshold values that can be
described in terms of the numerical aperture of the focusing lens [17]. Generally, for
small numerical apertures (i.e. loose focusing), supercontinuum generation can occur as a
result of significant spectral broadening due to nonlinear effects. This affects the writing
process in that material modifications can now occur as a result of linear or two-photon
absorption of the blue edge of the spectrum. Also, self-focusing and subsequent re-
focusing due to plasma formation can occur, resulting in multiple regions of material
modification. Conversely, large numerical apertures typically result in damage at
thresholds below the power of self-focusing and material modifications occur only within

the focal volume dictated by the focusing optics. All waveguides in this study were
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written using a 20x microscope objective with a numerical aperture of 0.4, which is
considered to be in the high numerical aperture regime. However, interesting effects,
including multiple zones of modification, which are typically associated with low NA

focusing are noted in Section 5.3.1.1 and are attributed to focusing an astigmatic beam.

5.1.1.4 Pulse Energy
The energy at which material modification occurs is highly dependent on the focusing
conditions. At low NA, the energy required to elicit a permanent change in the material
is higher, since self-focusing and/or blue edge supercontinuum light are responsible. At
high NA, the energy required for material modification is typically less than the threshold
of self-focusing, as multiphoton absorption and avalanche ionization readily occur in the
small focal volume [22].

Different regimes of material modification are also dependent on applied energy.
For example, silicate glasses exhibit a threshold for refractive index modification as well
as void formation. Refractive index modifications can be due to densification, localized
melting and re-solidification or color center formation. While each of these mechanisms
is dependent on the material and writing beam properties, they all rely on multiphoton
absorption and therefore have a nonlinear dependence on energy applied. Void formation
is associated with high energy pulses producing micro-explosions in the focal volume
that result in rapid expansion of hot electrons and ions into the surrounding material [33].

The writing pulse energy is the main variable in this work. The properties of the
written waveguides, namely the core diameter and the magnitude of the refractive index

change, are controlled by adjusting only the pulse energy. All other conditions were
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constant during the writing trials. Three writing pulse energies, each for the soda-lime
glass waveguides and the fused silica waveguides, were chosen to give three single-mode

waveguides that could be used in fabricating waveguide arrays with tailored supermodes.

5.1.1.5 Repetition Rate and Translation Speed

The waveguide writing process is also dependent on the repetition rate of the writing
pulses. Two regimes are often considered, with 1 MHz typically defined as the cutoff
between the low and high repetition rate regimes [22]. The 1 MHz cutoff is determined
by the time it takes thermal energy to diffuse out of the focal volume, which is on the
order of 1 ps. If the pulse repetition rate is faster than the thermal diffusion time,
successive pulses heat the material in and around the focal volume in a cumulative
fashion, until the material is modified to an extent to which the beam focus is interrupted
[22]. At this point no further material modification occurs. If the repetition rate is slower
than 1 MHz, then the electrons have sufficient time to transfer heat to the lattice between
pulses and structural changes are tightly confined to the focal volume.

The repetition rate is also closely related to the translation speed required to write
continuous structures. Modified volumes are often on the order of 1 um wide, so in order
to achieve sufficient overlap of successive pulses, and therefore obtain continuous
structures, low repetition rate lasers require slow sample translation speeds, typically <
100 um/s. On the other hand, high repetition rate lasers allow much faster translation
speeds, on the order of several mm/s. The direct-write waveguides in this dissertation

were written with a 1 kHz repetition rate and are therefore in the low repetition rate
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regime. The translation speed used to write waveguides with smooth boundaries was 20

pum/s.

5.1.1.6 Wavelength

Laser direct writing of structures in glass is typically accomplished using either UV lasers
or femtosecond lasers. UV lasers induce material modifications by absorption of single-
photons, with energies exceeding the material bandgap energy. Near-infrared (NIR)
femtosecond pulses, on the other hand, rely on multi-photon absorption and therefore
have an advantage over UV in many respects. For example, deep bulk modifications are
not possible with UV lasers, since the penetration depth is prohibitively short (typically
100 um or less). NIR femtosecond pulses, however, can penetrate much deeper into most
materials since their photon energy is less than the material bandgap energy and therefore
are well suited to bulk processing and the fabrication of three dimensional waveguides
[79]. The femtosecond laser used in this study has a central wavelength of 775 nm that

was fixed for all writing experiments.

5.1.1.7 Pulse Duration

In order for permanent structural changes to be induced in a transparent material, the
laser intensity must exceed the optical breakdown threshold. Since intensity is inversely
proportional to the pulse duration, it follows that long pulses will require more energy or
tighter focusing to achieve optical breakdown and plasma formation. The plasma that is
formed near the temporal peak of the pulse absorbs energy from the second half of the

pulse [22]. Shorter pulses require less energy to achieve optical breakdown and therefore
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deposit less energy into the plasma, thereby producing smaller, more confined structural
changes. In order for structural changes to be confined to a volume on the order of the
focal volume, the pulse duration should typically be less than a few hundred
femtoseconds, although waveguiding structures have also been fabricated with pulse
durations up to 1 picosecond [80]. The laser used in this study has a full-width at half-
maximum (FWHM) pulse duration of 135 fs that was fixed for all waveguide writing

experiments.

5.2 Waveguide Writing Setup

The experimental setup is illustrated in Figure 5-2. A Clark-MXR CPA-2010 Ti:Al,O3
regenerative amplifier was used for all waveguide writing experiments. It has a center
wavelength of 775 nm, a repetition rate of 1 kHz, a full-width at half-maximum (FWHM)
temporal pulse width of 135 fs and produces pulses with energies up to 1 mJ. The laser
power is adjusted using a half-waveplate and polarizer combination with the half-
waveplate mounted in a computer-controlled rotation stage. The typical output from the
half-waveplate and polarizer combination is plotted in Figure 5-3. The light reflected
from the polarizer is monitored using a photodiode. The photodiode signal is digitized
and recorded by a computer; this feedback provides a means by which the power can be

controlled using a simple algorithm to adjust the half-waveplate in situ.
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Figure 5-2. Experimental setup: 1. adjustable neutral-density filter, 2. pinhole, 3. half-
wave plate mounted in motorized rotation stage, 4. polarizer, 5. digitized photodiode, 6.
shutter, 7. beam expander, 8. aperture, 9. cylindrical telescope, 10. CCD camera, 11.
dielectric turning mirror, 12. microscope objective, 13. substrate
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Figure 5-3: Pulse energy as a function of half-waveplate rotation. Measured before the
microscope objective.

99



5.2.1 Spatial Filtering

The beam exiting the laser aperture is slightly elliptical due to the transmissive gratings
used in the chirped-pulse amplifier pulse compressor. Spatial filtering is therefore
required to attain a circular Gaussian beam. Due to the high intensities of focused
amplified femtosecond pulses, traditional spatial filters that require tight focusing through
a small pinhole cannot be used due to damage to the pinhole and air breakdown. Vacuum
spatial filters are often used with such high power systems; however, a simpler,
alternative spatial filter was used for the waveguide writing experiments. Here the beam
is first passed through a 600 um pinhole. Diffraction causes the light transmitted through
the pinhole to form an Airy pattern in the far field. The airy pattern is then expanded in a
4x beam expander and the center-most lobe of the Airy pattern is selected by transmitting
the beam through an aperture that blocks the fringes. A typical beam profile after the
aperture is shown in Figure 5-4. A significant amount of energy is lost using this method,
however, only a small fraction (< 1/500) of the overall energy produced by the amplifier

is actually required to write waveguides.

Figure 5-4: Beam profile after expander and aperture
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5.2.2 Astigmatic Beam Shaping

After weighing the positive and negative aspects of parallel and perpendicular waveguide
writing discussed in Section 5.1.1.2, perpendicular writing was chosen due to the ability
to machine at a constant depth over a large area. As discussed in Section 5.1.1.2, the
main drawback to perpendicular writing is the waveguide cross-sectional asymmetry.
This is caused by a narrow waist and relatively long Rayleigh range that are formed by
focusing a Gaussian beam through a spherical lens. Several groups have developed
alternative methods that give some control over the waveguide cross-sectional symmetry.
For example, Liu et al. used a multipass scheme to effectively widen the modified region,
thereby creating more symmetric waveguides. Moh ef al. inserted rectangular apertures
before the focusing objective in an astigmatic focusing technique that focuses the x and y
axes to different degrees and de-couples the Rayleigh lengths [81, 82]. The result is a
cross-section that is dependent on the geometry of the rectangular aperture. This
technique is a simplification of a method originally developed by Cerullo ef al. in which
they used a cylindrical telescope rather than a rectangular aperture to provide the
astigmatic beam [78, 83]. The advantage of their method is that the astigmatic difference
(and waveguide cross-section) can be continuously tuned by adjusting the distance
between the two lenses in the cylindrical telescope. Following the derivation in [83], the

intensity for a focused astigmatic Gaussian beam is given by:

. 2 2
Iy (x,,2) = Iy —2 =0 _oxp —2( Al y( J (3.16)

o.(z) »,(2)

where,
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o, (2)= 0, (2) 1+(LT (3.17)

and

(3.18)

In the preceding equations, /s the initial intensity, @, and @,, are the beam waists in
the x and y directions respectively, z,1s the distance between the beam waists and

Zae, =7 (@), 1 2) (3.19)

Ox,y
are the independent Rayleigh ranges.  The intensity in the vicinity of @, for an
astigmatic beam is shown in Figure 5-5. A cylindrical telescope that provides 3x de-

magnification in the y-direction was used to shape the beam. A typical beam profile at

the output of the cylindrical telescope is shown in Figure 5-6.

Figure 5-5: Left: Model of focused astigmatic beam in the vicinity of @, . Right:

Constant surface of intensity at @, sufficient for material modification.
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Figure 5-6: Beam after cylindrical telescope.

5.3 Soda-Lime Glass Waveguides

Sodium calcium silicate (22Na,0-3Ca0-75Si0;) or soda-lime glass is the most common
and widely available type of glass and is often used as a base component for more
complex glasses. Commercially available soda-lime glass typically contains impurities
such as Fe’' that shift the absorption edge to a lower energy and contribute to
photoionization. Several groups have investigated color-center formation (darkening) in
both high [84] and low-purity [26] soda-lime glass substrates irradiated by femtosecond
laser pulses and defect types and kinetics are fairly well understood. In this section,
waveguides are directly written in commercially available soda-lime glass substrates
(Corning 0215) using femtosecond laser pulses. Waveguides are characterized based on
cross-section, refractive index change and mode quality. Three single-mode waveguides
with different mode-field diameters are selected and used to investigate supermode

tailoring and discrete diffraction in waveguide arrays.
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5.3.1 Single Waveguide Characterization

In order to fabricate arrays for investigating the tailoring of waveguide supermodes, at
least three single-mode waveguides are needed that vary in diameter and/or refractive
index. The waveguide cross-sections must be circularly symmetric to ensure directional
independence in evanescent coupling and the refractive index change and core diameter
must be small enough to ensure single-mode operation. Experimental matrices were set
up to determine firstly, the proper cylindrical telescope lens spacing and astigmatic
difference for producing circularly symmetric waveguides and secondly, the proper

writing pulse energy to ensure single-mode operation.

5.3.1.1 Waveguide Shaping Using Astigmatic Focusing

As discussed in Section 5.2.2, a cylindrical telescope is used to provide beam shaping for
astigmatic focusing, which can produce waveguides with circular cross-sections given the
proper writing conditions. In this section, the astigmatic difference and pulse energy are
varied to determine the writing conditions that result in waveguides with circular cross-
sections.

The waveguide cross-section dependence on the astigmatic difference (the
distance between the beam waists in the x and y directions) was evaluated by writing a
matrix of short waveguides (250um in length) while varying the distance between the
two lenses of the cylindrical telescope. The distance between the two lenses was adjusted
in increments of 500 um over a total distance of 4 mm. The writing pulse energy was
fixed at 3.3 pJ and the beam was focused 500 um below the surface of a 25 mm x 25 mm

x 1 mm substrate using a 20x, 0.40 NA microscope objective. The resulting matrix is
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shown in Figure 5-7. From the figure, it is apparent that not only does the cross-section
vary with the astigmatic difference, but also the number and locations of the regions of
refractive index change as well as the area and extent of darkening. The multiple zones
of refractive index change for astigmatic differences other than zero can be explained by
the separation of the focal planes in the x and y directions. The waveguide is formed at

the waist in the x-z plane (@, ), while the waist in the y-z plane (®,,) can contribute to

smaller refractive index changes or darkening away from the waveguiding region. This is
illustrated in Figure 5-8, which is a simulation of the intensity profile in glass for varying
the astigmatic difference over a range from 0 um to 160 um. When both waists are close
or overlapping (i.e. astigmatic difference of zero), the modified region is elongated along

the z-direction and the glass is darkened. As the astigmatic difference increases, @, is
shifted away from the waveguiding region (@, ). If the intensity is sufficient, material
modification will occur at @,,. However, as the contour plot in Figure 5-8 shows, the
intensity at @, is significantly smaller than at @, , so modification in this region can be
eliminated by simply reducing the writing beam energy until the intensity within @, is

below the modification threshold.
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Figure 5-7. Matrix of waveguides written with varying astigmatic differences. Writing
pulses are incident from the top. Left: DIC image, Right: Image through crossed

polarizers.
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Figure 5-8. Simulation of astigmatic focusing in glass for Z, varied from 0 to 160um.

The waveguide written with an astigmatic difference of 80um (third from the left in
Figure 5-7) exhibited the best circularity and was used to write a matrix of 250 um long
waveguides with pulse energies of 0.1, 0.2, 0.6, 1.1, 1.7, 2.4, 3.0, 3.3, 3.5, 4.4 and 4.5 pJ
from left to right in Figure 5-9 and Figure 5-10. The DIC image in Figure 5-9 shows a
long photo-darkened region above the waveguide for pulse energies greater than 1.7 pJ.
Polarization microscopy of the same waveguides (Figure 5-10) indicates stress-induced

birefringence for all waveguides written with pulse energies greater than 1.1 pJ, with
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intensity increasing with writing pulse energy [85]. However, the photo-darkened region

above the waveguides appears to remain isotropic.
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Figure 5-9. DIC image of matrix of waveguides written with varying pulse energy and
Zi=40um.
In order to characterize the modified region in the x-z plane, the substrate was scanned at
a velocity sufficient to cause each pulse to be incident on a fresh volume of material (i.e.
not overlapping with previous pulses), thereby creating single “disks” of modified glass.
These “disks” are shown in Figure 5-11 for writing speeds of 5 mm/s and 2.5 mm/s from

left to right respectively.

Figure 5-10. Polarization microscopy image of matrix of waveguides written with
varying pulse energy and Z;=40pm.
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Figure 5-11: Top view DIC microscopy image of individual astigmatically-shaped
femtosecond pulse modified “disk” regions in soda-lime glass. Left: Smm/s translation
speed, Right: 2.5 mm/s translation speed.

The thickness of the disk is on the order of 1 um, which dictates that the translation speed
should be < 1 mm/s achieve overlapping of successive disks. In practice, however,
significant overlap is required to achieve waveguides with smooth boundaries. It is of
interest to note that devices exist that make use of these types of individual regions of
modification, namely type Il waveguides [80] and fiber Bragg gratings [86]. However,
the main focus of this research is evanescent coupling of continuous core waveguides, so

they are not considered in this dissertation.

5.3.1.2 Near-field beam profiles versus writing pulse energy

A series of waveguides was written with pulse energies ranging from 1.0 to 1.7 pJ and
astigmatic difference of Zo= 80 um, slightly larger than the optimum value of Zy=40 um
that was determined in Section 5.3.1.1. The near-field beam profiles of three waveguides

that were single-mode at 633 nm (measured using the setup illustrated in Figure 5-12) are
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shown in Figure 5-13. The waveguides were written with pulse energies of 1.1, 1.2 and
1.3 pJ. They have a measured near-field x-width (y-width) of 14.1 pm (14.8 um), 12.7

pm (13.2 um) and 11.8 pm (12.0 um) respectively.

HeNe, 633nm Filter Camera
R | e
Beam 10x 5%
Expander objective objective

Figure 5-12. Setup for examining the waveguide near-field beam profiles at 633nm.

Figure 5-13. Near-field beam profiles of single-core waveguides written with translation
speeds of 20 pm/s and pulse energies of 1.1, 1.2 and 1.3 pJ from left to right respectively.

5.3.1.3 Index change (An) versus writing pulse energy

The numerical apertures of the waveguides in Figure 5-13 were measured using the
method described in [87]. The induced refractive index change, An was estimated from
the measured numerical apertures using the equation NA =+/2nAn which applies for
step-index waveguides with small An [87]. Here, n is the refractive index of the soda-

lime glass substrate. The An for the three waveguides in Figure 5-13 was estimated to be
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0.7x107, 1.0x10™ and 1.3x107 for the 1.1, 1.2 and 1.3uJ waveguides respectively (NA =

0.046, 0.056 and 0.062 respectively).

5.3.1.4 Color Center Characterization

As mentioned in section 2.4.1, color centers in soda-lime glass are attributed to trapped
hole centers which link non-binding oxygen holes and neutral Na atoms. The color
centers induced in short waveguides in the soda-lime glass were characterized using
Laser Scanning Confocal Microscopy (LSCM). A matrix of 250 um long waveguides
was written at 20 pum/s with writing pulse energy varied from 0.03 to 4.5 pJ. The
waveguides were scanned with 488 nm light from an Ar' laser, which caused
fluorescence of the non-bridging oxygen hole centers at 620 nm [30]. The fluorescent
light was passed through a filter with a passband > 510 nm and measured with a
photomultiplier tube (PMT). The resulting scanned image from the PMT is shown in

Figure 5-14. The fluorescent intensity is clearly proportional to the writing pulse energy.
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Figure 5-14. Laser Scanning Confocal Microscopy (LSCM) image of waveguides; Left:
dark areas indicate fluorescence from color centers. The writing pulse energy from left to
right was: 4.5, 4.4,3.5,3.3,3.0,2.4,1.7, 1.1, 0.5, 0.15 and 0.03 pJ; Right: color center
fluorescent intensity
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LSCM is also useful for determining the cross-sections of color-center containing
waveguides. Five waveguides written with translation speeds of 20 pm/s, pulse energies
of 5 wJ and varying astigmatic differences, were scanned at 21 planes throughout their
depth and images were stacked and interpolated to determine the waveguide cross-
sections. The resulting images are shown in Figure 5-15.

Further confirmation of fluorescent color centers in femtosecond direct-written
soda-lime glass waveguides was obtained by end-fire coupling 532 nm light from a
diode-pumped solid-state laser. Florescence from color centers causes the waveguide to

appear orange when viewed from the side using a stereoscope as shown in Figure 5-16.

Reconstructed
cross-sections

_)

Figure 5-15: Waveguides written in soda-lime glass with astigmatically-shaped
femtosecond pulses. The astigmatic difference was adjusted for each waveguide to
determine the effect on the waveguide cross-section. Left: DIC microscopy image of
waveguides. Right: Laser Scanning Confocal Microscopy (LSCM) false-color image of
waveguide fluorescence. Reconstructed waveguide cross-sections from z-stack are also
shown.
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Figure 5-16. Side image taken with CCD camera of waveguide in soda lime glass with
532 nm end-fire coupled with 5x objective. The waveguide appears orange due to
fluorescent color centers formed during waveguide writing.

5.3.2 Evanescently Coupled Waveguide Arrays

In this section, the supermode beam profiles of 3- and 7-core waveguides arrays in soda-
lime glass are examined as a function of the center core properties. Diffraction properties

are also determined for a short 7-core array.

5.3.2.1 3-core Array

In order to evaluate the effect of the center core properties on the array, three linear, 3-
core arrays were written in 1 mm thick soda-lime glass substrates with identical outer
cores and either smaller, equivalent or larger center cores. The outer cores were written
with 1.2 pJ pulses, the smaller center core was written with 1.1 uJ pulses and the larger
center core was written with 1.3 pJ pulses. All waveguides were written with a
translation speed of 20 pm/s at a depth of 500 um below the substrate surface using a
focused astigmatic beam with Zo= 80 um. The length of each array was 12 mm and the
center-to-center waveguide spacing was 15 um. Beam profiles of each of the individual

waveguides used to form the arrays are shown in Figure 5-13.
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The waveguide end faces were polished and light from a HeNe laser at a
wavelength of 633nm was endfire coupled into the center core of each of the arrays using
a 5x microscope objective with a numerical aperture of 0.09. The near-field beam

profiles, recorded at the output of each array, are shown in Figure 5-17 and Figure 5-18.
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Figure 5-17. Near-field beam profiles of 3-core waveguide arrays with 15 um center-to-
center core spacing. Left — all cores written with 1.2 pJ, Middle — outer waveguides
written with 1.2 pJ, middle core written with 1.1 pJ, Right — outer waveguides written
with 1.2 pJ, middle core written with 1.3 puJ. The writing speed for all waveguides was
20 pm/s.

Figure 5-18. 3-D views of waveguides in Figure 5-17.

Beam profiles of the fundamental supermode, calculated using the SMM with input

parameters determined from single waveguide measurements, are plotted in Figure 5-19.
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The model results are in good qualitative agreement with the observed experimental

profiles.

Figure 5-19. Scattering Matrix Method model of fundamental supermode for 3-core array

5.3.2.2 7-core Array
Three isometric, 7-core arrays were written in 1 mm thick soda-lime glass substrates with
identical outer cores and either smaller, equivalent or larger center cores. The outer cores
were written with 1.2 pJ pulses, the smaller center core was written with 1.1 pJ pulses
and the larger center core was written with 1.3 puJ pulses. All waveguides were written
with a translation speed of 20 um/s at a depth of 500 pm below the substrate surface. In
this case, however, the astigmatic difference was set to the optimum value determined in
Section 5.3.1.1 of Zy = 40 um. The length of each array was 12 mm and the center-to-
center waveguide spacing was 15 um for each array.

As for the 3-core arrays, the waveguide end faces were polished and light from a
HeNe laser at a wavelength of 633 nm was end-fire coupled into the center core of each
of the arrays using a 5x microscope objective with a numerical aperture of 0.09. The
near-field beam profiles, recorded at the output of each array, are shown in Figure 5-20
and Figure 5-21. The waveguides appear to support the higher-order LP;; mode in
addition to the fundamental mode at 633 nm. The LP;; mode was also excited for 775

nm coupling (data not shown). The likely cause that the waveguides are multimode is
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that the refractive index of the core was likely increased above the measured values in
Section 5.3.1.3 when the astigmatic difference was changed from Z, = 80 um to Zy= 40
pum given the same writing pulse energies. One trend that is clear in the three arrays is
the stronger confinement of light to the central core as its writing pulse energy is

increased.

.-

Figure 5-20. Near-field beam profiles of 7-core waveguide arrays femtosecond-written in
soda-lime glass. A 633 nm HeNe beam is endfire coupled. The waveguides are 12 mm
long, spaced 15 um center-to-center. All outer cores are written with 1.2 pJ pulse
energy. Center cores are written with pulse energies of 1.1, 1.2 and 1.3 uJ for the arrays
on the left, middle and right respectively. The writing speed for all waveguides was 20
um/s. The astigmatic difference was Zy =40 um.

Figure 5-21. 3-D views of waveguides in Figure 5-20.
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5.3.2.3 Far-field Analysis

In addition to the 12 mm long 7-core arrays in Section 5.3.2.2, short (250 um long) 7-
core arrays were also written under the same conditions. A polarization microscopy
image of the cross-section of an array with all cores written with 1.2 uJ pulses is shown
in Figure 5-22. The array was end-fire coupled with 532 and 633 nm light from a diode-
pumped solid-state and HeNe laser respectively using a 5x microscope objective with a
numerical aperture of 0.09. The far-field diffraction pattern that resulted from
simultaneous coupling of the two laser sources is shown in Figure 5-22. The central lobe
appears white due to high on-axis intensity. Also, the angle of diffraction is greater for
the longer wavelength (633 nm) light as expected. The diffraction was modeled using
Fraunhofer’s diffraction theory with each core assumed to be identical with equal field
strength [88].  Figure 5-23 shows the comparison between the simulated and
experimentally observed far-field for 532 nm coupling at a distance of 380 mm from the
array output. Figure 5-24 shows the comparison for 633 nm coupling. Reasonable
qualitative agreement is found between the measured and experimental profiles for both

cascs.
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Figure 5-22. (Left) Polarization microscopy image of 250 um long, 7-core array end
face. (Right) Far-field pattern from 250 um long, 7-core array with simultaneous
excitation of 532 and 633 nm at a distance of 380 mm from the array output
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Figure 5-23. Comparison of simulated (left) and experimental (right) far-field intensity
profiles from a 250 um long, 7-core array with 532 nm excitation at a distance of 380
mm from the array output
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Figure 5-24. Comparison of simulated (left) and experimental (right) far-field intensity
profiles from a 250 um long, 7-core array with 633 nm excitation at a distance of 380
mm from the array output

117



5.4 High-Purity Fused Silica (HPFS) Waveguides

Fused silica is widely used in the fabrication of optical fibers and waveguides due to its
high damage threshold, low optical loss and low absorption. The substrates used in this
section are 25 mm %X 12 mm x 1 mm HPFS® Standard Grade, Corning code 7980, which
is a high purity synthetic amorphous silicon dioxide manufactured by flame hydrolysis
[89]. As in the previous section, waveguides are directly written in the substrates using
femtosecond laser pulses. Waveguides are characterized based on cross-section,
refractive index change and mode quality. Three single-mode waveguides with different
mode-field diameters are selected and used to investigate supermode tailoring and
discrete diffraction in waveguide arrays. Arrays with common central cores, comprising

3-, 4- and 7-cores are investigated.

5.4.1 Single Waveguide Characterization

As in the case of the soda-lime glass waveguides, three single-mode waveguides are
needed that vary in diameter and/or refractive index in order to fabricate waveguide
arrays. Experimental matrices were set up to determine firstly, the proper cylindrical
telescope lens spacing and astigmatic difference for producing circularly symmetric
waveguides and secondly, the proper writing pulse energy to ensure single-mode

operation.

5.4.1.1 Waveguide Shaping Using Astigmatic Focusing
A series of waveguides were written for varying astigmatic differences (Zo) as in Section

5.3.1.1. Short waveguides, 250 pm in length were written at a pulse energy of 2 uJ and a
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translation speed of 20 um/s, 500 um below the surface of the substrate. The waveguide
end faces were then polished, etched in 36 wt. % hydrofluoric acid (HF) for 10 minutes to
selectively etch the higher index waveguiding regions [90] and then sputter coated with
platinum. A scanning electron micrograph of the waveguide cross-sections is shown in
Figure 5-25. The arrow indicates that the value of Z, chosen to write waveguides with
cylindrical cross-sections was between the values used to write the two adjacent

waveguides. In this case, Zo = 50 um resulted in symmetric waveguide cross-sections.
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Figure 5-25. Waveguide cross-sections for varying astigmatic difference, Z.

5.4.1.2 Index change (An) versus writing pulse energy

The refractive indices of waveguides written with pulse energies ranging from 1.1 to
1.5uJ were determined using the same method as in 5.3.1.3, whereby the refractive index
is determined from numerical aperture measurements. The index change, An, is plotted
in Figure 5-26 as a function of writing pulse energy. The shaded region in the figure
represents waveguides that support multiple modes at a wavelength of 775 nm and are

therefore not considered for this study. The three waveguides written with pulse energies
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of 1.1, 1.15 and 1.2 pJ, however, were single-mode at 775 nm. These waveguides were

selected for fabricating arrays. More in-depth characterization of their properties follows.
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Figure 5-26. Induced refractive index change as a function of writing pulse energy.

5.4.1.3 Microscopy of Single-Mode Waveguides

Cross-sections of the single-mode waveguides written with pulse energies of 1.1, 1.15
and 1.2 pJ were examined by polishing the end-faces, etching in 36 wt. % hydrofluoric
acid (HF) for 10 minutes, sputter coating with platinum and imaging in a scanning
electron microscope (SEM). Core diameters, measured from scanning electron
micrographs (Figure 5-27), were 4.9, 9.0 and 9.6um for the waveguides written with 1.1,
1.15 and 1.2puJ pulses respectively. The aspect ratios for all waveguides were on the
order of 1.1 to 1.0 (x o y). The uniformity of the waveguides can be seen in the

differential interference contrast microscope image taken from the side (Figure 5-28).
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Figure 5-27 Waveguide cross-sections for fixed Z, and writing pulse energy of 1.1, 1.15
and 1.2 pJ from left to right respectively.
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Figure 5-28. DIC image of waveguides written with translation speed of 20 um/s and
pulse energies of 1.2, 1.15 and 1.1 pJ from top to bottom respectively.

Figure 5-29. Polarization microscopy images of waveguide cross-sections for 250 pm
long waveguides written with pulse energies of 1.1, 1.15 and 1.2 pJ from left to right
respectively.
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The waveguide end faces of short (250um long) sections were also examined using
polarization microscopy in order to observe their interference figures. The intensity of
the interference patterns for each of the waveguides in Figure 5-29 increased with
increasing writing pulse energy, indicating stress-induced birefringence similar to the

case discussed in Section 5.3.1.1.

5.4.1.4 Near and Far-field Beam Profiles of Single-Mode Waveguides
Near-field beam profiles of each of the three single-mode waveguides for 775 nm
coupling are shown in Figure 5-30. The output is symmetric with the degree of field

confinement to the core increasing with increasing core refractive index.
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Figure 5-30. Near-field beam profiles of 11 mm long waveguides written with pulse
energies of 1.1, 1.15 and 1.2 pJ from left to right respectively.
The far-field beam profiles of each of the arrays for 633 nm coupling are shown in Figure
5-31. The fringes are due to interference between the guided and un-coupled pump light
and were used to estimate the core refractive index in Section 5.4.1.2. The fringes extend
farther away from the center for increased writing pulse energy due to increased

refractive index and numerical aperture.
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Figure 5-31. Far-field beam profiles of 11mm long waveguides written with pulse
energies of 1.1, 1.15 and 1.2pJ from left to right respectively.

5.4.1.5 Waveguide Loss

Waveguide loss was estimated using the scattering technique described in [91]. In the
technique, it is assumed that the intensity normal to a given point along a waveguide is
proportional to the intensity of light in the waveguide at that point. Mapping of the decay
of intensity along the waveguide will therefore give the loss coefficient. Given the
equation

In(Z,)=In(1,)-aL (5.1)

where [; is the scattered intensity after a propagation length L, Iy is the initial intensity
and a is the loss coefficient to be determined [91], it is possible to calculate a if the
scattered intensity along the waveguide is known. Scattered intensity was extracted from
images of the waveguides taken with 633 nm coupling using a camera attached to a
stereoscope. An image of the scattered intensity from the 1.15 uJ waveguide is shown in
Figure 5-32. The intensity was sampled over a 6 mm long section of the waveguide as
indicated by the rectangular box; the region was chosen away from the input and output

facets to exclude the large amount of scattered light in those areas.
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A linear fit to the scattered intensity is shown in Figure 5-33. The retrieved loss
coefficient was a = 0.1 cm™, which corresponds to a loss of 0.45 dB/cm. This is

comparable to typical values reported in the literature [28].

Figure 5-32. Top view of 633nm light scattering for waveguide written with 1.15uJ
pulses.

X
@

w
?

In(Intensity) arb. units
X
n

X
o

—
N
w
-
o
o
~
0
©

Waveguide Length (nmm)

Figure 5-33. Scattered intensity along the length of the waveguide in Figure 5-32.
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5.4.2 Evanescently Coupled Waveguide Arrays

In this section, waveguide arrays with 3-, 4-, and 7-cores are evaluated. Similar to the
experiments for soda-lime glass, three arrays of each type are fabricated to investigate the

effect of varying the center core properties on the array.

5.4.2.1 Three-Core Array

Three linear, 3-core arrays were written in 1 mm thick high-purity fused silica substrates
with identical outer cores and either smaller, equivalent or larger center cores. The outer
cores were written with 1.15 pJ pulses, the smaller center core was written with 1.1 pJ
pulses and the larger center core was written with 1.2 pJ pulses. All waveguides were
written with a translation speed of 20 pm/s at a depth of 500 um below the substrate
surface using a focused astigmatic beam with Zyo= 50 pum. The length of each array was
10.3 mm and the center-to-center waveguide spacing was 10.5 um for each array.

Polarization microscopy images of each of the arrays are shown in Figure 5-34.

Figure 5-34. Polarization microscopy images of 3-core waveguide arrays with outer
cores written with 1.15 pJ pulses and center cores written with 1.1, 1.15 and 1.2 pJ pulses
from left to right respectively.

The waveguide end faces were polished and light from a HeNe laser at a wavelength of

633 nm was end-fire coupled into the center core of each of the arrays using a 5X

microscope objective with a numerical aperture of 0.09. The near-field beam profiles,
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recorded at the output of each array, are shown in Figure 5-35. For comparison, the

fundamental supermodes, calculated from the SMM, are plotted in Figure 5-36.
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Figure 5-35. Experimental near-field output beam profiles from 3-core array. Left:
smaller center core, Middle: all cores equivalent, Right: larger center core
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Figure 5-36. SMM simulated near-field output beam profiles of the fundamental
supermode for the 3-core array. Left: smaller center core, Middle: all cores equivalent,
Right: larger center core

In a perfectly symmetric array, coupling to the center core at the waveguide array input
will excite both the fundamental, in-phase supermode (LPy;) as well as the anti-phase
supermode (labeled LP,; in Figure 3-3) in which the center core is 7 out of phase with the
outer cores. Power will then be transferred back and forth between the center and outer
cores along the length of the array with a beat length determined by the difference in the
supermode propagation constants. In order to determine the power coupling among the
cores in the array along its length, a 10x microscope objective attached to a CCD camera
was scanned along the length of the array. Images that were 540 um wide were taken
every 500 um so that a composite image of the scattered intensity could be obtained. As

shown in Figure 5-37, the beam is coupled to the center core on the left where the
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intensity is highest. Maximum transfer of power from the center core to the outer cores
occurs at approximately 2.5 mm after the input, after which the power is transferred back
into the center core and the process repeats. Coupled mode analysis was used to simulate
the coupling using measured properties of the waveguides combined with the results from
the SMM analysis. The simulated power coupling along the length of the array is shown

in Figure 5-38.
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Figure 5-37. Composite image of scattered intensity along 3-core array with 633 nm
light coupled to the center core
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Figure 5-38. Coupled mode analysis simulation of the array power coupling
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Good qualitative agreement is found with the main difference being that the model does
not take into account waveguide loss, which is apparent in Figure 5-37. In an effort to
obtain a more quantitative analysis comparing the experimental and simulated data, the
scattered intensity for each individual waveguide was plotted along the length of the
array in Figure 5-39. The simulated normalized power along the length of the array is
plotted in Figure 5-40. The coupling length for the experimental waveguides is
approximately 2.5 mm, while the coupling length for the simulated array is 2.56 mm.
Also, the minima in the experimental plot are close to zero, indicative of a very small

difference in the propagation constants of individual waveguides.
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Figure 5-39. Scattered intensity for individual waveguides of the 3-core array
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Figure 5-40. Simulated normalized power along the length of the 3-core array. Black
(solid line): Center core, Red (dashed line) outer cores

5.4.2.2 Four-Core Array

Three 4-core arrays in a triangular configuration were written in 25 mm X 12 mm X 1 mm
Corning 7980 high purity fused silica substrates with identical outer cores and either
smaller, equivalent or larger center cores [14]. The outer cores were written with 1.15 pJ
pulses, the smaller center core was written with 1.1 pJ pulses and the larger center core
was written with 1.2 pJ pulses. All waveguides were written with a translation speed of
20 um/s at a depth of 500 pm below the substrate surface using a focused astigmatic
beam with Zy = 50 um. Since the damage threshold of the fused silica is significantly
lower at the air interface than in the bulk, waveguides were written 200um away from the
substrate edge in order to reduce the intensity of the coupled light on the input facet. The
length of each array was 11 mm and the center-to-center waveguide spacing was 12 um
for each array. Polarization microscopy images of each of the arrays are shown in Figure

5-41.
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Figure 5-41. Polarization microscopy images of 4-core waveguide arrays with outer
cores written with 1.15uJ pulses and center cores written with 1.1, 1.15 and 1.2 pJ pulses
from left to right respectively.

The waveguide end faces were polished and 775 nm, 135 fs pulses were endfire
coupled into the center core of each of the arrays using a 5x microscope objective with a
numerical aperture of 0.09. The input pulse energy was on the order of 1 nJ for all cases
tested. The near-field beam profiles, recorded at the output of each array, are shown in
Figure 5-42. For comparison, the fundamental supermodes, calculated from the SMM,
are plotted in Figure 5-43. Although the theoretical fundamental supermode profiles and
experimental beam profiles are qualitatively similar, it is expected that due to the
coupling and excitation of the center core at the input, at least two supermodes (namely,
the symmetric and anti-symmetric) supermodes are propagating in the array. Numerical
coupling analysis confirms that the output would look similar to the profiles in Figure
5-42 given the waveguide length of 11 mm and excitation of both the LPy; and LPy
supermodes. Also, the near-zero minima between the waveguide cores for the all-cores-
equivalent experimental profile in Figure 5-42 suggests the presence of the LPy,

supermode.
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Figure 5-42. Experimental near-field output beam profiles from 4-core array. Left:
smaller center core, Middle: all cores equivalent, Right: larger center core
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Figure 5-43. SMM simulated near-field output beam profiles of the fundamental
supermode for the 4-core array. Left: smaller center core, Middle: all cores equivalent,
Right: larger center core
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5.4.3 Femtosecond Pulse Delivery

In this section, femtosecond pulses are coupled into femtosecond direct-written
waveguides and 7-core waveguide arrays. The output spectra, energy transmission,

temporal dynamics and beam profiles are recorded as a function of input pulse energy.

5.4.3.1 Femtosecond Pulses in Single-Core Waveguides

Femtosecond pulses were endfire coupled into three 11 mm long, single waveguides in
HPFS that were direct-written with writing pulse energies of 1.1, 1.15 and 1.2 pJ, labeled
small, medium and large respectively in the following figures. The properties of the

femtosecond pulses are listed in Table 4-1 and the same experimental setup was used as
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in Section 4.1.2.1. Pulses were also transmitted through 12 mm of bulk HPFS as a
control. The measured energy transmission through the three waveguides and bulk HPFS
as a function of input energy is plotted in Figure 5-44. The transmitted energy was
similar for all three waveguides, with slightly greater variation occurring above an input
energy of 1600 nJ. The transmitted energy through bulk HPFS, however, was about half
that transmitted through the waveguides up to an input energy of 2400 nJ, above which
the detected energy increased rapidly. This increase is likely due to either an in induced
refractive increase in the HPFS which acted as a waveguide and increased the light

coupled to the detector, the onset of self-focusing or both.

g

—a— small

—— medium

—¥— large

—e— HPFS (no waveguide)

Output Energy (nJ)

0O 500 1000 1500 2000 2500 3000
Input Energy (nJ)

Figure 5-44. Transmission through single-core femtosecond direct-written waveguides

The output spectra for HPFS only coupling is shown in Figure 5-45. A slight
broadening and blue-shifting is present at higher input energies. The output spectra for
each of the single waveguides as a function of input energy are shown in Figure 5-46.

The effect of self-phase modulation can clearly be seen through the increase in the
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number of peaks as the input energy is increased. The maximum nonlinear phase shift,

@... can be deduced from the number of peaks, M as [18]

Prax = [M ——jﬂ : (5.2)

Using Equation (5.2), ¢

max

for the waveguides written with 30, 400, 800, 1200, 1800 and

2200n] pulses is approximately 1.5w, 2.57, 3.57, 4.57, 5.57 and 6.57 respectively.

Wavelength (nm)

Figure 5-45. Output spectra for coupling to bulk HPFS.
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Figure 5-46. Output spectra for left: small, middle: medium and right: large core
waveguides with input energies of 30, 400, 800, 1200, 1800 and 2200 nJ from top to

bottom respectively.

134



The temporal dynamics as a function of input pulse energy were determined for
the single-core waveguides over an input energy range from 125 nJ to 1500 nl.
Interferometric autocorrelations of the input pulses are shown in Figure 5-47. Before
spatial filtering, the input pulse autocorrelation has the characteristic 8:1 peak:wing ratio.
Spatially filtered pulses have a 6.5:1 ratio due to a slight misalignment in the
autocorrelator. The FWHM pulse duration is estimated to be 100 fs, assuming a

Gaussian pulse shape.

— Filtered

300 200 100 O 100 200 300 300 200 100 O 100 200 300

Delay (fs) Delay (fs)

Figure 5-47. Interferometric autocorrelations of input beam without spatial filtering (left)
and with spatial filtering (right)

Interferometric autocorrelations of the output pulses are plotted in Figure 5-48. In
general, the autocorrelations are slightly asymmetric and have peak:wing ratios other than
8:1 due to minor alignment errors in the autocorrelator. Most notably, every
autocorrelation over the entire range of energies recorded exhibited a broadened
autocorrelation envelope and a narrowed interference pattern which is indicative of SPM-
induced chirp. The envelope broadening was more significant than in the case of the
solid-core PCF and increased with input pulse energy. Some of the more energetic input

pulses have envelopes which extended over more than 700 fs in the wings.
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Figure 5-48. Interferometric autocorrelations of output from femtosecond-written single-
core waveguides for given input pulse energies for 4.9 um (left), 9.0 pm (middle) and 9.6
um (right) core diameter waveguides
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5.4.3.2 Femtosecond Pulses in a 7-core Waveguide Array

Three isometric 7-core arrays were written in 1 mm thick high-purity fused silica
substrates with identical (9 pm) outer cores and either smaller (4.9 um), equivalent (9
um) or larger (9.6 um) center cores. The outer cores were written with 1.15 pJ pulses,
the smaller center core was written with 1.1 pJ pulses and the larger center core was
written with 1.2 pJ pulses. All waveguides were written with a translation speed of 20
um/s at a depth of 500 um below the substrate surface using a focused astigmatic beam
with Zop = 50 um. The length of each array was 11 mm and the center-to-center
waveguide spacing was 12 um for each array.

The waveguide endfaces were polished and femtosecond pulses were endfire
coupled into each of the arrays using the same experimental setup that was used in
Section 4.1.2.1. The input beam was centered on the center core of each of the arrays and
had a calculated diffraction limited waist diameter of 25 pum or roughly the array
diameter. This provided excitation of all cores at the input, rather than the center core
alone as was the case for the 3-core and 4-core arrays in Sections 5.4.2.1 and 5.4.2.2
respectively. By coupling to all cores simultaneously, preferential excitation of the in-
phase, fundamental supermode can occur [36]. The near-field beam profiles, recorded at
the output of each array for input pulse energies between 30 and 1000 nJ, are shown in
Figure 5-49. For comparison, the fundamental supermodes, calculated from the SMM,
are plotted in Figure 5-50. The experimental beam profiles are in good qualitative
agreement with the theoretical profiles in that the power distributions are as predicted for

the varying center core diameters and refractive indices.
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Figure 5-49. Output beam profiles for 7-core arrays with left: smaller center core, middle:
all cores identical and right: larger center core with input pulse energies of 30, 200, 600
and 1000nJ from top to bottom respectively.
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Figure 5-50. SMM simulated near-field output beam profiles of the fundamental
supermode for the 7-core arrays. Left: smaller center core, Middle: all cores equivalent,
Right: larger center core

The measured energy transmission through the three arrays as a function of input energy
is plotted in Figure 5-51. The transmitted energy was linear over the range tested for
each of the arrays, with the large center core array transmitting the most energy and the
array with smaller center core transmitting the least. Since the same coupling conditions
with the single waveguides resulted in similar transmission for all waveguides tested, the
differences in transmission for the arrays are possibly due to variations in coupling

efficiency to the array supermodes.
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Figure 5-51. Transmission through femtosecond direct-written waveguide arrays
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The output spectra for each of the 7-core waveguide arrays as a function of input energy
are plotted in Figure 5-52. In general, the degree of SPM induced spectral broadening
increases with input pulse energy as well as center core diameter and refractive index.
This is as expected, since the amount of light confined to the center core in the
fundamental supermode also increases with center core V-number. Since the array with
the larger center core also transmitted the most power, it is reasonable to assume that it
would also experience a higher nonlinearity than the other two cases. Compared to the
single-core waveguides in Section 5.4.3.1, the 7-core array with larger center core had
approximately three-fold higher transmission efficiency. For comparable delivered
energy of 200 nJ, the spectra of both the single waveguide(s) and the 7-core array had
roughly the same number of spectral peaks, though the depth of modulation was more
pronounced for the single waveguide case. The broadening was also similar for both
cases. The transmission efficiency for the 7-core array with all identical waveguides was
less than a factor of two higher than the single waveguide case. However, for an output
energy of 100 nJ, more spectral peaks were present than for single waveguides with the
same output energy. This could be due to the difference in phase shifts experienced in
the center core compared to the outer cores. The spectrum is essentially a summation of
the spectral components and their associated phase from each of the individual
waveguides in the array. Since the intensity in the center core is higher than it is in the
outer cores, light propagating in it experiences a larger phase shift. Likewise, each of the
outer cores is slightly different as is the intensity of the light propagating within them.
Summing the SPM contributions from all cores of the array will yield a complex

spectrum with multiple peaks that is sensitive to array defects. This effect is more
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distinct for the all-cores-identical array because the outer cores have sufficient intensity
to produce appreciable SPM. For the larger-center-core array, the outer waveguides had
lower intensity and the power in the center core dominated the phase shift. The effect is
also seen, to a lesser extent, in the array with smaller center core. For this case, the
power is mainly in the outer cores and although the intensity in each of the outer cores
varies, as observed in the profiles in Figure 5-49, the overall transmitted power is lower
than the other two arrays as plotted in Figure 5-51, resulting in decreased SPM in each

corc€.

141



Wavelength (nmj

T T
675 700 725 750 775 800 825 850 &5
Wavelength (nmj

675 700 726 TH) 775 800 825 850 875
Wavelength (nmj

—Tr—rTTr—T
675 700 725 750 775 800 825 850 &5
Wavelength (nmj

Wavelength (nmj

—r—TTrTr—TT
675 700 725 750 775 800 825 850 &5
Wavelength (nmj

T T T T T T T T 1
675 700 725 750 775 800 825 B850 &5

Wavelength (nm)

07T 7T T
675 700 725 750 775 800 825 850 675

Wavelength (nm)

000ttt p———y
675 700 725 750 775 BO0 825 850 &S
Wavelength

T T T T T T T T 1
675 700 725 750 775 8O0 825 8BS0 &5

Wavelength

T T T T T T T T 1
675 700 725 750 775 800 825 B850 &5

Wavelength

T T T T T T T T 1
675 700 725 750 775 800 825 850 &5

Wavelength

Figure 5-52. Output spectra for 7-core arrays with left: smaller center core, middle: all
cores identical and right: larger center core with input energies of 30, 200, 600 and
1000nJ from top to bottom respectively.
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5.4.3.3 Temporal Dynamics of 7-core Array

The filtered pulses plotted in Figure 5-47 were used as input pulses for the 7-core arrays.
In general, the temporal behavior as a function of input pulse energy was very similar to
that of the single core waveguides. Interferometric autocorrelations of the array output
pulses for input pulse energies from 125 nJ to 1500 nJ are plotted in Figure 5-53. Similar
to the single-core waveguide autocorrelations, the array autocorrelations were slightly
asymmetric and had peak:wing ratios other than 8:1 due to minor alignment errors in the
autocorrelator.  The autocorrelations also had broadened envelopes and narrowed
interference patterns from SPM-induced chirp. The envelope broadening also increased
with input pulse energy and extended over several hundred femtoseconds in the wings for

the most energetic pulses.

5.4.3.4 Output Diffraction from 7-core Array

In order to characterize the diffraction properties of the output from an array, beam
profiles were taken at 50 um increments away from the array end-face up to a distance of
500 pum for the 7-core array with smaller center core. The results were compared to a
theoretical model using Fraunhofer’s diffraction theory assuming all emitters had equal
amplitude coefficients. The results are plotted in Figure 5-54. Asymmetry in the
experimental profiles results from unequal power distribution among the cores at the
output of the array. However, reasonable qualitative agreement is found between theory

and experiment with the output forming an on-axis, high-intensity lobe in the far field.
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Figure 5-53. Interferometric autocorrelations of output from femtosecond-written 7-core
waveguide arrays for given input pulse energies for smaller (left), identical (middle) and
larger (right) center core diameters
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Figure 5-54. Theoretical (left) and experimental (right) diffraction patterns for the 7-core

array with smaller center core at 100, 200, 300 and 400 pm away (from top to bottom
respectively) from the array end face.
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5.5 Conclusions

Circular, symmetric, single-mode waveguides were successfully written in soda-lime and
fused silica glass substrates using the femtosecond direct-write technique. The soda-lime
glass waveguides exhibited strong fluorescent color-center formation that increased as a
function of writing pulse energy as determined through laser scanning confocal
microscopy. Three-core and 7-core arrays with tailored supermodes were written in
soda-lime glass. Output beam profiles of the 3-core arrays were in good qualitative
agreement with SMM calculated profiles. The individual waveguides of the 7-core
arrays in soda-lime glass were found to support the higher order LP;; mode due to a
change in the writing conditions and were not useful for examining supermode tailoring.
However, the far-field diffraction properties of short 7-core arrays were found to be in
good agreement with theory.

Single femtosecond direct-written waveguides in fused silica were characterized
to determine their numerical aperture, refractive index change, loss, and relative
diameters as a function of writing pulse energy. Writing conditions which produced three
different sizes of single-mode waveguides were then used to write arrays of 3-, 4- and 7-
cores for evaluation of supermode tailoring. Evanescent coupling was verified in the 3-
core array and was found to be in good agreement with a coupled mode analysis model.
Propagation of femtosecond pulses was tested in the three single waveguides as well as in
three 7-core arrays with different center cores. Beam profiles of the array outputs were in
good qualitative agreement with SMM simulations of the fundamental supermode.
Nonlinear and dispersive effects had appreciable consequences on the temporal dynamics

of both the single waveguides and the 7-core arrays when guiding femtosecond pulses.
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Spectral broadening was more symmetric for the single waveguides and the arrays
generally had more spectral peaks as a result of unequal phase shifts in the individual
cores of the array. The transmission was nearly the same for all three single waveguides,
whereas the array transmission increased with increasing center core diameter and

refractive index.
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6 Summary and Applications

6.1 Summary of USP Delivery in Specialty Fibers

Four distinctly different types of specialty fibers and waveguides were evaluated in this
dissertation: solid-core photonic crystal fiber, hollow-core photonic crystal fiber, hollow
silica waveguide and waveguide arrays. The performance and limitations of each for
delivery of high-peak-power ultrashort pulses were determined by recording output beam
profiles, transmission, output spectra and output autocorrelations as a function of input
pulse energy.

Solid-core photonic crystal fiber was evaluated in Section 4.1. Properties of the
tested fiber which made it a good candidate for USP delivery included a large mode area,
23 pm diameter core and endlessly single-mode guidance due to its as-designed hole-to-
pitch ratio of 0.29. A 710 mm long section of the fiber was capable of delivering up to
2.6 nJ output pulses with an undistorted spectra. As the output pulse energy was
increased above 2.6 nJ, SPM caused broadening and multiple peak formation in the
output spectrum. Interferometric autocorrelations of the output pulses had a narrowed
interference region due to SPM-induced chirp and side-lobes appeared due to spectral

structure. The maximum delivered energy was found to be limited by self-focusing-
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induced damage. Above a peak delivered energy of 190 nJ the fiber was damaged by
subsequent increases in input power.

Hollow-core photonic crystal fiber was evaluated in Section 4.2. In addition to
having a large mode area, 27 pm diameter core, the HC-PCF guides primarily in air,
reducing the effective nonlinear coefficient by several hundred times compared to solid-
core fibers. A 60 mm long section of HC-PCF was shown to be an excellent candidate
for delivery of pJ-level USPs with minimal spectral distortion due to SPM.
Interferometric autocorrelations of the output confirmed that the temporal pulse duration
was also conserved. A maximum pulse energy of 8 uJ was delivered (peak power of 73
MW), limited only by the energy available in the experimental setup. The output also
had a high-quality, Gaussian single-mode profile.

Hollow silica waveguides were evaluated in Section 4.3. Similar to the HC-PCEF,
the HSW also guides primarily in air and therefore has a much lower nonlinear
coefficient than silica. Four different waveguide bore diameters were tested: 300, 500,
750 and 1000 pm. Propagation of high energy USPs with minimal temporal, spectral and
spatial distortion was demonstrated in all four waveguide sizes at distances up to a meter,
when the waveguides were kept straight with preferential fundamental (HE;;) mode
coupling. A maximum of 700 puJ (4 GW) was delivered through a straight, 0.92 m long
750 um bore diameter waveguide. Bending the waveguides resulted in high-order mode
excitation and increased inter-modal dispersion. Output beam profiles of bent
waveguides had multiple peaks due to higher-order mode propagation. It was confirmed

that temporal dispersion in the waveguides is proportional to the waveguide bore
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diameter due to increased higher-order mode loss (and less inter-modal dispersion) as the
bore diameter decreases.

Common-core waveguide arrays with tailored supermodes were numerically
evaluated in Chapter 3 and experimentally evaluated in Chapter 5. Based on numerical
results, it was predicted that the power distribution could be controlled in these arrays by
changing the V-number of the center core. Proper selection of the center core V-number
could therefore provide uniform power distribution among all cores of the array for the
fundamental supermode, thereby reducing intensity in the array and nonlinear effects. In
order to test the model, waveguide arrays with 3-, 4- and 7-cores were directly written in
either soda-lime glass or high-purity fused silica using femtosecond pulses. Writing
conditions were determined to produce symmetric, circular cylindrical waveguides that
were also single mode for writing the arrays. Evanescent coupling was confirmed for a
3-core array in HPFS in Section 5.4.2.1 and was in good agreement with theory. Power
distribution control was demonstrated for all arrays by varying the writing conditions
(and V-number) of the center core. Ultrashort pulses were endfire coupled to 7-core
arrays and their performance was compared to single direct-written waveguides. Array
transmission increased with increasing center core diameter, likely due to higher coupling
efficiency for larger center cores. Array output spectra were broadened with increasing
input energy with the formation of multiple peaks, however the modulation was not as
deep as for single waveguides. It was suggested that, due to slight differences in the
individual waveguide intensities which could be caused by asymmetric coupling, higher-
order supermode propagation and/or manufacturing variances, each waveguide in the

array experiences a slightly different phase shift, resulting in the formation of more peaks
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but reduced modulation depth. Temporal dynamics of the arrays were very similar to the
single waveguides with a narrowed interference region in the interferometric
autocorrelations combined with a broadened pedestal which is associated with SPM-

induced chirp.
The properties of the specialty fibers and waveguides tested in this dissertation are
summarized in Table 6-1. Properties for conventional single-mode fiber (SMF) are also

listed for comparison.

Table 6-1. Properties of evaluated specialty fibers.

5 23 9 (outer), 9.6 (center) 27 300 500 750 1000
20 415 454 573 70686 196349 441786 785398
- 710 11 60 1000 500 920 980
Fused Silica Fused Silica Fused Silica Air Air Air Air Air
Fused Silica Fused Silica/Air Holes Fused Silica Fused Silica/Air Holes Ag/Agl Ag/Agl Ag/Agl Ag/Agl
3x10™ 3x10™° 3x10™° <3xny,#t =yt = Nyt =yt =yt
= 4db/km <10 dB/km * 0.45 dB/cm >1dB/km ¥ 2ds/m 0.6 dB/m 0.5dB/m 0.4 d8/m
200w * 19 kw 80 kW 23.6 MW 3.16W 4.6 GW 4.1GW 4GW
- 1.7 MW 12 MW >23.6 MW >31GW >4.6 GW >4.1GW >4GW
TR Modified TIR TR Low Density of States  Grazing Incidence  Grazing Incidence ~ Grazing Incidence  Grazing Incidence
1 1 14 (for ideal array) Few 100's 100's 100's 100's
1 1 1 2 4 13 35
1 n/a n/a n/a 6 19 >50

*  Crystal Fiber A/S Specs.

#  From reference [62]

1 ny =3x10™ em/wW

+  From reference [61]
A From reference (5]

6.2 Applications

6.2.1 Tissue Ablation with Guided Femtosecond Pulses

In recent years, research involving the use of ultrashort pulses for the ablation of various
hard and soft biological tissues has shown improvement compared to ablation with pulses
of longer duration. Since the ablation threshold is lower for ultrashort pulses, tissue may
be vaporized with relatively low energy pulses and therefore less energy is available to

the ensuing shock wave in the tissue, thereby reducing the extent of collateral damage.
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Thermal damage is restricted to the optical penetration depth of the tissue since the
duration of the pulse is much shorter than the thermal diffusion time. Ultrashort pulse
ablation is especially ideal for transparent and low absorbing materials, due to the process
of nonlinear absorption.

A mechanism for the delivery of ultrashort pulses in vivo would provide the
means to use plasma-mediated ablation in minimally invasive surgical (MIS) procedures.
Due to their demonstrated performance in delivering high-power ultrashort pulses with
minimal distortion, hollow silica waveguides were chosen as a beam delivery mechanism
for tissue ablation studies. In order to increase the fluence on the tissue, focusing of the
output was also tested using Fresnel lenses as a way to minimize nonlinear pulse

distortions that could occur in relatively thick refractive lenses.

6.2.2 Diffractive Optic Focusing of HSW Output

Although the fluence at the output of the hollow waveguide is sufficient to ablate tissues,
the removal rate can be further increased by focusing. Additionally, MIS procedures
would require that the hollow waveguide is sealed on the distal end to prevent waveguide
contamination and to maintain waveguiding. Typical refractive lenses are thick and
bulky and can adversely affect the high-intensity output pulses through nonlinear effects
and can also become damaged through self-focusing. An alternative is to use a Fresnel
lens that focuses by diffraction. Fresnel lenses can be made thin (1 mm or less) to stave
off nonlinear effects and self-focusing and can also act as a window to seal the

waveguide.

152



The output from a 1 m long, 300 um bore diameter was focused using an eight
phase level diffractive Fresnel lens on a 1 mm thick fused silica substrate (Figure 6-1)
fabricated at The University of Central Florida, CREOL. The lens diameter was 2 mm
and the focal length was approximately 11 mm. The lens was placed in a threaded end
cap and attached to the waveguide end using an SMA connector. The focused spot
diameter was estimated from beam profile measurements to be approximately 100 pm
when used with a straight 300 pm waveguide.

~ 8.69452

um

6.76686
0.212

Figure 6-1. Eight-phase level diffractive Fresnel lens used to focus the output from a
300pm bore diameter hollow waveguide

Figure 6-2. Fresnel lens focused beam from 300 um bore diameter hollow waveguide
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6.2.3 Ablation of Porcine Tissues

Fresh cadaveric porcine liver and heart tissues were obtained from a local abattoir and
kept at 4°C until laser targeted. The tissues were affixed to a motorized x-y-z
translational stage and translated at 1 mm/s with respect to the waveguide end for
ablation studies. The output of the 300 um waveguide was focused onto the tissue using
the diffractive lens above. Following ablation, the tissues were processed for histological
examination by light microscopy (LM) and scanning electron microscopy (SEM).
Samples for LM were 4um thick paraffin embedded sections processed and stained with
hematoxylin and eosin. Samples for SEM were prepared with modified Karnovsky’s
fixative, and then dehydrated, critical point dried, and sputter coated with approximately
600 A of Au/Pd.

Scanning electron and light micrographs of the ablated porcine liver and cardiac
muscle samples are shown in Figure 6-3 and Figure 6-4 respectively. The peak power
transmission through the 300 pm waveguide and lens combination was 1.4 GW, with
delivered pulse energy of 205 uJ. Given a focused spot diameter 100um, this gives a
fluence of 2.6 J/cm® on the tissue. The extent of cellular damage in the liver is seen as an
increase in eosinophilic intensity. The ablation in the cardiac muscle extends well below
the epicardium to a depth of approximately 275 um. Compared to free-space ultrashort
pulse ablation at similar fluences [92, 93], these results are very similar in terms of

collateral damage and material removal and depth of cut.
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Figure 6-3. Porcine liver tissue ablated with output from 300 um hollow waveguide - left,
middle: SEM, right: LM (vertical bar spacing = 100 pum)

Figure 6-4. Porcine heart tissue ablated with output from 300 um hollow waveguide.
SEM (left and middle), LM (right) The vertical bar spacing is 100 um.

6.2.4 Conclusions

The output from the 300um waveguide was focused using a diffractive Fresnel lens and
used to ablate fresh cadaveric porcine liver and heart tissues. Light and scanning electron
microscopy of the tissues show minimal collateral damage and thermal effects, consistent
with the results of ablation with free-space ultrashort pulses. It was shown that hollow
waveguides can be used as a delivery mechanism of ultrashort pulses for tissue ablation

and that sufficient energy is delivered for other machining applications.
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6.3 Future Directions

This research has touched on a broad range of specialty fibers and waveguides. As the
technologies and/or their uses as USP delivery mechanisms are relatively new, much
work remains to be done in order to fully characterize and optimize their performance.

Output pulses from specialty fibers and waveguides were analyzed using a
separate interferometric autocorrelator and spectrometer to determine the temporal pulse
dynamics and spectra respectively as a function of pulse energy. While this data
provided valuable information as to the behavior of the pulses as they propagated in these
fibers and waveguides, it was not a complete characterization of the output pulses.
Frequency resolved optical gating (FROG) is now widely accepted as being able to fully
characterize ultrashort pulses in terms of not only their temporal and spectral intensities,
but also the temporal and spectral phase. FROG would be especially useful in
characterizing the complex output pulses from the solid-core PCF and femtosecond
direct-written waveguide arrays and could offer more insight to their analysis.

The solid- and hollow-core photonic crystal fibers in this work were obtained
more than five years ago. Since that time, manufacturing tolerances have improved, the
commercially available selection of fibers has increased and the cost is now much lower.
Given the demonstrated performance of the hollow-core photonic crystal fiber, it is of
interest to evaluate longer lengths for consideration in real-world applications. The
periodic defects that were present in longer lengths of the HC-PCF in this work may no
longer be an issue with current fibers.

The hollow silica waveguides in this work were not optimized for delivery in the

near-infrared. Although they did contain thin-film silver coatings to increase their
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transmission upon bending compared to uncoated silica capillaries, the dielectric layer
thickness was optimized for delivery of infrared light at 2.9 um. While this had little
effect on the transmission of straight fibers, bending losses are expected to improve with
an optimized dielectric layer.

Femtosecond direct-writing of waveguides and waveguide arrays provides a
tremendous amount of freedom when designing and fabricating practical devices. The
array geometries considered in this work for tailoring array supermodes represent a
possible solution for arrays with seven or fewer cores. However, the modeling and
fabrication principles developed could be applied to much larger arrays comprising tens

or even hundreds of cores with arbitrary refractive index, spacing and placement.
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APPENDIX

Appendix A

Derivation of the Scattering Matrix

The boundary conditions are applied at the core-cladding interface (r=a). Continuity

of the £, components requires that
E +E =E°. (A.1)
Expanding, (A.1) becomes
a'J (kr)+b HY (kr)=c'J (kr). (A.2)
Similarly, continuity of the H_ components gives
H +H =H' (A.3)
which is expanded as
a"J (kr)+b"HY (kr)=c"J (kr). (A.4)

Combining (A.2) and (A.4), we obtain
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and

Jm (k2r)

0
J, (kr) a)
O Jm (er) a:

J, (klr)
) (k,r)
J, (kr) b:
HY (k) L:
J (kr)

Continuity of £, components requires that

Equation (A.9) is expanded as

E +E =E.
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k; {a k,oud (kr)+j£ma J, (kr)}

[b”k wout™ (k, r)+]'3mb HY (k, )} (A.10)

N‘

Y

where ' denotes the derivative with respect to the argument.

Similarly, for the H, components,
Hj+H, =H, (A.11)
which can be expanded as
é[ajkzwgzg, (kr)+ 2 mas, (kzr)}
r

- [b ke, H" (kr)+ jﬁmb;’Hfj) (kzr)} (A.12)
r

N‘

o

:ki[ ka)gJ (klr)+j£mc:Jm(klr)}
r

Combining (A.10) and (A.12) we obtain
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Writing in vector form, (A.13) becomes

i E j— E —_ E
A, " + B, " =C, PR
am bm Cﬂl
Now, writing

- |a - | b - |
a= " . b= " . C = "
{af} {bf} {cﬁ}
we combine (A.6) and (A.14) to obtain

A, ';+B2 -Z:Cz (Al ';+Bl 1_7).

Rearranging, we get

;(Az —Cz 'AI)ZZ(Bl 'Cz—Bz).

We rewrite (A.16) to obtain

Q|
Gl
Il

S
Gl

Now, defining
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1

S=5. -5, (A.18)

we arrive at a relationship between the incident and scattered field coefficients

a. (A.19)

“

E:
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