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Abstract

This Thesis reports the development of fibres to guide terahertz (THz) or T-ray radia-
tion. It demonstrates the theoretical studies of THz microwires (air-clad solid core fibres)
and a new form of waveguide: the porous fibre. Porous fibre has an arrangement of
sub-wavelength featured air-holes in the cross-section, resulting in improved confinement
of the propagating mode while retaining the low loss characteristic compared to air-clad
sub-wavelength waveguide or microwires. Porous fibres also offer lower frequency depen-
dent loss and dispersion compared to microwires. Furthermore, introducing asymmetrical
discontinuity leads to high birefringence, which is comparable to recently achieved high

birefringence in photonic crystal fibres.

Furthermore, this thesis involves the first successful fabrication of highly porous polymer
fibres, with both symmetrical and asymmetrical discontinuities, via an extrusion process.
In order to achieve rapid and reproducible waveguide cross-sections three different cleaving
techniques—based on the use of a semiconductor dicing saw, focused ion beam milling,
and a 193 nm ultraviolet laser—have been investigated for cleaving of polymer porous
fibres.

Finally, two different techniques have been utilised for characterisation of porous fibres.
The first approach leads to the first experimental verification of frequency dependence of
effective refractive indices of polymer porous fibres and microwires. The second approach
exploits a micromachined photoconductive probe-tip for sampling of the THz pulse along
the waveguide, from which the frequency dependent absorption coefficient and refractive
index are determined. Moreover, the evanescent field distribution of porous fibres as a

function of frequency is measured for the first time.
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Conventions

Typesetting This thesis is typeset using the IXTEX2e software. TEXnicCenter is used as
an effective interface to KITEX.

Referencing The Harvard style is used for referencing and citation in this thesis.

Spelling Australian English spelling is adopted, as defined by the Macquarie English
Dictionary (Delbridge 2001).

System of units The units comply with the international system of units recommended
in an Australian Standard: AS ISO 1000—1998 (Standards Australia Committee
ME/71, Quantities, Units and Conversions 1998).

Physical constants The physical constants comply with a recommendation by the Com-

mittee on Data for Science and Technology: CODATA (Mohr and Taylor 2005).

Frequency band definition It is preferable to refer to the spectral band from 0.1 to
10 THz as ‘T-rays’, according to an argument by Abbott and Zhang (2007). T-rays
have frequencies that correspond to the so-called ‘Terahertz-gap.” Thus in the field,
when we refer to ‘terahertz radiation’ this is an alternative form for T-rays. In this
context, the term ‘terahertz radiation’ is understood as meaning ‘radiation in the
terahertz-gap’ or T-rays and the word ‘terahertz’ is not to be confused with the

units of terahrtez that span three decades from 102 Hz.
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Chapte

Introduction and
Motivation

HIS chapter introduces THz waveguides and outlines the motivation
for the work in this Thesis. The structure of the Thesis and the
contents of the Chapters are outlined, and the original contributions

are summarised.
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1.1 THz waveguides

1.1 THz waveguides

The terahertz (THz) or T-ray part of the electromagnetic spectrum is located between
millimetre wave and infrared frequencies. Although there are no clearly defined limits for
this region, it is generally defined to be from 0.1 THz to 10 THz in the literature (Sakai
2005, Abbott and Zhang 2007). Different communities use different units to describe the
THz spectrum. In this thesis we use THz (10'? Hz) as the spectral unit, however other

units can also be used. The units and relevant equations are as follows:

Frequency: f =-0.1- 10 THz

Angular frequency: w = 27f = 0.628 - 62.8 rad/s

Time: t = 1/f = 0.1 - 10 ps

Wavelength: A =¢/f = 30 pm - 3 mm

Wavenumber: k = k/27 = 1/\ = 3.3 - 333 cm™!

Photon energy: hf = hw = 410 peV - 41 meV

where, c is the speed of light in free space, h is Planck’s constant. Figure 1.1 illustrates
the terahertz band or T-ray region of electromagnetic spectrum together with the units

commonly used to describe the spectrum.

Historically, the principal applications of the THz region have been molecular spectral
analysis and astronomical and atmospheric remote sensing used by chemists and as-
tronomers, respectively. This part of the frequency spectrum was little explored because of
the difficulty involved in generation of this radiation and a lack of a perceived need. How-
ever, during the last three decades the hardware has evolved to some measure and there

have been many publications on terahertz spectroscopic applications (Mittleman 2003).
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Chapter 1 Introduction and Motivation

NOTE:
This figure is included on page 3 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1.1. Terahertz band in the electromagnetic spectrum. (a) Broad view of electromagnetic
spectrum, (b) expanded view of the terahertz band or T-ray region of electromagnetic
spectrum and its overlap with the neighboring bands, microwave and optics, and (c)
other commonly used units, i.e. time, wavenumber, wavelength, and photon energy, to

describe the THz spectrum, after Withayachumnankul (2009).
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1.1 THz waveguides

Terahertz spectroscopic techniques have many applications, such as detecting and iden-
tifying of weapons and chemical and explosive materials concealed beneath physical lay-
ers such as clothing or packing materials (Federici et al. 2005, Tonouchi 2007). This is
achieved due to penetration of THz radiation through non-polar, dry, and non-metallic
materials and the possibility of material characterisation, classification or recognition by
means of T-ray spectroscopy (Sakai 2005, Naftaly and Miles 2007, Fischer et al. 2007).
The classical vibration of polar molecules lies in the THz frequency range, which makes
THz pulses suitable for studying molecular dynamics, e.g. rotational and vibrational
modes (Png 2010). Moreover, being at sub-millimetre wavelengths, THz radiation is

of low energy and non-ionizing (Fitzgerald et al. 2002).

The efficient transmission of THz signals using waveguides has been a major challenge
since early days of THz science (Auston et al. 1980, Smith et al. 1981, Ketchen et al. 1986).
Terahertz pulses, also known as (sub)picosecond pulses, were optically excited and sam-
pled utilizing electrooptic switches embedded into microstrip transmission lines (Smith et
al. 1981) or radiating antennas (Mourou et al. 1981b, Mourou et al. 1981a). Therefore, in-
termediate transmission media, waveguides and antennas, were inevitable in between the
excitation and sampling points. Meanwhile, the pulse traveling through these transmission
media were distorted due to frequency dependent loss and dispersion (Cooper 1985). This
was until Auston et al. (1984) proposed photoconductive dipole antennas for transmitting
and receiving THz pulses, where no waveguide was required in between. Subsequently,
the optical techniques were employed to manipulate and improve the coupling efficiency of
the generated and detected pulses (Fattinger and Grischkowsky 1988) and new design of
photoconductive antennas were merged to boost the radiation power and bandwidth (van
Exter et al. 1989a). Eventually in 1989, the first free-space tightly coupled THz spec-
troscopy system was proposed (van Exter et al. 1989a, van Exter et al. 1989b). Since
then many preliminary proof-of-principle studies have been carried out in spectroscopy

systems, where terahertz radiation propagates in free space.

However, for biomedical applications these systems have limitations such as large diffrac-
tion limited focal spot size leading to the need for inconveniently large biosamples (Abbott
and Zhang 2007), and the resulting systems are quite large thus not easy to integrate with
optical and infrared techniques. Terahertz waveguides provide a promising approach for
overcoming these hurdles and potentially provide low-cost and robust THz integrated sys-
tems. Moreover, waveguides are essential when the application point is inaccessible or far

away from the emitter, i.e. medical applications such as endoscopy, toxic gas detection in
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a closed environment, and sensing, where a strong interaction of THz pulses with a tiny
amount of sample is required. In some of the applications such as sensing, even a short
length of low-loss waveguide structure can be beneficial. Furthermore, the THz radiation
confinement to the waveguide allows improved interactions between the THz radiation
and sample, particularly when the sample is located inside the waveguide, which reduces
the complexity of the terahertz optical hardware needed (Nagel et al. 2006a, Mendis et
al. 2009, Chin et al. 2009). By contrast, in free space spectroscopy systems, the THz
radiation is focused by optical hardware to better interact with sample and the focus is
maintained for a short length or Rayleigh range. Terahertz waveguides also are a step
towards the possibility of integrating photonics with systems-on-a-chip (SoC) to create

future intelligent biosensors (Eshraghian 2006).

During the last two decades, there has been a great challenge to achieve low loss and low
dispersion waveguides for undistorted propagation of THz pulses; a more detailed review
of waveguides is conducted in Chapter 2. The frequency dependent loss and dispersion
distort the shape of THz pulses. Therefore, loss and dispersion are the primary parameters
in THz waveguides that one aims to minimize in order to transmit the THz frequencies
over a distance without pulse broadening. Developing a guiding structure for such a
broad spectrum with minimum signal distortion is intricate. For well developed parts of
the frequency spectrum, such as microwave and optics, there are waveguides in which it
is possible to tailor the loss and dispersion. For THz pulses propagating in free-space
different structures, coming from either microwave or optics, have been proposed in the
literature for THz frequencies, each of them addressing either or both primary parameters,
such as hollow metallic circular waveguides (McGowan et al. 1999, Gallot et al. 2000),
hollow metallic rectangular waveguides (Gallot et al. 2000), sapphire fibres (Jamison et al.
2000), plastic ribbon waveguides (Mendis and Grischkowsky 2000), air-filled parallel-plate
waveguides (Mendis and Grischkowsky 2001b, Mendis and Grischkowsky 2001a), plastic
photonic crystal fibres (Han et al. 2002), coaxial waveguides (Jeon and Grischkowsky
2004), metal wire waveguides (Wang and Mittleman 2004, Jeon et al. 2005, Wéchter et al.
2005), parallel-plate photonic waveguides (Bingham and Grischkowsky 2008), metal sheet
waveguides (Jeon and Grischkowsky 2006), the dielectric-filled parallel-plate waveguides
(Mendis 2006), low-index discontinuity terahertz waveguides (split rectangular and tube

waveguides) (Nagel et al. 2006b), and metallic slit waveguides (Wéchter et al. 2007).

Unfortunately for a broad THz spectrum this is still a challenge, i.e. there is a great

demand for low-loss and low-dispersion waveguide for undistorted transmission of THz
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frequencies, which will open up new opportunities in further development of compact THz
systems and consequently lab-on-chip systems. Among different non-planar waveguides
proposed for THz guidance, we mainly concentrate on THz dielectric waveguides in this
work. At the outset of this work, dielectric sub-wavelength waveguide (Chen et al. 2006)
was one of the promising state-of-the-art approaches for THz guidance, in terms of low-loss
(aeg = 0.01 ecm™! at 0.3 THz). A disadvantage of this waveguide is that the propagating
mode is only loosely confined to the structure, i.e. any perturbation in the vicinity of the
waveguide leads to strong radiation losses. Therefore, improving the mode confinement
while maintaining the low-power characteristics of the fibres is the main aim of this
thesis. Moreover, having THz and fibre expertise, and facilities of glass and polymer fibre
fabrication in The University of Adelaide provided the infrastructure for us to investigate

these THz dielectric waveguides further.

In Section 1.2 of this chapter, the structure of this thesis and the content of each chapter
are summarised. This is followed by Section 1.3, where the original contribution of this

research has been emphasised.

1.2 Thesis overview

As outlined in Fig. 1.2, the thesis encompasses seven chapters. The original contributions
of this thesis are provided in Chapters 3 to 6—the parts that lie between the two orange
lines shown in Fig.1.2 below. The fundamentals necessary for understanding the main
idea of each chapter is provided in the respective chapters. An additional review chapter
revolving around THz generation, detection, and guiding devices is given in Chapter 2 to

provide context. The detailed description for each chapter of the thesis is as follows:

Chapter 1: Introduction provides an overview of the THz spectrum and guiding de-
vices, and outlines the motivation for the work in this Thesis. The structure of the Thesis
and the contents of the Chapters are outlined. A summary of the original contributions

are also provided in this chapter.

Chapter 2: Review of THz generation, detection and waveguides contains a
brief review of different schemes of generation and detection of broadband and continuous-
wave THz radiation with a special focus on generation and detection with photoconductive

antennas. This Chapter also includes a literature review of THz waveguides (mostly aimed
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Chapter 1 Introduction

Chapter 2 Review of THz generation, detection and
waveguides

S Chapter 3 THz microwires

E Chapter 4 THz porous fibres:

k .

§ concept and modelling

\z Chapter 5 Porous fibres: design, fabrication, and

= cleaving

20

S Chapter 6 THz characterization of porous fibres
Chapter 7 Conclusion and future work

Figure 1.2. Thesis outline and original contribution. The thesis is composed of seven chapters

in total. The original contribution of this work lies in between the two orange lines.

at dielectric waveguides) in terms of loss and dispersion values, and the experimental set-

up employed for characterisation of these waveguides.

Chapter 3: THz microwires includes the investigation of air-clad dielectric THz waveg-
uides with diameters smaller than the operating wavelength. First, the THz dielectric
properties of bulk polymer and glass samples are investigated. Then normalised field
distribution, power fraction, effective area, and signal degradation (loss and dispersion)
of microwires made up of these materials are evaluated and compared. The studies show

L are achievable for microwires operating

that effective material losses less than 0.01 cm™
in a regime where most of the mode power is in the air-clad. This indicates that the mode
is weakly confined to the guiding structure and makes them susceptible to any gentle bend

and environmental perturbation.

Chapter 4: THz porous fibres: concept and modelling revolves around a novel
class of dielectric waveguide with a porous transverse cross-section that is created by
arranging sub-wavelength air-holes. The guiding properties such as normalised field dis-
tribution, power fraction, effective area, and signal degradation (loss and dispersion) of
these porous fibres are evaluated and quantitatively compared to that of a microwire.
The effect of asymmetrical sub-wavelength air-hoes on the guiding properties of porous
fibres especially loss and dispersion are also investigated. The studies illustrate that the
insertion of sub-wavelength air-holes improves the confinement of the propagating mode,

while retaining the low loss and dispersion properties compared to that of a microwire.
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1.3 Summary of original contribution

Chapter 5: Porous fibers: design, fabrication and cleaving involves design and
fabrication of first THz polymer porous fibres exploiting the extrusion technique. Fur-
thermore, three different cleaving techniques, based on the use of a semiconductor dicing
saw, focused ion beam milling, and a 193 nm ultraviolet laser, are investigated for cleav-
ing of highly porous polymer fibres. In order to investigate the variation of designed
and fabricated fibre cross-sections, the effective loss and effective refractive index of both

cross-sections are numerically modelled and compared.

Chapter 6: THz characterisation of porous fibres includes investigation of loss
and refractive index of the propagating mode of fabricated polymer porous fibres. Two
different techniques are employed for characterisation of porous fibre. The first technique
requires different lengths of waveguide, while the second technique exploits sampling of
the THz pulse by utilising a probe-tip. Thus, no cleaving of the waveguide is required.
Furthermore, for the first time the evanescent field distribution of porous fibres as a

function of frequency is measured.

Chapter 7: Conclusion and future work includes the major outcomes, author’s
contribution, and conclusions of this work. It also contains recommendation for future

work.

Several appendices provide supporting information and technical details. Appendix A
provides the derivation of eigenvalue value equation, and electric and magnetic field equa-
tions for the hybrid modes of a microwire by solving the vectorial Maxwell’s equations
in cylindrical coordinates. Appendix B includes data processing algorithms. It contains
MATLAB codes to extract the frequency dependent dielectric parameters (refractive index
and absorption coeflicient) of bulk material and fibre from the THz-TDS measurements.
It also includes the analytical MATLAB files employed for analysing microwires, and
numerical FEM algorithms implemented in MATLAB for analysing porous fibres. Ap-
pendix C describes the equipment used to characterised the THz microwire and porous
fibres.

1.3 Summary of original contribution
This thesis involves a number of original contributions in the field of THz waveguides, as
declared in this section.

The THz properties of four glasses and two polymers have been investigated. The concept

of guiding through air-clad sub-wavelength waveguides, microwires, has been examined
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in detail. For this purpose we evaluate propagating mode properties, i.e. effective refrac-
tive index, field distribution, power fraction, effective area, effective material, and bend
losses, and dispersion for all glass and polymer materials. The vectorial form of Maxwell’s
equations are employed to evaluate the propagation constants of the modes. Moreover,
the Poynting vector is employed for representation of the energy flux of the propagating
mode and evaluation of waveguide parameters. We illustrate that regardless of the fibre

1 is achievable for mi-

material employed, an effective material loss less than 0.01 cm™
crowires (Withayachumnankul et al. 2007). We demonstrate that the diameter at which
the low material loss is achieved, the higher limit of the microwire loss when most of the
mode is in the core, and the frequency dependence of the loss and dispersion depend on
the hosting material properties. We show that the dominant loss mechanism in microwires
is the effective material loss provided that the waveguide is kept straight, which allows

the bend loss to be neglected.

Low losses are achieved in microwires, because almost all of the modal power propagates
in the air medium surrounding the structure. This, however, results in weak confinement
of the guided mode within the structure that makes it susceptible to any small perturba-
tion on the surface or vicinity of the structure, since a large portion of the guided power
can be readily coupled into radiation modes. Furthermore, the guided modes within these
structures suffer strong bend loss. We propose a novel class of dielectric waveguides, THz
porous fibres, to improve the confinement of the mode while still maintaining the low
loss characteristics (Atakaramians et al. 2008¢). These waveguides have porous trans-
verse cross-section, i.e. sub-wavelength features in the core, which leads to enhancement
and confinement of the field within the holes. For similar loss values, porous fibers en-
able reduced distortion (frequency dependent loss and dispersion) of a broadband THz
pulse compared to microwires. We also demonstrate for the first time that introducing
asymmetrical sub-wavelength air-holes in the core of porous fibres leads to a birefringence
|ny —ny| &~ 0.026. This value is comparable to achieved high birefringences of ~ 0.021
at 0.3 THz (Cho et al. 2008) in THz solid-core microstructured fibres, and ~ 0.025 at
1550 nm (Chen et al. 2004) in photonic crystals fibres. It is almost an order of magni-
tude higher than the birefringence of ~ 0.001 at 1 THz (Ren et al. 2008) in THz air-core

microstructured Bragg fibres.

In addition, this thesis demonstrates the first design and fabrication of highly porous poly-

mer THz waveguides. Two different porous fibres, with symmetrical and asymmetrical
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1.3 Summary of original contribution

sub-wavelength features, with porosities higher than 50% have been fabricated succes-
fully for the first time exploting the extrusion technique (Atakaramians et al. 2008e).
The numerical analysis of waveguide cross-sections based on SEM images of fabricated
waveguides reveals that the fabricated waveguides are almost similar to the designed cross-
sections. Using conventional blades for cleaving of polymer porous fibres compresses and
deforms the rather soft polymer fibre structure. In collaboration with researchers at Mi-
croEngineering group at DSTO Edinburgh Adelaide, Australian Microscopy and Micro-
analysis Research Facility (AMMRF), and Interdiscplinary Photonics Laboratories (iPL)
at University of Sydney, several techniques have been investigated for cleaving of THz
polymer porous fibres. The investigations reveal that employing the UV laser leads to

fast and reproducible cleaves (Atakaramians et al. 2009d).

Moreover, in collaboration with researchers at Institut fiir Halbleitertechnik at RWTH
Aachen University, we demonstrate the first experimental characterization of effective re-
fractive indices (neg) of symmetrical and asymmetrical porous fibres (Atakaramians et
al. 2008e). Finally, the first THz waveguide experimental setup has been constructed in
Adelaide exploiting a sampling probe-tip. The probe-tip allows sampling the propagating
mode along the waveguide, eliminating the need for cleaving of porous fibres. Employing
the probe-tip permits the measurement of the frequency-dependent radial field distribu-

tion of the porous waveguide for the first time in the literature.

These original contributions of this Thesis serve to advance THz radiation transmission
through the waveguides and its broad impact may be envisaged in the applications of
THz sensing, where a strong interaction of THz radiation and sample under investigation

can be achieved utilising waveguides.
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Review of THz generation,
detection and waveguides

HIS chapter reviews previous work on THz waveguide develop-
ment. For a better understanding of characterisation systems, dif-
ferent schemes for the generation and detection of broadband and

continuous-wave THz radiation are reviewed briefly.
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2.1 Introduction

Terahertz radiation bridges the gap between microwave and optical wavelengths, shown in
Fig. 1.1. This region of spectrum has not been explored much until the last two decades,
mainly because of technical difficulties involved in making efficient and compact THz
sources and detectors. Since this part of the spectrum is located between the techno-
logically well-developed microwave and infrared spectral regions, the THz gap has been
benefited from the generation and detection technologies emerging from both regions.
Terahertz waveguides are no exception either, i.e. several waveguide solutions based on
technologies from both electronics and photonics have been studied to lower the frequency
dependent loss and dispersion within the structure and enable undistorted propagation

of subpicosecond pulses.

Figure 2.1(a) illustrates a primary method utilised to produce and detect picosecond
pulses (Auston et al. 1980). The short pulses are generated and sampled by photocon-
ductive switches incorporated into microstrip transmission lines'. The system consists
of an aluminum strips and a ground plane, and a photoconducting amorphous silicon
film. The optical pulses are focused onto the photoconductive gap (25 pm) for generating
and sampling of picosecond pulses. A mode locked rhodamine 6G dye laser with pulse
duration of 3.5 ps and 82 MHz repetition rate at 580 nm wavelength is used for this
purpose. The picosecond optical pulses generated and sampled in with this method are
employed for time-resolved measurements of the impulse response of a gallium arsenide
(GaAs) field-effect transistor (Smith et al. 1981). One limitation of the microstrip line
configuration is that the system suffers from reflections (ringing) at the generation point.
Also the microstrip configuration leads to high dispersion (broadening of the pulse while

propagating) because of the dielectric substrate (Cooper 1985).

Figure 2.1(b) shows another primary electrooptic method of generation, guidance, and de-
tection of THz pulses (Ketchen et al. 1986, Grischkowsky 2000, Grischkowsky et al. 1987),
which is still used today. An aluminum coplanar transmission line’ fabricated on a
silicon-on-sapphire (SOS) substrate is employed for generation and detection of THz

radiation. The THz (subpicosecond electrical) pulses are obtained by photoconductive

LA type of electrical transmission line that consists of a conducting strip separated from a ground

plane by a dielectric substrate (Gupta et al. 1996).
2A type of electrical transmission line that consists of a conducting strip on a dielectric substrate with

two ground electrodes running adjacent and parallel to the strip (Wen 1969, Nguyen 2000).
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shortening of the biased coplanar transmission line. The resulting electrical pulse prop-
agates through the line and is measured by a photoconductive switch. A colliding-pulse
mode locked dye laser with a 70 fsec laser pulse and 100 MHz repetition rate is used
for generation and detection of the pulses. The generated subpicosecond pulse (0.6 ps)
is broadened to 2.6 ps after traveling 8 mm in the coplanar transmission configura-
tion (Ketchen et al. 1986). Thenceforth, far infrared spectroscopy utilizing coplanar trans-
mission lines was reported (Sprik et al. 1987). However, the coplanar transmission line
suffers from strong frequency dependent loss due to Cherenkov-like radiation®, which is
equivalent to the loss process of leaky waveguides in the frequency domain (Grischkowsky
et al. 1987, Grischkowsky 2000).

The total observed loss owing to the dielectric and metal materials within microstrip

and coplanar transmission lines THz systems is very high. The reported loss for thin-

1 1

film microstrip and coplanar transmission lines are a =18 cm™" and a =14 cm™" at
1 THz, respectively; the loss increases as frequency increases with f and f3 dependence,

respectively (McGowan et al. 1999).

In these primary electrooptic methods used for excitation and sampling of pico/subpico-
second pulses, intermediate dielectric transmission media are inevitably present. However,
a pulse traveling through such a transmission medium is distorted due to frequency de-
pendent loss and dispersion (Cooper 1985). In 1989, the first free-space tightly coupled
THz spectroscopy system was proposed by van Exter et al. (1989a) and the first sample
investigated was water vapor (van Exter et al. 1989b, Dexheimer 2008). The technique
employed for generation and detection of subpicosecond pulses allows a very low loss prop-
agation of THz radiation in free space (almost zero loss and dispersion) and eliminates
the lossy planar waveguides. Optical hardware (e.g. mirrors and lenses) are exploited for
steering, focusing, and efficient coupling of the pulses between excitation and detection
points. Meanwhile, waveguides are required when the application point is inaccessible
(where the optical techniques cannot be employed such as endoscopy), a stronger interac-

tion of THz radiation with the sample is required, it is required to confine the pulse in a

3Accelerating electric charges emits electromagnetic radiation, while uniform motion of electrical
charges does not. However, when the group velocity of moving charges are faster than the phase ve-
locity of the electromagnetic wave in the material, this results in an electromagnetic radiation (shock
wave), which is characterised by a Cherenkov cone and is known as Cherenkov radiation. As an ex-
ample this happens for picosecond pulses propagating on coplanar transmission lines (Grischkowsky et
al. 1987, Withayachumnankul 2009)
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Figure 2.1. Primary methods of generation, and detection of single-mode THz pulses. (a)-
A microstrip line composed of an aluminum metal line is evaporated on an amorphous
silicon film. The picosecond pulses are obtained and sampled by photoconductive short-
ening of the 5 um gaps. A mode locked rhodamine 6G dye laser with pulse duration
of 3.5 ps and 82 MHz repetition rate at 580 nm wavelength is used for this purpose.
After Auston et al. (1980). (b)- A coplanar transmission line composed of aluminum
metal lines lithographically fabricated on a silicon-on-sapphire substrate. The THz (sub-
picosecond electrical) pulses are obtained by photoconductive shortening of the charged
coplanar transmission line. The resulting electrical pulse propagates on transmission line
and is measured by a photoconductive switch. A colliding-pulse mode locked dye laser
with 70 fsec laser pulse is used for generation and detection of the pulses. The excitation
point (sliding contact) is moved to measure the propagation effects. After Grischkowsky
(2000) and Grischkowsky et al. (1987). The excitation and sampling beams are shown

with circular patches on the figures.
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subwavelength regime and/or focus the beam to a smaller spot size to beat the diffraction
limit.

Thus a whole new era has started for THz waveguides, where non-planar guiding tech-
niques arising from the fields of microwave and optics have emerged. Nonetheless, in
parallel there has been plenty of research conducted to improve the loss and dispersion
mechanisms in coplanar waveguides, resulting in modified planar single wire waveguides
also known as Goubau transmission lines (Treizebre et al. 2005, Akalin et al. 2006, Xu and
Bosisio 2007, Dazhang et al. 2009). This focus on coplanar waveguides is mainly due to
the fact that such waveguides seem straightforward for integrating THz functions inside

microfluidic channels or for achieving on-chip THz circuitry.

2.1.1 Objective and framework

Section 2.2 presents a very brief review of different methods available for the generation
and detection of THz pulses. This review aims to support our later review (in Section 6)
of the different experimental methods used for characterisation of the waveguides in the
subsequent sections. Since THz sources and detectors, used later in this thesis, for the
characterisation of dielectric waveguides are based on photoconductive antennas, this gen-
eration and detection technique is explained more in detail in Subsection 2.2.3. Then in
Section 2.3, we review non-planar waveguide structures proposed in the literature for guid-
ance of THz radiation that is coupled into free space after generation. The experimental
methods proposed to characterise each waveguide are also included in this review. Due to
the diversity of waveguides we have divided the THz waveguides into two main categories:
metallic waveguides and dielectric waveguides explained respectively in Subsections 2.3.1
and 2.3.2. The key features of waveguides discussed in Section 2.3 are summarised in
Figs. 2.2, 2.3 and 2.4 at the end of the chapter.

2.2 Generation and detection of THz pulses

Technological advances in optics and electronics have resulted in many different types of
THz emitters and detectors. In this Section, we provide brief descriptions of the methods
for THz generation and detection required to understand the different techniques used
for characterisation of THz waveguides in Subsections 2.3.1 and 2.3.2. Terahertz sources

and detectors used in this thesis for characterisation of dielectric waveguides are based on
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photoconductive antennas. Therefore, only terahertz generation and detection techniques
based on photoconductive antennas are discussed in detail here. A comprehensive review
of different types of THz emitters and detectors can be found in Lee (2009) and Sakai
(2005).

Terahertz radiation is either broadband, with the temporal shape of a single-cycle field
pulse, or continuous-wave (CW), with the temporal shape of a sinusoidal field pulse as
shown in Fig. 2.2. There are different techniques available for generation and detection of
broadband and CW THz radiation. Here we do not group the generation and detection
techniques based on pulse shape. We follow the proposed division scheme by Lee (2009),

where THz generation and detection is grouped based on operational concepts.

2.2.1 Terahertz sources

There are three main techniques for the generation of terahertz radiation. The first
technique is based on the exploitation of a non-linear medium with a second order non-
linearity. Materials such as non-linear crystals (e.g. ZnTe, LiNbO3, and InP) and semi-
conductors such as diodes can be used for generating THz radiation. The incident electro-
magnetic wave (femtosecond laser pulse, optical beats, or microwave) undergoes non-linear
frequency conversion as a result of a non-linear medium and generates broadband or CW
THz radiation. Optical rectification and difference frequency generation are second order
nonlinear optical processes, which lead to a THz photon at frequency wr by interaction
of two optical photons at frequencies w; and ws within a nonlinear crystal. Different

methods of THz generation using a non-linear medium are shown in Fig. 2.2.

The second method used for generation of THz radiation is to exploit accelerating elec-
trons and time-varying currents. Photoconductive (PC) antennas, electron accelerators,
backward wave oscillators, and free-electron lasers can be used to generate broadband or
CW THz radiation as shown in Fig. 2.3. A PC antenna consists of two metal electrodes
deposited on a semiconductor substrate. An optical laser pulse or optical beats (mixing
two laser beams with different frequencies), illuminating the gap between the electrodes,
generates photocarriers, and a static bias field accelerates the free carriers. Consequently,
broadband or CW THz radiation is generated. Generation of broadband THz radiation

exploiting PC antennas is described in more detail in Section 2.2.3.

Furthermore, electron accelerators, backward wave oscillators, and free-electron lasers can

be used to accelerate electrons for THz generation. An electron accelerator accelerates
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Figure 2.2. THz generation in non-linear media. Different generation techniques of broadband
and CW THz radiation based on the exploitation of a non-linear medium. After Lee

(2009).

electrons at relativistic speed either by smashing the electron bunch into a metal target
or by bending the electrons within a magnetic field to generate broadband THz radiation.
Ultrashort electron bunches are produced by triggering an electron source (e.g. photocath-
ode electron guns or semiconductor surfaces) with femtosecond laser pulses. While, both
backward wave oscillators (BWOs) and free-electron lasers (FELs) undulate an electron
beam by a periodic structure (a BWO has a metal grating and a FEL consists of a magnet

array) to generate CW THz radiation.

A THz laser is the third technique exploited for generating THz radiation. Several types
of lasers have been developed for the THz region of the electromagnetic spectrum as
shown in Fig. 2.4. For this purpose, a population-inverted two-level quantum system is
required. Far infrared (IR) gas lasers, p-type germanium lasers, and quantum cascade
lasers (QCLs) can be used to generate CW THz radiation. In IR gas lasers, the THz
radiation is generated from the rotational transitions of the molecules (Lee 2009). The p-
type germanium lasers and QCLs are solid state lasers, which rely on intraband transitions

in semiconductors to generate THz radiation (Williams 2007, Lee 2009).

2.2.2 Terahertz detectors

Terahertz detection schemes are mainly divided into two main categories: coherent and

incoherent detection schemes. The fundamental difference is that coherent detection
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Figure 2.3. THz generation from accelerating electrons. Different generation techniques for
broadband and CW THz radiation based on the exploitation of accelerating electrons

and time-varying currents. After Lee (2009).

measures both the amplitude and phase of the electric field, while incoherent detection
only measures the field intensity, i.e. amplitude. The coherent detectors use the same
mechanisms and key components as THz emitters, in particular sharing the same light

source, such as an optical laser.

Figure 2.5 illustrates the most commonly used coherent detection techniques. Non-linear
crystals and photoconductive antennas are the main two devices employed for the de-
tection of broadband THz radiation. A THz field induces birefringence in a non-linear
optical crystal that is proportional to the field amplitude. Whereas, a THz field induces
a current in the photoconductive gap of PC antenna, which is proportional to the THz
field amplitude, when the PC antenna is not biased. In both cases the device is probed
by an femtosecond laser pulse or by photomixed optical beats. Detection of broadband

THz radiation exploiting PC antennas is described in more detail in Section 2.2.3.

A combined set-up of broadband THz generation and detection measures both the ampli-

tude and phase of THz pulses in the time domain; this system is called THz time-domain
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Figure 2.4. THz generation from lasers. Generation technique for CW THz radiation based on
the lasers. After Lee (2009).

spectroscopy, in short THz-TDS (van Exter et al. 1989a, Dexheimer 2008). The absorp-
tion and dispersion coefficients can be determined after processing time domain pulses in

frequency domain.

A PC antenna can also be used for the detection of CW THz radiation. The current
induced in the photoconductive gap of a PC antenna has a sinusoidal dependence, when
a photoconductive antenna is illuminated by CW THz radiation and probed using optical
beats. This method is called photomixing and is used to measure CW THz radiation.
Another detection technique employed for CW THz radiation is heterodyne detection.
This method utilises a nonlinear device called a mixer, which down-converts the CW THz
radiation to microwave frequencies. The amplitude of the attained signal is proportional
to the THz amplitude. It should be noted that unlike other optical techniques, heterodyne

detection is usually used to detect incoherent radiation.

Thermal detectors such as bolometers, Golay cells, and pyroelectric devices are commonly
used as incoherent detectors. A radiation absorber attached to a heat sink is the common
element of all thermal detectors. Radiation energy is recorded by a thermometer, which
measures the temperature increase in the absorber. Each type of thermal detector employs

different techniques to measure the temperature increase.

Bolometers utilise an electrical resistance thermometer made of a heavily doped semicon-
ductor such as Si or Ge to measure the temperature of the radiation absorber. Usually
for high detection sensitivity, bolometers operate at cryogenic temperature. Pyroelectric
detectors employ a pyroelectric material as the radiation absorber in which temperature
change gives rise to spontaneous electric polarisation (leading to dielectric constant vari-
ation). In a Golay cell, heat is transferred to a small volume of gas in a sealed chamber
behind the absorber. The heat increases the pressure in the chamber. This deforms the

membrane attached to the back of the chamber. Consequently, an optical reflectivity
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Figure 2.5. Coherent detection of THz radiation. Different detection techniques for broadband
and CW THz radiation based on the exploitation of non-linear crystal, photoconductive

antenna, and a nonlinear device (mixer). After Lee (2009).

measurement, detects the membrane deformation. An advantage of such thermal detec-
tors is that they respond to radiation over a very broad spectral range. However, since a
radiation absorber must reach thermal equilibrium for a temperature measurement, its de-
tection response is relatively slow (/= 0.1 ms time constant at liquid helium temperature)

compared with that of photon-detectors.

2.2.3 THz radiation generation and detection based on photocon-

ductive antennas

A photoconductive (PC) antenna consists of at least two metal electrodes deposited on
a semiconductor substrate, as shown in Fig. 2.6. When the gap between the electrodes

is illuminated with femtosecond optical pulses (such as from a Ti:sapphire laser) with
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photon energy greater than the band-gap of the semiconductor, free electrons are gener-
ated in the conduction band. The static bias field applied to the electrodes accelerates
the free carriers. The accelerated carriers decay with a time constant determined by the
carrier lifetime across the substrate, resulting in a pulsed photocurrent that emits a sub-
picosecond electromagnetic pulse, i.e., a THz pulse. As shown in Fig. 2.6, the generated
THz pulse is emitted from the substrate side. Since the size of the source is much smaller
than the THz wavelength, the generated THz radiation is highly divergent. Therefore, a
high-resistivity hyper-hemispherical lens is usually employed to collimate the THz radia-
tion. Finally, beam shaping optics such as off-axis parabolic mirrors, hyper-hemispherical
or -cylindrical lenses, and beam splitters can be used for guiding and manipulating the

generated THz radiation.

In essence, the PC antenna operates as follows: The switch on-time depends on the
laser pulse duration, and the switch off-time is determined by the carrier lifetime in the
semiconductor substrate. The switching action in the PC antenna occurs on the subpi-
cosecond time scale in order to emit or detect THz radiation. Therefore, in addition to a
short laser pulse duration, a short carrier lifetime is a vital property for ultrafast photo-
conductive switching. For this purpose a PC substrate with excellent properties of short
carrier lifetime, high mobility, and high breakdown is required. Several photoconductive
materials have been employed for PC switches: low-temperature grown gallium arsenide
(LT-GaAs), radiation-damaged silicon-on-sapphire (RD-SOS), chromium-doped gallium
arsenide (Cr-GaAs), indium phosphide (InP), and amorphous silicon. The characteristics

of these ultrafast photoconductive materials is shown in Table 2.1. The most commonly

metal electrode substrate DC Tills
silicon lens : T metal electrode
femtosecond
> o :
femtosecond optical pulse
optical pulse
THz pulse AES substrate

(a) side view (b) top view

Figure 2.6. Generation of THz radiation from a PC antenna. Generation of a broadband THz

pulse from a PC antenna pumped with a femtosecond optical pulse. After Sakai (2005).
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Table 2.1. Characteristics of ultrafast photoconductive materials. This table indicates
properties—carrier lifetime, mobility, resistivity and band-gap—of some ultrafast pho-

toconductive materials. After Sakai (2005).

Photoconductive Carrier lifetime | Mobility Resistivity | Band-gap
material (ps) (cm?/(V.s)) | (2-cm) (eV)
Cr:doped SI-GaAs 50-100 ~1000 107 1.43
LT-GaAs 0.3 150-200 106 1.43
SI-InP 50-100 ~1000 4x107 1.34
lon-Implanted InP 2-4 200 >10° 1.34
RD-SOS 0.6 30 — 1.10
Amorphous SI 0.8-20 1 107 1.10

® 5 pum ¢ 80 um ®_ 30 um
(a) dipole (b) strip-line (c) bow-tie

Figure 2.7. Schematic diagram of a dipole, strip-line and bow-tie PC switches. Schematic
diagram of a dipole, strip-line and bow-tie photoconductive switches. The red dot

represents the focused femtosecond optical pulse.

used materials for THz emitters and detectors are RD-SOS and LT-GaAs. The semi-
conductor substrate of PC antennas used for characterisation of THz waveguides in this
thesis is LT-GaAs.

It should be noted that the power and bandwidth of a THz pulse emitted from a PC an-
tenna depends not only on bias but also on its metal electrode structure. These electrodes
are usually made of Gold-Germanium (AuGe), Nickel (Ni), and Gold (Au) metal layer.
Figure 2.7 illustrates the commonly used electrode structures of PC switches: stripline,
dipole, and bow-tie electrodes. Typical values of the dipole gap, strip-line and bow-tie
separation are 5-10 pm, 30-100 pm, and 10-40 pm; respectively. The electrode structures

of the PC antennas employed in this thesis are discussed in Chapter 6.

The detection mechanism of the THz field using a PC antenna follows a similar principle

to the generation mechanism. Figure 2.8 shows a schematic diagram of a time-resolved
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Figure 2.8. Detection of THz radiation from a PC antenna. Detection of a broadband THz
pulse from a PC antenna probed with a femtosecond optical pulse. After Sakai (2005).

measurement of THz electric fields with a PC receiver. Note that no bias voltage is applied
to the electrodes of a PC receiver. Instead, the THz electric field induces a photocurrent
when the detector is illuminated by an optical probe pulse. The optical probe pulse is
partially divided from the pump beam (used to generate the THz radiation at the emitter)
by a beam splitter. The induced photocurrent is proportional to the THz field focused
on the photoconductive gap. The THz pulse shape is mapped out in the time domain
by measuring this current, while varying the time delay between the THz pulse and the
optical probe. The photocurrent measured at the detector is usually amplified with a
low-noise current amplifier and is fed to a lock-in amplifier. A Fourier analysis of the
temporal profile of the received THz pulse reveals the amplitude and phase spectrum.

This will be discussed in detail later in Section 3.3.

2.3 Terahertz waveguides

In well developed parts of the electromagnetic spectrum, optical and microwave waveg-
uides have been exploited as sensing and imaging probes. Waveguides are key compo-

nents of quantum-cascade lasers, to guide waves in the sub-wavelength regime (beyond
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the diffraction limit), and to offer tight confinement of the electromagnetic waves to the

structure beyond the Rayleigh range.

Analogously, waveguides can convey similar benefits to the THz spectrum. Nevertheless,
the material selection for waveguides is one of the major barriers for expanding their
number of applications. Metals that are suitable for microwave frequencies have high
Ohmic losses, while polymers and glasses that work properly for infrared (IR) and optical
frequencies have unacceptable frequency dependent absorption losses. Another major
barrier that limits the application of waveguides in THz spectroscopy and communication
systems is the group velocity dispersion. Consequently, different components of the THz
spectrum travel with a different group velocity leading to distorted pulse shapes. Metal
waveguides experience strong dispersion near the cut-off frequency of the guiding mode
unless they support a transverse electric and magnetic (TEM) mode that has no cut-
off frequency. Whereas, dielectric waveguides suffer mainly from waveguide dispersion.
Although the dispersion can be tailored around a frequency, it is challenging to find a
dielectric waveguide that offers almost zero dispersion for the entire broad spectrum of
THz.

In spite of this, the benefits of having low-loss and -dispersion waveguides are countless
for THz spectrum. The bulk optics used for manipulating the THz radiation in free
space THz time-domain spectroscopy systems (TDS) can be then replaced by waveguides.
This will open up new opportunities in further development of compact THz systems and
consequently lab-on-chip systems. The diffraction limited spot-size can be reduced further
and tight mode confinement can be achieved by exploiting the sub-wavelength featured
fibres. This is beneficial for THz sensing applications specifically for the noninvasive and
label-free molecular detection, and gas and liquid spectroscopy. A minute sample can be
replaced in or at the vicinity of the waveguide where strong interaction with a THz pulse
is achieved due to the existence of large power fraction of the guided mode. In much the
same way that optical endoscopy has benefited from integration with MEMS devices (Xu
et al. 2007), THz waveguides open up the possibility a means of coupling THz systems
with MEMS in order to broaden the scope of biosensing applications. Other THz devices
such as near-field scanning optical microscope, THz sources based on quantum-cascade
lasers, imaging and communication technologies, which revolve around THz waveguides,

will benefit in their functionalities.

Several classes of waveguides have been proposed in the literature for the THz spectrum in

order to reduce frequency loss and dispersion. In this section we review THz waveguides.
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We categorise the waveguides into two main groups: metallic and dielectric waveguides.
We first review a number of metallic waveguides in terms of loss, dispersion and the
proposed experimental methods for characterisation of the waveguides in Subsection 2.3.1.
Then in Subsection 2.3.2, we conduct a thorough review of loss and dispersion values of
dielectric waveguides and the employed experimental methods for characterisation of the

waveguides.

2.3.1 Metallic waveguides

Metallic waveguides proposed for THz radiation guidance are mostly in essence the scaled-
down versions of well-known guiding devices from microwave and radio frequencies. Elec-
tromagnetic waves at terahertz frequencies are not as dissipative in metallic components
as they are for higher frequencies. Thus metallic structures still can be used for guid-
ance in this regime. In this section we review waveguides with circular and rectangu-
lar cross-sections, parallel-plate waveguides, bare metal wires and slit metallic waveg-
uides. Other metallic waveguide structures are proposed in the literature for THz radi-
ation guidance such as sub-millimetre coaxial lines (Jeon and Grischkowsky 2004), one-
and two-dimensional photonic crystals (Bingham and Grischkowsky 2007, Bingham and
Grischkowsky 2008) and two-wire waveguides (Mbonye et al. 2009). These structures are

not covered in detail here, since the main scope of this thesis is dielectric waveguides.

Circular (tube) and rectangular cross-section waveguides

Metallic waveguides with circular cross-section ware one of the first experimental inves-
tigations conducted using quasi-optical methods to couple freely propagating THz pulses
(McGowan et al. 1999). In 1999, McGowan et al. (1999) demonstrated that circular
waveguides have lower loss (o = 0.7 ecm™! at 1 THz) relative to coplanar and microstrip

and o = 18 em ™!, respectively). This is mainly due to

transmission lines (o = 14 cm™
the fact that the propagating THz pulses experience only Ohmic losses due to the metallic
body of circular waveguide, while they suffer from three different loss mechanisms when
propagating via transmission lines; i.e. Ohmic losses due to metal strips, dielectric losses
due to substrate, and radiative losses. However, THz pulses propagating through circular
waveguide experience strong dispersion near the cut-off frequency associated with the fact
that the transmitted THz pulse through these waveguides is stretched with the higher fre-

quencies arriving earlier in time, i.e. a negative chirp. As an example, &~ 1 ps duration
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THz pulse after propagating 25 mm through a 280 um diameter circular brass waveguide

stretches to ~ 40 ps (Gallot et al. 2000).

A year later, Gallot et al. (2000) demonstrated both theoretically and experimentally
that rectangular metallic waveguides have similar losses as circular waveguides, for 0.65-
3.5 THz bandwidth. Similarly, the pulses propagating through the waveguide only suffer
from Ohmic losses of the metal walls. Rectangular waveguides also suffer from dispersion
near the cut-off frequency in the same manner, i.e. the higher frequencies arrive earlier
in time compared to lower frequencies, negative chirp. As an example, the input THz
temporal pulse (with approximately 1 ps initial pulse duration) stretches to 13 ps wide

for 25 mm long rectangular brass waveguides (Gallot et al. 2000).

The cross-section of circular and rectangular metallic waveguides are shown in Fig. 2.9(a).
The dimensions of these waveguides—circular (240 pm) and rectangular (with 300 pm
width)—are such that more than 25 modes can be excited, i.e. the cut-off frequency
of modes falls into the THz spectrum (0.1-4 THz). For such a broad spectrum, many
octaves, it is not possible to design a single mode metallic circular or rectangular cross-
section waveguide. However, the modes excitation also depends on the the polarisation,
the shape, and the phase front of the source, in this case THz pulses. The linearly polarised
incoming THz pulse significantly couples only into three (TE;;,TEj5, and TM;;) and two
(TE1p and TM;2) modes of the circular and rectangular waveguides, respectively (Gallot
et al. 2000). This reduces significantly the number of the modes than can be excited
inside these waveguides. Consequently, a single mode propagation can be achieved from

0.7 to 4 THz for the rectangular waveguide with a 250 pm x 125 pm cross-section.

A standard optoelectronic THz time domain spectroscopic (THz-TDS) setup, shown in
Fig. 2.9(b), is used to characterise the circular and rectangular metallic waveguides pro-
posed by McGowan et al. (1999) and Gallot et al. (2000). The setup is composed of
an optoelectronic transmitter and receiver with terahertz beam shaping and steering op-
tics, along with a pair of plano-spherical and cylindrical lenses for coupling the terahertz
field inside the circular and rectangular waveguides, respectively. The THz pulse gener-
ated from a standard setup is linearly polarised leading to a higher coupling of THz pulse

into the rectangular waveguide where the polarisation of the dominant mode is also linear.

Parallel-plate waveguides
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Figure 2.9. Circular and rectangular cross-section metallic waveguides. (a)- The cross-section
of circular and rectangular metallic waveguides. (b)- Schematic of the optoelectronic
THz-TDS system used for characterisation of circular and rectangular waveguides. After
Mendis (2001).

In 2001, Mendis and Grischkowsky (2001b) reported undistorted propagation of sub-
picosecond THz pulses in a parallel-plate copper waveguide. The guiding structure con-
sists of two parallel conducting plates positioned close together (108 pum gap in between
the plates) as shown in Fig. 2.10(a). The structure supports single TEM (Transverse
ElectroMagnetic) mode propagation, which is the lowest order TM mode: TMy. The
TEM mode has no cut-off frequency. Thus, unlike the circular and rectangular metallic
waveguides that suffer from extreme broadening of THz pulse near the cut-off frequencies,
parallel-plate waveguide has no group-velocity dispersion (Mendis 2001). Moreover, the
electric field of a parallel-plate waveguide is linearly polarised and perpendicular to the

plates. This facilitates the coupling of linearly polarised THz pulses into the structure.

An attenuation constant less than 0.3 cm™!

and almost no pulse broadening (zero dis-
persion) is observed for a parallel-plate waveguide within the bandwidth from 0.1 to
4 THz (Mendis and Grischkowsky 2001b). The Ohmic losses due to the finite conductiv-
ity of the plates and divergence losses due to beam spreading in the unguided direction are
the main loss mechanisms in these waveguides. Thereafter, the first demonstration of a

physically flexible THz parallel-plate interconnect with minimal pulse distortion and loss
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Figure 2.10. Parallel-plate waveguide and interconnect. (a)- The cross-section of a parallel-plate
waveguides and hypo-cylindrical silicon lens used for coupling the THz pulse into the
waveguides. After Mendis (2001). (b)- Schematic of a two dimensional straight path
and reflective path interconnect layer using parallel-plate waveguide. After Coleman
and Grischkowsky (2003).

is reported (Mendis and Grischkowsky 2001a). Subsequently, sharp bends with minimal
mode distortion is reported by including quasi-optical mirrors in parallel-plate intercon-
nect (Coleman and Grischkowsky 2003). The schematic of a straight path and reflective
path interconnect layer using parallel-plate waveguide is illustrated in Fig. 2.10(b). Be-
cause of almost zero dispersion and low-loss characteristics of parallel-plate waveguide,
this waveguide has also been used in applications such as sensing, imaging, and signal

processing (Mendis and Mittleman 2009a).

The TE; mode is the second higher order mode that can be excited in parallel-plate
waveguide if the polarisation of the incoming beam is parallel to the plates. However, this
mode suffers from high distortions and filtering effects by virtue of the cut-off frequency.
Recently, Mendis and Mittleman (2009a) demonstrated that it is possible to modify the
design of a parallel-plate waveguide in such a way that undesirable effects caused by the
second higher order mode, TE;, can be suppressed. Increasing the separation of the
plates more than 25 times (108 ym to 5 mm), lowers the cut-off frequency of TE; mode,
which is inversely proportional to the plate separation hight, to around 0.03 THz. Thus
the group-velocity dispersion and filtering problems caused by TE; mode near the cut-off
frequency falls out of the required guiding window, 0.2—1 THz (Mendis and Mittleman
2009a, Mendis and Mittleman 2009b). Moreover, increasing the plate separation reduces
the TE; Ohmic loss even lower than that of the TEM mode. Also, due to the nature of
field components of TE; mode, the divergence losses can be mitigated for by introducing

a slight curvature to the plates or a transverse concavity (Mendis and Mittleman 2009b).
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The coupling efficiency of a linearly polarised THz beam into both TEM and TE; modes
is high (almost 100% for TE;), since the electric field of both modes are also linearly
polarised. However, they cannot be both excited at the same time unless the waveguide is
positioned at an angle. The TE; mode is excited if the input beam is polarised parallel to
the plates, while the TEM mode is excited when the input beam is polarised perpendicular
to the plates. The selection of which mode to excite in parallel-plate waveguides depends
on the application. As an example, TE; mode can be expolited for excitation of a simple
resonant cavity integrated with a parallel-plate waveguide, which cannot be excited by
the TEM mode.

To conclude, in parallel-plate waveguides, the TEM mode can be excited if the polarisa-
tion of the incoming beam is perpendicular to the plates. The TEM mode has no cut-off
frequency thus the propagating pulse has almost zero dispersion. However, the plates of-
fer a one-dimensional confinement, and the structure suffers form divergence losses along
the unguided direction. Whereas, TE; mode is excited if the polarisation of the incoming
beam is parallel with the plates. The cut-off frequency of this mode is inversely propor-
tional to the plate separation. Thus increasing the plate separation reduces the cut-off
frequency beyond the lower limit of the THz spectrum reducing the undesired dispersion
effect. Due to TE; mode nature, introducing a slight curvature to the plates lessens the
divergence losses. However, the propagating mode in such a wide plate separation is not

tightly confined to the structure and it is almost propagating in the air.

A similar THz-TDS experimental setup used for circular and rectangular metallic waveg-
uides, shown in Fig. 2.9(b), has been used for the loss and dispersion characterisation
of parallel-plate waveguides and the interconnects discussed above. A pair of hypo-
cylindrical silicon lens, shown in Fig. 2.10(a), are used for coupling the THz pulse into

and out of the waveguides.

Bare metal wires

The bare metal wire, also known as a Sommerfeld wire, is a single cylindrical conductor
(wire). Electromagnetic waves propagate as weakly guided radial surface waves along an
infinitely long wire of circular cross-section, due to the finite conductivity of the metal
and are called surface plasmon waves. Only the principle mode, a radially symmetric
transverse magnetic wave (TMy, ), travels along the wire and has remarkably low loss and
low group velocity dispersion (King and Wiltse 1962) whereas all other modes have high

attenuation, which makes the wire effectively single mode. The guided surface-wave and
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the single wire are called respectively the Sommerfeld wave and the Sommerfeld wire,
because Sommerfeld found the first rigorous solution of Maxwell’s equations, for wave

propagation on a single wire (Jeon et al. 2005, Wachter et al. 2005).

Wang and Mittleman (2004) were first to observe the propagation of THz pulses on the
bare metal wire. Their interest in metal wires was inspired from their investigations of the
propagation of THz pulses on optical antennas in near-field scanning optical microscopy.
They demonstrated that the guided mode in a bare metal wire is similar to the TEM
mode of a coaxial waveguide, i.e. it has a radial distribution. Calculation shows that,
at the surface of the wire, the magnitude of the FE, component of the electric field is
usually at least two orders of magnitude smaller than that of the £, component (King and
Wiltse 1962). Therefore, the observed field distribution, by Wang and Mittleman (2004),
is similar to the TEM mode. In comparison to other metallic waveguides, the exposed
metal surface area to propagating THz pulses is reduced leading to lower Ohmic losses. As
an example, a 0.9 mm diameter stainless steel wire has an attenuation constant less than

0.03 cm™! and almost zero dispersion from 0.25 to 0.75 THz (Wang and Mittleman 2004).

The mode propagating along a single-wire largely extends into the surrounding air. The
wire acts as a rail for the guiding mode, which is analogous to optical nanowires discussed
in Chapter 3. As an example less than 22% of the guided mode power is within the area
not exceeding one wavelentgth around the wire (Wéchter et al. 2007). This makes the
coupling in between the wires simple, i.e. the THz pulses can be coupled into a wire if it
is positioned in the extended field of another wire. Low loss and almost zero dispersion
characteristics of the wire leads to realisation of a THz Y-splitter, a 90° output directing

structure, and the first THz endoscope (Wang and Mittleman 2004).

Figure 2.11 shows the setup used by Wang and Mittleman (2004) for their experiment.
In this setup the THz pulses are not directly coupled onto the waveguide. A second wire
(input coupler) is used to couple the field onto the main wire (waveguide). The input
coupler acts as a scatterer and a small portion of the scattered THz field is coupled to

the waveguide (Wang and Mittleman 2004).

Following the observation by Wang and Mittleman (2004), Jeon et al. (2005) also demon-
strated an experimental and theoretical study of Sommerfeld wave propagation on single
metal wires with improved coupling efficiency. The field distribution of the fundamental
mode on a Sommerfeld wire is radial. Therefore the THz beam generated from the stan-
dard TDS system, where the generated THz pulse is linearly polarised, is not appropriate

for maximum coupling onto the wire due to poor spatial overlap. Jeon et al. (2005) have
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demonstrated that by employing a specially designed THz PC transmitter switch, with
two concentric electrodes instead of two parallel ones as shown in Fig. 2.12(a), generates
radially polarised THz pulses. This improves the coupling efficiency onto the metal wire
compared to the scattering method because of the better spatial overlap of THz pulses
and the propagating mode. The schematic diagram of the experimental set-up used by
Jeon et al. (2005) is shown in Fig. 2.12(c). In this experiment, the metal wire is directly
positioned on the transmitter and detector chips for the measurement. No lenses are used
for coupling onto the waveguide. Different lengths of wire are used for characterisation of
the waveguide. An attenuation constant less than 0.003 cm™! and almost zero dispersion
is achieved for a 0.52 mm diameter copper wire in the 0.1—0.4 THz range (Wang and
Mittleman 2004).

Wiichter et al. (2005) improved the measurement technique employed for characterisation
of the Sommerfeld wire. As shown in Fig. 2.13, they employed a photoconductive probe-
tip to investigate the THz transmission characteristics (frequency-dependent attenuation
and dispersion parameters) of Sommerfeld waves. The advantage of this method compared
to previous measurement techniques is that one single long wire can be used instead of
different lengths of the same wire for characterisation. The probe-tip moves freely along
the wire and samples the propagating mode at the different positions on the wire. This
measurement technique is only viable for characterisation of waveguides that have field

extending outside the waveguide.

NOTE:
This figure is included on page 31 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2.11. Bare metal wire experimental setup. A coplanar transmission line composed of
aluminum metal lines lithographically fabricated on a silicon-on-sapphire substrate.

After Wang and Mittleman (2004).
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Figure 2.12. Sommerfeld wire experimental set-up |. The schematic diagram of (a)- the trans-
mitter chip, (b)- the detector chip and output face of wire, and (c)- the arrangement of
the experimental set-up. After Jeon et al. (2005). The specially designed transmitter
chip improves the coupling efficiency onto the metal wire and allows positioning of the

wire directly on the transmitter.

NOTE:
This figure is included on page 32 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2.13. Sommerfeld wire experimental set-up Il. The schematic diagram of the cross-
section of the experimental setup. After Wachter et al. (2005). The probe-tip is
kept in a fixed position, while all other components are moving freely with motorised

translation stages.

Despite its superior transmission behavior, the bare metal wire suffers from radiation
losses. Any perturbation to the structure, e.g. bending, and even at the vicinity of the
wire (with in the region of extended field) leads to high radiation losses due to the loose
confinement of the mode to the structure. On the other hand the field extension into the
air enables easy coupling in between the wires and better interaction of the field with the
sample in sensing applications. Coating the wire with a dielectric is an approach to im-
prove the confinement. However, for the THz spectrum, the dielectric coating introduces

frequency dependent loss to the propagating mode (Wachter et al. 2005).

Metallic slit waveguides
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There is a trade-off between strong mode confinement and low attenuation characteristics
in metallic waveguides. Metal wires have lower conductivity losses compared to parallel-
plate waveguides. However, the propagating mode is loosely confined to the metal wire
and extends all around the wire. Instead, parallel-plate waveguides has one-dimensional

confinement in virtue of the plates and suffers from divergence loss on the other dimension.

Wichter et al. (2007) proposed metallic slit waveguide for the guidance of THz radiation
to increase the field confinement to the waveguide. The structure is made up of two planar
slabs (20 mm x 300 pm) located at a d = 270 pm apart from each other, as is shown
in Fig. 2.14(a). Compared with the bare metal wire, the electromagnetic fields are more
confined to slit waveguide. As an example, at THz frequencies, more than 50% of guided
mode power is within the area not exceeding one wavelentgth around the slit waveguide,
while this number is less than 22% for bare metal wire (Wachter et al. 2007). However,
the attentuation loss of slit waveguides is higher than metal wires. The propagating mode
in a slit waveguide is in contact with larger metal area compared to that of a metal wire
leading to higher attenuation losses for the slit waveguide. On the contrary, the conducting
loss, the dominating loss mechanism in metallic waveguides, of a slit waveguide is lower
than a parallel-plate waveguide due to the less metal and mode contact. The attenuation
constant of a slit waveguide made from silicon wafer coated with Ti and Au is less than
0.07 cm™! in the frequency range 0.1—1 THz (Wachter et al. 2007).

The THz experimental set-up used to characterise a split waveguide is shown in Fig. 2.14(b).
A photoconductive antenna array, which covers the input port of the waveguide, is em-
ployed for generation of linearly polarised THz pulses (Wéchter et al. 2007). The antenna
consists of two sets of 14 interconnected low temperature grown GaAs based photocon-
ductive switches with 11 ym gaps. The large effective area of the antenna (290x318 pm?)
allows direct coupling of THz pulses into the waveguide without utilizing a collimating
silicon lens. A photoconductive probe-tip placed at a few micron distance from the waveg-
uide is used to sample THz pulses (Wéchter et al. 2007). This detection technique can be
employed if and only if the waveguide mode expands to the surrounding medium, where

the probe-tip can be positioned for sampling purposes.

Remarks: Four different metallic structures have been reviewed in this subsection.
Metallic waveguides with circular and rectangular cross-sections: the propagating mode
(TE and/or TM modes) is tightly confined in the structure (metallic walls) leading to

high losses due to finite conductivity of the metals in THz frequencies. Moreover, the
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Figure 2.14. Metallic slit waveguide experimental set-up. (a)- Waveguide structure. (b)-
Schematic diagram of the THz-TDS experimental set-up. A photoconductive an-
tenna array, consists of two sets of 14 interdigitated electrodes, and a photoconductive
dipole antenna (probe-tip) are used for the generation and detection of THz pulses,

respectively. After Wachter et al. (2007).

propagating mode inside these metallic waveguides suffers from high dispersion near the
cut-off frequency of the mode leading to a negative chirp. Parallel-plate waveguides: the
propagating mode (TEM) is still confined in between the plates in one direction with
lower attenuation constant compared to circular and rectangular metallic waveguides. In
addition to lower loss, these waveguides offer dispersion free propagation. Bare metal
wire: the conducting (Ohmic) loss is reduced considerably since the wire acts as a rail
for the guided mode (TMg;). The mode is loosely confined to the wire and is expanded
to the surrounding medium (air) resulting in low-loss and dispersion free propagation of
THz pulses. Metallic slit waveguide: the THz pulses still propagate in air with a higher
confinement to the waveguide compared to metal wire and nearly no dispersion. Although
the confinement leads to higher loss for the slit waveguide compared to metal wire, the slit
waveguide loss is still lower than that of a parallel-plate, circular, and rectangular waveg-
uides. A summary of all the key parameters discussed for the above metallic waveguides

is presented in Table 2.2.

Page 34



Chapter 2 Review of THz generation, detection and waveguides

2.3.2 Dielectric Waveguides

Dielectric waveguides, are also known as fibres if they have circular cross-sections and are
mostly used at higher frequencies, such as infrared and optical frequencies, where metallic
waveguides are dissipative. In this section we review the dielectric waveguides proposed
in the literature for THz guidance. The dielectric waveguides can be divided into two
main categories: hollow-core and solid-core waveguides/fibres. The loss, dispersion, and

experimental set-up used for characterisation are discussed for each dielectric waveguide.

Hollow-core waveguides/fibres

Guiding the mode through the hollow core is the common feature of waveguides in
this sub-section. In general, the guiding mechanisms in all-dielectric hollow-core waveg-
uides are via formation either photonic band-gap or Von-Neumann-Wigner quasi-bound
states (Benabid et al. 2009, Rowland 2010). In the former guiding mechanism, the
cladding does not support modes for certain ranges of frequency so the guided modes stay
in the core. Fibres such as microstructured’ band-gap fibres (Knight et al. 1996, Knight
et al. 1998), and Bragg fibres (Temelkuran et al. 2002, Katagiri et al. 2004) are the two
well known examples of this group in optics. While in the latter guiding mechanism,
there is a low overlap between the core guided modes and cladding modes by virtue of low
density of states in the cladding, which leads to the confinement of the mode in the core.
Kagomé (Couny et al. 2006, Argyros and Pla 2007) and square (Couny et al. 2008, Argyros
et al. 2008) lattice hollow-core microstructured fibres, in which the guiding mechanism is
due to the antiresonance effect of the lattice, are the well known examples of this group.
Extensive detail of guiding mechanisms in hollow-core fibres can be found in Rowland
(2010).

For the THz frequency range, the material absorption of hollow-core waveguides is low
since THz radiation is mainly concentrated in the air-core. However, as we observe for
each waveguide below, the dimension of these waveguides are in the order of a few mil-
limetres. Generally, we also observe that for such a broad THz spectrum these waveguides
are narrow-band, i.e. the transmission is limited to a selected frequency bands due to the

guiding mechanisms.

Hollow pipe waveguides

4Fibres with micrometre-scale air holes running along their length are called microstructured fibres.
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Metallic waveguides with circular cross-section were one of the early non-planar waveg-
uides purposed for THz guidance. These waveguides had low transmission efficiency,
strong dispersion near the cut-off frequencies, and were rigid. In 2003 Hidaka et al.
(2003) proposed hollow terahertz waveguide made of ferroelectric poly vinylidene fluoride
(PVDF), a flexible polymer.

The dielectric constant of PVDF is a frequency dependent and has a resonance frequency
in terahertz range. The dielectric constant of the PVDF becomes negative for frequencies
larger than 0.3 THz. This results in an imaginary refractive index like metals. With
an imaginary refractive index, the material shows complete reflection like metals (close
to unity) for the both TM and TE polarisations from 1 to 2 THz (Hidaka et al. 2000,
Hidaka et al. 2005). Compared to metals such as Cu, the reflectivity of TM polarisation
for PVDF is even higher in this frequency range. This leads to a three times larger
transmission coefficient for an 8 mm bore diameter (larger than the wavelength), 120 ym
thickness and 30 cm long PVDF pipe compared to that of a similar Ni-Cu pipe. The
attenuation constants were, respectively, about 1.5 m~! and 5 m™!, for PVDF and metal
pipe waveguides. Due to the large bore diameter the hollow pipe waveguides suffer from

multimode propagation.

The PVDF and Ni-Cu waveguides were prepared by rolling the PVDF and Ni-Cu sheets
and inserting them into a acrylic support pipes (Hidaka et al. 2005). For the loss mea-
surement of waveguides, a broadband THz radiation is generated by a non-linear opti-
cal crystal—magnesium oxide doped lithium niobate (MgO:LiNbO3)—pumped by a Q-
switched Nd:YAG laser’. A Si-bolometer in liquid He is used as the terahertz detector.
The bolometer measures the amplitude of the THz pulse leading to only a loss measure-
ment of the waveguide. A spatial aperture at the entrance of the waveguide was employed

in order to ensure that only THz pulse transmitted via waveguide is detected Hidaka et
al. (2003).

Recently, a polymer hollow pipe waveguide, i.e. a large air-core and one thin layer of
dielectric material as cladding, consisting of a hollow pipe single polymer (frequency
independent dielectric constant) ring as shown in Fig. 2.15(a) has been proposed for THz
guidance (Lai et al. 2009, Chen and Chen 2010).

Unlike the metallic/PVDF pipes (discussed above and in the previous subsection), and
hybrid-clad pipes (discussed next) where the guiding mechanism is due to highly reflective

SNd:YAG lasers operate in both pulsed and continuous mode. When operated in the pulsed mode it is

called a Q-switched Nd:YAG laser, since an optical switch is inserted in the laser cavity for this purpose.
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mirrors, the guiding mechanisms in these polymer hollow pipes is based on an anti-
resonance guiding mechanism. This waveguide can be viewed as a simplified Kagomé-
lattice fiber (discussed later here) reduced to one layer of cladding, and the mode is

guided based on the anti-resonance guiding mechanism (Gérome et al. 2010).

Due to the large core diameter (9 mm larger than operating wavelength), these waveguides
suffer from multimode propagation. Lai et al. (2009) have shown that with the single low
index dielectric layer (0.5 mm thickness), an attenuation constant of less than 0.02 cm™!
with almost 200 GHz bandwidth is achievable. Commercially available Teflon tubes were
used as pipe waveguide. The experimental set-up used for characterisation of the pipe
waveguide is shown in Fig. 2.15(b). Two tunable continuous-wave Gunn oscillator modules
with 0.32 to 0.46 THz and 0.405 to 0.52 THz frequency ranges and a Golay cell are used as
the emitter and detector; respectively. Due to the large core diameter, the THz radiation

is coupled directly into the structure from the parabolic mirror without a lens.

An average of 40 % coupling efficiency is reported for this guiding structure. The measured
intensity after 3 metres propagation is very similar to the intensity of the fundamental
mode, indicating that higher order modes disappear due to their high leakage losses (Lai
et al. 2009). This polymer pipe waveguide is not flexible. Moreover, due to the large core
size higher order modes are easily excited especially at bends or small discounituities as

for earlier hollow-core waveguides.

Hybrid-clad waveguides

Hollow-core waveguides with hybrid claddings are another category of THz waveguides
proposed to lower the attenuation coefficient of the propagating modes, i.e. the loss. Here,
hybrid-clad waveguides refer to structures with a minimum of two different cladding layers.
Each cladding layer can be a simple material layer (e.g. dielectric coating) or a composite
material layer, e.g. metamaterial (Yan and Mortensen 2009). Generally, each layer has
special functional properties and contributes to the propagation of the mode. However,
there are cases where the cladding layer acts only as the supporting base for the next
layer (the first example of this group). A common layer employed in the hybrid-clad THz

waveguide is a metal layer in virtue of its superior reflecting surface for TE modes.

Hollow-core metal coated waveguides are the first hybrid-clad waveguide proposed in the
literature for guidance of THz radiation (Harrington et al. 2004, Ito et al. 2007). When
the thickness of metal film is greater than the skin depth of the metal at terahertz, the

hollow-core waveguides with an inner metal coating perform like metal waveguide with
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NOTE:
This figure is included on page 38 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2.15. Single dielectric ring (pipe) waveguide and the experimental set-up. (a)- The
Teflon low-index pipe waveguide, where D and ¢ represent core diameter and cladding
thickness; respectively. (b)- The experimental set-up used for characterisation of low-
index pipe waveguide. Two tunable continuous-wave Gunn oscillator modules with
320460 GHz and 405520 GHz frequency ranges are used as the THz emitter. The THz
radiation is coupled into the structure with a pair of parabolic mirrors. A Golay cell is

used as THz detector. After Lai et al. (2009).

circular cross-section (metal pipe). On the contrast of metal waveguides, these hollow-core
waveguides are flexible and have smoother and homogeneous inner surface. This approach

was adapted from InfraRed (IR) metal-coated hollow glass waveguides (Harrington 2000).

Hollow-core polycarbonate waveguide with a Cu inner coating (Harrington et al. 2004)
and hollow-core glass waveguide with a silver coating (Ito et al. 2007) are the examples
proposed for THz guidance. The deposited Cu and Ag layer thicknesses inside the tubes
were respectively 0.5—0.7 pym, and 0.1—0.12 pm, which is greater than the skin depth
of about 0.05 pm for Cu and 0.065 pm for Ag at THz frequencies. The bore (hollow-
core) diameter of the hollow-core waveguide with Cu inner coating was relatively large
(2—6.3 mm); therefore in order to have a flexible structure a polymer material with a
smooth inner surface, nearly equal in roughness to silica glass, was chosen instead of glass
capillaries. The hollow-core waveguide with Cu inner coating was fabricated by depositing
Cu employing a liquid-phase chemical process. While, the hollow-core waveguide with
Ag inner coating was fabricated by employing a silver mirror-plating technique. Both
techniques are adapted from hollow core IR waveguides (Harrington 2000). The loss of this
hollow-core waveguide was measured at three different frequencies (1.6, 1.9, and 2.5 THz)

for three different bore diameters (2, 3, and 6.3 mm). The lowest loss was 0.9 m™! at
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1.9 THz (A = 158.3 pm) for the 3 mm bore waveguide (Harrington et al. 2004). The losses
were measured using a continuous-wave single-mode far IR gas laser as the source and a
pyroelectric camera as the detector. The tunable IR laser (42 pum < A < 1020 pm) used
for generation of THz pulses is optically pumped using a CO, gas laser. The measured
loss of hollow-core glass waveguide with Ag inner coating was around 1.9 m~! at the
1.25—1.67 THz for the 1 mm bore diameter (Ito et al. 2007). A tuneable parametric
oscillator with a MgO:LiNbOj crystal pumped by a Q-switched Nd:YAG laser was used
as a terahertz source and a Si bolometer as a terahertz detector. A polymer lens was used

to focus the beam into the waveguides.

In hollow-core metal waveguides the TE;; mode is the dominant mode and is excited with
the linearly polarised THz pulses. However, it is not the mode with lowest attenuation
constant in the metal waveguides. The TEg; mode has the lowest loss (attenuation con-
stant) with a doughnut-shaped mode distribution which cannot be launched easily with
linearly polarised THz pulses. In order to reduce the loss further, in these hybrid-clad
waveguides, a dielectric coating is added. This coating lowers the attenuation constant
of the TM modes and allows hybrid mode propagation. Thus the HE;; mode becomes
the dominant mode with lower attenuation constant (Bowden et al. 2008a, Matsuura
and Takeda 2008, Tang et al. 2009). An important parameter in the design of dielectric
coated hollow-core waveguides is the thickness of the dielectric coating, which determines

whether the TEqg, or HE{; mode has the lowest loss.

Bowden et al. (2007) demonstrated that in a silver/polystyrene (Ag/PS) coated hollow
glass waveguide, a loss of 0.22 m™! (0.95 dB/m) at 2.5 THz (119 um) is obtained for the
fundamental mode. The thickness of the deposited PS coating and the bore size of the
waveguide were 8.2 um and 2.2 mm, respectively. The metallic and dielectric coatings
in the hollow-core waveguide were obtained using liquid-phase chemistry methods. The
large bore size (2.2 mm) reduces attenuation and allows a very good coupling of the
free-space beam in the structure. However, the large bore size results in excitation of
higher order modes (Bowden et al. 2008b). A source and detector employed for the THz
measurements were similar to the ones used for hollow-core polycarbonate waveguide with
Cu inner coating described above. The THz pulse was focused into the waveguide using

a high-density polyethylene lens (Bowden et al. 2007).

Matsuura and Takeda (2008) demonstrated that the loss in a polyethylene (PE)-loaded
hollow glass tube with silver-deposited PE film, whose PE side faced the hollow-core
(Ag/PE), was 0.32 m~! (1.3 dB/m) at 2.5 THz (200 pm). The thickness of the deposited
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PE coating and the bore size of the waveguide were 26 pym and 3 mm, respectively. The
waveguide was fabricated by inserting an Ag/PE film into polycarbonate tube. The Ag
film was deposited onto a strip of PE by sputter deposition. The measured loss for Ag/PE
hollow-core waveguide was 3 dB lower than that of a similar hollow-core waveguide with a
silver inner coating in the frequency region from 1.2 THz to 2 THz. The measurement was
performed using a Fourier transform infrared spectrometer (FT-IR) with a Si bolometer
as detector. The THz pulse was focused into the waveguide by a gold-coated off-axis

mirror.

A drawback of introducing the dielectric layer in a metallic waveguide is that the dielectric
coating introduces interference peaks, which limits the bandwidth of operation (Matsuura
and Takeda 2008). Therefore the thickness of the dielectric coating should be designed
so that the low loss transmission window is located in the desired frequency region. An-
other drawback of a dielectric coating is that the inner dielectric coating adds absorption
losses. Therefore the dielectric materials with low absorption loss, i.e. kK = 2mwa /) less
than 0.065 (Matsuura and Takeda 2008), should be selected in order to achieve lower
losses in a hollow-core waveguide with inner dielectric coating compared to a metallic

hollow-core waveguide.

Hollow-core microstructured band-gap fibres

Hollow-core microstructured band-gap fibres consist of a hollow-core surrounded by mi-
cron scale air holes in the cladding, which run the length of the fibre. The mode confines
and propagates in the core when the cladding does not support the mode, i.e. the cladding
forms a two-dimensional photonic crystal and the excited mode lies in the band-gap of
the cladding. They were first proposed, developed and optimised for visible and infrared
regime (Knight et al. 1996, Knight et al. 1998, Correa and Knight 2008). The scanning
electron microscope image of an optical hollow-core microstructured band-gap fibre is
shown in Fig. 2.16(a).

As is well known from optics, these fibres can suffer from high-confinement losses® due
to the finite number of air-holes composing the cladding lattice (Geng et al. 2008a) and
scattering loss due surface roughness at the dielectric-air interface (Roberts et al. 2005).

The leakage can be suppressed by incorporating sufficient concentric rings of air-holes

5Confinement loss for axial mode propagation is the loss of power through the transverse structure,

which is also known as leakage loss.
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NOTE:
This figure is included
on page 41
of the print copy of the
thesis held in
the University of
Adelaide Library.

(a) (b) ()

Figure 2.16. Hollow-core microstructured band-gap fibre. (a)- The scanning electron micro-
scope image of optical photonic band-gap fibre. After Correa and Knight (2008). (b)
and (c)- The cross-sections of the analysed THz hollow core photonic band-gap fibre.

After Geng et al. (2008a) and Vincetti (2009a).

around the core or by increasing the ratio of the cladding air-hole diameter to the hole-
to-hole spacing pitch (d/A). Though, the higher the number of concentric air-hole rings,
the more difficult the process of fabrication becomes. The scattering losses, which are
inversely proportional to the operating wavelength, can be suppressed to a certain degree

by controlling the fibre fabrication parameters.

The concept of hollow-core microstructured band-gap fibres has been expanded to THz
frequencies (Geng et al. 2008a, Geng et al. 2008b, Ren et al. 2008, Vincetti 2009a). The
advantage of using these fibres for THz are: firstly, like all other hollow-core fibres most of
the electromagnetic field propagates in the air core (which is transparent medium for THz);
and secondly, at THz frequencies (longer wavelength compared to invisible and optics)
scattering losses are low and do not significantly affect the overall loss mechanism (Vincetti
and Polemi 2009).

Geng et al. (2008a) analysed waveguides composed of two-dimensional triangular arrange-
ment of air-holes in the cladding with larger diameter-to-pitch ratio (d/A = 0.93 and 0.96)
and a seven-unit-cell air core, as shown in Fig. 2.16(b). The hollow core radius (R.) of
the waveguides were chosen equal to the hole-to-hole spacing pitch (A = 292 pm) in
the cladding to guarantee a single mode propagation. HDPE was considered as the host
material of the waveguides due to its low absorption coefficient at THz. The band-gap
width calculated for d/A = 0.93 and d/A = 0.96 waveguides was respectively 0.11 THz
(1.42—1.53 THz) and 0.24 THz (1.54—1.78 THz). The evaluation indicated that the leak-

age losses for these waveguides were negligible in comparison to the absorption losses
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rising from material absorption HDPE. The lowest value of the leakage and absorption

L at

losses for the waveguide with d/A = 0.93 were respectively reported 3.0x107° cm™
1.5 THz and 0.0224 cm™' at 1.53 THz, and for the waveguide with d/A = 0.96 were
respectively reported 3.5x107% ecm™! at 1.69 THz and 0.0141 cm™! at 1.75 THz. The
dispersion analysis reveals that the dispersion curve of the waveguides change rapidly
from -4 to 1 ps/THz/cm in the bandgap with a smother slope for the waveguide with

d/A = 0.96 around the centre (GDV = 0).

A hollow-core microstructured band-gap fibre with the cross-section shown in Fig. 2.16(c)
(this theoretical structure has sharp corners rounded off based on real fabricated fibre
structures in the optical regime) was also analysed for THz guidance (Geng et al. 2008b,
Ren et al. 2008, Vincetti 2009a). Geng et al. (2008b) stated leakage and absorption
loss values of respectively 1.1x107° and 0.0006 cm™! at 1.68 THz, for a 19-unit-cell air
core (R. = 225 pm) and 4 layers of hexagonal air-holes (d = 539 um, A = 550 pm,
and t = 5.5 pm) with rounded corners as cladding of the HDPE waveguide. Vincetti
(2009a) theoretically showed that just three concentric rings of air-holes in the cladding
were enough for a THz hollow-core microstructured bang-gap fibre to have negligible
leakage loss compared with cladding material absorption loss. They have demonstrated
theoretically that the propagation loss is two decades lower than the absorption losses of
the bulk material for the THz band-gap fibre (R. = 2.7 mm, d = 882 pym, A = 900 gm, and

t =9 um). Loss values less than 0.01 cm™

and dispersion values less than 2 ps/nm/km
are obtained for a Teflon and HDPE microstructured band-gap fibre over the frequency
range of 0.895—1.145 and 0.82—1.02 THz, respectively. Also a periodic arrangement of
square holes with rectangular air-core and round corners in the cladding was analysed,

where a phase index birefringence of 10™% was reported (Ren et al. 2008).

In a nutshell, the numerical results discussed above indicate that for larger diameter-to-
pitch ratio and core diameters, lower transmission loss and lower group velocity dispersion
can be achieved in plastic hollow-core microstructured band-gap fibres. The confinement
loss is negligible for these waveguides; it is more than two orders of magnitude lower
than the absorption loss. The losses and dispersion are strongly frequency dependent,
i.e. they have small values around the centre of the band-gap and the values increase
on approaching the boundaries of the band-gap. The operational bandwidth of these
waveguides is defined by the band-gap width. Although they can be tuned to operate
in a different frequency band, the bandwidth is extremely narrow compared to the THz

spectrum, moreover, they have large diameter. As an example, three concentric rings for
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the cladding and two omitted concentric rings to form the hollow core, lead to a 10 mm
diameter for THz hollow-core photonic band-gap fibre. The waveguide diameter indicates
that these fibres are inflexible and not a proper guiding structure for integrated THz
devices. Additionally, these fibres suffer from multimode propagation due to their large
core size. Decreasing the core diameter increases the leakage from the core which leads
to higher absorption losses. To reduce the leakage more layers of cladding are required,
which adds to the waveguide diameter. The coupling coefficient is also very low in these
fibres due to the closeness of the propagation constant of the fundamental mode and
higher order modes. To the best of our knowledge so far, there has been no fabrication
and experiment reported in the literature on THz hollow-core microstructured band-gap
fibres.

Hollow-core multilayer bang-gap waveguides (Bragg fibre)

Multilayer dielectric bang-gap waveguides, well known as Bragg fibres in optics, consist
of a hollow-core surrounded with concentric cylindrically-periodic (CP) structure. The
CP waveguide confines the mode in the core by band-gap effects (Temelkuran et al. 2002,
Katagiri et al. 2004, Rowland 2010). So far at the optical regime, there are three types
of hollow-core Bragg fibres. The first one is the omnidirectional Bragg fibre, made up of
combination of either glass or polymer materials with very large index variation between
concentric cladding layers as shown in Fig. 2.17(a). The second type is ring-structured
Bragg fibre, made up of single material with alternating circular rings of air-holes, which
behave like the low-index layers of an omnidirectional Bragg fibre, as shown in Fig. 2.17(b).
Finally, the third type is the cob/spider-web structured Bragg fibre made up of layers of
single material and air, where a certain number of supporting strips, called struts, are used
to keep the structure together, as shown in Fig. 2.17(c). All the three types of Bragg fibres
have also been explored for THz (Skorobogatiy and Dupuis 2007, Yu et al. 2007, Ponseca
et al. 2008).

A hollow-core multilayer band-gap waveguide featuring concentric cylindrically-periodic
layers (PVDF and polycarbonate polymers) was theoretically studied for THz guid-
ance (Skorobogatiy and Dupuis 2007). Two fabrication techniques were proposed for
these waveguides: consecutive deposition of polymer layers by solvent evaporation on the
inside of a rotating polymer tube, and co-rolling and solidification of the two polymer
films. The second approach can employ drawing to achieve the desired diameter. More-

over, an extra manufacturing step either during or after drawing is needed for activating
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(a) (b) (c)

Figure 2.17. THz Bragg fibres. (a)- Concentric cylindrically-periodic Bragg fibre with a large
variation in index between the cladding layers. After Yu et al. (2007). (b)- The
microscope image of a ring structured Bragg fibre. After Ponseca et al. (2008). In
contrast to omindirectional Bragg fibre, the ring structured Bragg fibre is made up
of single material and variation in index between the cladding layers is achieved by
including alternating circular rings of air-holes. (c)- Cob/spider-web structured Braag
fibre. After Yu et al. (2007) and Rowland (2010). These Bragg fibres are also made
up of a single host material (concentric layers of material and air), and struts are used

to keep the structure together.

PVDF polymer. Theoretical loss values less than 0.02 em™! for 1 < w < 3 THz was
presented for a 1 mm core diameter and 31 layers (~ 50 pm thickness) of PVDF/PC
reflector. In such a broad frequency window, the hollow-core multilayer band-gap waveg-
uide guides THz pulses not only in the band-gap regime, but also outside the gap. The
structure also acts as a metamaterial waveguide with a sub-wavelength reflector period,
a single PC, or a PVDF tube at THz range. No experimental characterisation of the

hollow-core multilayer band-gap waveguide is reported.

For a hollow-core multilayer band-gap waveguide, it is difficult to find two materials
with sufficient index contrast”, similar thermal and mechanical properties, as well as a
compatible processing techniques in realising the structure. Thus, hollow-core band-gap
waveguides made of single material (i.e. ring and spider-web structured band-gap waveg-

uides) are more favourable. Absorption losses less than 1.8x107° ¢cm™?

in the frequency
range 1.5—4.3 THz was theoretically calculated and reported for a hollow-core HDPE

spider-web structured band-gap waveguide for 8 mm core radius, 25/500 pum thickness

"The relative size of the band-gap is proportional to the relative index contrast of materials.
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of material/air layers, and 3 alternating layers for cladding (Yu et al. 2007). Like mi-
crostructured band-gap waveguides, the confinement loss (3.8x107? cm™" at 3.6 THz) of
spider-web structured band-gap waveguide is negligible. Extrusion techniques have been
proposed for fabrication of these waveguides; however, no experimental characterisation

is reported.

Guiding of THz pulses in both the hollow-core and the microstructured cladding were
observed in a PMMA ring structured Bragg waveguide (Ponseca et al. 2008). The preforms
were prepared by drilling the hole pattern into a 7 cm diameter of PMMA rod and
drawn to 6 mm diameter waveguides. Two waveguides with the following parameters
were characterised: waveguide 1 (6.3 mm outer diameter, 69 pm hole diameter, 93 pm
between the holes in the same ring and 105 pm between the holes in adjacent ring) and
waveguide 2 (5.6 mm outer diameter, 65 pm hole diameter, 86 um between the holes in
the same ring and 93 um between the holes in adjacent ring). The experimental set-
up used for characterisation of THz Bragg fibre is shown in Fig. 2.18. A mode-locked
Ti:sapphire laser is used to pump the n-type bulk Indium-Arsenide (InAs) emitter under

a 1 T magnetic field®, while the detector is a bow-tie type photoconductive antenna.

Transmission bands of 0.8—1.4 THz for waveguide 1 and 1.0—1.6 THz for waveguide 2,
which were in good agreement with the expected band-gap location were observed. The
total propagation loss due to the both pulses, guided in the core by virtue of the band-gap
effect and guided in the cladding by virtue of total internal reflection, was estimated to
be 1.3 and 1.1 cm~! for waveguides 1 and 2, respectively. Due to separation of two guided
pulses (20 ps), the loss for individual pulses was also estimated. The minimum absorption
loss of the pulse guided in the hollow core was estimated to be 0.44 cm™! at 1.0 THz for

waveguide 1 and 0.2 cm ™! at 1.3 THz for waveguide 2.

These multilayer band-gap waveguides allow low loss propagation of THz pulses in the
band-gap regime, which is narrow compared to the broad spectrum of THz. The loss and
dispersion of these waveguides increases as the frequency approached to the edges of the
bands. The guidance in these waveguides is not limited to the gap region. Depending

on the cladding design and material, these waveguides act as hollow-core microstructured

81t has been shown that the generation of THz radiation from specific semiconductors (such as InAs,
GaAs and InSb) is enhanced by applying the external magnetic field. It has also been demonstrated that
InAs is the most efficient emitter in the presence of a magnetic field (Zhang et al. 1993, Sakai 2005).
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Figure 2.18. Bragg fibre experimental set-up. The schematic diagram of the experimental setup
used for characterisation of Bragg fibre. An n-type bulk Indium-Arsenide (InAs) emitter
and a bow-tie type photoconductive antenna is used for the generation and detection
of THz radiation. After Ponseca et al. (2008).

fibres guiding in the band-gap regime, a metamaterial fibre with a sub-wavelength re-
flector period, a tube waveguide, or microstructured fibre guiding based on total internal

reflection.

Direct scaling up of the optical dimensions results in large THz waveguide dimensions
(6-10 mm in diameter), making them potentially very inflexible. Such structures also suf-
fer from high losses especially at bends or discontinuities, due to coupling of propagating
mode TEq; to the lossy TM;; degenerate mode’. Although addition of an external metal
coating might improve the radiation losses (Llombart et al. 2009), the narrow bandwidth
(resulting in high losses and dispersion at the edges of the bandwidth) and rigidness of

the waveguides are the two main disadvantages of these waveguides.

Kagomé hollow-core microstructured fibres

The hollow-core microstructured fibre proposed by Lu et al. (2008c) is—as the name
suggests—composed of a central hollow core and a cladding layer formed by periodic ar-
rangements of Teflon tubes. The Teflon tubes are chosen for this purpose since the THz

absorption coefficient of Teflon is low, i.e. less than 3 cm™! for 0.2—3 THz (Fischer 2005),

9Degenerate modes are the modes that have identical cut-off frequency, e.g. TEg, and TM;, in

circular cross-section waveguides.
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(a) (b)

Figure 2.19. Hollow-core microstuctured Kagomé fibres. (a) THz hollow-core microstucture
fibre proposed by Lu et al. (2008c). (b) Scanning electron microscope image of the
optical Kagomé fibre by Couny et al. (2006).

and also these tubes are commercially available in different inner and outer diameters.
As shown in Fig. 2.19(a), the Teflon tubes are bound together in triangular lattice and
the seven central tubes (the central tube and the six tubes in the first layer) are re-
moved to create the hollow core. The guiding mechanism in this fibre is similar to the
Kagomé-lattice optical fibre, shown in Fig. 2.19(b), (Couny et al. 2006, Argyros and
Pla 2007, Vincetti 2009b), where the guided modes confined in the hollow-core are pre-
vented from efficiently coupling to the cladding due to the anti-resonance effect of the
Kagomé lattice. The guiding mechanism in these fibres is by virtue of the formation of
Von-Neumann-Wigner quasi-bound states and the cladding does not support photonic
band-gaps (Benabid et al. 2009).

A low attenuation constant less than 0.01 cm™!

is experimentally achieved at 0.770 THz
for hollow-core microstuctured fibres made up of seven cladding rings (Lu et al. 2008¢) as
shown in Fig. 2.19(a). The waveguide was fabricated by stacking commercially available
Teflon tubes. The attained structure was suitable for the guidance of THz pulses, and no
further drawing steps were required. For the characterisation of the waveguide proposed
by Lu et al. (2008¢), a broadband pulse source is used for generation of THz radiation,
but no detail is provided as to the type of THz source used. A Martin-Puplett polarising

interferometer'’ (Lambert and Richards 1978) together with a bolometer are employed

Onterferometry is the technique of measuring the properties of waves by studying the pattern of

interference created by their superposition.
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on the detection side. Due to the large core sizes no lenses were required for coupling into

the waveguide.

Theoretical investigations of these waveguides reveal that the transmission spectrum ex-
hibits an alternation of low loss and high loss bands. The minimum loss in each low loss
region depends on tube diameter (d), while the frequency ranges of low loss and dispersion
is depend on the thickness (t) of the tubes (Vincetti 2009b). Increasing the tube diameter
reduces the minimum loss about of one order of magnitude, flattens the dispersion, and
increases the core and total diameter of the waveguide. While, decreasing the thickness of
the tubes leads to a wider transmission band. As an example, for a waveguide obtained
by removing the seven innermost Teflon tubes (d = 2.8 mm and ¢ = 44 um) loss lower
than 0.002 m~! and dispersion coefficient lower than 0.03 ps/nm/km are calculated over

a frequency range from 1.3 to 3 THz (Vincetti 2009b).

Kagomé-lattice waveguides offer a wider transmission band compared to Bragg waveg-
uides. Similar to Bragg waveguides the leakage loss for Kagomé lattice waveguides (even
with one ring of tubes as cladding) are negligible compared to absorption loss, except
where the frequencies coincide with cut-off frequencies. The dispersion curve is S-shaped
and it increases at the edges of the transmission band due to the anticrossing with cladding

modes at the resonance frequencies.

A drawback of Kagomé waveguides is that they have diameters of the order of a few tens
of millimetres. As an example for the seven ring microstructure fibre proposed by Lu et
al. (2008c), the total fibre diameter ranges from 18 to 35 mm for the commercially avail-
able Teflon tubes with the outer/inner diameters of 1.68/2.08 mm, and 0.81/1.11 mm.
It should be noted that the diameter of the fibre is greater than 10 mm even when a
single layer of cladding is used. Thus, these waveguides are not flexible. Another dis-
advantage of these fibres is that they are multimode due to the large core diameters.
It has been shown that reducing the core size leads to single mode propagation at the
expense of high fundamental mode propagation losses and dispersion. It should be noted
that single-mode propagation can be obtained to some extent by controlling the launch
condition (Vincetti 2010). A third disadvantage of these waveguides is that the loss and
dispersion curves contain irregular small perturbations in the low loss regions (in between
two dominant perturbations that define the transmission band) due to the weak coupling

between core modes and cladding modes (Vincetti 2009b).
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Remarks An advantage of hollow-core waveguides is that the THz pulses propagate
mainly in the hollow core and only small fraction of it propagates in the material resulting
to low absorption losses. These waveguides can be tailored to offer low-loss and dispersion
in the required transmission band. Another advantage of these waveguides is that they
are suitable for sensing applications, i.e. the sample under test can be located in the
core where a better interaction of the field and sample can occur compared to free-space

propagation systems.

In spite of the above advantages, generally the hollow-core waveguides have in transmis-
sion window by virtue of the resonance or band-gap effects. Therefore, they only offer
low-loss and dispersion for the designed narrow window and are not suitable to guide a
broad THz spectrum. Another drawback of theses waveguides is that their dimension is
in the order of a few millimetres. Thus, commonly they are inflexible. Reducing the core

diameter leads to an increase in the absorption loss.

A summary of all the key parameters discussed for the above hollow-core waveguides is

presented in Table 2.3.

Solid-core waveguides/fibres

The guiding mechanism of solid-core waveguides/fibres, where the effective refractive in-
dex of the core is higher than that of the cladding, is based on well-known total internal
reflection. These solid-core waveguides suffer from material absorption since most of the
mode is guided within a dielectric medium and there is no known low loss dielectric mate-
rial in THz. Therefore, the material choice and waveguide structure have a great impact

on the fibre performance, not only on transmission loss but also on dispersion.

Air-clad dielectric waveguides with sub-wavelength core

Plastic ribbon waveguide (Mendis and Grischkowsky 2000) and sapphire fibre (Jamison et
al. 2000) are the first two dielectric waveguides proposed by Oklahoma State University
research group. As the names indicate, these structures were made of up respectively
sapphire with the diameters of 150, 250 and 325 pum and high-density polyethylene slabs
with the thicknesses of 120 and 150 um. The structures offer lower absorption loss than
the bulk material loss, less than 6 cm™~! for the frequencies less than 2.5 THz and less than
1 ecm™! over the frequency range 0.1 to 3.5 THz for sapphire fibre and ribbon waveguide,
respectively. This occurs by virtue of the sub-wavelength dimension of the waveguides,

where the propagating mode is not tightly confined to the waveguide and expands to
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the air. The THz temporal pulse is negatively and positively chirped after propagating
through sapphire and plastic ribbon waveguides, respectively. The absorption losses of
these waveguides are much lower than those of coplanar waveguides discussed earlier in
this section. Nevertheless, the achieved losses are not comparable to those of parallel-plate
waveguide, bare metal wire, and recently developed dielectric waveguides discussed later
in this Section. A similar THz-TDS system, shown in Fig. 2.9(b) for characterisation
of metallic waveguides (optoelectrical emitter and detector, and steering optics), was
employed for characterisation of sapphire and plastic ribbon waveguides. Silicon hyper-
hemispherical and plano-cylindrical lenses were used to couple the energy into and out of

sapphire and plastic ribbon waveguides, respectively.

In 2006, Chen et al. (2006), from Taiwan University, reported loss values less than
0.01 ecm~! near 0.3 THz in a polyethylene sub-wavelength air-clad waveguide. An air-
clad fibre with a core diameter of 200 pm is used to guide the THz radiation. Compared
to sapphire waveguide, proposed earlier in the literature, this waveguide only has differ-
ent host material and is analysed at low frequencies where the waveguide dimension is
smaller than the operating wavelengths (830—970 pum). As we later show in Chapter 3,
the sub-wavelength dimension pushes a large portion of the transmitted power is in the
air-clad, which is transparent for THz frequencies leaving a small portion of it in the low
loss plastic material. Therefore, the loss averaged in the transverse plane reduces dra-
matically. The concept used by Chen et al. (2006) is similar to the concept developed in
optics; i.e. optical nanowires (Tong et al. 2003). More details on optical nanowires and

the expansion of the concept to the THz region will be discussed in Chapter 3.

The schematic of the THz experimental set-up used for the loss measurement of the sub-

! excited by an optical

wavelength fibre is shown in Fig. 2.20. A photonic transmitter!
femtosecond laser pulse and an Si bolometer is used for the generation and detection of
THz radiation. A special fibre coupler made from paper is used to hold the fibre and
a metal cone is employed at the end of the fibre to prevent scattered waves from being

detected.

The sub-wavelength air-clad waveguides are flexible due to their sub-wavelength dimension
(a few hundred microns). The extension of the propagating mode in the air allows coupling
via surface contact and straightforward interaction of the mode with the surrounding

environment leading to practical applications in sensing. For examples, these waveguides

"Printed circuit antenna on an ultrafast photoconductive material (LT-GaAs), which generates quasi-
CW narrow-band THz radiation (Shi et al. 2002, Tien et al. 2004).

Page 50



Chapter 2 Review of THz generation, detection and waveguides

NOTE:
This figure is included on page 51 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2.20. Sub-wavelength air-clad dielectric fibre experimental arrangement. Schematic
of the THz TDS experimental setup. A photonic transmitter excited by an optical
femtosecond laser pulse and an Si bolometer is used for the generation and detection
of THz radiation. After Chen et al. (2006).

have been utilised as straight THz tip sensors for spectroscopy (You et al. 2009, You
et al. 2010), THz directional couplers (Chen et al. 2009) and as waveguide based THz

endoscopes in interferometric imaging (Lu et al. 2008b, Lu et al. 2008a).

In spite of that, one disadvantage of these sub-wavelength air-clad waveguides with low
power fraction in the core is that they suffer from high losses due to any perturbation
(e.g. bends) to the structure. This occurs due to the weak confinement of the mode to
the waveguide compared to waveguides with strong confinement of the field in the core

(e.g. conventional core/clad fibres, and hollow-core band-gap waveguides).

Solid-core microstructured waveguides

The guiding mechanism of a solid-core microstructured waveguide, also known as a solid-
core photonic crystal fibre (PCF), is achieved by total internal reflection, while in PCF's
with low index cores, e.g. air-core, it is achieved by the photonic band-gap effect. Han et
al. (2002) were the first to realise, fabricate, and experimentally demonstrate the loss and
dispersion of solid-core microstructured waveguides in the THz spectrum. As shown in
Fig. 2.21(a), the structure is fabricated from high-density polyethylene (HDPE) tubes and
a filament that represent respectively the cladding and core. A relatively low loss (less
than 0.5 cm™!) and low dispersion (average group velocity of 2 ps/THz/cm at 0.4 THz) is
attained within the bandwidth of 0.1—3 THz (Han et al. 2002). An identical experimental

Page 51



2.3 Terahertz waveguides

arrangement employed for metallic waveguides, shown in Fig. 2.9(b), is used for character-
isation of the PCFs. The THz pulse was generated employing optical rectification method

and was detected by a photoconductive antenna.

The attenuation of a guided mode of the solid-core PCF depends on the field confinement
in the core and the core material absorption. It has been shown that the main contribution
of the transmission loss is the material absorption loss (Han et al. 2002). Consequently,
the attenuation can be reduced by using material with lower loss or lower refractive index
in the THz regime. Goto et al. (2004) have demonstrated that fabricating a similar solid-
core PCF from polytetrafluorethylene, commonly known as Teflon, reduces the solid-core
PCF loss further to less than 0.12 ecm™! for 0.1—1.3 THz. This is due to relatively a low
refractive index of Teflon (n = 1.46) compared to that of HDPE (n = 1.53) (Birch et
al. 1981), which leads to a lower confinement of THz radiation into the solid-core and
consequently lower loss. The experimental set-up employed for the characterisation of the
Teflon PCF is shown in Fig. 2.21(b). The broadband terahertz radiation is generated by
employing an In-As semiconductor pumped by a mode-locked Ti:sapphire laser under a

2.5 T magnetic field. An Si-bolometer is employed for the detection of THz field intensity.

Nielsen et al. (2009) improve the loss of solid-core microstructured waveguides further
to less than 0.1 cm™! for 0.35—0.65 THz by using cyclic olefin copolymer, COC and
commercially known as TOPAS, as the host material. The THz dielectric properties of
COC is demonstrated in this thesis in Chapter 3. The photographs of two different solid-
core microstructured waveguides fabricated from COC are shown in Fig. 2.22(a). These
COC waveguides have S-shaped dispersion curves with absolute dispersion parameter 3,

values less than 1 ps/THz/cm for 0.4—1.4 THz and zero dispersion between 0.5—0.6 THz.

Unlike previous characterisation setups discussed so far, these COC microstructured
waveguides are characterised in a reflection based THz time domain spectroscopy sys-
tem. Two photoconductive antennas are used for generation and detection of broadband
THz pulses. In order to have a constant in- and out-coupling of the THz pulses during
loss measurements, a reflection arrangement is considered as shown in Fig. 2.22(b). A
metallic reflector is positioned at the back end facet of the waveguide for this purpose
and the waveguide is also cleaved from this end for loss measurements. A COC beam
splitter is used to separate the reflected THz beam from the incoming beam. A COC
hyper-hemispherical lens is employed for coupling in and out of the PFC instead of silicon

lenses.
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(a) (b)

Figure 2.21. Solid-core microstructured fibre and the experimental arrangement I. (a)- Opti-
cal micrograph of a solid-core photonic crystal fiber. After Han et al. (2002). (b)- An
undoped Indium-Arsenide (InAs) emitter and a liquid-He cooled Si-bolometer are used
for the generation and detection of THz radiation. A silicon hyper-hemispherical lens

is used to couple the THz radiation into the Teflon PCF. After Goto et al. (2004).

Compared to air-core microstructured waveguides, the solid-core microstructured waveg-
uides has a broader transition bandwidth since the guiding mechanism is based on total
internal reflection and not based on antiresonance or band-gap effects. Thus these waveg-
uides are better suited for the broadband THz guidance. Although the COC solid-core
microstructured waveguides can be bent (90-degree bend) by heating the waveguide, gen-

erally they are rigid due to their large dimension (a few millimetres).

Waveguides with a low index discontinuity in the core

Nagel et al. (2006b) have proposed low index discontinuity waveguides in order to improve
the confinement of the THz radiation, which is the disadvantage of sub-wavelength fibre
and metal wire. In that work, Nagel et al. (2006b) have transferred the concept proposed
by Almeida et al. (2004) for integrated optical devices to THz range. Almeida et al.
(2004) showed theoretically and experimentally that a high-index dielectric single-mode
rectangular waveguide split along the axis of wave propagation enhances and confines a

substantial fraction of power in the low-index split region as shown in Fig. 2.23(b). The

Page 53



2.3 Terahertz waveguides

NOTE:
This figure is included on page 54 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 2.22. Solid-core microstructured fibre and experimental arrangement Il. (a)- The pho-
tographs of two different solid-core PFC fabricated from COC. (b)- The reflection
arrangement considered for constant in- and out-coupling of the THz signal during

loss measurements. After Nielsen et al. (2009).
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(a) (b)

Figure 2.23. Schematic of a dielectric slit rectangular and tube waveguides, and electric
field enhancement. (a)- Geometries of a slit rectangular waveguide (SRW) and a
tube waveguide (TW). After Nagel et al. (2006b). (b)- Electric field enhancement

within low-index discontinuity.

concept has been expanded to THz by Nagel et al. (2006b) and the attenuation, dispersion
and single-mode confinement properties for two structures, a split rectangular waveguide
and a tube waveguide shown in Fig. 2.23(a), are investigated. The mode confinement
in the virtually lossless low-index air gap reduces THz transmission losses compared to
that of the same structure without the split and increases the confinement of the mode
compared to bare metal wires (Nagel et al. 2006b). The concept of the field enhancement
within the low-index discontinuity, which is the core concept of the porous fibres proposed

in this thesis, is explained in more detail in Chapter 4.
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For a tube waveguide composed of fused silica, loss values less than 0.7 cm™! are mea-

sured for the frequency range of 0.4-0.6 THz (Nagel et al. 2006b). The measured effective
permeability (e.g = n?;) for the tube waveguide varies from 2 to 4 over the frequency
range of 0.3—0.7 THz. The numerically calculated loss and effective relative permeability

L and

of a slit rectangular waveguide made of high resistivity silicon are less than 0.01 cm™
2, respectively, for 0.5—0.9 THz. For characterisation of tube waveguide, two identical
photoconductive antennas embedded in a parallel-plate waveguide are used for the gen-
eration and detection of broadband THz radiation. The parallel-plate waveguide serves
as the output and input port of the emitter and detector. The tube waveguide is aligned
at a distance of a few micrometers to the parallel-plate waveguide port. The components
used in this system and the measurement techniques have been described in more detail

in (Nagel et al. 2006b, Nagel et al. 2006a).

Remarks The guiding mechanism in the solid-core dielectric waveguides is based on total
internal reflection. These waveguides suffer from material absorption losses. This loss can
be reduced if the dimension of the core is chosen smaller than the operating wavelengths,
since the higher portion of the mode power propagated in the air-clad with almost zero
loss. However, this reduces the confinement of the mode to the waveguide. A method
preposed to increase the confinement was to introducing a sub-wavelength discontinuity
in the waveguide. The absorption loss can also be reduced if low loss dielectric materials
such as COC are used. However, the waveguides achieved are rigid due to their dimension.
A summary of all the key parameters discussed for the above hollow-core waveguides is

presented in Table 2.4.

2.4 Chapter Summary

In this chapter, different methods of terahertz generation and detection are reviewed.
The physics underpinning the generation and detection THz radiation based on photo-
conductive antennas/switches are also discussed, since the PC antennas are employed for

generation and detection of THz radiation in this thesis.

Then we have reviewed different THz non-planar waveguide structures in the terms of loss,
dispersion and proposed experimental arrangements. We have divided the waveguide so-

lutions into two main categories: metallic and dielectric. Metallic waveguides suffer from
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Ohmic losses due to their finite conductivity. The metallic waveguide has higher propaga-
tion loss if the mode is confined within the structure (circular and rectangular waveguides)
and the loss decreases as the mode gets less confined to the structure (bare metal wire).
On the other hand the radiation losses due to any perturbation increases when the mode
is loosely bound to the structure. An advantage of using metallic waveguides such as
parallel-plate waveguides and bare metal wires is that these structures have a broadband
undistorted wave propagation at THz spectrum, i.e. almost zero dispersion. We have

compared the main points discussed in this chapter on metallic waveguides in Table 2.2.

The dielectric waveguide solutions proposed in the literature have been categorised into
two main groups: hollow-core and solid-core waveguides. The material absorption is al-
most zero for hollow-core waveguides since the THz radiation is mainly confined in the
air-core. The confined mode in the core makes them a good candidate for sensing appli-
cation. However, the dimension of these waveguides is in the order of a few millimetres.
This dimension leads to rigid and large waveguides, which are not practical for the in-
tegrated THz devices. Another drawback of these waveguides is that their low-loss and
low-dispersion behaviours are limited to a transmission window, which is narrow compared
to the THz spectrum. A third drawback of these kind of waveguides is the multimode
operation due to the large core sizes. Although reducing the core size eliminates higher
order modes, it increases the attenuation of the fundamental mode (Vincetti 2010). On
the other hand, THz radiation propagating in the solid-core dielectric waveguides suffers
from material absorption. There are two solutions proposed to decrease the loss value of
a solid-core waveguide: firstly, utilizing the waveguide structures from low loss dielectric
materials such as COC. Secondly, pushing most of the propagating mode into the air by
either decreasing the waveguide dimension (sub-wavelength air-clad waveguides) or intro-
ducing a discontinuity (low-index discontinuity waveguide). In order to summarise the
dielectric waveguides discussed here, we have also prepared two tables one for hollow-core
dielectric waveguides and the other for solid-core dielectric waveguides, Tables 2.3 and 2.4
respectively. A schematic or photograph of each waveguide and the geometrical details

are also included.

In the following chapter we investigate THz sub-wavelength fibre, named microwire in
this work, for low-loss terahertz transmission. We first examine the dielectric properties
of some host materials for fibres, i.e. four glasses and two polymers. Then we evaluate
the affect of using these materials on the normalised field distribution, power fraction,

effective area, loss and dispersion properties of THz sub-wavelength fibres.
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Chapte

THz microwires

HIS chapter explores the use of microwires for low-loss terahertz

transmission. Microwires, which are air-clad wire waveguides with

diameters smaller than the operating wavelength (a few pm), have an
enhanced evanescent field in the cladding that, as shown here, can result in a
low loss waveguide structure for the terahertz (T-ray) frequency regime. Based
on our experimental data for the bulk material absorption of four glasses (F2,
SF6, SF57 and bismuth) and two polymers (PMMA and COC), we evaluate
normalised field distribution, power fraction, and effective area of microwires.
Signal degradation, loss and dispersion, of microwires are also evaluated. It is
shown that the effective loss of straight microwires is the main loss mechanism
and approaches to the same order of loss (< 0.01 cm™'), regardless of material

used.
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3.1 Introduction

Several terahertz waveguide structures based on concepts arising from either electronics
or photonics have been reviewed in Chapter 2. One of the dielectric waveguide structures
proposed was plastic fibres by Chen et al. (2006). This was the solution that initially
inspired this thesis. The concept of THz guided propagation in plastic fibers proposed by
Chen et al. (2006) is similar to the concept of optical nanowire (Tong et al. 2003). Optical
nanowires are filaments of dielectric media whose tailorable sub-wavelength dimensions,
in the order of nm, allow a substantial fraction of the guided light (wavelength of 1-1.5 pm)
to propagate outside the structure. As a result, in this regime, there exists an enhanced
evanescent field outside the nanowire. Such an enhanced evanescent field behaviour occurs
for micrometre diameter fibres in the THz band (A = 30-3000 ym or f = 0.1-10 THz).
Therefore we coin the term microwires for these type of waveguides used in the terahertz

regime (Atakaramians et al. 2006b).

3.1.1 Objective and framework

In this chapter, nanowires and related concepts are discussed in Section 3.2. In Sec-
tion 3.3 the measured dielectric properties (absorption coefficient and refractive index) of
the bulk material of four soft glasses, two polymers and a diamond sample are examined.
The bulk material dielectric properties are required for investigation of THz mircowires
in the next section. In Section 3.4, by solving the full vectorial Maxwell’s equations for
a simple rod geometry and using the measured bulk loss coefficients from Section 3.3,
we demonstrate the normalised field distribution, and power fraction of microwires made
of soft glass and polymer materials. Section 3.5 focuses on signal degradation mecha-
nisms in microwires. Different loss mechanisms (effective material loss, bend loss, and
surface roughness) for THz microwires are discussed in Section 3.5.1, while the dispersion

properties of microwires are investigated in Section 3.5.2.

3.2 Optical Nanowires

In recent years there has been significant interest in both metallic and dielectric optical
nanowires. The guiding mechanisms of electromagnetic waves in metallic and dielectric
nanowires are different, as described below. However, in both cases the electromagnetic

field is substantially located outside the wire. In metallic wires, electromagnetic waves
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NOTE:
This figure is included on page 63 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 3.1. Optical nanowires. (a)- A scanning electron microscope image of a bent 280 nm silica
nanowire. (b)- An optical microscope image of launching light via a 390 nm diameter

taper wire into a 450 nm diameter silica nanowire. After Tong et al. (2003).

propagate as weakly guided surface waves (Sommerfeld 1952, Stratton 1941), while, in
dielectric wires the electromagnetic waves is weakly confined to the waveguide with an
enhanced evanescent field in the air (Tong et al. 2003). The guiding properties of the
modes in metallic wires are modeled under the framework of the Sommerfeld equations,
while in dielectric wires they are calculated by the well known vectorial Maxwell’s equa-
tions. The diameter of these waveguides are much smaller than the optical wavelength,

i.e. in the order of nanometers as shown in Fig. 3.1(a).

The dielectric nanowire, which is also called an air-clad wire waveguide has a sub-
wavelength diameter core, possesses interesting properties such as enhanced evanescent
fields and tight light confinement—however, its low-loss optical waveguiding is restricted
by sidewall smoothness and diameter uniformity, especially when the diameter of the
waveguide is very small (Tong et al. 2003). It is known that as the diameter of the
nanowire decreases below the scale of the wavelength of light, loss increases dramatically
as a result of the frozen-in surface roughness (Ebendorff-Heidepriem et al. 2004, Ebendorff-
Heidepriem et al. 2009). An advantage of using nanowires is that coupling between wires
can be achieved via surface contact as shown in Fig. 3.1(b). This technique as we see
later in Chapter 6 is also employed for coupling in/out of THz pulses from waveguides

that have substantial power in the air.

Page 63
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A question we raise here is: “Is it possible to apply this concept to the terahertz regime?” Or
in other words: “Is the use of the nanowire concept a possible way to reduce the loss via
moving a significant portion of the guided mode outside the highly absorbing material

(core)?” If yes, under what parameter conditions?

To answer these questions, first in the following section we investigate the dielectric prop-
erties of the bulk materials (four soft glasses, two polymers and a diamond sample) in THz.
The bulk material properties are later employed in Sections 3.4 and 3.5 to investigate and
compare different parameters (field distribution, power fraction, loss and dispersion) of

THz microwires made up of these materials.

3.3 Dielectric properties of the bulk materials in THz

In this section we present the results of loss and refractive index measurements (dielectric
properties) for four glasses (F2, SF6, SF57 and bismuth), two polymers (polymethyl
methacrylate commonly called PMMA and cyclic olefin copolymer called COC and also
known as TOPAS), and a diamond sample in the terahertz regime. The choice of glass and
polymer materials is based on the relevant fabrication facilities available in CoEP (Centre
of Expertise in Photonics). The COC billet used in this thesis has been provided from
the Department of Photonics Engineering, Technical University of Denmark. It should be
noted that there was no prospect within this project to fabricate all diamond waveguides.

However, diamond samples have been considered in this chapter for comparison purposes.

The glass materials used have composition of heavy metal oxides such as PbO and BiyOs3.
The concentration of the PbO in the F2, SF6, and SF57 glasses and the Bi;O3 in the
bismuth glass are shown in Table 3.1. Other main components of the glasses are SiOy and
B20O3. The F2, SF6, and SF57 glasses are supplied by Schott-AG (SCHOTT Accessed:
February 2010) and the bismuth glass is supplied by Asahi Glass (AGC Accessed: Febru-
ary 2010). The supplied bismuth glass has a similar composition to BI-3 glass (Sugimoto

et al. 1999). The references in Table 3.1 are the sources of these concentration values'?.

Some glass and polymer samples in the billet form are shown in Fig. 3.2(a). The billets
are cylindrical with 3 cm diameter and 5 cm height. The diameter of these billets is
much larger than the spot-size of the THz beam. However, these glass billets are very

thick for THz spectroscopy measurements. The THz signal is very weak and noisy after

12The concentration value for SF57 is obtained by direct measurement using Energy Dispersive X-ray

(EDX) spectroscopy in-house by Dr Heike Ebendorfl-Heidepriem.
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Table 3.1. Composition of heavy metal oxide glasses. The Table indicates the PbO concentra-
tions in F2, SF6, and SF57 and the BiyO3 concentration in the bismuth glass. Other

main components of the glasses are SiOy and B5O3.

Glass PbO Bi; O3 Reference

F2 19 mol. % — Long and Brueck (1999)
SF6 40 mol. % — Long and Brueck (1999)
SF57 43 mol. % — —

bismuth — 43 mol. % | Sugimoto et al. (1999)

=~ ESF6 ke

SF57 N
»

K& .. 2

(a) (b)

Figure 3.2. Glass and polymer samples. (a)- Glass and polymer samples in billet format. (b)-
Prepared samples for THz spectroscopy. Both sides polished with 0.5 mm thickness of
SF6, bismuth, and SF57.

traveling through such thicknesses. Therefore, we choose to prepare thin samples for THz
spectroscopy measurements. The prepared samples are well polished on both sides with
a cross-section of 2 cm x 2 ¢cm and a 0.5 mm thickness. Fig. 3.2(b) shows the prepared
samples of SF6, SF57 and bismuth for THz spectroscopy. It is worth mentioning that
for F2 and polymer samples, we use existing billets with 16 mm and 35 mm heights,
respectively. These materials have lower absorption coefficient (loss) at THz frequencies,

thus there was no need for special preparation (very thin) of these samples.

To measure the refractive indices and absorption coefficient of bulk materials, we use a
commercially available THz time-domain spectrometer, Picometrix T-Ray 2000™ shown
in Fig. 3.3 (PICOMETRIX Accessed: July 2010, Mittleman 2003). The system consists of
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transmitter receiver
head head

Figure 3.3. T-Ray 2000™ system. The system consists of 5 major components: femtosecond
laser, grating dispersion compensator (GDC), control unit, transmitter and receiver
heads, and computer (not shown in figure) for data acquisition. There is also a pair of

silicon lenses for focusing THz radiation on the sample.

5 major components: a femtosecond laser, grating dispersion compensator (GDC), control
unit, T-ray transmitter and receiver heads, and computer for data acquisition. The laser
is a Mai-Tai femtosecond laser with a pulse width of less than 100 fs, central frequency of
800 nm and a repetition rate of 80 MHz. The terahertz transmitter and receiver modules
are integrated into the two fibre coupled heads, which gives flexibility for positioning the
heads. The GDC creates negative group velocity dispersion (GVD) for compensation of
the optical pulse compression by the fibre optic components. The control unit contains
optics splitter, optical delay rail and rapid scanner, motion control electronics, and power

supplies.

To conduct the THz spectroscopy of the samples, the transmitter and receiver heads are
positioned in a direct line of sight. The generated THz beam is collimated with a 38.1 mm
beam width. It should be noted that there is a silicon lens integrated in the head, which
collimates the beam. In order to focus the beam on the sample, another silicon lens with
38.1 mm diameter and 76.2 mm focal length is used. The measured spot size at the focal

point is around 0.6 mm. The sample is placed at the focal point. An identical arrangement
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Figure 3.4. Experimental setup. The experimental setup in National Adelaide T-ray Facilities.(a)-
Picometrix T-Ray 2000™ with a perspex box around the heads. (b)- The close up
of the experimental setup showing the focusing silicon lenses, the sample holder, and
the bismuth sample. The aluminum foil is used to block any stray beams reaching the

detector.

is considered for the detection side. A perspex box is put around the transceiver heads,
lenses, and the sample as shown is Fig. 3.4(a) and is purged with nitrogen. In this way the
absorption dips and distortion in the signal due to water vapour molecules (van Exter et
al. 1989b, Rgnne et al. 1999) are suppressed. Figure 3.4(b) shows a close up the focusing

silicon lenses, the sample holder, and the bismuth sample.

The absorption coefficients and refractive indices are obtained by comparing the sample
pulse with a reference pulse propagating through free-space (i.e. a nitrogen purged medium
or commonly called dry air). The pulse propagating through the set up, when the sample
is present, is called the sample pulse and when there is no sample it is called the reference
pulse. The measured quantity is the complex electric field, i.e. amplitude and phase.
Assuming single mode propagation, the measured electric field after propagating through

a sample of thickness [ can be written in the frequency domain as:

Esam (w) = EgT1 To exp (—al/2) exp (—jBonl) (3.1)

where, Ey and Fg,,(w) are the complex electric fields at angular frequency w before
the sample and after passing through the sample, respectively; 3, is the free space
phase/propagation constant; « is the power absorption coefficient; and n the refractive

index of the sample. Here, T} and T3 are the total transmission coefficients that take
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3.3 Dielectric properties of the bulk materials in THz

into account the reflections at the entrance and exit faces of sample, respectively. These
transmission coefficients for a normal incidence are given by the Fresnel equation (Pedrotti
and Pedrotti 1993). It should be noted that transmission coefficients are a function of
frequency, since the refractive index is dependent on frequency. In the case of measure-
ments conducted here, where the refractive index of the free-space is considered unity,

these coefficients are as follows:

h= nQ(Z)(ujr) 1 (32)
T = ﬁ (3.3)

As mentioned earlier, the reference pulse—measured electric field when no sample is
present—is also required for evaluation of absorption coefficient and refractive index.
The reference pulse through vacuum (n = 1, @ = 0) of the same length as the sample is

given by:

Eret (w) = Egexp (—j5l) . (3.4)

Dividing electric fields of sample and reference pulses in Eqns. 3.1 and 3.4 results in a

frequency dependent complex ratio as follows:
Esm (W) , 4n (w) ,
———~ =Aexp(ip) = ————exp(—al/2) exp (— n—1)1). 3.5
) = Aeplie) = S G e (a2 e (i (-0 (9

The refractive index and power absorption coefficient can be extracted from the phase

and amplitude of Eqn. 3.5 as:

n(w)=1+ ol (3.6)
a(w) = —% In (%A) . (3.7)

To measure the dielectric properties of each glass and polymer bulk sample, we conduct
12 scans; 6 reference pulses and 6 sample pulses. The scan sequence is three reference

pulses, six sample pulses and then three reference pulses again. From the comparison of
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the first and second set of measured reference pulses we are able to estimate if there is
a change in the signal level due to laser drift during the measurements. In such cases
the data is discarded and the experiment is repeated. Figure 3.5(a) shows an example
(bismuth glass sample) of measured THz reference and sample pulses by the Picometrix
T-Ray 2000™. The temporal shape of the averaged reference pulse is shown in blue
while the temporal shape of the averaged sample pulse is shown in red. By comparing
two pulses in the time domain, the dielectric properties of the sample can be revealed.
The time delay of the pulse is due to the higher index of refraction of the sample, and
the attenuation of the peak amplitude is due to the absorption. The refractive index and
the attenuation are calculated as a function of frequency from the phase (Eqns. 3.6) and
amplitude (Eqns. 3.7) of the recorded pulse. The sample used here for the demonstration is
bismuth glass. Figure 3.5(b) shows the spectral amplitude of the THz reference and sample
pulses in blue and red respectively. This is obtained by taking the Fourier transform of the
averaged reference and samples pulses. The image shows that the bandwidth is reduced
from 2.5 THz for the reference pulse to 0.75 THz due to high absorption coefficient of
the sample at the higher frequencies. Figures 3.5(c) and (d) show the refractive index
and power absorption coefficient evaluated from the frequency dependent amplitudes and
phases of the sample and reference pulses ratio. It should be noted that the error, which
is the standard deviation of amplitudes and phases resulted from the 6 measurements,
in refractive index and absorption coefficient is less than 0.5% for the bismuth glass

measurements shown in Fig. 3.5.

We choose to use very thin samples (500 pm thickness) in order to increase the dynamic
range of measurements. The dynamic range of a measurement is obtained by normalising
the recorded frequency spectrum to the noise floor'® of the experiment. In the transmit-
tance measurements the dynamic range of the THz signal determines the largest detectable
absorption coefficient, which is inversely proportional to the sample thickness (Jepsen and
Fischer 2005). However, for the thin samples there are artifacts caused by multiple re-
flections in the sample from the sample interfaces, which becomes more pronounced when
the thickness of the sample decreases. These artifacts, called etalon effects, occur at the
interfaces of the sample and air according to the Fresnel equation, resulting in construc-
tive and destructive interference with the main signal (Fischer 2005). This etalon effect

leads to an oscillatory feature in the data as can be seen in Figs. 3.5(c) and (d).

3Noise floor is the spectrum of the recorded THz signal when the THz beam is completely blocked.
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3.3 Dielectric properties of the bulk materials in THz

The calculated absorption coefficient and refractive indices from the measured reference
and sample pulses are shown in Figs. 3.6(a) and 3.6(b), respectively. Individually, the re-
fractive index of each glass sample is significantly higher than the refractive index of the
polymer and diamond samples. The SF6, SF57 and bismuth glasses show effective refrac-
tive index equal or greater than silicon, i.e. n = 3.41 for 0.2-2.8 THz (Fischer 2005). As we
will see in the following section, the high refractive index results in a tighter confinement
of the terahertz radiation into the waveguide. However, the absorption coefficients of
these glasses are high and increase exponentially as a function of frequency compared
to silicon, where the absorption coefficient of silicon is almost flat function of frequency,
i.e. = 0.5 cm™! for 0.2-2.8 THz (Fischer 2005). The F2 glass has refractive index and
absorption coefficient lower than those from other glasses. Diamond and PMMA samples
have similar absorption coefficient and lower than that of soft glasses, while COC sample
has the lowest absorption coefficient among the measured materials. The refractive index
of diamond is higher compared to that of the polymers samples (/1.5-1.6). The error,
defined as the standard deviation of the 6 measurements, calculated in refractive index
and absorption coefficient is less than 1% in total for all the measurements. It should be
noted that the colour scheme chosen for each material is kept consistent through-out this

chapter.
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Figure 3.5. Determination of the THz dielectric properties from reference and sample pulses.
(a) The temporal shape of the reference and sample pulses in blue and red respectively.
The sample used in this example is bismuth glass. The comparison of two pulses reveals
the dielectric properties of the sample: the time delay of the pulse is due to the higher
index of refraction, the attenuation of the peak amplitude is due to the absorption. (b)
Spectral amplitude of the THz reference and sample pulses in blue and red respectively.
The bandwidth is clearly reduced due to the high absorption coefficient of the sample
at higher frequencies. (c) The refractive index and (d) the power absorption coeffi-
cient evaluated from the frequency dependent amplitudes and phases of the sample to

reference pulse ratio.
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Figure 3.6. Dielectric properties of the glass and polymer materials. (a)- Absorption coef-
ficients and (b)- the refractive indices of the bulk materials (PMMA, F2, SF6, SF57
and bismuth) measured with a THz time domain spectrometer. Note that the inset in

Fig. 3.6(a) indicates the materials for both Figs. 3.6(a) and 3.6(b).

It is worth highlighting that although the THz microwire and porous fibre measurements
presented in this thesis are not carried out in a true vacuum, all the measurements of
bulk materials in this section are carried out in dry air (purged with nitrogen) to reduce
the effect of water lines in the THz spectrum. Therefore in the following chapters of this
thesis the dielectric properties measured in the normal environment, not in dry air, is

considered.

To conclude, among of the materials that can be extruded to form fibres and considered
here, polymers have lower loss (absorption coefficient) in comparison with the glass sam-
ples. Thus polymers are one of the most promising materials among the ones we studied
for fibre fabrication. In the following sections we investigate the effect of polymer and

glass materials on THz microwires in the terahertz frequency range.

3.4 Microwires

The terahertz (T-ray) spectrum has a wavelength range from 30 to 3000 ym. As a
result, the enhanced evanescent field phenomenon—observed in optical nanowires with

D < Aoptic—occurs in a dielectric fibre of a few micrometers in diameter, depending on
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the material used. Thus we use the term microwire to describe dielectric fibres with
micrometre scale diameter in terahertz frequencies that possesses optical nanowire-like
properties. It should be noted that the nanowire has two operating regimes—tight and
loose confinement. We are interested in the loose confinement regime, where D < Agpyic

and most of the propagating mode is outside the wire, for THz radiation guidance.

It is straight-forward to calculate analytically the propagation constant of the modes
propagating in a microwire. We assume that the structure has a circular cross-section, an
infinite air cladding, and a step-index profile. It is also assumed that the wire is uniform
in diameter and has a smooth sidewall. Moreover, we consider that the refractive index of
air is equal to unity and the permeabilities of both media (core and clad) are equal to that
of free-space. Thus solving the vectorial Maxwell’s equation in cylindrical coordinates for
the microwire structure results in the following eigenvalue equation for the hybrid modes
(Snyder and Love 2000, Okamoto 2000, Balanis 1989):

T () K;(w>] [J;w) +(L)2M]:

udp(u) i wky,(w) | | ud,(u) ny ) wk,(w)

(k) [_ (LY _] 39

where, J, is the Bessel function of the first kind, and K, is the modified Bessel function of
the second kind. Here, u and w are normalised transverse wave numbers in the dielectric

and air region, respectively; calculated as follows:

u=ay/fini — 32 (3.9)
w=ay/B?— 2 (3.10)

where, a is the microwire radius, (3, is the free space propagating constant, and 3 is the
propagation constant of the hybrid mode that is calculated by solving Eqn. 3.8. Having
the propagation constant of the modes, one can easily calculate the electromagnetic fields
in the dielectric (core) and in the air (cladding) using the approach reported in Snyder and
Love (2000) and Okamoto (2000). For convenience, the electromagnetic field equations

can be found in Appendix A.

In the following sub-sections of this and the next sections, we calculate and discuss the

fundamental propagating mode, normalised electric and magnetic field distributions, and
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the power fraction outside and inside microwires. The material and dielectric properties

discussed in Section 3.3 are considered for these calculations.

3.4.1 Electric and magnetic field distributions

For this purpose, we first evaluate the propagation constant of the hybrid modes using
Eqn. 3.8. As mentioned earlier for THz microwires the THz dielectric properties of ma-
terials are used. Then all the three components of the electric and magnetic fields are

calculated in the core and the cladding region using equations in Appendix A.

As can be seen from the equations in Appendix A, there exist two polarisations for the
fundamental mode (HE;;), which is determined by the variable . The field distribu-
tion patterns are the same for both polarisations with a 90° rotation, i.e. the modes are
degenerate for this perfect circular waveguide. The two polarisations are achieved by con-
sidering v = 0 and ¢ = 90°. Figure 3.7 shows the normalised electric field components
of the two polarisation of the fundamental mode (HE;;) of a 200 pm diameter PMMA
microwire. The images in the first row represent the normalised electric field components
when ¢ = 0 while the images in the second row represent the normalised electric field

components when ¢ = 90°.

Figure 3.8 shows the normalised magnetic fields components of the two polarisations of the
fundamental mode (HE;;) of 200 pm diameter PMMA microwire. The images in the first
row represent the normalised electric field components when v = 0, while the images in the
second row represent the normalised electric field components when ¢ = 90°. The electric
and magentic fields are normalised by using the convention described in Snyder and Love
(2000), where both normalised electric and magnetic fields are achieved by dividing the
fields to the square root of the total power in the relevant mode. The normalised electric

and magnetic fields of the j-th propagating mode in the microwire are as follows:

. B
E = (3.11)

H, = (3.12)

E

where EJ and H ; are the electric and magnetic fields of the j-the propagating mode, E
and H ; are the normalised electric and magnetic fields of the j-the propagating mode, N;

is the total power of the j-th mode calculated from the following equation:

Page 74



Chapter 3 THz microwires

o
S

X x 10 x 10
9 35
8 5
3
7
©
w w 4 w
o 6 ko] kel 25
Q (5] Q
N 5 Y 3 N 2
[ [} ©
£ 4 £ £ 15
S 5 2 15
z 3 b4 z 1
2
1
1 0.5
0 2 1 0 1 2 3 °©
x 107
(b) (c)
x10* x 10 x10°*
° 35
8 5
3
7
w 6 w 4 w” 25
el el o
[5) [ (53
N 5 N 3 N 2
© © =
£ 4 £ € 15
o o o
= 3 b4 2 z 1
2
1 0.5
1 .
(d) (e) ()

Figure 3.7. Normalised electric fields of the fundamental mode. The normalised electric fields
components of the two polarisation of the fundamental mode (HE;;) of a 200 um
PMMA microwire at the f = 0.5 THz or A = 600 um. (a)- E;, (b)- E4, and (c)- E,
are the normalised electric field components when ¢» = 0 while (d)- E., (e)- Ey, and
(f)- E, are the normalised electric field components when ) = 90°. The black dashed

line shows the core and clad interface of the microwire.

o]
E; x Hr-dA| = =
INCELRE

Where A, is the finite cross-section, * denotes the complex conjugate, and dA = 2dA

/A Er < H;- d}l‘ . (3.13)

is the element of integration across the cross-section of the fibre. In this case since we
are dealing with the fundamental mode, then 5 = 1. This is the convention used for the

normalisation of the fields throughout the thesis.

Figure 3.9 shows the normalised z-component of the Poynting vector, .S, = %EJ X ff]* - Z,
of the two polarisations of the fundamental mode (HE;;) of a 200 pum diameter PMMA
microwire. It should be noted that the 90° rotation between the two polarisations of
the fundamental mode is clearly visible in the normalised z-component of the Poynting

vector. However, as the microwire diameter increases to the order of a wavelength or
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Figure 3.8. Normalised magnetic fields of the fundamental mode. The normalised magnetic
field components of the two polarisations of the fundamental mode (HE;;) of a 200 xm
PMMA microwire at the f = 0.5 THz or A = 600 um. (a)- H;, (b)- Hg, and (c)-
H, are the normalised magnetic field components when ¢ = 0 while (d)- H,, (e)- Hg,
and (f)- H, are the normalised magnetic field components when 1 = 90°. The black

dashed line shows the core and clad interface of the microwire.

larger, this difference diminishes and becomes less noticeable between the two polarisation
of normalised z-component of the Poynting vector. As an example the z-component of the
Poynting vector of a microwire with diameter of 600 um (at f = 0.5 THz or A = 600 pm)
is shown in Fig. 3.10. As we see next, this is due to the fact that F, component of
electric field becomes more confined to the core. This leads to almost similar normalised

z-component of the Poynting vector for both polarisations.

The behaviour of the field vectors on the boundaries between two media are governed
by the boundary conditions. The boundary conditions are thoroughly explained in elec-
tromagnetics text books, e.g. Balanis (1989). Given that the core and clad media are

dielectric, finite conductivity media, the interface between the core and clad of microwire
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Figure 3.9. Normalised Poynting vector distribution of the fundamental mode. The Poynting
vector distribution of the two polarisations of the fundamental mode (HE;) of a 200 um
PMMA microwire at f = 0.5 THz or A = 600 um: (a)- ¢» = 0 and (b)- ¥» = 90°. The

black dashed line shows the core and clad interface of the microwire.

is an interface with no charges or sources. Thus the boundary conditions on this surface

are as follows:

il % (1572 - El) =0 (3.14)

it X (ﬁg - ﬁl) ~0 (3.15)

P (52 . 51) —0, = b = e1Eny (3.16)
P - (B“2 . §1> —0, = Hyy= Hry (3.17)

where media 1 and 2 are the core and clad medium and 7 is the normal unit vector pointing
from medium 1 to 2. Equations 3.14 and 3.15 state that the tangential components
of the electric and magnetic fields across the interface of core and clad are continuous.
Equations 3.16 and 3.17 state that the normal components of the electric and magnetic flux
densities across the interface of core and clad are continuous. This leads to a discontinuity
in the normal component of the electric field across the interface and this discontinuity is
proportional to the refractive indices ratio of the two media. While, the normal component
of the magnetic field across the core-clad interface is continuous since ps = p; = po,
for microwire. In a nutshell, all the components of the electric and magnetic field are

continuous across the core-clad interface except E,. component of the electric field.
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Figure 3.10. Normalised Poynting vector distribution of the fundamental mode. The Poynting
vector distribution of the two polarisations of the fundamental mode (HE;;) of a
600 um PMMA microwire at f = 0.5 THz or A = 600 um: (a)- ¢¥» = 0 and (b)-

1 = 90°. The white dashed lines show the core and clad interface of the microwire.

The calculated normalised electric and magnetic field distributions in Figs. 3.7 and 3.8
also confirm that all the components of the electric and magnetic fields are continuous
on the core-clad interface except the ones in Figs. 3.7(a) and 3.7(d). These two fields
are the radial components of the two different polarisations of the electric field, which are
perpendicular to the core-clad interface. Since these components are the strongest field
components they influence the z-component of the Poynting vector, S,. This enhancement
of the power distribution can be seen clearly in Fig. 3.9 for both polarisations. In the
microwire case, where the second medium (cladding) is air, Eqn. 3.16 is simplified as

follows:

E;n = 61E1_1’n- (318)

This indicates that the electric field is enhanced in the cladding for a microwire. It also
points out that the enhanced electric field is proportional to the refractive index of the
core and the electric field amplitude inside the core close to the interface. Figure 3.11(a)
shows the normalised F, component of the electric field at the xz-plane, ¢ = 0, for PMMA
microwires with two different diameters: 241 pym and 289 pm. The core material of both
microwires is the same, however the amplitude of the electric field component at the
core-clad interface is different. This results in a stronger enhancement for the microwire

with the small diameter, as the electric field is stronger at the interface. It should be
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noted that both diameters are still sub-wavelength (A = 600 pm, f = 0.5 THz). As the
diameter increases the enhancement becomes less pronounced. For a conventional optical
fibre (core diameter larger than operating wavelength) the modal power is confined close
to the core centre and the enhancement is inconspicuous. Moreover, usually there is a
small variation in refractive index profile of conventional fibre, i.e. n¢ore = Neiag. Therefore
the modes of conventional fibre are usually evaluated using weakly guiding approximation.
In this approximation method, the modes are computed from the solution of scalar wave

equations, rather than the vectorial form (Snyder and Love 2000).

Figure 3.11(b) shows the effect of different materials, i.e. different values of €, on the
enhancement of the electric field. The diameter of the microwires are chosen in a way
that they have the same electric field amplitude at the interface of the core-clad in the
core. The enhancement of the fields in the clad region is proportional to the refractive
indices of the material measured and depicted in Fig. 3.6(b). The bismuth glass microwire
has the highest refractive index resulting in the largest enhancement, whereas the COC
microwire has the lowest refractive index resulting in the smallest enhancement. The
enhancement of the field at the interface is beneficial where strong interaction of the field

and sample is required, such as in sensing applications.

3.4.2 Power fraction and effective area

In order to observe the effects of microwire diameter variations on the fundamental mode
distribution, we study the power fraction in the clad and the effective mode area of
microwires in this sub-section. The power fraction specifies the ratio of power in the
cladding to the total power, while the effective mode area specifies the power distribution

across the cross-sectional area of the fibre; as explained below.

The power fraction leads us to more information of the power distribution in the radial
direction, i.e the fraction of the total power is in the core and clad region. The power
fraction in air (clad region) is calculated by using the following formula (Snyder and
Love 2000):

Pair _ fAclad Ssz _ faoo f027r SZQrd/rd¢

Pr = = =
r Ptotal ono Ssz foa 027T Szlrdrd¢ + faoo f027r Szgrdrd¢

(3.19)

where, a represents the diameter of the microwire, and S,; and S, are the z-components

of the Poynting vectors inside (core region) and outside (clad region) the microwire,
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Figure 3.11. Enhancement of the electric field in the lower refractive index medium. Nor-
malised E; component of the electric field in the xz-plane (¢ = 0) for the first po-
larisation of the fundamental mode at f = 0.5 THz (A = 600 um): (a)- for two
different diameters of a PMMA microwire (241 um and 289 um). The vertical dotted
lines represent core-clad interfaces. (b)- for microwires made up of different materials
(COC, PMMA, F2, SF6, SF57, and bismuth). The diameters of the microwires are
chosen such that they have the same electric field amplitude at the interface of the

core-clad in the core. The dotted line denotes the interface.

respectively. Figure 3.12(a) shows the power fraction outside the microwires made up of
glasses (F2, SF6, SF56 and bismuth) and polymers (COC and PMMA) as a function of
diameter variations. For large diameters, in the order of operating wavelength A = 600
pum (f = 0.5 THz), the power fraction in air is very close to zero. This indicates that
most of the power is residing in the core of the microwire, since the power fraction in the

core is —Ifwre =1 — L

total Piotal

. Decreasing the diameters to less than the operating wavelength
results in an increase in the power fraction in air. This indicates that most of the mode
power penetrates the clad region as the diameter decreases, eventually converging to unity.
At this point most of the mode power is in air and the mode is weakly confined to the
structure. It should be noted that both the diameter where the fibres enter the microwire
operating regime (the power fraction in the air increases) and the slope of the convergence

of the power fraction to unity strongly depends on the refractive index of the material.

The effective mode area—effective area (Aqz)—is a quantitative measure of the area which

a waveguide or fibre mode effectively covers in the transverse dimensions. In other words,
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it defines the power distribution across the cross-sectional area of the fibre and is related
to the fibre structure and the refractive index profile. The scalar effective mode area is
defined as (Agrawal 2001):

(o 1Py dA)
Ay = I P A (3.20)

where, F'(z,y) is the transverse distribution of the electric field of the fundamental mode.
In the case of the weakly guided approximation, i.e. the propagation constant is obtained
from the scalar wave equations and the square of the electric field is proportional to the
power distribution, Eqn. 3.20 is valid. However, for the modal distribution obtained from
the vectorial form of Maxwell’s equation, Eqn. 3.20 is modified to vectorial effective mode
area as follows (Afshar V. and Monro 2009):

- ’ono ssz)Q

= 3.21
eff fAOO ’SZ‘Q dA ( )

where, the z-component of the Poynting vector is used instead of the field distribution. In
this thesis we are dealing with complex inhomogeneous sub-wavelength waveguide struc-
tures, thus we use the vectorial form of Maxwell’s equations for calculating propagating
modes in the fibres. Therefore, Eqn. 3.21 is always used to compute the Az = AY

throughout this thesis, unless otherwise stated.

Figure 3.12(b) shows the effective area of microwires made up of COC, PMMA, F2, SF6,
SF57, and bismuth. The A.g values initially decline until they reach a minimum, as the
microwire diameter is reduced to less than the operating wavelength (A = 600 pm). The
minimum point on the A.s curves indicate the lowest achievable effective mode area for
the fundamental mode. Decreasing the diameter further results in an increase in the A.g
curves with a much steeper slope. This happens as a result of pushing most of the power

distribution into the air region by decreasing the diameter.

In order to have a gain insight into understanding of the differences of the two effective
area definitions, A% and AY;, we depict both of them together for a PMMA microwire
in Fig. 3.13(a). The cyan and black lines represent AS%; and AY;, respectively. There is a

clear difference between the curves especially close to the minimum point.
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Figure 3.12. Power fraction and effective area of microwires. (a)- Power fraction in the air for
microwires made up of COC, PMMA, F2, SF6, SF57, and bismuth versus the fibre
diameter at f = 0.5 THz (A = 600 um). (b)- Effective area for microwires made up of
COC, PMMA, F2, SF6, SF57, and bismuth microwires versus the diameter at f = 0.5
THz (A = 600 pm).

The black horizontal dashed line is Fig. 3.13(a) represents an AY; = Az = 0.19 mm?.
For this A.g value, there exist two different diameters, 241 and 589 pm. Although these
two diameters have the same Aqg values, as shown in Fig. 3.11(a) their field distribution
is different. In the next section, the bend loss associated to these two points will be
discussed. It will be shown that although these two points have identical effective areas,

they experience different bend loss values.

Figure 3.13(b) shows Ay and the geometrical area of a PMMA microwire. The former
identifies the area in which most of the transverse power of the fundamental is located,
while the latter shows the physical area of the core. For larger diameter values the A.g of
the microwire is smaller compared to the core area values. This indicates that most of the
mode power is confined in the core of the microwire. However, these values approach and
cross each other as the diameter continues to decrease. As the diameter of the microwire
decreases, the power fraction in the cladding increases resulting into larger A.g values
compared to geometrical area. Relying only on the A.g curve does not give us much
explanation about the mode confinement since two modes can have completely different

field distribution with identical A.g values. As we will see in the next section, another

Page 82



Chapter 3 THz microwires

0.4 0.4
€ s A
= Aeff 0.3 = eff
g N ' ——Core area (r %)
& 0.3 eff N
H E
g ';' 0.2
© o
Q020 N\ ieiiaooas <
© 0.1
()
=
L
0.1 : : : 9 : : :
200 300 400 500 600 00 300 400 500 600
Fibre diameter [um] Fibre diameter [um]
(a) (b)

Figure 3.13. Scalar and vectorial effective area of a PMMA microwire. (a)- Diameter variation
effects on the scalar and vectorial effective area, cyan and black respectively represent
AS: and AY, for a PMMA microwire at f = 0.5 THz (A = 600 um). (b)- Effec-
tive area (AY;) and geometrical core area of the PMMA microwire versus diameter

variations at f = 0.5 THz (A = 600 um).

parameter, as namely the ratio of effective area and core area is a much better parameter

for confinement comparison.

3.5 Signal degradation in THz microwire

Signal attenuation, also known as waveguide/fibre losses, is one of the most important
parameters for THz fibres. It determines the practical length of waveguiding systems,
which is at the present of the order of a few metres (Lai et al. 2009, Mendis and Mittleman
2009a). Of equal importance is signal dispersion. The dispersion mechanism causes the
signal pulses to broaden as they travel along the fibre. In this section we focus on these
signal degradation mechanisms. In part 3.5.1 we discuss the main loss mechanisms in
THz microwires, which are effective material loss, bend loss and scattering losses due
to surface roughness. Then in part 3.5.2 we discuss the signal distortion arising from
material dispersion, waveguide dispersion, also known as group velocity dispersion, and

modal dispersion.
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3.5.1 Loss mechanisms

In the ideal case, where the waveguide material is non-absorbing, the mode will propagate
indefinitely on an infinitely long uniform fibre. In reality due to the lack of such an ideal
non-absorbing material, i.e. no low loss solution available for guiding the mode, this never
happens. Thus one of the most important waveguide parameters is the measure of power
loss during the transmission of the signals. Waveguide losses, especially in dielectric
waveguides and fibres, are due to several effects such as material absorption, impurity
absorption, confinement and scattering effects. In this section we mainly focus on the
fibre material loss as the main mechanism of fibre losses. The ultimate goal of having low
loss THz waveguide structures is to be able to transmit the THz pulse to points where
there is no direct access in applications such as endoscopy. Hence this necessitates of
having flexible waveguide structures that can easily bend around the corners, leading to

another loss mechanism known as bending loss.

In this section we mainly focus on these two main loss mechanisms for THz microwires,
material and bend losses. We also briefly explain losses due to the surface roughness, which
is a limiting factor in achieving a minimum loss for optical photonic crystal fibres (Roberts
et al. 2005).

Effective material loss

The material absorption (ay,) is caused by the molecules of the basic waveguide material,
either glass or plastic. These losses represent a fundamental minimum to the attainable
loss and in conventional fibres and can be overcome only by changing the waveguide
material. In the optical regime, the loss depends on the impurities of the glass and there
are ultra-pure glasses that have low material absorption. However, the terahertz regime
is lacking such materials for proper waveguiding, therefore reducing the fractional power
inside the dielectric core—the microwire operating regime—is a way of improving the

material absorption (Chen et al. 2006).

The loss modal fields experience by propagating along a THz microwire with a,, material
absorption coefficient, is called effective material loss and is calculated here. It should
be noted that this calculation is valid only when the power lost per wavelength along the
waveguide is small compared to the power flowing along the waveguide, i.e. the waveguide
is slight absorbing waveguide (Elsasser 1949, Snyder and Love 2000). Therefore the electric
and magnetic fields can be approximated by the fields calculated from non-absorbing

(cum = 0) waveguides. The law of conservation of power/energy states that in a region V
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characterised by u, €, o, and enclosed by the surface S the total amount of power /energy is
conserved over time. The energy conservation equation derived from Maxwell’s equations

in electromagnetics is as follows (Balanis 1989):

/L(Exﬁ*)~d}+///\/ﬁ~<]\7[i+ﬂ7[d>dv+
///VE-@JFJCJFL)CM:O (3.22)

where, E and H are electric and magnetic field intensities, J; and M; electric and magnetic
sources, fd and ]\Zfd are electric and magnetic displacement current densities, and jc is

the conduction current within the volume V.

For calculation of the effective material loss of a microwire (i.e. lossy dielectric rod) we
consider a cylindrical volume, as indicated by the dashed line in Fig. 3.14, which has the
same axis as the waveguide. Therefore the two caps of cylinder are perpendicular to the
microwire z-axis. These caps expand to infinity. Taking into account that in a microwire
there is no electric and magnetic sources, and displacement current densities the equation

is simplified as:

[y i [ daee f[fa o

where, o is the conductivity. Considering there is no power perpendicular to the microwire
at large distances and assuming o = 0 outside the dielectric waveguide, Eqn. 3.23 in the
limit (A z — oo) is simplified as (Elsasser 1949, Snyder and Love 2000):

diz//s gzds:d%p:_///awfds (3.24)

cap

where, S, is z-component of the Pointing vector and represents the power in the modal
field, P. Thus the term dP represents the power lost from modal field due to the absorp-
tion over the differential length dz. In a lossy medium that has complex profile (permit-

tivity /refractive index)'* the Maxwell-Ampere equation can be written as (Balanis 1989):

4 Complex permittivity : € = € — je’, complex refractive index: n = n” + jn’, and the equations
relating these two quantities are € = eg((n")? — j(n?)?) and €' = 2¢pn"n’ where, r and i stands for real

and imaginary components, respectively (Snyder and Love 2000).
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Figure 3.14. Dielectric waveguide. This figure shows a microwire, dielectric waveguide with cir-
cular cross-section. The microwire is along the z-axis. The dashed cylinder with the
volume V enclosed by the surface S, represents the volume over which the law of
energy/power conservation is applied. The cylinder has the same axis as the microwire

and the radius of the region, r, expands to infinity.

Vxﬁ:Ji+ﬁ+jw(er—jei)E
= J,+ 0E 4+ wé'E + jwe'E
= J,+ 0oF + jwe'E (3.25)

where, o, represent the total conductivity of the medium, i.e. the summation of static
field, and alternating field conductivities. Thus for a dielectric waveguide in the time

variant fields, the total conductivity is equal to alternating field conductivity:

A o\

O = we' =2k (—0> n'n' (3.26)
Ho

where, w is the angular frequency and k is the free-space wave number. A second expres-

sion is obtained from power attenuation along the waveguide. In this case, we assume

that power absorption coefficient is zero in cladding and is ay, in the core. The power

attenuation of the fundamental mode over a differential distance of dz is determined from
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the following equation (Snyder and Love 2000):

dP = —aeg Poexp (—aeg2) . (3.27)

If we equate Eqns. 3.24 and 3.27 and replace o from the Eqn. 3.26, we obtain the effective

material loss/power attenuation coefficient for the waveguide as follows:

N (60)1/2 [ (2Tt | B rdrdg (328)
eff — - . .
Ho ‘foa 02” S.irdrdd + faoo fo% Szgrdra@‘

The calculated effective material loss is accurate if the fields in Eqn. 3.28 are obtained
from the eigenvalue equation of an absorbing/lossy waveguide. However, as stated earlier
for slightly absorbing waveguides (e.g. the microwire operating regime) the fields in the

Eqn. 3.28 can be approximated by the fields obtained from Eqn. 3.8.

The calculated effective material loss of microwires made up of glasses and polymers
are shown in Fig. 3.15(a). As the diameter of the microwires approaches the operating
wavelength (A = 600 pm), the upper limit of the effective loss approaches the bulk
material loss, which is presented by dashed lines in Fig. 3.15(a). For diameters larger
than the operating wavelength all the mode power is in the core of the fibre, therefore
the effective loss of the fundamental mode is the same as the material loss. For fibre
diameters well below the THz operating wavelength (THz microwire operating regime),
the effective loss of all fibres approaches the same loss value. In order to have a clear
view of this phenomena, Fig. 3.15(b) shows the enlargement of effective loss for small
diameters. Regardless of material used, the effective loss of all microwires drops to less
than 0.01 cm™'. Each microwire reaches to the same order of loss values at different
diameters due to the differences of the THz dielectric properties (refractive index and
absorption coefficient). It should be noted that the trend of the effective material loss of
a COC microwire is very similar to that of a PMMA microwire. The effective material
loss curve for a COC microwire is lower (almost zero) than for a PMMA microwire. The
bulk material absorption of the COC is 0.1 em~! at f = 0.5 THz, which is more than an
order of magnitude less than that of the PMMA. The curve is not shown in Fig. 3.15(a)

to avoid the overcrowding at lower loss values.

It should be noted that the effective loss peaks at the point where the effective area of
the microwire has the minimum value. At this point the effective material loss of the

microwire is even higher than the pure bulk material loss due to the E, component of the
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Figure 3.15. Effective loss of COC, PMMA, F2, SF6, SF57 and bismuth microwires. (a)-
Effective loss of microwires made up of COC, PMMA, F2, SF6, SF57 and bismuth
materials versus core diameter at f = 0.5 THz (A = 600 pum). Dashed lines represent
the bulk material loss at at f = 0.5 THz (A = 600 um). (b)- Magnification of the
lower limit of the effective loss curves of microwires shown in Fig. 3.15(a). Note that
the inset in Fig. 3.15(b) indicates the materials for both Figs. 3.15(a) and 3.15(b).

fundamental mode. To clarify this further, the effective material loss of the microwires
shown in Fig. 3.15(a) are calculated and shown in Fig. 3.16(a) by just considering the
transverse components of the electric field, i.e. |E|> = |E|* in Eqn. 3.28. The upper and
lower limits of the graphs overlap exactly the upper and lower limits of graphs shown
in Fig. 3.15. However, the transition between these limits is gradual, without any peak
in between. This is usually the case for the weakly guided approximation, where the

fundamental mode is considered to be just polarised in the transverse plane.

For the case where vectorial form of Maxwell’s equations is solved to find the fundamental
propagating mode of a microwire, the electric and magnetic fields are no longer trans-
verse. Therefore, the z-component of the electric field should also be considered in the
numerator of Eqn. 3.28 to accurately calculate the effective loss. Figure 3.16(b) shows
the contribution of the E, component on the effective loss of microwires, i.e. |E|* = |E,|*
in Eqn. 3.28. For the small and large microwire diameters, where more than 90% of the
power is in the clad or in the core, the effective loss due to the contribution of the E,
is almost zero. However, for diameters in between these two extremes this value peaks,

particularly where the effective area is minimum. The contribution of the E, component
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Figure 3.16. Contribution of transverse- and z-components of electric field on «.g. The
effect of (a)- transverse Ei-component, and (b) z-component of the electric field on
effective loss of microwires made up of PMMA, F2, SF6, SF57 and bismuth materials
versus fibre diameter at f = 0.5 THz (A = 600 um). Dashed lines represent the bulk
material loss at at f = 0.5 THz (A = 600 um). Note that the inset in Fig. 3.16(b)
indicates the materials for both Figs. 3.16(a) and 3.16(b).

to the effective loss is more pronounced for those materials that have a high index of
refraction and absorption coefficient. This is consistence with Eqn. 3.28, where effective
loss is a function of the refractive index (n;) and absorption coefficient (ay,). Thus the
effect of the E, component on the effective loss is negligible for microwires made up of

COC and PMMA while it is significant for a bismuth microwire.

Bend loss

Radiative losses occur whenever the fibre undergoes a bend of finite radius curvature.
The fibres can be subjected to two kinds of bends, macroscopic and microscopic bends.
If the radius of the bend is larger than the fibre diameter, it is known as a macroscopic
bend and the loss due to this bending is called macrobending loss or simply bending loss.
While, if the bends are random in the order of micrometer along the axis they are known
as microscopic bends and the loss due to this bending is called microbending loss (Keiser
1991). For sufficiently small microbends, the amplitude of the bend is equivalent to a form

of surface roughness (Snyder and Love 2000). As we will see later in Subsection 3.5.1 the
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losses due to surface roughness scattering are negligible for the THz microwire. Therefore,

in this thesis we only discuss the macrobending losses of the microwires in detail.

Qualitatively the bend loss can be defined as the continual loss of radiation that occurs
along any curved section of a fibre and is related to the inability of the tail of the mode
to successfully navigate the bend. For a mode propagating along a curved trajectory, the
local velocity along the phase fronts of the mode must decrease on the inside of the bend
and increase on the outside of the bend in order to maintain a constant angular velocity
across the mode. At a certain distance from the centre of the fibre, the mode tail would
have to move faster than the speed of the light. Since this is not possible the optical
energy in the mode tail beyond this point radiates away (Baggett et al. 2003).

The power attenuation of the fundamental mode after traveling a length of L of a bent
fibre with a constant radius of R, is determined from the following equation (Sumetsky
et al. 2004):

P,
?L = exp (—apena L) (3.29)
0

where, Py and P, are the powers at the beginning and at the end of the bend. The power
attenuation coefficient, apenq, can be calculated by the asymptotic formula (Snyder and
Love 2000):

2

U T2 w3 1\ R
Obend = 52 G KR () (ap) o {_W (1 - n_f) E] ! (3:30)

where, K, is the modified Bessel function of the second kind. The parameters v and w are

defined by Eqns. 3.9 and 3.10, respectively. The parameter v is the waveguide parameter,
and is defined as follows (Snyder and Love 2000):

v =afy\/n? — 1. (3.31)

Equation 3.30 is derived using the weak guided approximation. As stated by Sumet-
sky et al. (2004), for the strong guiding mode, i.e. the HE;; mode in nanowires, the
strong exponential dependence in Eqn. 3.30 is asymptotically accurate if the propagation
constant is calculated from Eqn. 3.8. Therefore, this also is going to be valid for the

nanowire counterpart that we call the microwire, considered in this thesis. It has also
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been shown that the prefactor term (coefficient) in Eqn. 3.30 is accurate within a factor
of one (£1) (Sumetsky et al. 2004). Therefore this equation can still be used for bend

losses calculation of microwires.

Figure 3.17(a) shows the calculated bend loss for a COC, PMMA, F2, SF6, SF56 and
bismuth microwires. The bend loss due to three different bend radii—100 m solid lines,
60 m dashed lines and 40 m dotted lines—are calculated for each microwire at f = 0.5 THz
(A =600 pm) as a function of diameter. The bend radii are chosen a few tens of metres
so that the effect of effective material and bend losses can separately be monitored on the
total loss, discussed in the next subsection. The bend loss increases and becomes larger
than the material loss, shown in Fig. 3.15(b), as the diameter of the microwire decreases.
By moving towards the microwire regime (Fig. 3.15(b)), the field becomes less confined to
the fibre core. Therefore, the fraction of the power in the evanescent tail becomes larger
than that of the conventional fibre, which leads to more radiation loss even for a large

radius of curvature.

The bend loss increases as the radius of curvature decreases. At a certain radius, the
bend loss of the fundamental mode becomes equal to 3 dB per loop, i.e. half of the power
in the fundamental mode is lost by traveling through the bend. This radius of curvature
is known as critical bend radius, R.. For bends tighter than the critical radius, the bend
loss increases dramatically and little power is transmitted through the bend (Snyder and
Love 2000). The critical bend radius for the microwires are shown in Fig. 3.17(b). The
exponential increase observed by decreasing the diameter of the microwire is strongly
dependent on the refractive index of the material. The large values of critical bend radius
(order of a few metres) for the lower diameters of microwires, where the effective loss is

less than 0.01 cm™?, indicates that these fibres can not be bent too tightly.

Before moving to the next loss mechanism, it is worth investigating the relation between
A.g and bend loss curves. In order to do so, the bend loss of a PMMA microwire as a
function of diameter, for 5 cm (solid line) and 10 cm (dashed line) bend radii curvatures
are compared in Fig. 3.18(a). Small bend radii are chosen deliberately to show the amount
of bend loss a microwire undergoes if the bend radius is of the order of a few centimeters.
The two vertical dotted lines represent the two microwire diameters, 241 pm and 289 pm.
As shown in Fig. 3.13(a), these two diameters have the same effective areas, however as
shown in Fig. 3.11(a) the mode distribution of these two diameters is very different. The
difference in the mode distributions effect the amount of power residing in the tail of

the mode thus results in different bend loss values as seen in Fig. 3.18(a). Although the
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Figure 3.17. Bend loss and critical bend radius of microwires. (a) Bend loss of microwires
made up of COC, PMMA, F2, SF6, SF56 and bismuth versus fibre diameter, for three
different bend radii at f = 0.5 THz (A = 600 pm). For each microwire the solid line,
dashed line and dotted line represent bend loss due the 100 m, 60 m, and 40 m bend
radii. (b) Critical bend radius of microwires made up of COC, PMMA, F2, SF6, SF56
and bismuth versus fibre diameter at f = 0.5 THz (A = 600 um). Note that the inset
in Fig. 3.17(b) indicates the materials for both Figs. 3.17(a) and 3.17(b).

effective area gives information about the propagating mode area, it is not possible to
compare the bend loss values of two fibres based on effective area unless both points are
located either after or before the minimum of the effective area curve. We have normalised
the effective area of the fibre to its geometrical area of the core, as shown in Fig. 3.18(b),
in order to obtain a quantitative curve. There are no two points that have identical
Aqg values on this normalised effective area curve. This curve increases as the diameter
of the microwire decreases. The normalised effective area curve, shown in Fig. 3.18(b),
represents that the smaller the ratio of effective core area to fibre geometrical area is, the

more confined the mode to the structure is, which ensures lower radiation loss at bending.

Scattering loss

In addition to the loss mechanisms mentioned above, the presence of a glass-air interface
in fibres introduces a further mechanism of loss so-called scattering loss, scattering of
the guided modes to non-guided modes. This is due to the inherent roughness of the

glass interface (Jackle and Kawasaki 1995, Roberts et al. 2005). The roughness forming
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Figure 3.18. Correlation of the bend loss and effective area. (a) Bend loss of a PMMA microwire
versus fibre diameter, for 5 cm (solid line) and 10 cm (dashed line) bend radii curvature
at f = 0.5 THz (A = 600 pum). The vertical dotted lines are representing diameters
of 241 um and 589 pum. (b) Effective area of PMMA microwire normalised to the

geometrical area of the core.

process on the fibre surface happens during the fibre drawing process at the glass transition
temperature. The surface of a liquid in thermal equilibrium is not flat due to the thermal
excitation of surface capillary waves. Such fluctuations exist on the surface of molten glass
and become frozen-in during the fiber drawing. Atomic force microscopy measurements of
surface roughness demonstrate that nanowires, hollow-core fibers and fire-polished glass
samples exhibit root-mean-square surface roughness amplitudes of 0.1-0.5 nm (Ebendorft-
Heidepriem et al. 2009).The scattering loss due to surface roughness is a limiting factor in
achieving a minimum loss in these fibres at optical regime, 1550 nm wavelength (Roberts
et al. 2005, Ebendorff-Heidepriem et al. 2009). The computed and measured scattering
loss due to surface roughness by Roberts et al. (2005) indicates that nature of this loss
is a weak function of wavelength ( %) It also indicates that the scattering due to surface

roughness has a non Rayleigh character, since the Rayleigh scattering has a % dependence.

In the THz range, the ratio of wavelength to the height of the surface roughness pertur-
bation is much larger (nearly a thousand times) than that in the optical range. Thus for

THz microwires, the surface roughness loss would be substantially less (A, >> Aoptical —

1 1
ATHz

S~ ) and can be ignored compared to other dominant loss mechanisms, effective
opitcal
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material and bend losses. Therefore we have neglected the loss due to surface roughness

for the THz waveguides in this thesis.

Total loss

In this section, we sum up the two loss mechanisms (effective material and bend losses)
to have a tangible understanding of the effect of each of the losses. Figure 3.5.1 shows the
total loss that a microwire can undergo when it is bent with 100 m, 60 m, and 40 m bend
radii. The total loss is calculated by adding up the effective material and bend losses, i.e.
the losses presented in Figs. 3.15(b) and 3.17(a). The bend losses start dominating as we
get to the low effective material loss, microwire operating regime. The diameter related to
the minimum of the total loss shown in Fig. 3.5.1 of a bent microwire is the turning point
of the dominant loss mechanism. The total loss is mainly due to effective material loss for
the large diameters while for small diameters is mainly due to the bend losses. The value
and position of the minimum achievable total loss depends on the bend radius. As an
example for a PMMA microwire with the bend radius of 40 m, the minimum achievable
loss value is calculated as 0.0014 cm ™! and the diameter of the microwire at this point is
129 pm. While for the bend radius of 100 m the minimum achievable loss is 0.0008 cm ™!
and the diameter of the microwire at this point is 124 ym. Such a large bend radii (order
of a few tens of metres) indicates that in order to benefit from low loss propagation in
microwires, i.e. less than 0.01 cm™!, the structure should be kept absolutely straight. As
long as the bend radius is larger than 100 m, which is almost a straight fibre, the total

1

loss of the structure will still be less than 0.01 cm~'. The same behaviour occurs for

microwires made up of glass materials.

Figure 3.20(a) shows the comparison of our theoretically calculated effective material loss
values with the theoretically calculated and experimentally measured loss values proposed
by Chen et al. (2006). For our calculations we consider the same parameters as stated in
(Chen et al. 2006), i.e. 200 pm fibre diameter, 1.5 material refractive index and 1 cm™!
material absorption coefficient. Our calculated result is slightly lower than the results
proposed by Chen et al. (2006). We attribute this to the slight bending of the fibre under
test. Considering a gentle bend, as for example bend radii of 50 m and 100 m, significantly
increases the total loss the microwire undergoes, as can be seen in Fig. 3.20(b). This

indicates that any slight bend along the microwire significantly effects the loss values.

The comparison of the theoretical and experimental loss measurements shown in Fig. 3.20

also indicates that loss due to surface roughness does not play a major role in the total loss
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Figure 3.19. Total loss: effective material and bend losses. This figure illustrates the total
loss calculated theoretically for THz microwires. Here the total loss is the addition of
effective material loss and bend loss. The total loss is calculated for three bend radii
at f = 0.5 THz (A = 600 pm) for each microwire material. Solid lines, dashed lines
and dotted lines represent the total loss of microwires when the bend radii is 100 m,

60 m, and 40 m, respectively.

mechanism. The results also indicate that microwires enable low loss guiding mechanism
for THz regime provided that the structure is kept straight or undergoes just a gentle
bend. Therefore, these fibres have the potential of being used as short tip sensors in the
THz regime. For examples, these fibres have been used as straight THz tip sensors (You
et al. 2009, You et al. 2010), THz directional couplers (Chen et al. 2009), and in THz
reflective imaging (Lu et al. 2008b, Lu et al. 2008a).

3.5.2 Dispersion mechanisms

Dispersion is the other mechanism that leads to signal degradation in broadband appli-
cations. This occurs when the propagation constant of the guided modes varies with
frequency (wavelength). The frequency dependency of the propagation constant might
arise from refractive index variation of the host material (material dispersion) or/and
waveguide (waveguide dispersion) with frequency. This frequency dependence character-
istics results in pulse spreading even when different components of the spectrum propagate

along the same path. The signal distortion due to this fact is known as group velocity
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NOTE:
This figure is included on page 96 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 3.20. Comparison of our results with Chen et al. (2006). (a) Solid line represents our
calculated effective loss based on parameters stated in Chen et al. (2006). The dashed
line and squares represent the theoretically calculated and experimentally measured

loss values, by Chen et al. (2006), respectively.

dispersion (GVD). It is also known as chromatic dispersion (Buck 2004) or intramodal
dispersion (Keiser 1991). An additional degradation mechanism in transmission is as-
sociated with polarisation effects, leading to polarisation mode dispersion. This is very
important for single-mode fibres and may lead to unacceptable pulse broadening, even

with the absence of chromatic dispersion.

Other pulse-broadening mechanisms are associated with mode dependent propagation
delays in multi-mode fibres, which is know as modal dispersion (Buck 2004) or intermodal
dispersion (Keiser 1991). In THz microwires we usually focus on the low loss operating
regime, where the fibres are operating in their single-mode operating regime. Thus in
this section, we discuss the main causes for chromatic/intramodal dispersion—material
dispersion and waveguide dispersion—and polarisation mode dispersion, which are the

dispersions a single-mode fibre may undergo.

Material dispersion

Material dispersion arises from the variation of the refractive index of the core material of

fibres as a function of frequency (wavelength). This causes a frequency dependence of the
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group velocity of the mode; i.e. pulse spreading occurs when different frequencies travel

through the fibre.

To calculate material dispersion, we consider a plane wave propagation in an infinite

dielectric medium. The propagation constant is thus obtained by:

B="" (3.32)

where n is the refractive index of the medium and is a function of frequency (wavelength).
Thus the group velocity, the velocity at which the energy in a pulse travels in the medium

1S:

Vg = 0w /0P, (3.33)

and subsequently the material dispersion is:

1 07,
=—— 3.34
where, 7, is the group delay and L is the distance traveled by the pulse along the fibre.

The group delay can be calculated from the following equation:

Ty = L/vg = Lg—i. (3.35)
Figure 3.21 shows the material dispersion of the polymer and glass materials used in this
chapter. The material dispersion is calculated by fitting a third order polynomial curve
to the measured refractive index of materials in THz region shown in Fig. 3.6(b). As
expected from the almost flat refractive index values, the material dispersion of the bulk
material is negligible (< 107'%) in the THz range. The units used for dispersion in the
optical regime are ps/km/nm, where the length of the fibre and the operating wavelength
are in the order of kilometers and nanometers, respectively. If we adjust that for the THz
range where the length of the fibre is in the order or less than a metre and the operating
wavelength is in the order of micrometers, the dispersion units will be in ps/m/um. In
this thesis, the units used for dispersion are ps/m/um. The conversion ratio between
ps/km/nm and ps/m/pm is unity, since the factors for converting the km to m (10%) and

nm to pm (107%) cancel each other out.
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Figure 3.21. Material dispersion of the polymer and glass samples. The bulk material dispersion
of COC, PMMA, F2, SF6, SF57 and bismuth versus frequency.

Waveguide dispersion

This dispersive phenomena is due to the presence of a waveguide structure. This occurs in
addition to the material dispersion discussed above. Waveguide dispersion contributes to
the overall pulse broadening by either adding to or subtracting from the material disper-
sion. As a result, the waveguide offers flexibility in controlling the amount of dispersion
though appropriate index profile design. The waveguide dispersion indicates that the ef-
fective refractive index of the propagating mode is a function of frequency (wavelength).
The material dispersion of materials used for waveguides in this thesis is almost zero, i.e.
the refractive index of hosting material is a flat function of frequency and the waveguide

dispersion is dependent only to the shape/structure of the waveguide.

Let us first consider the phase velocity and group velocity. For the time-harmonic HEq;
mode propagating through a microwire, the propagation (phase) constant of the mode is

equal to:

2T N w WNefy

Bet = =—= , (3.36)

Ao Vp c

where neg is the effective refractive index of the fundamental mode and v, is known as
the phase velocity of the mode. Once the propagation constant of the mode is known

the phase velocity (v,,) can be calculated from Eqn. 3.36. As discussed earlier the group
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(energy) velocity, v, represents the velocity with which the wave energy is transported. It
is also interpreted as the propagation of a group of waves whose frequencies are distributed
over an infinitesimally small bandwidth centered around frequency w. The group velocity

can be calculated from the following equation once the propagation constant is evaluated:

. Ow
aﬁeff ‘

Anomalous dispersion can cause the group velocity to be faster than the speed of light but

(3.37)

Vg

the phase velocity can be equal to but not exceed the speed of light (Withayachumnankul
et al. 2010). The product of group velocity and phase velocity is always equal to

9 1

Vglp = C° = v (3.38)
The effective refractive index (neg) of the fundamental mode (HE;;) of two PMMA mi-
crowires (200 um and 280 pm diameters) and two bismuth microwires (90 pm and 120 pum
diameters) are shown in Figs. 3.22(a) and 3.22(b). The effective refractive index of mi-
crowires is a function of frequency and the changes in n.g of bismuth microwires are more
pronounced due to the high bulk material refractive index nature of bismuth glass. For
the waveguide dispersion analysis we decided to consider two examples of the seven ma-

terials discussed so far: one polymer (PMMA) and one glass (bismuth). They both have

the highest refractive index in their category.

The phase velocity (v,) and group velocity (v) of all four microwires are shown in
Figs. 3.22(c) and 3.22(d), respectively. The velocities are normalised to the speed of light
in free space for easier comparison. The phase velocities of microwires are proportional to
the inverse of neg. For low frequencies, where the dimensions of the fibres are less than the
operating wavelength and almost all the power is in the air, the phase velocity approaches
unity and decreases as the frequency increases. The decrease for bismuth microwires is
faster compared to that of the PMMA microwires due to the high bulk material refractive
index of bismuth. Similarly the group velocity approaches unity at low frequencies. By
increasing the frequency, eventually the group velocity approaches to that of the bulk ma-
terial. The group velocity of the bulk materials is shown with dotted lines in Fig. 3.22(d).
The group velocity drops to lower than that of the bulk material with a minimum point
around 0.67 THz for the 280 um diameter PMMA microwire and 0.44 THz and 0.58 THz
for the 90 pum and 120 pm diameter bismuth microwires, respectively. As we will see later,

these minima correspond to zero dispersion points.
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Figure 3.22. Effective refractive indices, phase velocity and group velocity of PMMA and

bismuth microwires. The effective refractive indices of (a) 200 um (black dashed
line) and 280 um (black line) diameters PMMA microwires and (b) 90 um (red dashed

line) and 120 um (red line) diameters bismuth microwires. (c) The phase velocity of

all the four microwires as a function of frequency. (d) The group velocity of all the

four microwires as a function of frequency. The black and red dotted lines represent

the group velocities of bulk PMMA and bismuth materials, respectively.
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Figure 3.23. Waveguide dispersion of PMMA and bismuth microwires. The waveguide dis-
persion of (a) 200 um (black dashed line) and 280 um (black line) diameter PMMA
microwires and (b) 90 um (red dashed line) and 120 pum (red line) diameter bismuth

microwires at THz frequencies.

The slopes of the group velocity curves indicate that different components of the spectrum
propagate at different group velocities. This leads to signal distortion known as waveg-
uide dispersion. The waveguide dispersion can be evaluated from group velocity by using
Eqn. 3.34. The waveguide dispersion of the PMMA and bismuth microwires are shown in
Figs. 3.23(a) and 3.23(b), respectively. The curves indicate that a terahertz pulse prop-
agating along a microwire encounters normal dispersion (negative dispersion) at lower
frequencies, corresponding to a decrease in the group velocity curve. They also indicate
that the same terahertz pulse encounters anomalous dispersion (positive dispersion), cor-
responding to an increase in the group velocity curve after the minimum point, at higher
frequencies. The normal dispersion corresponds to a positive chirp in the time domain,
while anomalous dispersion corresponds to a negative chirp in the time domain. It should
be noted that for each microwire there is a zero dispersion point, which corresponds to

the minima on the group velocity curves.

It should be noted that the PMMA microwire waveguide dispersion (Fig. 3.23(a)) changes
gradually and is much lower than that of bismuth microwire (Fig. 3.23(b)). This is
expected due to the flat curves of effective refractive index, group and phase velocities of

the PMMA microwire compared to that of bismuth microwire.
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Polarisation mode dispersion

Additional degradation in transmission is associated with birefringence, which can arise
from structural and environmental perturbations. The linearly polarised electric field of
fundamental mode has the same propagation constants for two orthogonal polarisations
provided that microwire has circular cross-section with no perturbation along the length
of the fibre. However, in reality the fabricated fibres do not have the circular cross-
section and may have bends and deformation along the fibre, which results in different
group velocities between the two principal orthogonal states of polarisation. This is also
dependent on mechanical stresses arising from temperature variations. Therefore the
difference between the propagation constants for two orthogonal polarisations leads to
pulse broadening through polarisation mode dispersion. It is well known from optics that
the solution to this problem is the use of polarisation maintaining (PM) fibres, which
introduce modal birefringence into the fibre (Noda et al. 1986). Modal birefringence
arises from effective refractive index differences between x and y polarisation modes,
|ny — ny|. Modal birefringence can be introduced using either mechanical stress in the
cladding (Noda et al. 1986) or/and asymmetry in the core/cladding geometry of the fibres
(Suzuki et al. 2001). Thus a mode launched onto one of the principle axes of a PM fibre
remains in this polarisation in the presence of any environmental perturbations. The
study of polarisation-related dispersion in fibres involves many methods of analysis and
characterisation, which is beyond the scope of this thesis. However, in this thesis later in
Subsection 4.4.3, we will investigate the modal birefringence of porous fibres, |n, —n,| as

a function of frequency and we will compare the results to those for an ideal microwire.

3.6 Chapter Summary

In this chapter, we used the concept of optical nanowires in the terahertz frequency
range to achieve low loss terahertz waveguides. The THz dielectric characteristics of bulk
materials—four glasses (F2, SF6, SF57 and bismuth), two polymers (COC and PMMA),
and a diamond—have been measured. The normalised field distribution, power fraction,
effective area, and signal degradation (loss and dispersion) of microwires have been studied
thoroughly. It has been shown that in the microwire operating regime most of the power
is outside the core (in the air-clad region). This reduces the effective materal loss of

microwires, while makes them susceptible to any gentle curvature.
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We have demonstrated that the main limiting loss mechanism for terahertz microwires
is the effective material loss, provided that microwires are used for applications without
fibre bending. We have also shown that in the microwire operating regime (D << Ap_;ay)
the effective loss of all microwires approaches to similar loss values (less than 0.01 cm™)
regardless of the material used. The diameter at which the low loss is achieved depends

on the bulk material dielectric properties.

Another dominant loss mechanism for bend microwires is bend loss. The small diameter
of the microwire, compared to the operating wavelength, results in less confinement of
the field to the structure and therefore increased loss due to bends. Rigid and straight

microwires are promising solutions for low loss terahertz transmission.

We have also demonstrated that material dispersion of polymers and soft glasses repre-
sented in this chapter is negligible due to their almost flat loss dielectric profile at THz.
As a result, the waveguide dispersion of THz waveguides is only dependent on the de-
sign, i.e. the effective refractive index profile. Moreover, polymer microwires have much
lower dispersion waveguide values (more than one order of magnitude lower) compared to
glass microwires. This is due to the low dielectric profile of polymer waveguides in THz

compared to that of the glass microwires.

The following chapter shows how we can improve the mode confinement to the microwire
with introducing sub-wavelength air-holes in the core of the air-clad waveguide. As we will
see these sub-wavelength air-holes not only improve the confinement, but also reduce the
signal degradation (loss and dispersion) in the THz waveguide. From this point onward
in this thesis, we mainly focus on the THz wavguides made up of polymers, since we have
shown in this chapter that these materials are more transparent (lower loss and lower

dispersion) for THz radiation compared to glasses.
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Chapte

THz porous fibres: concept
and modelling

N this Chapter a novel class of optical waveguide with a porous trans-

verse cross-section that is created by arranging sub-wavelength air-

holes within the core of the waveguide is proposed. These waveguides
can offer a combination of low transmission loss and high mode confinement in
the THz regime by exploiting the enhancement of the guided mode field that
occurs within these sub-wavelength holes. We evaluate the properties of these
porous fibres and quantitatively compare their performance relative to that
of a microwire (solid core air cladded fibre). For similar loss values, porous
fibres enable improved light confinement and reduced distortion (loss and dis-
persion) of a broadband pulse compared to microwires. We also demonstrate
for the first time that introducing asymmetrical sub-wavelength air-holes in
the core of porous fibres leads to a birefringence |n, — n,| ~ 0.026. This opens
up the potential for realisation of novel polarisation preserving fibres in the

terahertz regime.
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4.1 Introduction

The guiding mechanism that operates in a microwire, as discussed in detail in Chapter 3,
is based on total internal reflection. In this waveguide low loss is achieved when almost
all the field propagates in the medium surrounding the structure. This medium is usually
air, where the losses are greatly reduced for THz radiation. In other words, the structure
acts as a rail for guiding THz radiation, rather than as pipe in which the field is confined
in the structure. This, however, results in weak confinement of the guided field within
the structure and makes the guided field susceptible to any small perturbation on the
surface or vicinity of the structure. Any perturbation causes a large portion of the guided
power to couple into radiation modes. Furthermore, as a result of weak confinement, the
guided modes within these structures suffer strong bend loss as discussed in Section 3.5.
In order to produce practical waveguide structures for THz, it is critical to find a means
of improving the mode confinement while retaining the reduction in material loss. For

THz, this is associated with locating most of the guided field in air.

An approach to improve field confinement in the THz waveguides has been demonstrated
by Nagel et al. (2006b) as discussed earlier in Subsection 2.3.2. They have shown that
a low index discontinuity in dielectric waveguides (such as split rectangular and tube
waveguides) has increased field in the low-index central region and reduced field in the
air-clad surrounding region, resulting in increased confinement. Initially the concept
was proposed by Almeida et al. (2004) for integrated optical devices and then has been
expanded to THz and optical waveguides (Nagel et al. 2006b, Wiederhecher et al. 2007,
Monro 2007).

4.1.1 Objective and framework

In this Chapter, we propose a novel class of waveguides, porous fibres, based on intro-
ducing sub-wavelength low index discontinuities. In Section 4.2, we discuss the concept
of the field enhancement within a low-index discontinuity in waveguides. Then in Sec-
tion 4.3, we expand this concept to an array of sub-wavelength air-holes in the core of the
fibre. We also discuss the simulation method, and convergence and symmetry techniques
used in simulation for characterisation of porous fibres. Then we theoretically investigate
the effective material loss and the confinement of THz propagation as a function of fibre
porosity and diameter, and compare it with those of THz microwires in Section 4.4. We

demonstrate that for similar loss values, the porous fibre leads to better confinement than
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the microwire. In the same Section, we demonstrate that porous fibres provide a signifi-
cant improvement in the group velocity (v4) and consequently group velocity dispersion
(GVD) in comparison to THz microwires. We also propose new designs of porous fibres,
introducing asymmetrical discontinuities, which lead to a strong birefringence reducing

distortion due to polarisation mode dispersion.

Because of the low loss properties of polymers in the THz regime, polymethyl methacry-
late (PMMA) and cyclic olefin copolymer (COC, also known as TOPAS) are considered
as the host material for the waveguides in this chapter. Note that PMMA is considered
as the host material in Sections 4.3, and Subsections 4.4.1 and 4.4.2, and COC in Subsec-
tion 4.4.3. Due to the availability of PMMA billets, the initial analysis, fabrication and
experimental results are carried out for PMMA fibres. Then later on, it is expanded to
COC fibres.

4.2 Sub-wavelength air-hole in a dielectric waveguide

At any interface between two materials with no surface charge, the normal component of
the electric flux density (displacement electric field) is continuous, as shown in Eqn. 3.16,
with respect to boundary conditions. By Eqn. 3.18, this leads to a discontinuity in the
electric-field strength; i.e., the electric-field is enhanced on the low refractive index side.
The strength of the enhanced electric field depends on the square of the ratio of refractive
indices and the electric field strength at the high index side. As a result, a higher enhanced
electric field is formed at a low-index interface discontinuity. As discussed in detail in
Subsection 3.4.1 and shown in Fig. 3.11, the enhancement phenomena is noticeable at the
core-clad interface of microwires and is negligible at the core-clad interface of conventional

fibres (diameter much larger than operating wavelength).

The enhancement phenomena occurs, at any discontinuity (not just at core-clad interface)
in a dielectric waveguide. As an example, for a hollow core air-clad PMMA fibre, the
enhanced electric field is shown in Fig. 4.1. The fibre core diameter is 1600 ym and the
fibre core-clad interface is shown with a vertical dashed line. This is a multimode fibre
at f = 0.5 THz or A = 600 gm. The normalised electric field of the fundamental mode is
shown in Fig. 4.1 for three different bore (the central air-hole) diameters of 900, 300, and
100 pm. In order to be able to compare the three curves, we normalise each electric field
by its maximum. The enhanced electric field at both bore-core and core-clad interfaces

rapidly decays away. This is clearly noticeable for the enhanced fields at all the core-clad
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Figure 4.1. The electric field enhancement inside the central bore of a hollow core fibre.
The normalised electric field of a hollow core THz fibre for 100, 300, and 900 um bore
and 1600 pum core diameters at f = 0.5 THz (A = 600 um). The enhanced electric field
on the bore-core interface decay rapidly for the bore diameter of 900 pm, shown in red.
As the bore diameter decreases to the order of operating wavelength the decay of the
evanescent field becomes minimised and localised in the bore. The vertical dashed line
represents the core-clad interface, while the vertical dotted lines represent the bore-core

interface.

interfaces and also for the bore-core interface of the fibre with 900 um bore diameter.
The decay of the evanescent field within the bore decreases and becomes localised as the
bore diameter decreases to less than the operating wavelength (Wiederhecher et al. 2007,
Monro 2007). The green and blue curves in Fig. 4.1 have a bore diameter of 300 and
100 pm respectively, which is less than operating wavelength, A = 600 ym. For these bore

diameters the enhanced evanescent field decays gradually and gets localised in the bore.

Nagel et al. (2006b) have demonstrated the effect of a central air-hole on a THz slab
waveguide and THz fibre, shown in Fig. 2.23(a). They perform a thorough discussion
of the effect of hole and core sizes on the power fraction localised in the discontinuity
and in the fibre material. Their results indicate that the air discontinuity in a dielectric
slab waveguide can trap 55% of the mode power in the vicinity of the gap between the
two slabs, and a sub-wavelength air-hole in a fibre can trap 26% of the power in the
sub-wavelength discontinuity. Nagel et al. (2006b) have also shown that introducing

the discontinuity lowers the loss and dispersion of the propagating mode compared to
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that of the same waveguide without a discontinuity. Also later, Zhao et al. (2008) have
theoretically discussed the effect of material, core, and bore diameter changes on the

power distribution, field distribution, and field enhancement in a THz hollow-core fibre.

In practice, the slab waveguide is difficult to handle because it needs a structure to keep
the slabs together. This interferes with the propagating mode. A single sub-wavelength
air-hole in the fibre cannot reduce the loss substantially since a large portion of the power
of the guiding mode is still propagating inside the material. Moreover, reducing the
dimension of the waveguides forces more power in the clad region and reduces the mode

confinement, as we have seen in Chapter 3.

In the next section, we propose a novel class of waveguide for THz, based on introducing
sub-wavelength low index discontinuities within the core of an air-clad fibres. Instead of
having one sub-wavelength air-hole in the core, we consider a pattern of sub-wavelength
air-holes in the core, and show that this leads to a better confinement of the field to the

structure while still allowing THz propagation in the sub-wavelength air-holes.

4.3 Concept of THz porous fibre

In the optical regime, elongated void regions have previously been used in photonic crystals
to improve the transmission efficiency simply by reducing the material (Wang 2002). Here
in this work, we consider a fibre, porous fibre, with sub-wavelength holes in the core.
This enables localisation and enhancement of the guided mode within the holes, which
consequently as we see in this Chapter improves the confinement and signal degradation

(loss and dispersion).

Porous fibres in this study are created by including a distribution of sub-wavelength air-
holes within the core of an air-clad fibre. A typical example is shown in Fig. 4.2(a). The
distribution, shape, and size of the holes determine the porosity of the structure, which
is defined as the fraction of the air holes to core area. The arrangement of the holes
within the core of porous fibre can be based on different varieties of lattice structures.
The structure shown in Fig. 4.2(a) has a triangular lattice of circular holes with radii of

20 pm and a core radius of 200 pum, which results in a porosity of 37%.

In order to reduce the effective material loss in a porous fibre, we need to be able to access
high porosity values. Therefore, we chose a triangular lattice for circular air-holes, which

leads to higher porosity values when compared to a rectangular lattice. Theoretically, the
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maximum achievable porosity for a porous fibre with a rectangular air-hole arrangement

is 7 = 0.785, while for a triangular air-hole arrangement it is QL\/g = 0.9. The sparse
porosity value (37%) in Fig. 4.2, is only chosen for purposes of clarity for displaying the

concept in this section.

To find the propagation constant and field distributions for the porous fibres, we solve the
full vectorial form of Maxwell’s equations since, for the sub-wavelength scales considered
here, a scalar approximation gives inaccurate results (Zheltikov 2005). Full-vectorial ana-
lytical solutions only exist for extremely simple waveguide designs such as, e.g. a circular
core embedded in an infinite cladding (Balanis 1989, Snyder and Love 2000). Full-vector
analytical solutions cannot be found in general for complex waveguide structures such as
THz porous fibres and microstructured fibres. Thus, a numerical approach can provide
a powerful alternative for the design and study of their guiding properties. Eigenmode
analyses are typically performed with solvers based on the finite-difference method (FDM)
or the finite-element method (FEM). Both approaches can provide a highly accurate so-
lution for the propagation constant, cut-off frequency, confinement loss and birefringent
properties of waveguides. For micro- or nano-structured fibres, such eigenmode solvers
have been applied especially for photonic crystal fibres and have been compared in terms
of usefulness and limitation (Zhu and Brown 2002, Saitoh and Koshiba 2005, Ademgil
and Haxha 2008).

In this thesis, we use the FEM method instantiated in the commercial FEM package
COMSOL 3.2 and 3.5. The geometry can be created and analysed using the COM-
SOL GUI interface like all other FEM software. One can also run the code scripts from
MATLAB. The latter offers the flexibility of combining MATLAB commands for post
processing. In this work, we run the code script from MATLAB and the code is included
in the Appendix B.

The eigenvalue problem is formed by applying variational equations'® to each of the 2D
finite-elements used to discretize the waveguide profile as shown in Fig. 4.3(b) (COMSOL
Accessed: February 2010, Itoh 1989). The propagation constants, field distributions,

and power distributions of guiding modes are calculated by applying proper boundary

15In the FEM, instead of partial differential equations with boundary conditions, variational expressions
are applied to each of the elements. The method of weighted residual is used to project Maxwell’s
equations into a form suitable for numerical simulations, which leads to variation method upon which
the FEM is based (Itoh 1989).
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conditions. From there, we are able to calculate other parameters such as effective area,

power fraction, effective material loss, and dispersion.

The concept of field enhancement within low-index discontinuity (as explained in Sec-
tions 3.4 and 4.2) is demonstrated in Fig. 4.2(b), which shows the normalised z-component
of the Poynting vector (S, = %E x H - z) profile of the fundamental mode of the porous
fibre along the arrow shown in Fig. 4.2(a). The refractive index profile along the same
axis is also shown, demonstrating where the sub-wavelength air-holes are located. The
refractive indices ny = 1.6 and ny = 1 refer to material (PMMA) and air refractive indices
at f = 0.5 THz (A = 600 pm), respectively. The normal component of electric field and
as a result the power intensity (S,) is enhanced at the each air-material interface and
stays localised in the sub-wavelength air-holes, where the refractive index is ng. This
phenomenon occurs for all the sub-wavelength air-holes in the structure as can be seen in
Fig. 4.2(c). Since the enhancement coefficient of the normal component of electric field at
each interface is constant, n?, the intensity of the localised power intensity (S,) depends
on the location of the sub-wavelength air-hole position. The closer the sub-wavelength
air-hole to the center of the fibre, where the electric field intensity is stronger, the stronger
the localised power intensity. Therefore the envelope of the intensified profile of the power
has the similar profile pattern of the air-clad fibre without sub-wavelength holes. For the
chosen porous fibre dimensions, the power profile envelope has a Gaussian shape, as shown
in Fig. 4.2(d). The effect of these sub-wavelength air-holes on the fibre parameters—power

fraction, effective area, effective material loss, and dispersion—is analysed later in this

chapter.
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Figure 4.2. Power profile distribution of a porous fibre with triangular lattice. (a) Cross-section
and geometrical definitions of the triangular lattice porous fibre. (b) The normalised
z-component of the Poynting vector, S,, profile along the dashed line shown in (a), of
the fundamental mode of a polymer porous fibre with core radius of deore/2 = 200 pm,
hole radii of dpele/2 = 20 pum and 37% porosity at f = 0.5 THz (A = 600 um). The
vertical dashed line represents the core to cladding interface and the lower solid line
represents the refractive index profile. (c) 2D and (d) 3D view of the normalised S, of
the porous fibre. Note that S, is normalised by its maximum and the colour bar shows

the normalised S,.
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Convergence and symmetry

After creating the solution region, which includes the fibre geometry and a finite square
cladding (more than 10 times larger than fibre diameter) with proper boundary conditions
as shown in Fig. 4.3(a), the region is discretised into finite number of elements also known
as a mesh. Although the element sizes are proportional to the dimension of each sub-
region, they can be set manually in the code script. The finite element discretisation
of the fibre geometry shown in Fig. 4.2(a) is illustrated in Fig. 4.3(b). The red lines
represent the fibre geometry except the outer red circle. This is added intentionally to
create a region around the fibre where the mesh density is high. Hence, this allows the
fast decaying evanescent fields to be mapped with higher precision. A close up of the
mesh for sub-wavelength air-holes and core of the fibre is also shown in Fig. 4.3(b). The
propagation constants of propagating modes are obtained from the eigenvalue equation,
which is formed by applying variational equations to each of these finite-elements. The
normalised power distributions of the two polarisations of the fundamental mode are
calculated and shown in Figs. 4.3(c) and 4.3(d). The transverse electric field vector is
shown by black arrows on each figure. The arrows also indicate the direction in which the

enhancement of the electric field occurs in the air-holes.

The mesh density in the sub-regions and the dimension of the finite boundary of the
solution region are the two parameters that require attention. Setting these values high
increases the computational time and requires large memory. However, setting these
values low creates uncertainty in the evaluated propagation constant, which affects the
other waveguide parameters. Thus we conduct convergence tests to find the optimum
values for the mesh density and the length of the solution region. Before targeting the

convergence tests (Fig. 4.6), first we simplify the solution region.

The solution region can be simplified further, i.e. due to the symmetry of the structure
and the field distributions only a quarter of the entire region needs to be simulated.
In order to do so, specific boundary conditions are required. These boundaries—perfect
electric conductor (PEC) and perfect magnetic conductor (PMC)—act as a mirror. It has
to be ensured that these boundary conditions, reproduce correctly all field components
of the mode. In order to obtain both polarisations of the fundamental mode, we have to

alternate the PMC and PEC boundaries and compile the code twice.
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Figure 4.3.

Numerical simulation steps of the full geometry of a PMMA porous fibre. (a)
Solution region/domain, (b) discretisation of the solution region, (c) and (d) the nor-
malised z-component of the Poynting vector for both polarisations, of the fundamental
mode of a polymer porous fibre with core radius of 200 xm, hole radii of 20 um and 37%
porosity at f = 0.5 THz (A = 600 um). Note that .S, is normalised by its maximum.
The outer red circle in part (b) is added intentionally to increase the mesh density in
the vicinity of the fibre. The black arrows in parts (c) and (d) represent the transverse

electric field vector.
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Generally, an electromagnetic problem may have three types of planar symmetry (Milligan
2005, Golestanirad et al. 2009): geometric, electric and magnetic. The type of symmetry
depends on the geometric properties of the structure and the excitation sources. In the
case of just geometrical symmetry, where the excitation sources and consequently the field
distributions are not symmetrical, no simplification can be applied. In the case of electric
symmetry, not only does the geometric symmetry hold but also additional requirements
are met by the sources so that the tangential component of electric field and the normal
component of magnetic field disappear at the symmetry plane, allowing us to replace it by
a PEC plane. In a similar way, in the case of magnetic symmetry the source distribution
assures that the tangential component of magnetic field and the normal component of
electric field vanish on the symmetry plane and so allow replacing it with a PMC plane.
Figures 4.4(a) and 4.4(b) show the electric and magnetic field distribution for one of the
polarisations of the fundamental mode of a porous fibre shown in Fig. 4.2(a). The PEC
and PMC planes are indicated with red and blue lines, respectively. Where the PEC plane
is placed, there are no tangential components of electric field and normal components of
magnetic field. In a similar way, where the PMC plane is placed, there are neither normal

components of electric field nor tangential components of magnetic field.

Figure 4.5(a) shows the quarter-plane of the solution region with appropriate boundary
conditions we employ for simulation of the porous fibre. Employing a quarter of the
solution region enables us to expand the solution region and increase the mesh density
further if requires as shown in Fig. 4.5(b). High mesh densities (e.g. 179816 elements for a
600 pm diameter porous fibre with 65% porosity) are essential for analysing porous fibres
with high porosity. Figs. 4.5(c) and 4.5(d) illustrate the normalised power distributions
of the two polarisations of the fundamental mode calculated via simulating quarter of the
fibre. The transverse electric field vector is shown by black arrows on each figure. These
results are identical to the ones shown in Figs. 4.3(c¢) and 4.3(d). The calculated effective
refractive index for both full and a quarter plane is 1.108. As mentioned earlier, both
polarisations of the fundamental mode are compiled in one go when the full structure is
employed. While, for quarter of the structure it requires us to compile the code twice,
since the direction of the electric and magnetic fields are different for each polarisation

consequently requiring different boundary conditions.

We have also conducted a convergence test to find out the optimal parameters for the
above simulation. The most important parameter is the length of the solution region.

Figure 4.6(a) shows the effect of a solution region length change on the effective refractive
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Figure 4.4. Electric and magnetic field distributions of the fundamental mode. The electric
field arrows (purple) and magnetic field contours (orange) for the two polarisations of
the fundamental mode of a polymer porous fibre with core radius of deore/2 = 200 pm,
hole radii of dpole/2 = 20 um and 37% porosity at f = 0.5 THz (A = 600 pm) are
shown in parts (a) and (b). The blue and red dashed lines represent the perfect electric

conductor (PEC) and perfect magnetic conductor (PMC) planes.

index of porous fibre, shown in Fig. 4.5(a). The length changes from two times to more
than 12 times of the fibre radius. At f = 0.5 THz (A = 600 um) the curve converges
for values greater than 600 um. The value is dependent on the operating frequency,
and fibre dimension and porosity; e.g. for low frequencies (f < 0.2 THz) and porosity
values greater than 60%, the n.g starts converging around 1.4 mm for a PMMA fibre.
The solution region length depends inversely on frequency, i.e. for higher frequencies the
length is shorter compared to that of lower frequencies. Therefore, for the rest of the
simulations in this thesis we set the solution region length to 2 mm, which is larger than
the maximum length required for low frequencies (f < 0.2 THz). Figures 4.6(b), 4.6(c),
and 4.6(d) show the effect of the solution region dimension on power fraction, effective loss,
and effective area; respectively. Obviously the error propagates through these parameters
via neg. These parameters, for porous fibre, will be discussed in detail in the following

sections.

The second important parameter for convergence testing is the mesh density of the solution
region, specifically in the core and sub-wavelength sub-regions. In these simulations,

meshing plays a major role in the solution process. Setting the mesh value too fine results
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in a huge amount of data, consequently requiring large memory and longer simulation
time. The mesh density can be fine tuned by specifying the maximum mesh size. This
can be carried out locally to make sure that the mesh is finer on certain sub-domains,
i.e. core and sub-wavelength air-holes of porous fibre. This setting is important for porous
fibres with high porosity values. As a rule of thumb, we make sure that there are at least
three nodes in very narrow domains, e.g. the domain in between the air-hole and core
of a porous fibre with porosity higher than 60%. This means that for each domain we

relatively set the maximum element/mesh size.

Figure 4.7(a) illustrates the effect of maximum finite-element or mesh size on the effec-
tive refractive index of the porous fibre shown in Fig. 4.5(a). Changing the maximum
element size from 2 to 25 um in both core and air-holes introduces a relative error of only
1.6x1074%, while it saves 10 minutes in simulation time. Since setting values higher than
10 pm does not affect the calculated results, one can conclude that the maximum element
size considered by COMSOL for this simulation is around 10 gm. This maximum element
size suffices for this specific porosity. However, in our simulations we consider different
maximum element sizes for core and air-hole regions. Note that 0.5 um and 2 pm are the
maximum element sizes considered for the core and air-holes of porous fibre, respectively.
The effect of the maximum finite-element or mesh size on power fraction, effective loss,
and effective area is shown in Figs. 4.7(b), 4.7(c), and 4.7(d); respectively. The relative

error for each case is also shown on the figure.

With the above region parameters—different mesh densities employed in regions and
proper solution region length—the calculated propagation constant (i.e. effective refrac-
tive index) of the fibre is accurate to five significant figures and all other parameters—
power fraction, effective material loss, and effective area—are accurate to three significant
figures in this thesis. The convergence parameters are always adjusted to have the men-
tioned accuracy and always a quarter of the fibre is simulated due to the structure and field
symmetries. Throughout this thesis we consider the above parameters for the solution

region and maximum mesh size unless stated otherwise.

Another approach for minimizing the computation time is to include a PML (perfectly
matched layer) on the boundaries of the simulation region. Since with the chosen param-
eters we are able to achieve convergence with an acceptable time frame and within the

computational power of our computers, we do not exploit the PML.
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PMC

Figure 4.5.

4 4 3 3 3 a2 3

() (d)

Numerical simulation steps of a quarter geometry of a PMMA porous fibre. (a)
Solution region/domain, (b) discretisation of the solution region, (c) and (d) the nor-
malised z-component of the Poynting vector for both polarisations, of the fundamental
mode of a polymer porous fibre with core radius of 200 pzm, hole radii of 20 um and 37%
porosity at f = 0.5 THz (A = 600 um). Note that .S, is normalised by its maximum.
The dashed curve in part (a) and the outer red curve in part (b) are added intentionally
to increase the mesh density in the vicinity of the fibre. The black arrows in parts (c)

and (d) represent the transverse electric field vector.
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Figure 4.6. Impact of the solution region dimension on the porous fibre parameters. The
impact of the solution region dimension on (a) effective refractive index, (b) power
fraction, (c) effective material loss, and (d) effective area of the fundamental mode
of a PMMA porous fibre is illustrated. The porous fibre geometrical dimensions are:
core radius 200 um, and air-holes radii 20 um. The simulations are carried out at
f=10.5 THz (A = 600 um).
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Figure 4.7. Impact of the finite-element dimensions on the porous fibre parameters. The
impact of the finite-element dimensions in the core and air-holes on (a) effective refrac-
tive index, (b) power fraction, (c) effective material loss, and (d) effective area of the
fundamental mode of a PMMA porous fibre, is illustrated. The porous fibre geometrical
dimensions are: core radius 200 gm, and air-holes radii 20 pum. The simulations are
carried out at f = 0.5 THz (A = 600 um). The relative error, between the first and

last values, is shown on each graph.
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4.4 THz characteristics of porous fibre

In this section we investigate THz characteristics of porous fibres. We evaluate power
fraction, effective area, effective material loss, fraction of power loss due to bending,
and dispersion of the porous fibre with different porosity values. We also compare the
results with those of a THz microwire, described in detail in Chapter 3. In the first two
Subsections 4.4.1 and 4.4.2, PMMA is used as the host material of the porous fibres,
while in the Subsection 4.4.3, COC is used. As we will see in the next two chapters, both
PMMA and COC porous fibres are fabricated and characterised accordingly. Therefore,
in this section both materials are used for theoretical calculations. Results for two the

host materials are plotted separately to avoid cluttering the graphs, for greater clarity.

4.4.1 Power fraction and effective area

In this sub-section power fraction and effective area of three PMMA porous fibres and
a microwire is calculated and compared. The porous fibres considered have different
porosity values: 61%, 70%, and 74%. All the fibres are characterised at f = 0.5 THz
(A = 600 pm). At this frequency the dielectric parameters of the PMMA are n = 1.6

and o, = 4.2 cm™'.

The propagation constants of porous fibres are evaluated using
COMSOL, while the propagation constant of the microwire is evaluted analytically as

described in Chapter 3.

The effective refractive indices of three porous fibres—61% (black line), 70% (green line)
and 74% (blue line)— and a microwire (red line) as a function of core diameter are
shown in Fig. 4.8. In order to maintain the porosity value for each porous fibre while
the diameter changes, we keep the ratio of the air-holes to core diameter constant (0.1,
0.8 and 0.05 for 61%, 70% and 74% porosity respectively), i.e. all the dimensions of the
fibre are scaled. It should be noted that for every porosity value there is an upper limit
for the core diameter, where the effective refractive index curve stops in Fig. 4.8, beyond
which the material between the sub-wavelength air-holes begins to act as an array of
independent sub-wavelength fibres. The core diameter at which this occurs depends on
the porosity of the fibre, i.e. for higher porosity values the limit is larger, indicating that
the structure stays in the porous fibre regime for a wider range of diameters. Therefore,

no data is shown beyond this limit in this and the following figures.

The effective refractive index of porous fibres are much lowered compared to that of a

microwire for the same core diameter. This is expected since less material is residing in the
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Figure 4.8. Effective refractive index of three porous fibres and a microwire as a function
of core diameter. Effective refractive index (neg) versus fibre diameter of a THz
microwire (red lines) and porous fibres of 61% (black lines), 70% (green lines) and 74%
(blue lines) porosity at f = 0.5 THz (A = 600 pm).

core of the porous fibre compared to the microwire for the same core diameter. Increasing
the porosity value of the porous fibre lowers the effective refractive index curve further.
Nevertheless, a question arises here: “What happens to the mode power distribution and

effective area of the fibre?”

As discussed in Subsection 3.4.2, the power fraction leads to more information of the
power distribution in the fibre. For convenience we consider three different regions within
a porous fibre; sub-wavelength air-holes (region I), solid core material (region II), and
the air cladding (region III). Therefore the fraction of the guided mode power (n) that is

located within each region is defined as:

Px fo SZdA

x = - 5 4.1
! Ptotal ono Ssz ( )

where, S, is the z-component of the Poynting vector, the subscript x = {I,II, III} rep-
resents each region, dA = rdrd¢, and A, and A, are the infinite and region x cross-
sections, respectively. For porous fibres analysed with COMSOL, A, is the solution
region cross-section. Fig. 4.9 shows the power fraction versus fibre diameter of three

porous fibres with fixed porosities—61% (black lines), 70% (green lines) and 74% (blue
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Figure 4.9. Power fraction of three porous fibres and a microwire as a function of core
diameter. Power fraction in the air holes (solid lines), core material (dotted lines) and
air-clad (dashed lines) versus fibre diameter of a THz microwire (red lines) and porous
fibres of 61% (black lines), 70% (green lines) and 74% (blue lines) porosity at f = 0.5
THz (A = 600 pum).

lines)—at f = 0.5 THz (A = 600 pm). The solid, dashed and dotted lines demonstrate
the power fraction in the regions I, II, and III, respectively. For comparison, the power
fraction in the air-clad (dashed line) and solid core (dotted line) of a THz microwire have

also been evaluated and sketched in red in Fig. 4.9.

For large fibre diameters (deoe > A), most of the guided power of the THz microwire is
located in the solid core, while the power fraction residing in the sub-wavelength air-hole
region (solid black, green, and blue lines in Fig. 4.9) of the porous fibre is dominant.
The diameter increase in the porous fibre does not have a significant effect on the power
fraction in the core material, ny, (dotted blue, green, and black lines in Fig. 4.9), while
there is a considerable change in n; and ;. As an example, for a porous fibre with
74% porosity, i changes from 0.1% to 16%, while 7 changes from 0.1% to 73%, and n
changes from 99.8% to 11%, as the diameter increases from 250-1500 gm. This means
that by increasing the fibre diameter most of the power in the air-clad region is transferred
to the sub-wavelength air-holes. This is an advantage over the THz microwire, in which

increasing the diameter increases the power fraction in the solid-core of the fibre, resulting
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into lower material loss in the porous fibre compared to the THz microwire. This is more

evident in Fig. 4.11 and is discussed later on.

Unsurprisingly, for sub-wavelength diameters (deore < A), porous fibres and THz mi-
crowire have a similar behavior, i.e. the power fraction in the core of both waveguides (7
and ny for porous fibres) decreases as the diameter decreases and most of the power is
transferred to the air-clad region. However, the influence of the small percentage of the
power residing in the sub-wavelength air-holes of the porous fibre (7;), is noticeable in the

loss values as will be shown in the next subsection.

The effective areas, (Aeq), of the three porous fibres and microwire are shown in Fig. 4.10.
The effective area—which is the mode area in the transverse dimensions—is calculated
from Eqn. 3.21. The effective area of porous fibres are higher than that of the microwire
for the same core diameter. This result is expected due to the lower effective refractive
index of these porous fibres compared to microwire as shown in Fig. 4.8. The mode power
is expanded more in the air region consequently A.g increases as the refractive index of
the fibre decreases. This indicates that if a porous fibre and a microwire with identical
core diameters are bent, the porous fibre will experience higher bend losses. However, as
we will see in the next sub-section, a porous fibre and microwire with identical diameters
do not have the same effective loss values. It is inappropriate to compare these fibre bend
losses while their effective losses differ. Therefore, as shown later the effective area curves
can be plotted as a function of effective loss to reveal more compatible information for

comparison of the fibres.

4.4.2 Loss and confinement

There are two major loss mechanisms to be considered for these fibre structures: effective
material loss and bend loss, as discussed in Section 3.5.1. The effective material loss
(crefr) is @ measure of the loss that a guided mode with a certain mode field distribution
experiences when it propagates along a fibre with an inhomogeneous loss coefficient profile
in the transverse direction. The effective material loss of a guided mode in porous fibre

is evaluated from Eqn. 3.28, which is repeated here for convenience:

e — Ok (60 ) 1/2 foa 027T n'nt |E'|2 rdrde (4.2)
eﬁ' —_ — . .
o ’fo‘l 027T S.irdrdd + faoo fo% Szgrdrcw)
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Figure 4.10. Effective area of three porous fibres and a microwire as a function of core
diameter. Effective area (Aeq) versus fibre diameter of a THz microwire (red lines)
and porous fibres of 61% (black lines), 70% (green lines) and 74% (blue lines) porosity
at f = 0.5 THz (A =600 um).

Since air is a transparent medium for THz (negligible absorption coefficient «a,, = 0),
the integration in the numerator of the a.g equation is performed only over the material
part of the core. Figure 4.11 shows the effective material loss of porous fibres and a
THz microwire at f = 0.5 THz (A = 600 pm). Owing to porosity of the core, it is
evident in Fig. 4.11 that for similar diameters the effective material loss of these fibres
is less than that of the THz microwire. Moreover for porous fibres the effective material
loss decreases as the porosity increases, since less material resides in the core. For sub-
wavelength diameters (deore << A), the effective material loss declines to the same order
for all the structures with different descending slopes. For porous fibres the loss starts
declining from a lower loss value over a larger diameter range, indicating that the effective
material loss of porous fibre is less sensitive to diameter variation when compared to that

of THz microwires. This is more evident in Fig. 4.15 and is discussed later on.

As illustrated in Fig. 4.10 for identical diameter values, the effective area of a microwire is
smaller than that of a porous fibre. This is due to the fact that for similar diameters the
core refractive index of microwire is higher than that of the porous fibre. On the other
hand the effective loss of a microwire is larger than that of a microwire for similar diameter

values. In order to have a tangible understanding of these two parameters (aeg and Aeg),
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Figure 4.11. Effective material loss of three porous fibres and a microwire as a function
of core diameter. Effective material loss versus fibre diameter of a THz microwire
(red line) and porous fibres of 61% (black line), 70% (green line) and 74% (blue line)
porosity at f = 0.5 THz (A = 600 um).

it is worthwhile to study the relationship in between. Figure 4.12 shows normalised
effective area of three porous fibres and a microwire as a function of effective material

The

normalised effective area decreases as the porosity of porous fibre increases. For similar

loss. The effective area is normalised to the geometrical area of the fibres, m?2 .
effective loss values, the microwire has a higher normalised effective area compared to
that of the porous fibre. This indicates that the fundamental mode of the porous fibre is
more confined to the structure compared to that of a microwire. Consequently we expect
the bend loss of the microwire to be higher than that of the porous fibre for identical
effective loss values. In order to have a physical understanding of this fact, we evaluate

the fraction of the mode power lost as radiation in these fibres due to bending.

Pure bend loss is defined as the continual loss of radiation that occurs along any curved
section of fibre and is related to the inability of the tail of the mode to successfully navigate
the bend (Baggett et al. 2003). For a mode propagating along a curved trajectory, the
local velocity along the phase fronts of the mode must decrease on the inside of the bend
and increase on the outside of the bend in order to maintain a constant angular velocity
across the mode. If we consider the guided mode propagation in the z direction around

a bend in the x-plane, as shown in Fig. 4.13, at some distance towards the outer tail of
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Figure 4.12. Normalised effective area versus effective material loss of three porous fibres
and a microwire. Normalised effective area (Aefr/Ageo) versus effective material loss
(aet) of @ THz microwire (red lines) and porous fibres of 61% (black lines), 70%
(green lines) and 74% (blue lines) porosity at f = 0.5 THz (A = 600 pum).

the mode (x = x,)) the required phase velocity will exceed the local speed of light. This
distance from the center of the fibre is evaluated for microstructured fibres by Baggett et
al. (2003) and is equal to:

ﬂFSM

T, = ( B _ 1> R, (4.3)

where R, is the bend radius and (3, and [ggy are the propagation constants of the mode
of the bent fibre and the fundamental space-filling mode of the cladding'®, respectively.
For the air-clad fibres discussed in this thesis Opsy = ko, where kg = 27 /\. Since the
power beyond z, is lost as radiation, the structure with more power in the tail beyond

this point experiences higher bend loss.

Figure 4.14 shows the fraction of power beyond x,, 1..q, for a porous fibre with a 74%
porosity (solid lines) and a microwire (dashed lines) as a function of effective material loss

for two bend radii, 20 cm and 50 cm. It is evident that if a porous fibre and a microwire

16The lowest-order cladding mode, which is often referred to as the fundamental space-filling mode
for a photonic crystal structure, is evaluated by solving the wave equation for a single unit cell of the

photonic crystal.
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Figure 4.13. Sketch of a bent waveguide. A waveguide bend in the x-plane with a bend radius
of R,.

with an identical effective loss value experience the same bend radius, the fraction of
power lost as radiation for the porous fibre is lower than that of the microwire. This is
due to the power fraction in the sub-wavelength air-holes of the porous fibre since the
power in these holes is still in the air, but confined to the structure. It should be noted
that as soon as z, gets smaller than the core radius of porous fibre, the power radiated
beyond z, of the porous fibre approaches to that of the microwire. In summary, Fig. 4.14
indicates that for similar effective material loss values the mode is more confined to the

porous fibre compared to microwire. The results are consistent with the outcomes of
Fig. 4.12.

For the broad THz spectrum, it is also essential to investigate the frequency dependent
loss for a porous fibre and microwire. The measured attenuation constant of bulk PMMA
material, determined via THz-TDS in Section 3.3, is frequency dependent. Consequently
this influences the loss that a propagating mode experiences at different frequencies leading
to signal distortion. In order to compare the frequency dependence of the effective material
loss of porous fibres and microwires, we evaluate the effective material loss variation versus

frequency for a porous fibre with a 74% porosity and a THz microwire.

As shown in Fig. 4.15, a porous fibre of diameter 500 pum (black solid line) and microwire
of diameter 320 pum (black dashed line) have the same order of effective material loss

at f = 0.2 THz (aeg < 0.01 cm™!) and by increasing the frequency the loss in both of
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Figure 4.14. Fraction of power radiated for a porous fibre and microwire as a function of
effective material loss for two different bend radii. Fraction of power beyond
x, lost as radiation in bends, 7.4, versus effective material loss of a THz microwire
(dashed lines) and porous fibres of 74% porosity (solid lines) for two bend radii (20 cm
and 50 cm) at f = 0.5 THz (A = 600 um).

them increases. However, the increase in aeg of the porous fibre is less pronounced when
compared to that of the microwire. For frequencies larger than 0.4 THz the effective
material loss of the porous fibre is an order of magnitude lower than that of the microwire.
This implies that the porous fibre causes less signal distortion of broad-spectrum pulses

when compared to that of the THz microwire.

Additionally, Fig. 4.15 indicates that the porous fibre is less sensitive to diameter changes
compared to the microwire. Increasing the core diameter by 20% (resulting in the red
curves) changes the lower loss limit of the porous fibre to almost half an order of magnitude
and the microwire to almost an order of magnitude. This is due to the fact that in porous
fibres there is less material residing in the core compared to microwires. As the frequency
increases, the curves for each waveguide merge. This occurs at 0.45 THz for the microwire
and 0.7 THz for the porous fibre. Beyond this point, where most of the propagating mode
is in the core of the waveguides, the diameter variation does not have significant effect on
the effective loss. In summary, the diameter variations in the low frequency regime, where
most of the power of the propagating mode is in the air-clad of the waveguide, have less

influence on the effective loss of a porous fibre compared to a microwire.
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Figure 4.15. Signal degradation due to the frequency dependence of the host material loss
for a porous fibre and microwire. Effective material loss versus frequency of a
porous fibre with a 74% porosity (solid lines) with 500 um (black), and 600 um (red)
diameters and a sub-wavelength fibre (dashed lines) with 320 um (black), and 380 pm

(red) diameters.

4.4.3 Dispersion

In this sub-section, we demonstrate that in addition to low loss and high confinement,
porous fibres provide a significant improvement in group velocity dispersion in comparison
to THz microwires. We also propose new designs of porous fibres by introducing asym-
metrical discontinuities. This leads to porous fibres with a strong birefringence, which
results in less distortion due to polarisation mode dispersion. Note that COC is considered
as the host material of the waveguides studied in this subsection. With this considera-
tion, both low loss polymer materials (PMMA and COC) used later on in fabrication are

characterised theoretically in this section.

As stated in Section 4.3, porous fibres are air-clad fibres and have a pattern of sub-
wavelength air-holes within the core. Field enhancement and localisation, occur within
these sub-wavelength air-holes. In THz porous fibres, the discontinuities are chosen to be
air; because firstly air is transparent at THz frequencies, has negligible loss, and secondly
it gives the highest refractive index contrast, resulting in an increased enhancement of
the field. In the early days of THz porous fibres, only circular air-holes were consid-

ered (Hassani et al. 2008a, Hassani et al. 2008b, Atakaramians et al. 2008¢). However,

Page 130



Chapter 4 THz porous fibres: concept and modelling

other geometries can also be introduced into the core of these fibres. As mentioned in
Section 4.4.1, the degree of enhancement at the air-hole interface depends on the nor-
mal component of the electric field. Thus, in order to have well separated propagation
constants for the two polarisations of the fundamental mode, we choose rectangular and
slot-shaped sub-wavelength air-holes, where the sides of the rectangles align to the two po-
larisations. The advantage of introducing these air-hole geometries will be observed when
the polarisation mode dispersion is discussed later in this sub-section. Figures 4.16 (a)-
(c) show the three cross-sections of porous fibres considered here. The arrangement of
the air-holes is chosen so that maximum porosity is achieved for each case. The two-
dimensional view of the normalised z-component of the Poynting vector, S,, at 0.4 THz

of these porous fibres are demonstrated in Figs. 4.16 (d)-(f).

Figure 4.16. Different shapes of sub-wavelength air-holes in porous fibres and their nor-
malised power distribution. Cross-section of porous fibres with (a) circular, (b)
rectangular, and (c) slot shaped air-holes. The 2D view of normalised S, for (d)
circular shaped air-holes, 57% porosity and dcore = 560 um, (e) rectangular shaped
air-holes, 57% porosity and dcore = 570 um, and (f) slot shaped air-holes, 61% porosity
and deore = 600 pum, at 0.4 THz (A = 750 pum).

Prior to analysing the dispersion, we evaluate the effective material loss of these fibres and

a microwire. This provides a tangible understanding of the effect of the fibre material,
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COC, on the loss. Figure 4.17 compares the calculated effective material loss of the new
designed porous fibres with rectangular and slot shaped air-holes to the porous fibres
with circular shaped air-holes and a microwire. The THz dielectric properties of COC
measured by THz TDS, Section 3.3, is used to calculate the porous fibre effective material
loss. Note that in Fig. 4.17 the curves stop where the single mode operation ceases. As
stated earlier, beyond this point the fibres either become multi-mode, or for the case of
the porous fibres, the material begins to act as an array of independent sub-wavelength
fibres. It should be noted that the bump in the effective loss spectra around 0.5 THz is
from the spectral feature of COC bulk material.

The geometrical parameters of the fibres considered in this sub-section are as follows:
a porous fibre with rectangular shaped air-holes, 57% porosity and deoe = 570 um, a
porous fibre with slot shaped air-holes, 61% porosity and deo.e = 600 pm, a microwire
with deore = 375 um, two porous fibres with circular shaped air-holes, 57% and 74%
porosities and deore = 560 pm and deoe = 760 pum, respectively. The dimension of the
fibres are chosen in a way that they have the same amount of loss at 0.2 THz, 0.007 cm ™.
Due to geometry, electric and magnetic symmetries of these structures only a quarter of
geometry with proper boundary conditions (PEC and PMC) are simulated for all three

strutcures.

The effective loss curves, illustrated in Fig. 4.17, indicate that porous fibres with different
shaped air-holes but similar porosity values, 57%, have comparable loss values. This is
expected as the effective material loss curve in porous fibre depends on the porosity and
not the air-hole shapes. Also as shown in Fig. 4.17, the single mode operating bandwidth

is lower for the porous fibres with rectangular and slot shaped air-holes.

Waveguide dispersion

Dispersion is one of the signal degradation mechanisms in broadband applications as in-
dicated in Section 3.5. This occurs when the propagation constant of the guided modes
varies with frequency. The frequency dependency of the propagation constant arises from
refractive index variation of the host material (material dispersion) or/and waveguide
structure (waveguide dispersion) with frequency. The material dispersion of both poly-
mers discussed in this thesis is almost zero, shown in Fig. 3.21. This implies that the
group velocity of these polymers is a constant function of frequency. The normalised

group velocity of COC, bulk material, is shown in Fig. 4.18.
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Figure 4.17. Effective material loss of porous fibres with symmetrical and asymmetrical
shaped sub-wavelength air-holes. Effective material loss, «.g, versus frequency
of porous fibres with circular shaped air-holes and 74% porosity, and 57% porosity,
porous fibres with rectangular and slot shaped air-holes and 57% porosity, and 61%

porosity, respectively; and a microwire.

Although the material dispersion is almost zero, the waveguide dispersion of a microwire
is not negligible as discussed in Subsection 3.5.2. Thus, it is presumed that porous fibres
should also suffer from waveguide dispersion. Nevertheless, the question that arises here
is: “Does the inclusion of sub-wavelength air-holes improve, i.e. reduce, the waveguide

dispersion?”

In order to answer this question, the group velocity, v, = Ow/08s, is calculated and
compared for the porous fibres and a microwire. Figure 4.18 shows the group velocity
normalised to the speed of light in free space as a function of frequency. For lower
frequencies, where the dimension of the fibres is less than the operating wavelength and
almost all the power is in the air, the group velocity of the propagating mode in all the
structures approaches the velocity of light in free space. By increasing the frequency, the
group velocity drops to that of the bulk COC for microwire with a turning point around
0.6 THz—corresponding to zero dispersion. While, the normalised group velocity curves
drop very slowly and without a turning point to 0.9 and 0.83 for porous fibres with circular
shaped air-holes and 71% and 56% porosity, respectively; and to 0.87 and 0.85 for porous
fibres with slot and rectangular shaped air-holes and 61% and 56% porosity, respectively.
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Figure 4.18. Normalised group velocity of four porous fibres (symmetrical and asymmetrical
sub-wavelength air-holes) and a microwire. Normalised group velocity, waveguide
dispersion, versus frequency of porous fibres with circular shaped air-holes and 74%
porosity and 57% porosity, porous fibres with rectangular and slot shaped air-holes and

57% porosity and 61% porosity, respectively; and a microwire.

The group velocity of porous fibres, with circular shaped air-holes, plateaus after 0.5 THz
indicating that all the frequency components propagate with constant v,, i.e. that dis-
persion is negligible. This is consistent with the n.g variation with frequency, i.e. the neg
curves reach a plateau at higher frequencies. Thus, a terahertz pulse propagating along a
porous fibre encounters small normal dispersion at lower frequencies, corresponding to a
positive chirp in the time domain, and zero dispersion at higher frequencies. In the case of
microwires, Fig. 4.18, the THz pulse encounters strong normal and anomalous dispersion
corresponding to a positive and a negative chirp in the time domain, respectively. More-
over, Fig. 4.18 indicates that group velocity (v4) can be controlled by choosing different

porosities.

Polarisation mode dispersion

This dispersion is associated with birefringence in the fibre and occurs because of different
group delays between the two polarisations of the fundamental mode. A solution to this
problem is the use of polarisation maintaining (PM) fibres, which introduce deliberate
modal birefringence into the fibre. Introducing deliberate asymmetry in the core/clad

geometry of the fibre is a way of achieving the modal birefringence (Suzuki et al. 2001).
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Maintaining the polarisation of the propagating field in THz waveguides makes these fibres
a good substitute for free space THz propagation, where the polarisation of the field is
preserved. These fibres have also potential applications in high-bit-rate communication
systems, THz wave plates, and frequency filters (Scheller et al. 2010). Preservation of
polarisation also opens up the possibility of allowing heterodyne detection (Karpowicz et
al. 2008).

Figure 4.19 shows the modal birefringence, |n, —n,| as a function of frequency of the
porous fibres and microwire. As expected, for symmetrical fibres—i.e. the porous fibre
with circular air-holes and microwire—the birefringence is zero as shown in Fig. 4.19. In
contrast for porous fibres with slot and rectangular shaped air-holes, asymmetrical discon-
tinuities in the x and y direction, there is a noticeable birefringence for the fundamental
mode. The value of birefringence depends on the shape and arrangement of the holes;
the porous fibres with slot and rectangular shaped air-holes proposed in here provides a
birefringence of 0.026 and 0.015, respectively at 0.6 THz. These values are comparable
to achieved high birefringences ~ 0.021 at 0.3 THz (Cho et al. 2008) in THz solid-core
microstructured fibres, and ~ 0.025 at 1550 nm (Chen et al. 2004) in photonic crystals
fibres, and are almost an order of magnitude higher than the birefringence achieved of

~ 0.001 at 1 THz (Ren et al. 2008) in THz air-core microstructured Bragg fibres.

These high birefringence porous structures have lower single mode operating bandwidth
relative to porous fibres with circular shaped air-holes, because there is a considerable
amount of material between the air-holes and the edge of the core. It is also worth high-
lighting that for porous fibres, with circular shaped air-holes, the calculated birefringence
is of the order of 1075, i.e. nearly zero. This nonphysical residual birefringence provides

a guide to accuracy of the calculation that is discussed in detail in Section 4.3.

4.5 Chapter Summary

In this chapter, we have proposed a new fibre structure for the THz regime, a porous core
fibre, based on a sub-wavelength low index discontinuity at the material-air interface.
To begin with, we have considered a triangular pattern of circular holes within the core
of the an air-clad fibre to explain the physics. We have shown that this leads to an
improved confinement of the field to the structure while still allowing THz propagation
in the sub-wavelength holes. We have investigated the loss (effective material loss) and

the confinement of THz propagation as a function of fibre porosity and diameter and
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Figure 4.19. Modal birefringence of four porous fibres (symmetrical and asymmetrical sub-
wavelength air-holes) and a microwire. Modal birefringence versus frequency of
porous fibre with circular shaped air-holes and 74% porosity, porous fibres with rectan-
gular and slot shaped air-holes with 57% porosity and 61% porosity, respectively; and

a microwire.

compared them with those of a THz microwire. For similar loss values, it has been shown
that the porous fibre leads to significatly better confinement than a microwire. It has also
been shown that the loss of a porous fibre is a much flatter function of frequency and less
sensitive to diameter variations. Thus, for applications with broadband pulses, porous
fibre has reduced loss distortion compared to the THz microwire. As a result of strong
localised field in the sub-wavelength air-holes, the porous fibre has potential application
in THz gas and liquid spectroscopy. These results are supported independently (Hassani
et al. 2008b, Hassani et al. 2008a).

We have proposed new designs for THz porous fibres, with asymmetrical discontinu-
ities, for the first time in the literature (Atakaramians et al. 2008a). We have shown
that the effective material loss and group velocity of porous fibres are independent of
the air-hole geometry and a flatter function of frequency compared to microwires. We
have also demonstrated that introducing asymmetrical, slot and rectangular shaped, sub-
wavelength air-hoes in the core of porous fibres leads to a birefringence ~ 0.026 in the THz
regime. Maintaining the polarisation of the propagating field in THz waveguides makes
these fibres a good substitute for free space THz propagation, where the polarisation state

of the THz field is always preserved.
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The following Chapter focuses on the fabrication of polymer porous fibres. Despite all the
advantages of porous fibre, the manufacturing process for this fibre is more challenging
than the equivalent microwire, especially for higher porosity values. It is worth mention-
ing that the dimension of the holes (10-30 um) and the core diameter (300-1000 pym) are
larger than those of microstructured optical fibres manufactured for the visible and near
infrared spectrum. Recent advances in fabrication of soft glass and polymer microstruc-
tured optical fibres with a large air fraction, and holes of 1-2 ym in diameter realised via
the extrusion technique (Ebendorff-Heidepriem and Monro 2007, Ebendorff-Heidepriem
et al. 2008), indicates that the fabrication of the proposed structures is feasible.
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Chapte

Porous fibres: design,
fabrication and cleaving

HIS chapter describes the design and fabrication technique for THz
polymer porous fibres. For the first time in the literature, highly
porous polymer waveguides have been designed and fabricated by

exploiting an extrusion technique. Two types of THz polymer porous fibres—

spider-web and rectangular porous fibres—with 57% and 65% porosity have
been designed and fabricated. Furthermore, three different cleaving tech-
niques, based on the use of a semiconductor dicing saw, focused ion beam
milling, and a 193 nm ultraviolet laser, have been exploited to cleave highly
porous polymer fibres developed for guiding terahertz radiation. Regardless
of the polymer material used for fabricating THz porous fibres, using a UV
laser for cleaving and rotating the fibre during the process, provides smooth
and reproducible cleaves across the entire fibre cross-section rapidly. More-
over, the cross-sections of the fabricated wavegugides based on the structural
information obtained from SEM images are modelled and are compared to

those of the die exit cross-sections, i.e. designed cross-sections.
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5.1 Introduction

In the previous Chapter, we have proposed and realised a novel class of THz waveguides,
porous fibres, for guiding THz radiation. Our theoretical comparisons have shown that
porous fibres allow low loss propagation and improved confinement of the field compared
to microwires. We have also demonstrated that porous fibres have a smaller decrease in
the group velocity, i.e. lower dispersion, relative to microwires. Furthermore, we have
shown that these waveguides can be designed to maintain polarisation of the field by em-
ploying asymmetrical sub-wavelength air-holes. In order to confirm the above advantages
experimentally, it requires to fabricate these waveguides. Thus, there arises the following

questions:

e Is it possible to fabricate fibres with more than 50% porosity?

e Even if so, is it feasible to introduce asymmetric hole geometry to introduce bire-

fringence?

Fortunately, the techniques used for fabrication of microstructured optical fibres (MOFs)
pave the path for the fabrication of THz fibres. The fabrication technique for MOF's has
usually two stages. The first stage is the fabrication of fibre preform, which is the scaled-
up version of the fibre. In the second stage the fibre preforms are drawn into fibres.
There are different techniques available for the fabrication of MOF preforms: stacking
of capillary tubes, drilling holes in the bulk material, casting into a microstructured
mold, and extrusion (Monro and Ebendorff-Heidepriem 2006). In general all four preform
fabrication techniques can be utilised for the fabrication of THz microstructured fibres.
As we indicate in Chapter 2, for THz hollow-core and solid-core microstructured fibres (Lu
et al. 2008c, Han et al. 2002, Cho et al. 2008) the fibre preform by itself is suitable for
THz guidance resulting to elimination of the second stage in fabrication process, i.e. the
drawing process. For THz porous fibres with sub-wavelength dimensions and features,
the two stage process is inevitable, i.e. the fibre preform needs to be drawn. This makes
the porous fibre fabrication process challenging, i.e. preventing hole closure during the

drawing process.

Figures 5.1(a)-(c) illustrate the cross-sections of porous fibre preforms fabricated utilizing
stacking of capillary tubes, and casting into a mold proposed by Dupuis et al. (2009) and
Dupuis et al. (2010). For the preform fabricated through a stacking technique, Fig. 5.1(a),
the capillary tubes with inner and outer diameters of 4.25 and 5 mm are fabricated in-

house by rolling a 100 pm PE film around a 5 mm inner diameter metal tube (Dupuis
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et al. 2009). The fabricated thin-wall tubes are arranged in a two dimensional triangular
lattice and are stacked together with a layer of PE film. Eventually the preform is drawn
using self-pressurisation. For this purpose, first one end of the preform is sealed off,
e.g. epoxy glue in this case, and then drawn to fibre. Trapping of air within the holes
allows the pressure of the holes to build up and prevents the hole closure during the
drawing process. There is the possibility of partial hole closure that can be prevented
employing active-pressurisation'”. The cross-section of the resultant porous fibre is shown
in Fig. 5.1(d). A drawback of this approach is that the hole closure possibility is very
high and the maximum achieved porosity so far is 8-18% (Dupuis et al. 2009). Moreover
this method is only suitable for fabrication of porous fibre with the hexagonal array of

circular air-holes.

Another technique employed for fabrication of porous fibres utilises casting of the preform
into a structured mold. Two different approaches are considered for this purpose (Dupuis
et al. 2010). In the first approach a composite preform is built by casting the desired
material, in this case polyethylene (PE,) into a mold with polymer rods, in this case
PMMA. The composite solid preform is pulled into fibre where the presence of PMMA
rods prevents hole closure during the drawing process. Afterwards, the fibre segments are
submerged into a solvent for several days to etch away the polymer material (PMMA)
residing in holes. The fibres are also left to dry for several days. This technique is dubbed
as the sacrificial polymer technique, since the PMMA rods are sacrificed to keep the
holes open during the drawing process (Dupuis et al. 2009). The composite preform and
the resultant fibre cross-sections are shown in Figs. 5.1(b) and (e). Although air-holes are
preserved in this method, the fabrication process is very lengthy and the choice of material
is limited in terms of dissolving solvent and melting temperature differences between
the materials. Large melting temperature differences can result in material degradation.

Moreover the maximum porosity achieved is 29-45%.

In the second approach, the fibre preform is constructed by casting PE into a glass
mold (Dupuis et al. 2010). The glass rods are pulled out from the preform and any
residual glass is etched away before pulling into fibre. Then the resultant PE preform is
drawn down using active-pressurisation. The pressurisation is implemented not only to
prevent the hole closure, but also to inflate the holes in order to increase the porosity. The
fabricated preform and the resultant fibre cross-sections are shown in Figs. 5.1(c) and (f).

A drawback of this approach is that the active-pressurisation severely deforms the fibre

"The holes are pressurised utilizing a controlled gas source.
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(d)

Figure 5.1. Cross-section of porous preforms and fibres fabricated employing stacking and
structured molding approach. Cross-sections of porous fibre preforms fabricated based
on (a) stacking technique, (b) structured molding based on sacrificial polymer technique,
and (c) structured molding technique. Cross-sections of porous fibres pulled from pre-
forms shown (d) in part (a), (e) in part (b), and (f) in part (c). After Dupuis et al.
(2009) and Dupuis et al. (2010).

cross-section, shown in Figs. 5.1(f). It should be noted that high porosity is achieved due

to inflation of the holes during the drawing process.

Drilling the hole pattern into a polymer preform (60-70 mm diameter) using a com-
puter controlled mill, and drawing the preform down to fibre (6 mm diameter) is another
technique utilised for fabrication of THz solid- and hollow-core microstructured polymer
waveguides, Figs. 2.17(b) (Ponseca et al. 2008) and 2.22(a) (Nielsen et al. 2009). This
technique is not suitable for the fabrication of THz porous fibres because the drilling
process of the holes in the preform is very time consuming for a large number of holes.
This method also has restricted maximum porosity due to the mechanical constraints of
the hole size and the wall thickness between the holes (Barton et al. 2004). Furthermore

the shape of the holes is limited to the circular shape.

Among all these methods, the extrusion technique is best suited for the fabrication of

polymer porous fibre preforms. Because, firstly, MOFs made up of soft glass and polymer
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with a large air fraction and holes of 1-2 ym in diameter have been successfully fabricated
though the extrusion technique (Ebendorff-Heidepriem and Monro 2007), indicating that
the fabrication process of THz porous fibre (with hundreds of microns in diameter and
features in the tens of microns range) is easier to implement than the optical counterpart.
Secondly, it has also been shown that it is possible to fabricate non-circular air-holes in
microstructured optical fibres made up of polymer and soft glasses through the extrusion
technique (Ebendorff-Heidepriem and Monro 2007, Ebendorff-Heidepriem et al. 2008),

indicating that the fabrication of the proposed exotic structures are feasible.

Polymers are the common material being used for fabrication of the THz fibres due to their
low material loss and dispersion characteristics in the THz regime. Cleaving of polymer
MOFs is challenging due to their elasticity (Law et al. 2006b). They are easily squashed
and deformed during cleaving process when conventional blades are used for this purpose.
There are investigations conducted for optical fibres to improve the cleaving of low air-
fraction MOFs. Law et al. (2006b) have demonstrated that heating up the cleaving blade
and the fibre to 70-80°C improves the cleaved end-face of the optical MOFs. Canning
et al. (2002) have shown that a 193 nm UV laser can be used for rapid cleaving and
structuring of optical MOFs.

5.1.1 Objective and framework

In this chapter, in Section 5.2 we elaborate the fabrication process of highly porous THz
fibres with symmetrical and asymmetrical sub-wavelength air-holes employing extrusion
technique. We explain the fabrication process—including die design, preform, and fi-
bre drawing conditions and procedures—for both polymethyl methacrylate (PMMA) and
cyclic olefin copolymer (COC) porous fibres. In Section 5.3, we elucidate and compare
different cleaving techniques employed for cleaving of these highly porous fibres. The
cleaving parameters are adjusted based on the polymer material used, i.e. PMMA or
COC. The final fibre cross-sections are very similar but not identical to the designed
cross-sections. Therefore in Section 5.4, the theoretical values of the effective material
loss and effective refractive index of the ideal and real porous fibres are compared to

observe the effect of the structure deformation during the fabrication process.
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5.2 Porous fibre fabrication based on extrusion

Here, we propose a novel fabrication method, based on the extrusion technique, for fab-
ricating THz porous fibres. Exploiting this extrusion method, we fabricate preforms and
fibres with porosities higher than 50%. These are the first highly porous polymer fibres
fabricated for the guidanace of THz radiation (Atakaramians et al. 2009c). The polymer
materials used for the fabrication of porous fibres are polymethyl methacrylate (PMMA)
and cyclic olefin copolymer (COC)'®, whose THz dielectric properties are investigated in

Chapter 3. The porous fibres are fabricated in a two-step process.

First the preforms with macroscopic scale (mm-scale) features are manufactured us-
ing the extrusion technique, which has been demonstrated to be not only viable for
soft glasses (Ebendorff-Heidepriem and Monro 2007) but also for polymers (Ebendorft-
Heidepriem et al. 2007). The preforms are extruded by heating up a bulk polymer/glass
billet to a temperature where the material gets soft. Then the soft material is forced
through an extrusion die using a ram extruder at a fixed speed. The die exit geometry

determines the preform cross-section.

Figure 5.2 shows the images of the steps involved in the extrusion process. The extrusion
billet, shown in Fig. 5.2(a), in conjunction with the die is placed inside a thick-walled
stainless steel metal body. The billet is shielded from the metal body and ram by a thin-
walled stainless steel sleeve, shown in Fig. 5.2(b), and a circular cap, shown in Fig. 5.2(c),
respectively. Thus the metal body and ram can be retrieved and used for the next
extrusion, which is vital specially when soft glass preforms are extruded. The whole
structure is placed in a controlled heating furnace as shown in Fig. 5.2(d) and heated
up. The heating process is conducted in three stages to prevent overshooting the melting
temperature of the billet, which results in degradation. Then the soft material is pushed
through the die in two steps. First, the speed is set higher (almost ten times) than the
targeted value to fill the die and then the speed is reduced and kept constant during the
extrusion process. The final speed depends on the die design and billet material. It should
be noted that the sleeve, circular cap and die are cleaned before extrusion. The cleaning
process is conducted in an ultrasonic bath. The extrusion pieces are first cleaned in the
de-ionised water and detergent. Then they are rinsed with distilled water and methanol.

An example of the extruded polymer preform is shown in Fig. 5.2(e).

8The COC billet used in this thesis is provided from the Department of Photonics Engineering, Tech-

nical University of Denmark.
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height ~ 60 mm
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Figure 5.2. Preform extrusion process. (a) An example of a polymer billet. (b) and (c) show the
stainless steel metal body which holds the sleeve, die, billet and the cap. (d) Heating
furnace and the arrangement of the metal body in it. (e) An example of an extruded

polymer preform.

The critical step in the porous fibre fabrication is the translation of the desired fibre
structure, shown in Fig. 4.16(a) and (b), to the die exit structure. We develop the
porous fibre die designs by combining the die manufacturing constraints and the porous
fibre requirements (high porosity and sub-wavelength features) as discussed below. We
start the die design with an hexagonal array of circular air-holes, which is one of the
most studied and common arrangements of the air-holes in microstructured optical fibres.
The cross-section of the die exit with hexagonal array of circular air-holes is shown in
Fig. 5.3(a). The porosity achieved is limited to 47% due to extrusion die machining
constraints, such as minimum wall thickness of 0.6 mm between the holes. In the fibre,
the porosity will be even lower than the value given by the die exit due to thickening of

the nodes between the air-holes (Ebendorff-Heidepriem et al. 2007).

Recent advances in the fibre preform extrusion and die design of microstructured fi-
bres (Ebendorff-Heidepriem and Monro 2007) have allowed us to fabricate fibres with
non-circular and sub-wavelength size air-holes (a few microns to hundreds of nanometre
in size). This results in a thinner layer of material between non-circular air-holes in com-

parison to the circular air-holes, which increases the achievable porosity for the fibres.
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(d) (©)

Figure 5.3. Designed die exit cross-sections. Designed die exit of the (a) hexagonal array of
circular air-holes (b) spider-web and (c) rectangular porous structures cross-sections.
The exit face of stainless steel extrusion dies (d) spider-web and (e) rectangular porous

structures.

Thus adapting the new die design technique from optics opens up new opportunities in

the design and fabrication of highly porous THz fibres.

We consider a die exit structure, shown in Fig. 5.3(b), for porous fibre with symmetrical
sub-wavelength air-holes. Thin layers of material are employed in the design of this
structure. This was initially designed for hollow-core Bragg fibre in optics. We use this
design for THz porous fibres since it has high porosity and sub-wavelength scale holes.
Due to the resemblance of the structure to a spider web, hereafter for simplicity this is
called spider-web design and the porous fibre with spider-web shaped sub-wavelength air-
holes is called a spider-web porous fibre. This design of spider-web porous fibre leads to
a 67 % porosity. For the porous fibre with asymmetrical sub-wavelength air-holes, shown
in Fig. 4.16(b), we design a die exit structure constructured from thin layers (0.6 mm)
as shown in Fig. 5.3(c). Hereafter for simplicity, this design is called the rectangular
design due to the shape of the holes and the porous fibre with rectangular shaped sub-
wavelength air-holes is called the rectangular porous fibre. This particular design of the
rectangular porous fibre leads to a 71 % porosity. We numerically have characterised the
die exit designs to confirm the low-loss and low-dispersion guidance before fabricating the
die, i.e. before fabrication of the die exit structure we modelled the designed structure to

make sure they guide THz radiation and represent the THz guiding propoerties expected.
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The modelling results of the spider-web and rectangular porous fibre die exit are shown

in Section 5.4.

After the reassurance of the functionality of the designs, the dies are fabricated from stain-
less steel. The exit faces of the spider-web and rectangular dies are shown in Figs. 5.3(d)
and 5.3(e), respectively. The die exit-face is the negative image of the die design, i.e. the
voids in the design are replaced with the solid blocked pins to prevent material low. The
pins are affixed to a plate called the sieve. The plate has small feed holes in between the
pins to allow material flow, hence it is called a sieve. The exit-face outer diameter of the

dies shown in Fig. 5.3 are ~44 mm.

To fabricate porous polymer preforms employing the designed dies, we first heat up the
PMMA and COC billets to around 170-180 °C and 120-130 °C, respectively. Afterwards,
the softened billet is pushed initially with 2 mm/min speed to fill the die with polymer
and then as the polymer emerges from the die exit, the speed is reduced to 0.02 mm/min
and is kept constant for the rest of extrusion process. The preform length depends on
the billet size, die design, and degree of the tapering and bending that occurs. From a
50 mm diameter and 60 mm long polymer billet, a 2 m length of a highly porous preform

is achieved.

The initial diameter of the preform is equal to the die exit-face (=30 mm) and is buckled as
shown in Figs. 5.4(a) and 5.4(b) for spider-web and rectangular porous fibres, respectively.
The high speed of the ram at the beginning of the extrusion process introduces kinks in the
first part of the polymer preform that emerges from the extrusion chamber. This happens
due to the inherent elastic characteristics of polymer (Ebendorff-Heidepriem et al. 2007).
Thus, the kinks settle down within the first 20—30 mm of the preform as the speed is
lowered to the targeted low speed value, after the die is filled with softened polymer, as

shown in Figs. 5.4(c) and 5.4(d), for spider-web and rectangular porous fibres.

The fibre preform is not uniform in terms of diameter, i.e. it has a somewhat tapered shape.
The tension due to gravity effects on the extruded preform tapers the outer diameter of
the preform. This initially undesired effect works out to our favour in this case. Due
to the limitation of the die features (minimum 0.6 mm thickness), large diameter values
(~30 mm) are considered to achieve high porosity values. However, preforms with such a
large diameters cannot be accommodated in the drawing tower. The tapering effect leads
to smaller diameters (10—20 mm) throughout the preform. However, if needed an even
(non-tapered) cross-section can be obtained if the extruded preform is submerged into a

liquid such as water, which reduces the gravity effects.
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Figure 5.4. Photograph of the cross-sections of the extruded polymer porous preforms. The
photograph of the cross-section of PMMA preforms: (a) spider-web and (b) rectangular
porous preforms emerging from the die exit, (c) spider-web (12 mm diameter) and (d)
rectangular (10 mm diameter) porous structures at the middle of the preform. The
buckling in the cross-section of the polymer preforms settle to the design shape within
the first 20—30 mm.

In the next step, the extruded preforms are drawn to form porous fibres. First, the
fibre preform is cut into an appropriate length (= 180 mm) that can be housed in the
drawing tower. Next, the voids in the preform are cleaned with a nitrogen gun and then
in an ultrasonic bath with de-ionised water and detergent. Afterwards, the preforms are
thoroughly rinsed with distilled water and are annealed at 80°C to remove the stress due
to extrusion. A preform of 10-15 mm diameter and 180 mm length is drawn down to
bands of more than 10 meters of fibres with outer diameters of a few hundreds of microns
using a fibre drawing tower, shown in Fig. 5.5(a). For this purpose the fibre preform
is suspended vertically and heated to temperatures higher than extrusion temperature.
The lower part of the preform drops down due to the gravity after the right temperature
is reached. This drop is followed with fibre. The structure of the preform is preserved
during the drawing process provided that the temperature and initial pressure in the

holes are adjusted correctly. The resultant fibre is wound on a drum. During the drawing
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NOTE:
This figure is included on page 149
of the print copy of the thesis held in
the University of Adelaide Library.

(@)

Figure 5.5. Fibre drawing tower and porous fibre cross-sections. (a) The fibre drawing tower in
Centre of Expertise in Photonics (CoEP), at the University of Adelaide. The photograph
taken by Heike Ebendorff-Heidepriem. scanning electron microscope (SEM) images
showing the cross-sections of (b) spider-web and (c) rectangular polymer porous fibres,

both cleaved using focused ion beam milling.

process, the diameter of fibre is monitored by two lasers and the temperature is adjusted

accordingly to maintain the required diameter.

For the purpose of this work, a spider-web fibre preform of 12 mm diameter and 180 mm
length is drawn down to two different outer diameters of 200-250 pym and 300-350 pm,
whereas the rectangular fibre preform of 10 mm diameter and 180 mm length is drawn
down to three different sets of outer diameters (350-400, 450-500, and 550-600 pm). As
an example, the cross-section of the PMMA spider-web and rectangular porous fibres
are shown in Figs. 5.5(b) and 5.5(c), respectively. These cross-sections are achieved by
utilising focused ion beam milling. As we observe in the next section, cleaving of polymer

porous fibres is not straight forward.

The porosity of the spider-web and rectangular porous fibres given by the die designs
are 67% and 71%, respectively. Using scanning electron microscope (SEM) images shown
in Figs. 5.5(b) and 5.5(c), the porosity of the fabricated fibres is measured to be 57%
and 65%, respectively, which is smaller than the porosity given by the die design due to

rounding of the corners and thickening of the struts. The effect of rounding of corners
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and thickening of the struts on THz dielectric properties of porous fibres are investigated

later in Section 5.4.

The advantage of using the extrusion technique for preform fabrication is that the preform
structure itself has high porosity since it is the scaled up version of the final fibre structure.
However, this is not achievable with the casting method proposed for preform fabrication,
shown in Fig. 5.1(c). With such low porosity preforms, active-pressurisation should be
employed during the drawing process to achieve a highly porous thin-walled structure.
This process leads to deformation of the outer shape of the fibre as shown in Fig. 5.1(f).
While for preforms fabricated via extrusion technique, shown in Fig. 5.5, the fibre cross-

section is very well preserved and highly reproducible during the drawing process.

As indicated earlier, the cleaving process of such porous fibres is challenging. It is essential
to have a reproducible cleaving technique in order to be able firstly to observe fabricated
fibre cross-section without deforming during the cleaving process and secondly to conduct
fibre loss measurement as we observe later in Chapter 6. Therefore, in the next section
we discuss different cleaving methods exploited for cleaving of extremely porous polymer
(PMMA and COC) fibres.

5.3 Cleaving of extremely porous polymer fibres

Two types of polymer porous fibres, spider-web and rectangular air-hole porous fibres,
have been designed and fabricated in the previous section. The polymer is elastic com-
pared to the glass, therefore unlike glass fibres that are brittle and break easily, polymer
fibres are first deformed. Use of conventional cleaving blades for cleaving of polymer
porous fibres, squashes and deforms fibre structure as shown in Figs. 5.6(a) and 5.6(b)
for the spider-web and rectangular porous fibres, respectively. Moreover, as we will ob-
serve in the Chapter 6, the quality and repeatability of the cleaved end-face of the porous
fibres introduces uncertainty in the loss measurements. To overcome this issue for loss
measurements, either a rapid, reproducible and in situ cleaving method is required to
conduct a cut-back based loss measurement or methods with no cleaving requirements
are needed. The former approach is addressed in this section and the latter approach is

discussed in Chapter 6.

To improve the cleaved end-face results of polymer optical fibres, the impact of different
parameters such as magnitude of the stress due to the force (Griffith 1921), and crack

depth (Dodds et al. 1991) have been studied. The process of cleaving becomes more
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delicate when the polymer optical fibre has structures especially with high air-filling factor.
For microstructured polymer optical fibres with relatively low air-fraction and thick walls,
it has been shown by Law et al., that heating up the cleaving blade and the fibre to
70-80°C improves the cleaved end-face of the optical fibres (Law et al. 2006a, Law et
al. 2006b). However, we find that this approach does not improve the cleave quality
for high air-fraction THz porous fibres. We have observed that the structure becomes
deformed especially in the outer ring, because of high porosity and missing the outer solid
region as in low air-fraction optical microstructured fibres, as shown in Figs. 5.6(c) and
5.6(d). Furthermore, the quality of the cleaved end-face of the porous fibres varies from
cleave to cleave by using a conventional blade for cleaving, which as we observe later
introduces significant variations in the coupling into these fibres as well as a large error
in the loss measurements for such fibres. Furthermore, we observe that as long as the
cleaving force is aligned with the struts of rectangular porous fibre, the achieved end-face
of these fibres is better compared to the spider-web porous fibres. Hence it is important

to develop a method for repeatable, high quality, and rapid cleaving of the porous fibres.

In this section, three different cleaving methods including a semiconductor dicing (SD)
saw, focused ion beam (FIB) milling and a 193 nm ultraviolet (UV) laser, are investigated
for cleaving of THz porous fibres. For each method, different parameters have been
considered to find the optimum cleaving conditions (cleaving quality and time). The
optimised cleaving parameters for each method are explained in corresponding sections.
The cleaving techniques have been applied to the two THz porous fibres structures, spider-
web and rectangular porous fibres, fabricated in-house. Furthermore, for each porous fibre

structure, two different polymer materials, PMMA and COC, are investigated.

5.3.1 Semiconductor dicing (SD) saw

In this approach a silicon blade, with the width of 40-50 pm and exposure of 1.02-1.15 mm,
was used to cleave the PMMA and COC porous fibres'”. The dicing process is carried out
in water and spindle rotation speed is 30000 rpm. The fibres need to be fixed firmly on a
surface to prevent any damage and tearing during the dicing process. Typically, the fibres
can be fixed firmly to a wafer frame with a dicing tape. However, there is a high possibility

of damaging the fibre during the fixing and/or releasing process. Hence, we laid the fibres

19T have visited DSTO Edinburgh Adelaide, Australia to conduct these experiments. The assistance of
the MicroEngineering staff in the development of the waveguide dicing procedure is gratefully acknowl-
edged.
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NOTE:
This figure is included on page 152 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 5.6. SEM images of cleaved end-face of PMMA porous fibres using a conventional
blade and heating up the blade before hand. Cleaved end-face of the PMMA (a)
spider-web and (b) rectangular porous fibres using conventional blades. Cleaved end-
face of the PMMA (c) spider-web and (d) rectangular porous fibres using conventional
blade and heating up the blade and fibre before cleaving. After Atakaramians et al.
(2009d).

on a clear UV tape with 120 pum thickness. The tape has strong adhesive characteristics
and there is no need to sandwich the fibre between the tape and substrate. To release
the adhesive, the tape needs to be exposed to UV radiation for at least 5 minutes. The

image of the semiconductor dicing saw used is shown in Fig. 5.7.

The SEM images of the resulting cross-section of the diced PMMA and COC spider-web
and rectangular porous fibres are shown in Figs. 5.8(a)-5.8(d), respectively. As can be
seen, for the PMMA porous fibres, the cross-section is well maintained. The end-face is
chipped along the direction of the cleave, which is more pronounced for the spider-web
porous fibre. Furthermore, the missing outer ring of spider-web porous fibre, Fig. 5.8(a),

is where the blade touches the fibre and is due to the blade tearing the material. It is
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Figure 5.7. Images of SD saw machine. The image of semiconductor dicing saw machine, DAD-
2H/6 from DISCO, used for cleaving porous fibres.

worth highlighting that among all the cleaving trials there was no tearing off the outer ring
for rectangular porous fibres. This shows that the mechanical stability of the rectangular

porous fibre is better compared to that of the spider-web porous fibre.

For the COC porous fibres as seen in Figs. 5.8(c) and 5.8(d), the material has been
smeared on the cleaved end-face due to the grinding action of the blade. The COC has
a glass transition temperature” of 78°C, which is 20-30°C less than PMMA. Reducing
the spindle rotation speed will lessen smearing of the structure. However, for such a soft
polymer the friction between the material clogged in the blade’s teeth and the fibre will
result in smearing the cross-section regardless of the speed. Therefore, using the SD saw

is not an appropriate cleaving option for COC porous fibres.

It takes on average of 30 s to cleave a porous fibre with 400 pm diameter and further
10 minutes exposure to UV radiation to remove the fibre from the tape without damaging
the outer ring of the fibre. The UV radiation source used here, is an in-house built UV
light box. As mentioned earlier the dicing process is carried out in water, this requires
later annealing to remove water in the structure. While in principle the fibre end-tip
can be polished to improve the facet quality, polishing is undesirable because it would
contaminate the sub-wavelength air-holes within these porous fibres, which would lead

to scattering loss. Moreover, these fibres are relatively fragile, and the extra handling of

20Glass transition temperature (Ty) is the temperature at which the transformation of a glass-forming

liquid into a glass occurs upon rapid cooling. The T} is lower than the melting temperature.
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NOTE:
This figure is included on page 154 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 5.8. SEM images of SD saw cleaves. The SEM images of cleaved end-faces of fibres
cleaved using a semiconductor dicing saw: (a) PMMA spider-web, (b) PMMA rect-
angular, (c) COC spider-web, and (d) COC rectangular air-hole porous fibres. After
Atakaramians et al. (2009d).

the fibre during the polishing process is undesirable. Bearing in mind that a rapid and
quick cleaving approach is essential not only for loss measurements, but also for any other

practical applications of the fibres, using an SD saw is not the best cleaving option.
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5.3.2 Focused ion beam (FIB) milling

In this method, gallium (Ga) ions are accelerated to an energy of 30 keV, and then focused
onto a sample?’. The image of the equipment used is shown in Fig. 5.9. The SEM images
of the resulting cross-section of the FIB cleaved PMMA spider-web and rectangular porous
fibres are shown in Figs. 5.10(a) and 5.10(b), respectively. Although this method provides
fibres with undistorted end-face results, the cleaving time of a porous fibre with 400 pym

diameter is about 17.5 hours with an ion beam current of 21 nA.

0o,
"....

s ammrf

Microscopy & Microanalysis
Research Facility

Figure 5.9. Images of FIB milling machine. Image of focused ion beam milling machine, Helios

NanolLab 600 from FEI, used for cleaving porous fibres.

Using FIB milling for cleaving COC porous fibres failed due to the following reasons.
Firstly, due to the lower glass transition temperature of COC, applying the same condi-
tions bulge and deform the cross-section of the fibre as shown in Fig. 5.10(c). Secondly,
decreasing the ion beam current to lower values such as 9.5 nA and 0.34 nA, takes 24
hours to cleave a quarter of the structure as shown in Fig. 5.10(d). With the FIB milling
technique, there is a deposition of ions on the fibre tips. Further investigations are re-
quired to study the effects of deposited ions on the performance of the fibres. Moreover,
there is a limitation in the length of the fibre. The fibre could be wound around a spool

that fits in the machine, if longer lengths of fibre are required.

21'We have conducted these cleaving experiments at Australian Microscopy and Microanalysis Research
Facility (AMMRF) in Adelaide. The assistance of Mr Leonard Green, in carrying out the focused ion

beam milling process is gratefully acknowledged.
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NOTE:
This figure is included on page 156 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 5.10. SEM images of FIB milling cleaves. The SEM images of cleaved end-faces of fibres
using focused ion beam milling: PMMA (a) spider-web and (b) rectangular air-hole
porous fibres, after Atakaramians et al. (2009c). Trial cleaves of COC rectangular
air-hole porous fibre with an ion beam current of (c) 21 nA and (d) 0.34 nA. After
Atakaramians et al. (2009d).

5.3.3 UV 193 nm laser

The cleaving experiments are carried out in collaboration with our colleagues at the
Interdiscplinary Photonics Laboratories (iPL), School of Chemistry, University of Sydney,
Australia®’. Earlier work by Lippert and Dickinson (2003) showed the ablation of PMMA
requires wavelengths less than 308 nm. At a wavelength of 193 nm, direct structuring of
PMMA is possible while at most other wavelengths (248, 222, and 216 nm) significant
melting and morphology changes of material are observed (Lippert and Dickinson 2003),
(Canning et al. 2002). As developed by Canning et al. (2002), a 193 nm UV laser is now
the standard and direct structuring tool for polymers. The cleaving process is based on

ablation; however, increasing the wavelength reduces ablation and increases the possibility

22] visited iPL to carry out these experiments. The assistance of Dr Kevin Cook and Prof John Canning

in the development of the waveguide cleaving procedure is gratefully acknowledged.
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of thermal damage. Here, we used a 193 nm UV laser to cleave the porous fibres. The UV
laser cleaving has been used for comparatively low air-fraction microstructured polymer
optical fibres with outer solid region (Canning et al. 2002). This is the first time that this
method is used for cleaving of extremely porous polymer fibres, i.e. fibres that have no

outer solid region (Atakaramians et al. 2009d).

In this method an Argon-Fluoride (ArF) exciplex laser with 0—200 Hz repetition rate,
0—100 mJ pulse energy, and a 20 ns pulse width is used. The laser central wavelength is
193 nm and the beam size is approximately 10 mm x 10 mm. For the laser cleaving, a
cylindrical lens with the focal length of 15 cm is used to create a line focus perpendicular
to the fibre. The focal spot-size of the beam after the lens is approximately a rectangle
with dimensions 40 pm x 10 mm. Figure 5.11 shows the schematic of the setup used for

porous fibres cleaving.

porous fibre

motorized fibre mount

cylindrical lens

attenuator

Figure 5.11. Schematic of the UV cleaving setup. The schematic setup used for UV cleaving of
porous fibres. A cylindrical lens with the focal length of 15 cm is used to create a line
focus on to the fibre. Two rotating, synchronised and motorised fibre mounts are used

for holding the fibre.

The cleaving process of the PMMA and COC porous fibres are carried out at a 20 Hz and
40 Hz repetition rate, respectively. The average power of the laser at these repetition rates
are respectively 25 mW and 68 mW, which corresponds to energy densities of 312 mJ/cm?
and 425 mJ/cm?. The fibre is held by two clamps 20 mm apart. The fibres are clamped
with minimal tension, in order to prevent damage to the fibre due to clamping. The
fibre is rotated 3.6°/sec during the cleaving process using two rotating, synchronised and
motorised fibre mounts. This reduces the time need for cleaving to half compared to the
case with no rotation. The amount of the time required for UV cleaving is determined

by the laser intensity and repetition rate. With the above chosen parameters it takes
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about an average 270 s and 210 s to cleave a PMMA and COC porous fibre with 400-
500 um outer diameters. The SEM images of the cross-sections of the UV cleaved PMMA
and COC spider-web and rectangular porous fibres are shown in Figs. 5.12(a)-5.12(d),
respectively. These images show that the UV laser cleaving leaves traces on the cleaved
end-face in the direction of the beam due to ablation. Moreover, there is a clear axial
difference between orthogonal struts of the rectangular porous fibre, one orientation is
sunken relative to the other. Also it is noticeable that the nodes, where the struts cross in
Figs. 5.12(b) and 5.12(d), seem to be more resistant to UV cleaving in case of rectangular
porous fibre. This indicates that the energy dissipation at these nodes are high and also
indicates that the mechanical stability of the rectangular porous fibre is higher compared
to that of spider-web porous fibre. The end-face quality of the cleaves achieved by using
a UV laser is relatively good, and is highly reproducible.

NOTE:
This figure is included on page 158 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 5.12. SEM images of UV cleaves. The SEM images of cleaved end-faces of fibres cleaved
using a UV laser: (a) PMMA spider-web, (b) PMMA rectangular, (c) COC spider-web,
and (d) COC rectangular porous fibres. After Atakaramians et al. (2009d).
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It is worth highlighting that rotating the fibres during the cleaving process not only reduces
the cleaving time to almost half, but also results in a smoother end-face. Figs. 5.13(a) and
5.13(b) show the side view image of cleaved end-face of a COC spider-web porous fibre
with and without rotation, respectively. A slightly-raised centre has been observed in the
side view image of the fibre that has been rotated during the cleaving process, Fig. 5.13(a).
The outer rings sit slightly lower compared to the centre since they have been exposed to
UV radiation longer than the central part. However, for the case that the fibre has not
been rotated during the cleaving process the end-face of the fibre is inclined at an angle,
as shown in Fig. 5.13(b). This is attributed to the fibre relaxing asymmetrically as being
cleaved from one side, causing the fibre to rise upwards toward the beam, resulting in
an angled cleave. A slight blackening of the fibre end-face is also observed due to longer
exposure of the fibre to the UV radiation during the cleaving process. This thermal build-
up may be avoided by using lower repetition rates as reported in (Canning et al. 2002)
however, it will come at the expense of increased cleave times. For the case when rotation
is used, the centre of applied tension changes continuously during rotation, and results
in a more even cleave with only a slight elevation toward the fibre centre as might be

expected.

NOTE:
This figure is included on page 159 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 5.13. Side-view images of UV cleaves. The side view images of cleaved end-faces of
a COC spider-web porous fibre cleavedusing a UV laser: (a) with rotation, and (b)
without rotation. After Atakaramians et al. (2009d).

The progression of the laser cleave of a COC spider-web porous is monitored by a CCD
camera, in order to have a clear understanding of cleaving process of a non-rotating fibre.
Fig. 5.14 shows the images at three different stages, beginning, in the middle and at the

end of the cleaving process carried out at a 40 Hz repetition rate and 68 mW power.
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Fig. 5.14(b) clearly shows the fibre inclination upwards toward the beam due to being

cleaved from one side, resulting in an angled cleave.

(@)

Figure 5.14. Progression of UV cleave. Progression of the UV laser cleaving process of a COC

spider-web porous fibre monitored by CCD camera.

In the following section by exploiting the SEM images of PMMA and COC porous fibres,
we investigate the effect of rounding of the corner and thickening of the struts on THz

porous properties (effective material loss and effective refractive index).

5.4 Modelling of fabricated porous fibres

Comparison of the die designed cross-sections, Figs. 5.3(b) and 5.3(c), and the SEM images
of the porous fibre cross-sections, Figs. 5.5(b) and 5.5(c), indicates that the porosity of
the porous fibres differs from the die design. This occurs due to rounding of the corners
and thickening of the polymer struts during extrusion and fibre drawing. The porosity

of the spider-web and rectangular porous fibres given by the die design are 67% and
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71%, respectively. While, the porosity calculated from SEM images of spider-web and

rectangular porous fibres are reduced to 57% and 65%, respectively.

In order to observe the effect of the structure deformation on porous fibres performance,
the THz properties , i.e. aeg and neg, of the ideal and real porous fibres are theoretically
modelled and compared in Fig. 5.15. For the ¢deal porous fibres, the die exit cross-sections,
Figs. 5.3(b) and 5.3(c), are scaled down proportionally to the diameter of the fabricated
porous fibre and used for numerical modeling. While, for the real porous fibres, the SEM
images of the cross-sections of the fabricated porous fibres, Figs. 5.12(a)-(d), are used
for numerical modeling. The SEM images taken from the different segments of a porous
fibre after a draw, indicate that the porosity of the fibre is almost constant. That is, the
deformation in the cross-section remains almost unchanged as the diameter of the fibre
is changed (decreased or increased) during the drawing process. For each draw, an SEM

image of fibre cross-section is imported to Matlab and is appropriately scaled.

The theoretical values of the effective material loss and effective refractive index of ideal
and real PMMA porous fibres are compared in Figs. 5.15(a) and 5.15(b). For the ideal
PMMA porous fibres, the die exit cross-sections of the spider-web and rectangular porous
fibres are scaled down proportionally to a 350 pm outer diameter and used for numerical
modeling. The resultant curves are displayed in dotted lines, spider-web porous fibre
in red and the two z- and y-polarisations of rectangular porous fibre in blue and cyan.
For comparison, the THz properties of a 300 pm diameter ideal circular shaped air-hole
porous fibre with an hexagonal arrangement, shown in Fig. 5.3(a), is also evaluated and
illustrated with a black dashed line. For this diameter, the effective material loss of
the hexagonal array circular porous fibre at 0.3 THz is in the same order of magnitude
compared with the spider-web porous fibre. For simplicity, the hexagonal array circular
air-hole, spider-web, and rectangular porous fibres are respectively presented as fibre I,
fibre 11, and fibre III in Fig. 5.15.

For the real porous fibres, the SEM images of the cross-sections of the fabricated PMMA
porous fibres, shown in Figs. 5.12(a) and 5.12(b), are used for numerical modeling. The
resultant curves are displayed in solid lines, spider-web porous fibre in red and the two
polarisations of rectangular porous fibre in blue and cyan. Unsurprisingly, the decrease
in the porosity values of the fabricated fibres—due to rounding of the corners and thick-
ening of the polymer struts—increases the value of the expected effective material loss
and effective refractive index. Despite the increase, the characteristic values (g and

neg) for real spider-web and rectangular porous fibres are still lower than that of the ideal

Page 161



5.4 Modelling of fabricated porous fibres

hexagonal array circular air-hole porous fibre. This indicates that the porosity of fab-
ricated spider-web and rectangular porous fibres is still higher than the ideal hexagonal
circular air-hole porous fibres. The cross-section of real spider-web porous fibre is not
circular. Therefore there is a slight difference between the a.g and n.g values of the two
polarisations of fundamental mode. The curves for both polarisations are displayed in red
solid lines in Figs. 5.15(a) and 5.15(b).

The deformation of the shape of rectangular porous fibre from an absolute circle to an
ellipse with the major axis parallel with the short struts reduces the birefringence of the
two polarisations of fundamental mode, as shown in Fig. 5.15(b). Higher birefringence
could have been achieved if the major axis of the ellipse was parallel with the long side

of rectanglar holes.

Figures 5.15(c¢) and 5.15(d) represent respectively the effective material loss and effective
refractive index of an ideal and a real spider-web and rectangular COC porous fibres. The
diameter of the COC fibres are 550 pym diameter. Similar to PMMA porous fibres the
porosity of real porous fibres are 8-10% less than those of ideal porous fibres. Moreover, the
cross-section of resultant fibres are elliptical, which introduces birefringence in spider-web
porous fibres and decreases the birefringence in rectangular porous fibres. However, this
is less noticeable for COC fibres since the dielectric property (material loss and refractive
index) values of COC is smaller than those of PMMA.
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Figure 5.15. THz modelling of the ideal and real polymer porous fibres. (a) Effective material

loss and (b) effective refractive index of ideal and real 300 um diameter hexagonal array

circular (black), 350 um diameter spider-web (red) and 350 pum diameter rectangular

(blue and cyan) PMMA porous fibres. (c) Effective material loss and (d) effective

refractive index of ideal and real 550 um diameter spider-web (red) and 550 pum di-

ameter rectangular (blue and cyan) COC porous fibres. The hexagonal array circular

air-hole, spider-web, and rectangular porous fibres are respectively presented as fibre I,

fibre 11, and fibre Il in the legend. The dashed lines represent the simulation results

of ideal polymer porous fibres, while the solid lines represent the simulation results of

real polymer porous fibres. The blue and cyan stand for the z- and y-polarisations of

the fundamental mode of the rectangular porous fibre.
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5.5 Chapter Summary

Spider-web (symmetrical) and rectangular (asymmetrical) air-hole shaped porous fibres
have been successfully fabricated for the first time, achieving high porosity values of ~57%
and 65%, respectively. The fibre preforms were fabricated via extrusion technique and
then drawn down to fibres, where, PMMA and COC are the polymer materials used for
fibre fabrication. The important step in this method of fabrication is the die design, which
determines the fibre preform cross-section. The preform cross-section is well presevered
during the drawing process. The final achieved porosities in the fibres are 8-15% lower

than the porosity values for the die design.

The thin-walled porous polymer fibres are mechanically soft and therefore require non-
trivial cleaving to achieve high quality end facets. Apart from conventional cleaving
approach we have exploited three different methods to cleave THz porous fibres made up
of PMMA and COC. The cleaves obtained using the SD dicing saw and the UV laser,
are more than 500 times faster and free of ion deposition compared to those achieved by
FIB milling. For PMMA porous fibres, both using UV laser and FIB milling result in a
good quality end-face. Although the end-face of these fibres cleaved with the SD saw is
chipped, the structure is well maintained. For COC porous fibres, where the material has
a lower glass transition temperature, only the UV laser technique is applicable. Using the
dicing saw and FIB milling results in smearing the end-face and unreasonable cleaving
time for COC fibres, respectively. Moreover the high reproducibility of UV laser cleaves,
place this technique as the best for cleaving of extremely porous polymer fibres. Overall,
we observe that although the porosity of rectangular porous fibre is higher, the mechanical
stability of this fibre is better compared to that of the spider-web porous fibre and we
attribute that to the orthogonality of the struts.

The slight blackening of the UV laser cleaved fibre end-face, noticeable in Fig. 5.13(b),
may be due to oxidisation during the cleaving process. A possible solution to this could
be to carry out the UV 193 nm laser cleaving process in an argon or nitrogen purged
environment. This also will reduce the cleaving time further. It is also worth mentioning
that the traces left from the UV laser cleaves on the cleaved end-face, due to ablation, can
possibly be reduced by pressurizing one end of the fibre with an oxygen-free gas. The gas
flow to the site of the cleave will blow away ablated material and reduce oxidisation and
blackening of the cleaved end-face of the fibre, even if it is not carried out in an oxygen-

free environment. Further studies of the porous fibres stresses during the drawing process
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might reveal more information regarding the higher mechanical stability of rectangular

porous fibres.

We have theoretically characterised and compared the designed and fabricated porous
fibres. For this purpose we have used the die exit design and SEM image of fibre cross-
section. The slight deformation of the fibre cross-section from a circle to an ellipse has
reduced the attainable birefringence in rectangular porous fibre and meanwhile has intro-

duced a small birefringence in spider-web porous fibres.

Building upon our successful demonstration of porous fibre fabrication, the following
Chapter revolves around the characterisation of these fibres in terms of their performance
(i.e. measurement of effective loss and effective refractive index of guided mode) in guiding

THz radiation.
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Chapte

THz characterization of
porous fibres

HIS Chapter proposes two techniques for characterizating porous fi-
bres. In the first approach the waveguide is situated directly between
the emitter, a photoconductive array of antennas, and detector, a
centre-excited photoconductive dipole, for characterisation. Good agreement
is achieved between theoretical and experimental values of effective refractive
indices indicating a lower dispersion for THz porous fibres compared to THz

microwires. A birefringence of 0.012 at 0.65 THz is also measured for a rect-

angular PMMA porous fibre. In the second approach a probe-tip is employed
as detector for sampling of the THz signal along the fibre. Two different
setup configurations—with and without parabolic mirrors for coupling into
the waveguide—are utilized for characterisation of a COC porous fibre. The
measured effective loss and effective refractive index of the propagating mode
are close to the expected theoretical values. Moreover, for the first time the

evanescent field of a THz waveguide is probed directly.

Page 167



6.1 Introduction

6.1 Introduction

Terahertz spectroscopy systems in transmission mode are employed for characterization
of THz waveguides, i.e. the loss and dispersion properties as a function of frequency.
Generally, different arrangements of emitters, detectors, and THz optics (mirrors, and
lenses) can be utilised for characterisation of a THz waveguide, which is summarised
in Fig. 6.1. Usually, photoconductive antennas and nonlinear crystals are employed in
the generation of THz pulses. The generated THz pulses are normally manipulated and
focused employing parabolic mirrors and silicon/dielectric lenses, as seen in examples
A and B in Fig. 6.1. Among the waveguides discussed in Chapter 2, McGowan et al.
(1999), Gallot et al. (2000), and Mendis and Grischkowsky (2001b) employed option A,
while Chen et al. (2006), Ponseca et al. (2008), and Lai et al. (2009) employed option B
for coupling THz pulses into the waveguides. When the waveguide dimensions are less
than the operating wavelength (less than 500 pm) silicon/dielectric lenses are utilised to
achieve a smaller spot size and consequently to increase the coupling into the waveguide.
An alternative approach is positioning the waveguide on the emitter, shown by option C
in Fig. 6.1, for coupling into the waveguide. This approach was, for example, used by
Jeon et al. (2005) and Wéchter et al. (2005).

Similar arrangements as the ones used for coupling into the waveguides are employed for
coupling out the THz pulses from the waveguide, as shown in the right hand side (options
D to F) of Fig. 6.1. Employing electrooptical detectors for measuring THz pulses is known
as coherent detection. In this approach both the amplitude and the phase of electric field
and consequently the absorption coefficient (effective material loss) and effective refractive
index of the propagating mode can be determined. The relevant equations are discussed
later in Section 6.2. Among the waveguides discussed in Chapter 2, McGowan et al.
(1999), Gallot et al. (2000), Mendis and Grischkowsky (2001b) employed the option D,
Ponseca et al. (2008) employed the option E, and Jeon et al. (2005), Wang and Mittleman
(2004) utilised the option F.

Thermal detectors (e.g. bolometer and pyroelectric devices) are also employed to measure
the intensity of the THz radiation, from which only the absorption coefficient of the
propagating mode can be determined. Among the waveguides discussed in Chapter 2,
Chen et al. (2006), Bowden et al. (2007), and Lai et al. (2009) used the thermal detection
method, option G in Fig. 6.1.
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Chapter 6 THz characterization of porous fibres

Any combination of options A to C and options D to G in Fig. 6.1 can be used for the
characterisation of THz waveguides. The waveguides are mostly characterised in trans-
mission mode, i.e. the THz pulse is launched into the waveguide from one end and coupled
out and measured from the other end. To date only one reflection mode characterisation
technique has been reported (Nielsen et al. 2009), where the THz pulses are coupled into
and out of fibre from one end, and a metal plate is positioned at the end of the fibre to

reflect the beam.
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Figure 6.1. Standard THz measurement systems employed for characterisation of THz
waveguides. Schematic of the devices required for characterization of THz waveg-
uides are demonstrated. The standard generation and coupling in techniques are shown
in the left hand side of the figure (options A to C), while the detection and coupling
out techniques are shown in the right hand side of the figure (options D to G). Different
combinations of these techniques can be employed for characterisation of waveguides,

which are discussed in the text.
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6.1.1 Objective and framework

In this chapter, in Section 6.2 we explain the technique and necessary equations employed
for characterisation of THz waveguides. Then in Section 6.3 we investigate two different
measurement methods for characterisation of porous waveguide. The first approach dis-
cussed in Subsection 6.3.1, is based on standard measurement techniques (options C and
F, shown in Fig. 6.1), where the waveguide ends are directly positioned on the emitter
and detector. The second approach discussed in Subsection 6.3.2, exploits the expansion

of propagating modes into the air-cladding for characterisation of the porous waveguide.

6.2 Characterization of waveguides

In this thesis, the term waveguide characterisation is used to imply the study of loss
and dispersion properties of the waveguide as a function of frequency/wavelength. Two
different methods have been used for characterization of THz waveguides. In the first
approach, two pulses are measured: a reference pulse when all the steering and coupling
devices are in the system except the waveguide and one with the waveguide in place. The
loss and dispersion parameters are calculated from these two measurements. For example,
references McGowan et al. (1999), Gallot et al. (2000), Mendis and Grischkowsky (2001b),
and Mendis (2001) all used this approach for characterisation of THz waveguides. In the
second approach, THz pulses propagating through two different lengths of a waveguide
are measured and compared, where the loss and dispersion parameters are calculated
(Grischkowsky 2000, Chen et al. 2006, Nagel et al. 2006b). In this work, different lengths
of a waveguide, via the second approach explained above, is used for characterisation
of porous waveguides. This approach, also known in optics as the cut-back method, is

explained further here.

In order to attain the absorption coefficient (a.q) and/or effective refractive index ()
values of a waveguide, THz pulses propagating through different lengths of a waveguide
are measured. Assuming single mode propagation, the equation governing the input
and output electric fields of the waveguide can be written in the frequency domain as
(Grischkowsky 2000):

Eowt (W) = Eret (w) C?exp (—areg L/2) exp (—jBe L) , (6.1)
where, Eyu(w) and Eie(w) are the complex electric fields at angular frequency w on the

entrance and exit of the waveguide, respectively; C' is the coupling coefficient, the same
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for the entrance and exit faces and takes into account the reflections at the entrance and
exit faces; Bo¢ is the propagation constant of the fundamental mode; a.g is the effective

material loss that the propagating mode experiences; and L is the waveguide length.

At least two different lengths of a waveguide are required for calculating the THz proper-
ties (s and neg) of the waveguide. Applying Eq. (6.1) to two different lengths (L; and

L), the transfer function determined from the ratio of Eqy (w) and Eyye (w) reads as:

Eout1 (W) 012 .
Fowa (@) 02 P (0enlln = Lo)/2) exp (= fer(La = L2)). 6.2
Foms (@) 2 exp (—aer (L1 — La)/2) exp (—jBerr (L1 — L2)) (6.2)
If the facet of the in/output of the waveguides are prepared identically and the waveguides

are aligned so that the coupling in/out conditions are similar for each case, Eq. 6.2 will

be simplified further to:

Eoutl (w)

oy ()~ P (—ae(Ly — L) /2) exp (—jfesr (L1 — Ls)) . (6.3)

The coupling and transmission coefficients are cancelled. In order to achieve this, first
the experiment is conducted for the longest length. Then without changing the input
coupling arrangements, i.e. keeping fixed the input end arrangements, the output end of
the waveguide is cut to achieve the shorter length. The THz pulse transferred through
both lengths is measured, from which the transfer function (Eq. 6.3) is constructed. Con-
sequently, the a.g and [eg of the waveguide are obtained form the amplitude and the
phase of the transfer function (Eq. 6.3). Since the waveguide is cut from the output end,
this method is called the cut-back method. The procedure can be repeated for different
lengths.

6.3 Porous fibre characterisation

In this section we characterise our fabricated porous fibres. We employ two different
measurement techniques for characterisation of porous fibres. In the first approach, Sub-
section 6.3.1, we position the fibre directly between the emitter and detector, as shown

in Fig. 6.2. This experiment has been carried out at RWTH Aachen University?. In the

23] visited the Institute of Semiconductor Electronics (ISE), at RWTH Aachen University, Germany,
and conducted the experiments over there commencing October 2008. I gratefully acknowledge Markus
Wiichter and Mohammad Awad for assistance with THz hardware, and Dr Michael Nagel for his assistance

with analysing and interpreting the waveguide experimental results.
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second approach, Subsection 6.3.2, we situate the emitter, and fibre on a sliding table,
while the detector is fixed in place. The THz pulse is measured at different positions
along the fibre, which is equivalent to different lengths via cut-back measurements, for
characterisation of the fibre. This method of measurement is applicable to waveguides

with the propagating mode expanded outside the waveguide.

6.3.1 First characterisation technique

The THz properties of the fabricated porous fibres are investigated by using terahertz time
domain spectroscopy (THz-TDS). A mode-locked Ti:sapphire laser with a pulse width of
less than 170 fs, central wavelength of 800 nm and a repetition rate of 76 MHz is used to
drive the photoconductive switches used as emitter and detector. As shown in Fig. 6.2,
the laser beam is split into two beams, the excitation and detection beams. The excitation
beam is modulated by a chopper and focused onto the emitter. The chopper is employed
to reduce the fluctuations in the THz pulses affected by the 1/ f noise characteristic of the
mode-locked laser (Son et al. 1992, Poppe et al. 1998). The emitter is a photoconductive
array of antennas, consisting of two sets of 10 inter-digitated electrodes with an active
2

area of 290x318 um
substrate (Awad et al. 2007, Wachter et al. 2007). Each set of electrodes forms an LT-

on a 500 pm thick optically and terahertz transparent sapphire

GaAs based photoconductive switch. The 100 mW excitation laser pulse fully illuminates
the emitter, which is biased with 100 V DC voltage. The detector is a centre-excited dipole
between coplanar strip lines photoconductive switch with a 5 um gap, which is fabricated
on an ion-implanted silicon-on-sapphire substrate. The detection beam is passed through
a delay stage and focused on the detector. The laser power on the detector is 10 mW. As
explained in Subsection 2.2.3 the delay stage maps out the THz pulse in the time domain.
The emitter is excited with a laser beam polarised in the x direction, consequently the
generated THz pulses are polarised in the x direction. Thus the detector is placed as that
the gap between electrodes are orientated in the x direction and is illuminated with the

x polarised detection laser beam.

The waveguide tips are directly launched on the emitter and detector. A holder consisting
of a 2.5 cm diameter circular hole in an 0.5 cm thick aluminum slab, shown in Fig. 6.3(a),
is used for holding the spider-web porous fibres and microwires. A rotational mount is
used instead of an aluminum slab, shown in Fig. 6.3(b), for rectangular porous fibre.
The rotational mount enables the rotation of the rectangular porous fibre with respect

to the emitter and consequently facilitates the excitation of different polarisations of the
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NOTE:
This figure is included on page 174 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 6.2. Schematic of the THz-TDS setup | for waveguide characterisation. Schematic of
the terahertz time-domain spectroscopy setup employed for characterisation of porous
fibres and microwire. The emitter and detector are shown in the inset (Atakaramians et
al. 2009c).

propagating modes. Two terahertz transparent polyester films with 100 pm thickness
are attached to the sides of the holders with 500 pum holes in the centre for holding the

waveguide.

Three different waveguides are characterised in this section: PMMA spider-web and rect-
angular porous fibres, and a microwire. We have fabrictaed the porous fibres as explained
in Chapter 5. We have used an extruded polymer optical fibre with 250 um outer diam-
eter (Ebendorff-Heidepriem et al. 2007) as a THz microwire. The THz properties of the

billet used for the microwire are the same as that of the porous fibre.

As discussed in Section 5.3, in situ cleaving of porous fibres, where the fibre cross-section
is preserved is very challenging. Therefore, different fibre lengths are prepared in advance
for characterisation. Here, we use three lengths for charaterisation of the waveguide. The
input end of the waveguide is aligned to the centre of the antenna array, the emitter.
Then the detector is aligned to the output end of the waveguide. These two steps are
repeated for each length of the waveguide. In order to have consistent measurements, we
make sure that the photocurrent of the emitter and detector is the same for the three

samples of each waveguide. This introduces uncertainties in the loss measurement of the
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sapphire substrate

(a) (b) (©)

Figure 6.3. Images of the waveguide holders. Images of waveguide holders used for character-
isation of (a) spider-web porous fibre and microwire (b) rectangular porous fibre. The
holder (a) consists of a two optically and terahertz transparent plastic sheets glued on an
aluminum holder with a 2.5 cm circular hole. The holder (b) consists of a two optically

and terahertz transparent plastic sheets glued on a rotational mount.

waveguides, since the amplitude of the field guided by the waveguide depends on the
alignment of the waveguide tip with the antenna (i.e. the coupling efficiency) and cleaved
end-face of the fibres. However, the effective refractive index of the fibres, which depends
on the phase of the transfer function and is independent from the coupling coefficient, C,

can be determined accurately.

The photocurrent generated on the detector is first amplified with a low noise amplifier,
and then is fed to a lock-in amplifier (LIA). The LIA is employed to demodulate the THz
signal with a reference signal from chopper. The process involves two steps. First, the
multiplication of the both input signals (THz and chopper signals), which creates sum
(2 fehopper) and difference (DC) components. Second, the DC component is filtered out
utilising a narrowband low pass filter. The bandwidth of the filter is inversely proportional
to time constant (7) of the LIA. For this measurement in order to have higher SNR the

time constant of LIA is set to 1 s.

Figures 6.4(a), 6.4(d) and 6.4(g) show the electric fields of the terahertz pulse measured
for three different lengths of a 200 um and 350 pum diameter spider-web porous fibres
and a 250 pum diameter microwire, respectively. The pulses are separated vertically for
clear display. The red (top), green (middle) and blue (bottom) lines represent the pulses
through the three different lengths, from the longest to shortest. The fibre lengths used
for charactrisation of the 200 ym and 350 um diameters spider-web porous fibre are 24.4,
21.0 and 15.4 mm, and 24.9, 20.4 and 16.0 mm, respectively. 25.0, 20.2 and 17.7 mm are

the lengths of microwires. Each pulse represent a single scan with a time constant 1 s.
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The emitter is mounted such that the LT-GaAs antenna directly faces the excitation laser
beam, while the terahertz radiation is coupled out through the sapphire substrate facing
the waveguide. The substrate results in reflections that are well separated in free space
from the main pulse, e.g. the first reflection appears 10 ps after the main THz pulse.
Based on known parameters, i.e. substrate thickness, [, time difference between the main
pulse and the reflection, At, the refractive index of the substrate can be calculated as

follows:

Ac  10x10712.3 x 108
Nga ire — — —
pph 2A 2 % 500 x 106

(6.4)

The calculations confirm that this reflection is from the substrate, since the calculated
refractive index is consistent with the refractive index of sapphire (ny = 3.07) reported
by McGowan and Grischkowsky (1999).

When THz pulses propagate through a long dispersive medium, e.g. dielectric fibres, the
first reflection from substrate is not clearly separated from the main pulse. However, it
is still noticeable, i.e. it introduces a phase change in the time domain after which the
signal becomes stronger as well. In order to avoid artifacts caused by these reflections,
the signals are cut-off at the zero crossing just before the reflection (shown with arrow
points in Figs. 6.4(b), 6.4(e) and 6.4(h)) and padded with zeroes. The same number
of peaks is considered for the three lengths of each waveguide structure. The spectral
amplitude of the signals after zero padding are shown in Figs. 6.4(c), 6.4(f) and 6.4(i)
for the 200 pym and 350 pm diameter spider-web porous fibres and the 250 pm diameter
microwire, respectively. Padding the reflection with zeroes reduces the oscillations in the

spectral amplitude and the resulted artifacts in loss and refractive index values.
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Figure 6.4. Measured THz signals and spectral amplitudes of PMMA porous fibres and a
micorwire. The first column, i.e. Figs. (a), (d) and (g), represents the measured electric
fields, the second column, i.e. Figs. (b), (e) and (h), represents the measured electric
fields where the reflection is padded with zeroes, and the third column, i.e. Figs. (c), (f)
and (i), represents the spectral amplitudes of the measured fields for a 250 um diameter
of microwire (first row), 200 um diameters of spider-web porous fibre (second row),
and 350 pm diameters of spider-web porous fibre (third row). The red, green and blue
signals represent the measured terahertz pulse and spectral amplitude of long, medium
and short length of fibres, respectively. The vertical offset in the time domain has been
introduced intentionally for clear display. The arrows in Figs. (a), (d) and (g) indicate

the cut-off point for each waveguide length.
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Applying Eq. 6.3 to any two combination of the three scans for each waveguide results in
absorption coefficient (effective material loss) and effective refractive index of that pair.
Since there are three scans for each waveguide, three different combinations of pairs and
consequently three values of effective material loss (aeg) and effective refractive index
(neg) are achieved for each frequency. The final a.g and neg curves are the average of
those three values. Figures 6.5(a) and 6.5(b) illustrate respectively the measured effective
material loss and effective refractive index for the 200 pm and 350 pm diameter spider-web
porous fibres and the 200 pym diameter microwire. The theoretically calculated values of
the real waveguides, which are obtained from SEM images, are also shown in Figs. 6.5(a)
and 6.5(b) with solid lines.

There are two major sources of errors that are considered: waveguide length and data
processing uncertainties as explained below. A £0.1 mm variation is considered for the
length uncertainty. As mentioned earlier in this Section, the THz signal is modulated
by employing a chopper to reduce the fluctuations in the THz pulses affected by the 1/ f
noise characteristic of the mode-locked laser. However, the scans still have very slow
oscillations. In order to remove these oscillations two techniques are used, which are base
line removal and high pass filtering. The difference between these methods and the effect
of variation of the cut-off frequency of the high pass filter are considered as the source of
data processing uncertainty. The error bars shown in Figs. 6.5(a) and 6.5(b) represents
the quadrature sum of standard deviations obtained from the two sources of uncertainty

described above.

The measured absorption coefficients are higher than the expected theoretical values, as
shown in Fig. 6.5(a). The measurement method employed here could be one of the reasons.
As stated earlier, three different lengths have been prepared for each waveguide. For each
experiment the waveguide input end is adjusted to the centre of the emitter antenna. Then
the detector is aligned to the centre of the output end of the waveguide. The waveguides
ends are aligned with great care to make sure that alignments are identical for each set
of measurements. However, still this could introduce uncertainty in the loss values since
the coupling coefficients are not identical and thus cannot be canceled. Moreover, the
waveguides under experiment are also slightly bent, which may be another reason for

higher effective material loss values than the expected theoretical values.

There is a good agreement between the theoretical and experimental calculated values of
the effective refractive indices. Figure 6.5(b) indicates that the effective refractive index

of the propagating mode of porous fibres are relatively flat functions of frequency relative
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Figure 6.5. Effective material loss and effective refractive index of PMMA porous fibres and a
microwire. (a) Effective material loss (absorption coefficient) and (b) effective refractive
index of a 200 um (green) and a 350 um (red) diameter spider-web porous fibre, and
a 250 um diameter microwire (black). The solid lines represent the theoretical results
based on the real waveguide (SEM images) while the circles represent the measured

experimental results.

to that of the microwire. This corresponds to a slight drop in the group velocity of porous
fibre compared to that of the microwire resulting in lower dispersion for THz porous
fibre, as discussed in Section 4.4. It is worth mentioning that the difference between the
experimental and theoretical values at lower effective refractive index values is most likely
due to the slight bending of the fibres. The confinement of the propagating mode at lower
frequencies is weak, thus any gentle bend or perturbation couples the propagating mode

into the radiation waves.

The experiment is repeated to define the THz properties of the x- and y-polarisation of
the fundamental mode of a 350 pum diameter rectangular porous fibre. The waveguide
is mounted on a rotational mount and the alignment of the tip of the fibre with the
photoconductive antenna is monitored with a magnifier. The x- and y-polarisation modes
are acquired when the generated THz pulse on the antenna is parallel to the long and short
sides of the rectangles, respectively. The waveguide lengths considered for the experiment
are 30.0, 34.1 and 38.2 mm.

The measured electric fields for the three lengths of x- and y-polarisations are shown

in Figs. 6.6(a) and 6.6(d). The signals are cut-off at the zero crossing just before the
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Figure 6.6. Measured THz signals and spectral amplitudes of PMMA rectangular porous fi-

reflection (indicated with arrows) and padded with zeroes as shown in Figs. 6.6(b) and

6.6(e). Then the spectral amplitude of the signals is taken, as shown in Figs. 6.6(c) and
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bres. The electric fields of the terahertz pulse measured for (a) z- and (d) y-polarisations
of a 250 um diameters of rectangular porous fibre. Figures (b) and (e) represent the
measured electric signal where the reflection is padded with zeroes. Figures (d) and (f)
represent the spectral amplitudes of the measured electric fields. The red, green and
blue signals represent the measured terahertz pulse of long, medium and short length of
waveguides, respectively. The vertical offset has been introduced intentionally for clear

display. The arrows indicate the cut-off point for each scan.
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6.6(f), to evaluate absorption coefficients and effective refractive indices.

Figures 6.7(a) and 6.7(b) show the experimentally measured absorption coefficient and
refractive indices of the z- and y-polarisation modes for the 250 pm diameter rectangular
porous fibre together with the theoretically calculated values of the real waveguide struc-
ture (based on SEM images). For the same reasons discussed earlier for spider-web porous
fibre measurements in this section, the measured absorption coefficient curves are higher

than the expected theoretical values. Experimentally, a 0.012 birefringence (nX; — nlg)

1.5
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Figure 6.7. Absorption coefficients and effective refractive indices of a PMMA rectangular
porous fibre. (a) Effective material loss (absorption coefficient) and (b) effective refrac-
tive index of the z-polarisation (blue) and y-polarisation (cyan) of a 250 um diameter
of rectangular porous fibre as a function of frequency. The solid lines represent the the-
oretical results based on the real waveguide (SEM images) while the squares represent

the measured experimental results.

is achieved for 0.65 THz which is comparable to the expected theoretical results. The
measured value is lower than the designed values, due to the slight deformation of the
fibre core from circular to elliptical shape along the short side of rectangles. As mentioned
before for the lower effective refractive indices, the experimental data does not match well
with the theory and this can be attributed to unwanted waveguide bending. The slight
oscillation in the measured n.g values may be due to the different signal noise levels of
the three lengths. Note that the theoretical calculations based on the SEM image of
the fabricated porous fibres confirm that these fibres are in their single mode operating

regime.

6.3.2 Second characterisation technique: probing the evanescent
field

Any combination of the options A to C and D to G shown in Fig. 6.1 can be employed
for characterisation of waveguides. The THz pulses are launched from the input end of
the waveguide and measured from the output end of the waveguide. Note that the THz

waveguides act either as pipes where the mode propagated inside the waveguide, e.g.
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NOTE:
This figure is included on page 182 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 6.8. Output coupler for sampling THz pulses. A second waveguide, called an output
coupler, is located in parallel with the waveguide under investigation, and is employed
to direct THz pulses to the bolometer for the loss measurement. After Dupuis et al.
(2009).

parallel-plate waveguides and hollow-core microstructured band-gap fibres, or as rails
where the propagating mode is guided on the waveguide surface or is expanded outside
the waveguide, e.g. bare metal wires, slit waveguides, microwires, and porous fibres. In
these particular cases where the propagating mode is fully or partially expanded outside of

the waveguide other methods can also be employed for characterisation of THz waveguide.

The THz pulses do not need to be launched from the input end and measured from the
output end of the waveguide. The mode can be excited from the side, i.e. positioning
the waveguide in the electromagnetic field of another waveguide. Such a method was
employed by Wang and Mittleman (2004), i.e. a test/coupler waveguide was used for ex-
citation of bare metal wire as shown in Fig. 2.11. Moreover, in these waveguides the THz
pulses can be sampled (detected) from the side of the waveguide instead of the output
end of the waveguide. Such an approach has been employed by Wichter et al. (2005),
Wichter et al. (2007), and Dupuis et al. (2009) for characterisation of a bare metal wire,
slit waveguide, and porous fibres, respectively. A sliding photoconductive switch was em-
ployed for sampling THz pulses along the bare metal wire and slit waveguide as show in
Figs. 2.13 and 2.14(b), respectively. Dupuis et al. (2009) have employed a second waveg-
uide called output coupler, located in parallel with the waveguide under investigation,
to direct THz pulses to a bolometer for measurement as shown in Fig. 6.8. Employing
a second waveguide makes the loss value calculation more reliable and consistent since
the main waveguide under investigation can be kept constant, while the test waveguide
can move along the main waveguide to sample the beam at different locations. However,

maintaining a constant separation between the two waveguides is challenging.

In this subsection, we employ a probe-tip for characterisation of porous fibres. The
probe-tip allows sampling of THz pulses along the waveguide. This is possible because

the propagating mode along the waveguide (porous fibre) expands into the air-clad of

Page 182



Chapter 6 THz characterization of porous fibres

Figure 6.9. The image of the probe-tip detector. The images of (a) the mounted THz probe-tip,
and the close-up image of the photoconductive triangular-shaped LT-GaAs switch, (b)
without (free standing) and (c) with a sapphire substrate. The probe tip was fabricated
by AMO GmbH, Aachen.

the waveguide. Therefore, instead of measuring three different waveguides, as outlined
in Subsection 6.3.1, the propagating mode is sampled on three different positions along
the waveguide. The probe-tip employed here is a photoconductive switch with a tapered
electrodes on a triangular-shaped LT-GaAs substrate (Wachter et al. 2009), as shown
in Fig. 6.9(a). This miniaturized photoconductive antenna, probe-tip, has 3 pm gap
between the electrodes at the apex. The PC film on LT-GaAS can be either free-standing,
Fig. 6.9(b), or backed with a sapphire substrate, Fig. 6.9(c). The freestanding probe-tip
is very brittle and can easily be damaged if the probe-tip comes in contact with fibre.
Thus here, we use a probe-tip mounted on the sapphire substrate, shown in Fig. 6.9(c)
for characterisation of porous fibres. The probe-tip is illuminated by a 1.6-1.7 mW laser

beam.
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An antenna array (Saeedkia et al. 2005) consisting of 10 antenna elements on a 1.7 mm
thick silica substrate is used for generation of THz pulses. The effective area of the
antenna is 1.1x1.1 mm?. The emitter is biased with a 29 V DC voltage and is excited
with a 50 mW excitation laser pulse. A mode-locked Ti:sapphire laser with a pulse width
of less than 100 fs, central frequency of 800 nm and a repetition rate of 80 MHz is used

to drive the emitter and detector.

Here, we utilise two different setup arrangements for characterisation of COC spider-web
porous fibres. In the first approach two parabolic mirrors and a metallic cone are used
for coupling THz pulses into the waveguide. While, in the second approach no parabolic
mirrors are used, and the metallic cone and the waveguide are located after the emitter. In
both configurations the emitter (antenna array), focusing optical lens, parabolic mirrors
and/or metallic cone, and the waveguide are situated on a sliding table while the detector
(probe-tip) is fixed on the optical table, as shown in Figs. 6.10(a) and 6.10(b). The
moving table is an in-house fabricated optical table which moves on two parallel rails.
The moving table is slid back and forth to sample THz pulse at different locations along

the waveguide. The position of the table for each point is manually recorded using a ruler.
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Figure 6.10. Schematic of the THz-TDS setup for waveguide characterisation. Schematic of
the terahertz time-domain spectroscopy setup employed for characterisation of porous
fibres: (a) two parabolic mirrors and a metallic cone, and (b) only a metallic cone is
employed to couple the THz pulses into the waveguide. The emitter and detector are

shown in the inset.
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Figure 6.11. Measured THz signal and spectrum. The THz signal and spectrum are measured
when the probe-tip is located at the focal point of second parabolic mirror shown in
Fig. 6.10(a).

We aim to measure the transverse electric field of the propagating mode. Therefore, the
probe-tip must be situated so that the gap of electrodes at the apex is parallel to the
fibre length. Considering that the waveguide is aligned along the y axis, in Figs. 6.10(a)
and 6.10(b), the probe-tip should be located so that the tip is parallel to the zz-plane.
Moreover, the detection laser beam is required to be parallel to the gap of electrodes
at the apex, i.e. polarised in the x direction. Therefore, a half wave plate is used to
rotate the polarisation of the linearly polarised laser beam (z direction) for 90° into x
direction. Consequently the emitter is rotated 90° so that the generated THz pulses are
linearly polarised in the x direction. The excitation beam is modulated by a chopper at
fo = 668 Hz and focused onto the emitter, while the detection beam is passed through a

motorised delay stage and focused onto the detector.

First approach (with parabolic mirrors)

The schematic diagram of the first approach employed for characterisation of porous fibres
is shown in Fig. 6.10(a). Before replacing the metallic input coupling and the waveguide
in the setup, the system is aligned and the system parameter variations are investigated.
For this purpose the table is slid to the left up to the point where the probe-tip falls
into the focal point of the second parabolic mirror. The system is aligned so that the
maximum bandwidth is achieved. The THz time domain signal and spectral amplitude

after the alignment are shown respectively in Figs. 6.11(a) and 6.11(b).
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Figure 6.12. System parameters variation in time. (a) Laser IR power, laser power at the (b)

emitter and (c) detector, (d) emitter and (e) detector photo-currents, and (f) emitter

biased voltage variation in time.

Moreover, before commencing the experiments, i.e. inserting the waveguide in the set-
up, we observe system parameters variation with time, thus establishing a base line for
these measurements. For this purpose, we monitor the laser IR power, laser power at the
emitter and detector, emitter and detector photo-currents, and emitter biased voltage for
six hours. It generally takes six hours to conduct a set of measurements for a waveguide
considering all the alignments. The variation of these system parameters with time are

shown in Fig. 6.12.

The laser IR power has drifted 0.02 W, form 1.43 to 1.45 W during the six hours. While,
the recorded powers at the emitter and detector varies from 48 to 53 mW and 1.61 to
1.73 mW, respectively. The emitter bias voltage stays almost steady, i.e. only changes
by 0.04 V. The antennas may also heat up during these six hours. All these parameters
result in a 30 pA drift in emitter photo-current and 20 mV drift in the voltage measured

after the preamplifier.
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Figure 6.13. Spectral amplitude variation in time. The effect of system parameters variation on

the spectral amplitude of the THz pulse in time is shown for six different frequencies.

We also analyse the system parameters effect on the spectral amplitude of the THz pulse.
From the THz pulses recorded during this period the standard deviation of the spectral
amplitude as a function of time can be calculated. The effect of system parameter vari-
ations, as a function of time, on the spectral amplitude are shown for six frequencies in
Fig. 6.13. Standard deviations of the spectral amplitude for 0.25, 0.36, and 0.48 THz
are 4.68, 2.12 and 1.6, respectively. The standard deviation calculated here is adjusted
(according to the ratio of spectral amplitude for each frequency) and is used later as a

benchmark for characterisation of the porous fibres.

To facilitate the alignment of the porous fibre, a suitable holder is designed to allow the
fibre to be adjusted in three dimensions, minimal interference to the propagating mode.
Two 3D manual moving stages, shown in Fig. 6.14, are used for adjusting the waveguide
in the system. The fibre is mounted in a plastic ring holder as shown in the inset of
Fig. 6.14. The porous fibre is glued to the centre of the plastic holder, which itself is
connected to the outer ring via three slim struts outer ring of the plastic holder. Then

the plastic holder is placed inside a fibre mount and is mounted on the 3D stages.

For waveguide characterisation, the waveguide and holders are first positioned in the
system. For this purpose, the moving table/plate is slid to the left and the waveguide
input end is positioned at the focal point of second parabolic mirror. In order to prevent

stray beams (not coupled into the waveguide) reaching the detector and also increasing
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Figure 6.14. Image of a section of the experimental setup. The image illustrates a section
of experimental setup that includes the waveguide holders, detector, metal plated
employed for blocking of stray beams, and second parabolic. The special plastic holder,
which has minimal interference with the propagating mode outside the waveguide, is

shown in the inset.

the coupling of THz pulses into the waveguide, three different techniques are employed,
as shown in Fig. 6.15. A silicon lens located in a metal plate, Fig. 6.15(a), a 600 pm
pin-hole in a metal plate, Fig. 6.15(d), and a metallic cone with a 60° opening angle and
800 um pin-hole at the vertex of the cone, Fig. 6.15(g), are examined. The THz pulse
and spectral amplitude of the propagated pulse along the waveguide after 87-89 mm are
recorded and shown in red in the right hand side figures of each coupling methods. The
black lines shown in the figures are recorded pulses and spectral amplitudes when only
the waveguide is removed from the system. In order to quantify the results, for each case
we compare the peak to peak ratio of the signals, i.e. signal samples when the waveguide
is in the system (red curves) and signal sampled when the waveguide is removed (black
curves). These ratios are 1.5, 1.8, and 3.1 for the silicon lens located in a metal plate,
pin-hole in a metal plate, and metallic cone, respectively. This indicates that using the
cone for coupling the THz pulses into the waveguide is a better option for both input
coupling and blocking stray beams. Thus for the experiments in this chapter the metal

cone is used.
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Figure 6.15. Three methods employed for input coupling into the waveguides. The first

column represents the arrangement of different methods—(a) a silicon lens located in

the metal plate, (b) a 600 xm pin-hole in a metal plate, and (c) a cone with a 60°

opening angle—employed for coupling THz pulses into the waveguide. The second and

third columns represent, respectively, measured THz signal in the time and frequency

domains with (red lines) and without (black lines) waveguide in the system.
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For characterisation of a COC spider-web porous fibre, the THz pulse at three different
locations along the waveguide is sampled. First, the pulse is sampled at 75 mm from the
waveguide input end, position A. Then the moving table/plate is slid 10 mm (position
B) and 20 mm (position C) respectively to the left for the second and third sampling
positions. The sampled THz signal and spectral amplitude for three positions are shown
in Figs. 6.16(a) and 6.16(b), respectively. Also, the spectral amplitude of the signal
sampled at position A when the waveguide is removed from the system is shown with a
blue dotted line in Fig. 6.16(b). This spectral amplitude is used to define the noise floor
of our measurement, i.e. the frequency window that the waveguide parameters (n.s and
Q) are valid. For this purpose a horizontal line is drawn that passes from the maximum
of this curve. This line intercepts with the spectral amplitude curves at two points. These

two points define the frequency limits of acceptable measurement data.

As discussed in the previous subsection (6.3.1), we set the time constant of the LIA to
1 s to increase the SNR. Another approach is to decrease the time constant (10 ms) and
average the output signal with respect to time. The averaging in time reduces the white
noise in the signal. Here, we select the second approach, i.e. each pulse in Fig. 6.16(a)
represents the average of 10 scans each conducted with 10 ms time constant. The variation
of the recorded signals during the scans are included in the error calculation, as discussed

later.

Keeping the distance between the probe-tip and waveguide constant is the major challenge
of this approach. Thus we use two cameras to monitor the alignment of the probe-tip and
waveguide. The probe-tip distance from the waveguide is monitored by a CCD camera
from a bird’s eye view, as shown in Fig. 6.17(a). For each position the probe-tip is aligned
so that it gently touches the waveguide. The horizontal alignment of the waveguide with
the probe-tip is also monitored by another camera located in the same plane with the
waveguide and probe-tip, as shown in Fig. 6.17(b). This second camera is used to make

sure that the waveguide is aligned at the centre of the probe-tip.

Figures 6.16(c) and 6.16(d) illustrate the measured absorption coefficient (aeg) and ef-
fective refractive index (n.g) for a 600 pm diameter COC porous fibre. The aeg and
neg of the propagating mode is the average of the a.g and neg values obtained by the
comparison of the pulses sampled at positions A, B, and C, i.e. (A,B), (A,C), and (B,C).
Theoretical values of aeg and neg of real porous fibre (calculated based on SEM image) is
also shown in red dotted lines. The theoretically calculated absorption coefficients, and

effective refractive indices of both polarisations are shown in Figs. 6.16(c) and 6.16(d).
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As mentioned in Chapter 5, this birefringence in spider-web fibres are by virtue of the
ellipticity of the fabricated fibres. The measured values are in a good agreement with the

expected theoretical values within the frequency range defined with the noise floor.

The error bars in Figs. 6.16(c) and 6.16(d) represent the standard deviation of the g
and n.g values due to two major sources: length and signal variation during the 15 scans.
For the length uncertainty, we consider 1 mm error in the values recorded from the
ruler. These sources of error are independent, thus the total standard deviation for the
measurements is equal to the quadrature sum of standard deviations obtained from the

I are measured

two sources described above. Absorption coefficients less than 0.08 cm™
at the frequency range of 0.2 to 0.35 THz, with the minimum of 0.003 at 0.24 THz. The
measured effective refractive index curve follows closely the expected theoretical values,
ie. negg < 1.05 for 0.2 < f < 0.35 THz. This leads to a normalized group velocity
(vg/c) greater than 0.8, which is equivalent of dispersion values in between -1.3 and -0.5

ps/m/um for 0.2 < f < 0.35 THz, with a zero-dispersion at 0.5 THz.

In this approach, no cleaving of the waveguide under investigation and consequently no
realignment of the waveguide tips with the emitter and detector are required. Thus the
uncertainty introduced due to this reason is reduced and the measured loss values are at
the vicinity of expected theoretical values, shown in Fig. 6.16(c). The measured refractive
index of the propagating mode closely follows the expected theoretical values as shown in
Fig. 6.16(d).
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Figure 6.16. Measured THz signal, spectrum amplitude, and THz properties of a 600 ym
COC spider-web porous fibre. (a) THz signal sampled at three different positions
along the waveguide 10 mm apart. The pulses are separated vertically for clear display.
The pulse samples at position A (closet to the tapered end of the waveguide), B, and C
(furthest to the tapered end of the waveguide) are shown in respectively red (top), green
(middle) and blue (bottom) lines. (b) Spectral amplitude of the three sampled pulses
(solid line), and THz signal measured at position A when waveguide is removed. The
horizontal black lines define the noise floor of the system. (c) Absorption coefficient

(loss) and (d) effective refractive index of the propagating mode in the waveguide.
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waveguide
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Figure 6.17. Monitoring the alignment of the probe-tip. The probe-tip and waveguide distance
and alignment are monitored employing two cameras: (a) a CCD camera located at the
bird's eye view and (b) a photographic camera with high zooming properties located

in the same plane with the waveguide and probe-tip.

Second approach (without parabolic mirrors)

The schematic of the second arrangement of the experimental set-up employed for char-
acterisation of porous fibres is shown in Fig. 6.10(b). As mentioned earlier, in this set-up
no parabolic mirror is used for manipulating THz pulses. The waveguide and the coupling
in cone are directly situated after the emitter (antenna array). In this arrangement also
the emitter, focusing optical lens, and waveguide are situated on a sliding table and the
detector (probe-tip) is fixed on the optical table, Fig. 6.10(b). The moving table is slid
back and forth to sample the THz pulse at different locations along the waveguide. The

position of the table for each point is recorded by a ruler with millimetre precision.

Figures 6.18(a) and 6.18(b) show respectively THz signals and spectral amplitudes recorded
on four different positions along a 540 pm diameter porous fibre. The first point, position
A (shown in blue), is located at 100 mm from the waveguide input end. The next three
positions, i.e. B (green), C (red), and D (black), are each located 50 mm apart. As in the

first approach, each signal represents the average of 10 scans with 10 ms time constant.

Due to the low loss characteristics of the COC porous fibres, the calculated spectra for the
chosen points (50 mm apart) are very close. Even for some points the spectrum amplitude
of the longer lengths (e.g. scan at position D) is higher than the points before hand due
to the environmental noise and system parameter variations. Thus for the absorption

coefficient and refractive index calculation, we only consider (A,B) and (B,C) scan pairs.
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In order to achieve a reliable data set, where the amplitude reduction in the time domain
is mainly due to the loss and not dispersion, longer lengths (300 mm) in between the two
sampling points are required. As an example for a 540 ym diameter COC porous fibre a
A = 50 mm results in AP = 0.98 and 0.95 respectively at f = 0.29 and 0.34 THz, while
a A = 300 mm results in AP = 0.87 and 0.75 respectively at f = 0.29 and 0.34 THz.
However, due to system design and arrangements (sliding table dimension, waveguide
holders, and emitter and probe-tip holder) the maximum movement (maximum distance

between the first and last point) is limited to 150 mm in the current setup.

Figures 6.18(c) and 6.18(d) show the measured absorption coefficient and effective re-
fractive index. The number of points on Fig. 6.18(c) is less than the number of points
on Fig. 6.18(d). This is because the ratio of amplitudes at some frequencies is negative,
i.e. the amplitude of the spectrum for the longer length is stronger than that of the shorter
lengths. Thus, these points, where “pseudo” amplification of the spectral amplitude oc-
curs, are omitted from the graph. The vertical dotted lines on Figs. 6.18(c) and 6.18(d)
represent the region over which the calculation is valid, i.e. the spectrum amplitude prop-
agated through waveguide is higher than the noise level. For these measurements the
spectrum amplitude of the system when the waveguide is removed, Fig. 6.19(b), is con-

sidered as the noise level of the system.

In order to verify that the measured signals are associated with the mode traveling through
the waveguide and to find out the noise level, we also measure the signals after removing
the waveguide for each position. Figure 6.19 shows the signals recorded at positions A and
D, with (solid lines) and without (dotted lines) the waveguide in the system. The opening
pin-hole at the vertex of the cone is 800 um. This leads to small stray beams going through
the cone, shown with dotted lines. The spectrum of the signal at position A with and
without the waveguide, and position D without the waveguide are shown in Fig. 6.19(b).
The black vertical line represents the noise floor in the system, which intercepts with the
signal spectrum propagating through the waveguide at 2.2 and 3.2 THz. These frequencies
are identical to the positions of vertical lines illustrated in Figs. 6.18(c) and 6.18(d). The
noise floor in this approach is higher than that of the previous approach, Fig. 6.16(b). We
mainly contribute this to waveguide dimension, i.e. the waveguide diameters are 600 pm
and 540 pum respectively for the first and second approaches, while the pin-hole size at the
vertex for both approaches are 800 pm. This leads to more stray beams for the second

approach, resulting in a higher noise floor.
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We have also measured the frequency-dependent radial field distribution of the waveguide.
For this purpose, the probe-tip has been moved away from the waveguide and the THz
pulse is measured at different positions. Figure 6.20 shows the measured radial electric
field distribution at three different frequencies, 0.18, 0.23, and 0.28 THz. The fields
are normalised to the respective maximum amplitude at the waveguide surface. The
curves indicate that increasing the frequency increases the confinement of the field to the
waveguide. For comparison, the theoretical values of the normalised radial distribution
of the electric fields of a real spider-web porous fibre are calculated and shown in solid
lines. According to the measurements, the diameter of the waveguide under investigation
varies from 570 pm to 640 pm. Thus, a 600 ym diameter porous fibre is considered for

the theoretical calculation.

The vertical error bars in Fig. 6.20 represent the standard variations of the signal alter-
ation during the measurement. For each position 8 scans with a 10 ms time constant
are recorded. The horizontal error bars represent the total standard deviation due to
the elliptical shape of the waveguide, and polarisation state at the measurement point.
The real waveguide has a slightly elliptical cross-section as shown in Fig. 5.12(c). The
measurement carried out can be starting from any location of this elliptical surface. The
results are depicted from 300 um (average waveguide radius) and the diameter variation
is considered as a horizontal source of error. Moreover, the elliptical surface results in
birefringence, i.e. the effective refractive index of the mode continuously varies with the
electric field orientation angle between maximum and minimum values that are spaced
90°. The polarisation state of the linearly polarised THz pulse changes from linear to
elliptical and circular as the pulse propagates along the waveguide. Thus, the detector
at any location along the waveguide samples the projection of the electric field along the
probe-tip. This projection could be x- or y-components or the total electric field of the
propagating mode, depending of the polarisation at the probe-tip location. There is a
subtle difference in the decay rate of these three electric fields. The x-component of the
electric field is depicted and the difference is included as a horizontal error source in the

measured curves.

With all the error sources considered, the experimental results are in a good agreement
with the simulated results based on fabricated waveguide, i.e. the experimental curves
follow closely the trend of the simulated curves. This indicates the low invasiveness
of the applied probe-tip. In order to observe the effect of the presence of the probe-

tip, a thorough investigation is required. Exploiting the probe-tip of characterisation of
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the waveguide, especially measuring the evanescent electric field open up new doors for
sensing applications, especially where the interaction of electric with dipole molecules are

required.

6.4 Chapter Summary

In this chapter, we used two different techniques to characterise porous fibres. In the
first method for characterisation of a waveguide, the waveguide is positioned in between
the emitter and detector, and three waveguides with different lengths are measured for
each experiment. The measurement is carried out for PMMA spider-web and rectangular
porous fibres, and a microwire. The measured refractive indices show a good agreement
with the expected theoretical values. A birefringence of 0.012 at 0.65 THz is achieved for
the rectangular porous fibre. However, the measured loss values are higher than expected
theoretical values. We attribute this mainly to the method of the measurement, i.e. em-

ploying three different lengths for each waveguide and slight curvature of the waveguides.

One practical consideration is the annealing of polymer porous fibres before the exper-
iment. This reduces the stress generated during fibre drawing resulting in a straighter
fibre for the experiment. Subsequently the radiation losses due to the fibre curvature will
be suppressed especially for the first method where the waveguide is held with only one

holder in the centre.

In the second method we have employed a probe-tip for the sampling of THz pulses.
The existence of the field in the air-cladding of the waveguide allows the sampling of the
propagating mode from the waveguide side. Thus instead of using three different lengths,
we sampled THz pulses at three different locations along a waveguide. The measurements
are carried out for COC spider-web porous fibres. A metal cone terminating with a pin-
hole of 800 pm is used for coupling the THz pulses into the waveguide. The pin-hole almost
blocks the stray THz beams and the cone increases the coupling into the waveguide. Two
different arrangements are proposed, one employing parabolic mirrors for manipulating
THz pulses and the other situating the waveguide straight after the emitter. The resulting
absorption coefficient and refractive index are in agreement with the expected theoretical
values. Moreover, the radial distribution of electric field as a function of frequency has
been investigated. As expected the electric field becomes more confined to the structure

as the frequency increases. The waveguides in the second method of measurement are
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almost straight, since the waveguide is held from both ends, which reduces the bending

losses.

A practical consideration is the theoretical study of the affect of the metal cone on the sig-
nal. This coupling device introduces a low frequency cut-off in the main signal that results

in complication in the analysis of the extreme low frequency region of the waveguide.

The results presented in this chapter suggest that these porous fibres have low loss and
low dispersion characteristics and can be practically designed to maintain polarization of
the field. Therefore these waveguides are a promising polymer waveguide solution and a
good substitute for free-space THz propagation. This also opens up new opportunities in

THz biosensing, where the porous fibres can be used to sense ultra small sample sizes.

An outline of the practical issues faced during the experiment is that the length of moving
plate and arrangement of the setup on the optical table was not appropriate to accommo-
date waveguides longer than 300-350 mm. Therefore, the system needs to be modified to
accommodate longer waveguides so the measured loss values closely follow the expected

theoretical values.
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Figure 6.18. Measured THz signal, spectrum amplitude, and THz properties of a 540 ym
diameter COC spider-web porous fibre. (a) THz signal sampled at four different
positions along the waveguide 50 mm apart. The pulses are separated vertically for clear
display. The pulse samples at position A (closet to the input end of the waveguide), B,
C, and D (furthest to the input end of the waveguide) are shown in respectively blue,
green, red, and black colours. (b) Spectral amplitude of the four sampled pulses. (c)
Absorption coefficient (loss) and (d) effective refractive index of the propagating mode
in the waveguide. The vertical dotted lines represent the region where the spectrum
amplitude of the signal is higher than the noise level, shown with vertical solid line in

Fig. 6.19(b).
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Figure 6.19. Measured THz signal with and without waveguide in the system. (a) THz signal
is measured at two different locations along a 540 um diameter COC spider-web porous
fibre: blue solid line (closer to the input end of the waveguide: position A) and black
solid line (closer to the output end of the waveguide: position B). The dotted lines
represent the stray THz beams and are measured when only the waveguide is removed
from the system. The vertical separation is for clear display. (b) The spectrum of
measured signal at position A (solid blue line) and the stray beams at positions A and
D (dotted blue and black lines, respectively). The black horizontal line represents the
noise floor, i.e. above this line the spectrum amplitude propagated through waveguide
is higher than that of the stray beams in the system. Note that the calculated n.g and

i values are valid for the frequencies in between the crosses.
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Figure 6.20. Frequency-dependent radial field distribution of a 600 xm diameter COC spider-
web porous fibre. Measured radial field distribution from the waveguide interface for
three different frequencies: 0.18 THz (blue dotted line), 0.23 THz (red dotted line),
and 0.28 THz (black dotted line). The solid lines represent the theoretical values
(simulated for a 600 um diameter porous fibre based on SEM image) of normalised

radial distribution of x-component of the electric fields for the same three frequencies.
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Chapte

Conclusion and future work

HIS chapter summarises the key conclusions of this thesis and sug-
gests further directions for future work. Chapters 1 and 2 contain
introduction and review material that embraces THz generation, de-
tection and waveguides. Chapters 3 to 6 contain the original contributions of

this work on porous fibres design, fabrication and characterisation.
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7.1 Introduction

The efficient transmission of THz signals using waveguides has been a major challenge
since early days of THz science. Loss and dispersion are the primary parameters in THz
waveguides that one aims to minimize in order to obtain undistorted propagation of THz
pulses. Metallic waveguides suffer from Ohmic losses while dielectric waveguides suffer
from material absorption losses. Dry air is the best transparent medium for THz pulses.
Therefore, intelligent design of waveguides are required to over come Ohmic and material
loss limitations. Porous fibres proposed in this thesis are an example of this approach.
This chapter focuses on summarising the thesis, and author’s contributions, and discusses

possible future directions for continued development in this domain.

7.2 Thesis summary and author’s contribution

A thorough review of THz waveguides, especially focused on dielectric waveguides has

been conducted in Chapter 2.

Employing air-clad sub-wavelength dielectric waveguide, i.e. microwire, is an approach to
improve the loss and dispersion. We have analysed the microwire concept with different
glass and polymer host materials (Withayachumnankul et al. 2007). First, THz prop-
erties of four glasses and two polymers have been investigated in Chapter 3. Although
the glasses are suitable material for far infrared and optics, they have higher absorp-
tion losses (more than 10 times) compared to polymers. The concept of guiding through
air-clad sub-wavelength waveguides (microwires) has been examined in detail. For this
purpose we have evaluated propagating mode properties, i.e. effective refractive index,
field distribution, power fraction, effective area, effective material and bend losses, and
dispersion for both glass and polymer materials. The vectorial form of Maxwell’s equa-
tion has been employed to evaluate the propagation constants of the modes. Moreover,
the Poynting vector is employed for representation of the energy flux of the propagat-
ing mode and evaluation of waveguide parameters. We illustrate that regardless of host

1 is achievable for mi-

material employed, an effective material loss less than 0.01 ¢m™
crowires (Withayachumnankul et al. 2007). This is due to the fact that almost most of
the mode power is in the air-cladding, which makes microwires susceptible to any gentle
bend and environmental perturbation. We have also demonstrated that the diameter at
which low material loss is achieved, the higher limit of the microwire loss when most of

the mode is in the core, and the frequency dependent of the loss and dispersion depend on
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the host material properties. As expected, polymer microwires have lower material loss
and dispersion compared to that of glass microwires. We have also shown that dominant
loss mechanism in microwires is effective material loss provided that the waveguide is kept
straight. The work in this Chapter has resulted in four conference papers—(Atakaramians
et al. 2006a), (Atakaramians et al. 2006b), (Afshar Vahid et al. 2007), and (Atakaramians
et al. 2007)—and a journal paper—(Withayachumnankul et al. 2007) **.

Low losses are achieved in air-clad sub-wavelength waveguides, microwires, because almost
all the mode propagates in the medium surrounding the structure, air. This, however, re-
sults in weak confinement of the guided mode within the structure that makes the guided
mode susceptible to any small perturbation on the surface or vicinity of the structure, since
a large portion of the guided power can be readily coupled into radiation modes. Further-
more, the guided modes within these structures suffer strong bend loss. In Chapter 4, we
propose a novel class of dielectric waveguides, porous fibres, to improve the confinement of
the mode while still maintaining the low loss characteristics (Atakaramians et al. 2008e).
These waveguides have porous transverse cross-section, i.e. sub-wavelength features in
the core, which leads to enhancement and confinement of the field within the holes. For
similar loss values, porous fibers enable reduced distortion (frequency dependent loss and
dispersion) of a broadband THz pulse compared to microwires. We also demonstrate
for the first time that introducing asymmetrical sub-wavelength air-holes in the core of
porous fibres leads to a birefringence |n, —n,| ~ 0.026. This value is comparable to
recently achieved high birefringence in THz and optical microstructured fibres (Chen et
al. 2004, Cho et al. 2008, Ren et al. 2008). This opens up the potential for realisation of
novel polarisation preserving fibres in the terahertz regime (Atakaramians et al. 2008a).
The work in this Chapter has resulted to three conference papers—(Atakaramians et
al. 2008c), (Atakaramians et al. 2008d), and (Atakaramians et al. 2008b)—and two jour-
nal papers—(Atakaramians et al. 2008¢) and (Atakaramians et al. 2008a) 2°.

Fabrication of highly porous fibres is not trivial. There have been attempts that were

not very successful as described in Chapter 5. We demonstrate the first successful design

24 All the theoretical work, analytical and numerical code, and experiments conducted in Chapter 3 are
the PhD candidate’s work. The THz spectroscopy of the bulk material and initial material loss studies of
microwires were conducted before commencing date of author’s candidature, i.e. during a visiting period

at The University of Adelaide.
25 A1l the theoretical and numerical code is developed by the PhD candidate. The numerical code is

expanded and further developed for porous fibre purposes from the general fibre code written by Dr Kris
Roland for which I am thankful.
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and fabrication of highly porous polymer THz waveguides exploiting the extrusion tech-
nique. Two different porous fibres, with symmetrical and asymmetrical sub-wavelength
features, with porosities higher than 50% have been fabricated succesfully (Atakaramians
et al. 2009c). The numerical analysis of waveguide cross-sections based on SEM images
of fabricated waveguides reveals that the fabricated waveguides are almost similar to the
designed cross-sections. Furthermore as discussed in Chapter 5, the cleaving process of
polymer porous fibres with high air-filling factor is challenging. Conventional cleaving
techniques (e.g. utilising cleaving blades) used for cleaving of optical fibres, squashes and
deforms the soft fibre structure. In collaboration with researchers at MicroEngineering
group at DSTO Edinburgh Adelaide, Australian Microscopy and Microanalysis Research
Facility (AMMREF), and Interdiscplinary Photonics Laboratories (iPL) at University of
Sydney, several techniques have been investigated for cleaving of THz porous fibres. The
investigations reveal that employing the 193 nm ultraviolet laser leads to fast and repro-
ducible cleaves (Atakaramians et al. 2009d). The combination of work in this Chapter and
next Chapter has been published in two conference papers—(Atakaramians et al. 2009b)
and (Atakaramians et al. 2009a)—and two journal papers—(Atakaramians et al. 2009c¢)
and (Atakaramians et al. 2009d) #°.

In Chapter 6, we have demonstrated the first experimental characterization of effective re-
fractive indices (nes) of symmetrical and asymmetrical porous fibres in collaboration with
researchers at Institut fiir Halbleitertechnik at RWTH Aachen University (Atakaramians
et al. 2008e). There is a great uncertainty in the measured loss values in this approach,
which we attribute to waveguide realignment, cleaving, and bend losses. The PhD candi-
date has developed a measurement technique exploiting a sampling probe-tip for the first
time for characterisation of THz fibres. The probe-tip allows sampling the propagating
mode along the waveguide eliminating the need for cleaving of porous fibres, which is

required for waveguide charaterisation. The measured loss values in this approach are

26The PhD candidate designed the rectangular porous fibre die exit, and conducted all the preform
fabrication processes (preparation and execution) discussed in this work, with significant guidance and
education from Dr Heike Ebendorff-Heidepriem. The fibre drawing process was conducted by Roger
Moore with the PhD candidate’s assistance for by-the-minute microscope fibre structure diagnosis. The
PhD candidate visited all the mentioned institutions for collaboration and directly worked with the
researchers for conducting the experiments. All the preparation of the samples, analysis of the results,
and SEM images were carried out by the PhD candidate, save for the operation of the equipment that was
conducted by Dean Stone, Leonard Green, and Dr Kevin Cook for which the author is thankful. Many
thanks from Dr Heike Ebendorff-Heidepriem and Prof John Canning for their assistance in analysing and

interpreting the cleaving results.
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in the vicinity of expected theoretical values. For the first time, we have measured the

evanescent field distribution of the propagating mode of THz porous fibres®”.

7.3 Potential future directions

In summary, this thesis has laid the groundwork for a powerful new form of THz guid-
ing fibre, the porous fibre. There are now strong opportunities for using it for practical
applications, most particularly for biosensing. These fibres, if used as biosensors, will in-
crease the field interaction with biosample and will reduce the amount of sample required.
This section surveys the scope of the future work in the area of THz porous fibres and

microwires and application as THz biosensors.

7.3.1 Mode profile of THz microwire and porous fibre

The probe-tip employed for the sampling of THz pulses along the waveguide enables
the measurement of the frequency-dependent radial field distribution of the waveguide.
Furthermore, the system can be modified to measure the frequency dependent waveguide
cross-section mode profile. This near-field THz detection will potentially confirm the
single mode propagation and field enhancement at the core-clad surface of microwire and

in the sub-wavelength air-holes of porous fibres.

7.3.2 THz beam coupling into THz microwire and porous fibre

Different techniques can be employed to couple the THz beam into the THz microwire
and porous fibre, as illustrated in Chapter 6. A straight forward way of coupling the
field into the waveguide is by simply abutting the structure on the planar THz emitter.
As improving the coupling efficiency is desirable, other methods of coupling, off-axis
parabolic mirrors in conjunction with hyper hemispherical lenses, and a metallic cone

starting from a diameter equal to the beam width down to the waveguide diameter can

2"The PhD candidate visited and conducted the first set of waveguide measurements at the Institute
of Semiconductors at RWTH Aachen University. The design and implementation of the second approach
was carried out by the PhD candidate, which resulted in construction of the first THz waveguide charac-
terization system in Australia. Many thanks from Markus Wéchter and Dr Michael Nagal from Institut
fiir Halbleitertechnik at RWTH Aachen University for assistance with THz hardware during the visit,

and assistance with analysing and interpreting the results, respectively.

Page 207



7.3 Potential future directions

be investigated experimentally. A thorough theoretical evaluation of the coupling beam
into the waveguide accompanied by experimental verification can be conducted to discover
the best approach in terms of maximum beam coupling into the waveguide, and minimal

stray beams in the vicinity of the waveguide.

7.3.3 Bending loss of the THz microwire and porous fibre

Another practical investigation is the bending loss of THz microwires and porous fibres.
Employing the probe-tip will allow sampling along the bend curvature of the waveguide.
This will result in detailed evaluation of the radiation losses at every point along the

curvature.

7.3.4 THz microwire as a biosensor

Due to the field enhancement at the air-clad interface and large power fraction in the
evanescent field of the THz microwire, if a biosample is placed at the vicinity of the core-
clad interface, the waveguide can be used as THz biosensor. Even when a short length
of THz microwire is dipped into the sample material, the propagation properties will
change depending on the dielectric function of the sample in the THz frequency range.
The microwires can be designed in a similar fashion to suspended nanowires (Ebendorft-
Heidepriem et al. 2009) to limit the sample volume in between the core and a thin tube
layer. By comparing the field propagation in air to the propagation in the sample, we can
extract the dielectric function of the sample as a function of frequency in order to obtain
a spectral “fingerprint”. As the field decays quite quickly from the microiwre surface,
only a small volume of the sample surrounding the waveguide is required. Artificial RNA
strands, and lysozme (fibrous and non-fibrous) are the example of samples that can be
considered for this purpose (Nagel et al. 2003, Fischer et al. 2005). Furthermore, the
possibility of surface modification of a polymer microwire in order to enhance protein
or DNA binding directly on the surface of the waveguide can be investigated. These
macro-molecules are the best to study since they have vibrational modes located in THz

spectrum.
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7.3.5 THz porous fibre as a biosensor

Although the small volume of the sample used for the biosensor proposed based on mi-
crowire will be minute, this volume would still be rather large for applications involving
biomolecules such as proteins and DNA. Thus THz porous fibres can be employed as
biosensors that exploit field enhancement in the sub-wavelength air-holes. Basic capillary
effects can be utilised to load a liquid sample into the waveguide. An important point
that should be considered for this investigation is the optimum number of the holes that
is required to be filled with sample to obtain the optimal SNR and compare the results
to that of the microwire. The initial experiment can be carried out using water and a
solution of sugar, such as lactose, in a small straight length of THz porous fibre (to avoid
bend loss). Later, polymer surface modification can be considered in order to extend this
technique to complex biomolecules such as proteins and DNA. The amount of biosample
required will be limited to the volume of sub-wavelength air-hole filled with the sample
(very small compared to the sample required for free-space spectroscopy), and due to the
strong field confinement, in the sub-wavelength air-hole, there will be a strong interaction

between the sample and THz field.

7.4 Chapter summary

This Chapter has summarised an overview of the major conclusions of this Thesis ac-
companied by a number of recommendations for future work on THz waveguides. The
work herein is unique, original, and is the foundation (concept, design, fabrication and

experiment) of a powerful new form of THz guiding fibre, the porous fibre.
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Appendix

Derivation microwire
equations

HIS appendix summarises the derivation of electromagnetic fields
and the eigenvalue equation of the hybrid mode of a microwire. These

equations are used in Chapter 3, Section 3.4.
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It is possible to analytically calculate the propagation constant and electromagnetic fields
of a microwire, air-clad solid core fibre. For this reason, we assume that the structure has
a circular cross-section, an infinite air clad, and a step-index profile. It is also assumed
that the wire is uniform in diameter and has a smooth sidewall. Moreover, we consider
that the refractive index of air is equal to unity and the permeabilities of both media

(core and clad) are equal to that of free-space.

The electromagnetic fields in an optical fibre are expressed in cylindrical coordinates as
follows (Snyder and Love 2000, Okamoto 2000, Balanis 1989):

E = E(r,¢)expjlwt — Bug2), (A.1)
H=H(r ¢)expj(wt — Begz), (A.2)

where (. is the propagation constant of the hybrid mode. Substituting Eqn. A.1 into

Maxwell’s equations, results into two sets of wave equations:

PE, 10E, 10°E, ., o
572 v ar Tag T An)] =
PH, 10H, 10°H, ., o
572 "7 ar T 2ag Tl fa

JE, =0 (A.3)

[H, =0 (A.4)

where [ is free-space propagation constant, n(r) is the refractive index of the medium,
i.e. for microwire n(r) = neoe for r < a and n(r) = 1 for r > a. The transverse

electromagnetic fields are related to E, and H, as follows:

T 3](5865 wfoaH) 49)
o= grrr=a (s 95 ~“"3,) (A0
B =~ J(ﬂaﬁ ) AT
Ho= =g (1 96+ wante? ar)' (A5

The solution of Eqn. A.3 in the cylindrical coordinates for microwire are given by the
product of nth-order Bessel functions and cos(n¢ + 1) and sin(n¢ + ¢) angular varia-
tions (Okamoto 2000, Balanis 1989). The boundary conditions on the core and air-clad
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interface state that E, and H, should be continuous. Also, Eqns. A.5 to A.8 indicate
that 0 E,/0r and 0 H,/O ¢ (or OE,/0¢ and 0 H,/Or) have the same ¢ dependencies.

Therefore, the z-component of the electromagnetic field of a microwire are expressed by

1@—{ J( r) cos(ng + 1) (0<r<a) (A9)
AL n )K( r)cos(ng + 1) (r >a)

Z:{ Ja(7) sin(ng + ¢) (0<7r<a) (A10)
C-2 ((“) K. (%r)sin(ng + 1) (r > a)

where, A and C are constants, 1 is the phase of the fields, .J, is the Bessel function of
the first kind, and K, is the modified Bessel function of the second kind. Here, v and w
are normalised transverse wave numbers in the dielectric (Eqn. 3.9) and air (Eqn. 3.10)

region, respectively. The equations are repeated here for convenience:

u=ay/B§ni — B (A11)
w=ay/PB% — G2 (A.12)

Substituting Eqns. A.9 and A.10 in Eqns. A.5 to A.8 leads to transverse component of

the electromagnetic field for microwires:

. — 19 T ABug 2. (%) 4 Cwpo™ Jy (47)] cos(ng + ) (0< r< a) (A13)
' @ AﬁeffﬂK;l(ﬂr) + Cwpg2 K, (%r) Jn(u) cos(ng +1) (r>a) .
w a a T a Kn(w)
b { — 1 [~ ABeg 2 Ju(2r) — Cwpo® T, (4r)] sin(ng + 1)) 0sr<a (A.14)
P [~ AR K (2r) - Copg K (21)] £ sin(ng +9) (> a)
= | Aot A + Ol ()] sn(ns 4 g) - 0<r<a)
r jo? I:Aweo%Kn(E )+ Cﬁeﬁ%[(;l(% )] Ii E sin(ng + 1) (r > a) .
[ i [Awanlo L () + Cla ()] cos(no +v) - (0< 7 < a) (A.16)
¢ ja? [Aweo%Kn(; ) + CBr Ko (2r)] 2285 cos(ng +¢)  (r > a) |
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The continuity of E, at 7 = a in Eqn. A.14 leads to:

WERE NN ECR S Y

and the continuity of H, at r = a brings in Eqn. A.30 leads to:

Aweo [nQ () K;(w))} ——Cp (i + i) n. (A.18)

CCudp(u)  wKy(w u?  w?

Combining the Eqns.A.17 and A.18 and eliminating constants A and C, results into the
eigenvalue equation, Eqn. 3.8. This equation is also known as dispersion equation and is

repeated here for convenience.

To(uw) | Kp(w) 1| Ju(u) 1\ Ky(w) | _
udp(u) + wKn(w)] [an(U) o <ncore) wKn(w)] B

1 1 1 1\? 1
2 s T il i e
Mgore <u2 + wQ) [u2 - (m) w2] . (A.19)

The propagation constant of the hybrid mode is calculated by solving Eqn. A.19. The

constant C can be written from Eqn. A.17 as

C =l (A.20)
Wwlo
where s is given by
1, 1
A k) B (A.21)
J,, (u) + K, (w) }
[an(u) wKp (w)
Applying the following recurrence relations for the Bessel functions
/ 1
T(2) = 5 net(2) = a2 (4.22)
1
L) = 5 () + T ()], (4.23)
/ 1
K(2) = =5 [Ku1(2) = K (2], (A.24)
n 1
—Ku(2) = D) [Kn-1(2) — Knga(2)], (A.25)

Page 214



Appendix A Derivation microwire equations

the electromagnetic fields of hybrid mode of microwire are found as follows:

b —jABe e [(1?) Jno1(r) — (1;8) Jn+1(%7“)} cos(ng + 1) 0<r< a?A 2)
' —jAﬁeff;}J(:((ﬂg) [(1;5) Kno1(%r) + @KHH(%T)} cos(ng + ) (r>a) .

o J A0 [0 () + T () sin(no + ) O<r<a), o
¢ - aJnlU —S w S w : ’
jAﬂeHwI(](n(ug) |:(12 )Kn—l(gr) — (1-; )Kn+1(57’):| Sln(n¢ + w) (T > a)

. AJy(%r) cos(ng + ) 0<r<a) (A.28)
‘ AI‘QEZ})) Ky (%7r) cos(ng + ) (r>a) '
- —jAweng, [(17;1)Jn,1(%7“) + @Jnﬂ(%r)] sin(ng + 1) 0<r< C?A 2)
U jAwe [“;—SMKn_l(%r) - @KHI(%@} sin(ng +1) (r > a) |
- —jAwegnZ 2 [u;—sl)Jn_l(%T) (Hsl)JnH(%r)] cos(ng + 1) 0<r< agA 30)
¢ = aJnlu —S w S w '
—jAweowIJ( ((13) [(1 5 O)Kn,l(gr) + (lg—o)KnH(Er)] cos(ng +1) (r>a)
H:{—Aﬁe—ﬂsJ( r)sin(ng + 1)) 0<r<a) (A1)
Afi{; Ii((“) Ky (%r)sin(ng +1) (r > a)
where
i
s =5 A.32
' ﬂO Nore ( )
2
So oM. (A.33)
0
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Append

Data processing algorithms

HIS appendix outlines some of the algorithms used for characteri-

sation of bulk materials and waveguides from raw THz waveforms.

These algorithms are implemented in MATLAB. Moreover, it also
provides the analytical MATLAB files employed for analysing microwires, and
numerical FEM algorithms implemented in MATLAB for analysing porous
fibres. These algorithms are used in Chapters 3, 4, and 6.
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B.1 Conventional THz-TDS analysis program

This Section is consist of MATLAB mfiles used for extraction absorption coefficient and
refractive index from raw THz waveforms. Part B.1.1 contains the main file and Part B.1.2

contains the functions used in the main file.

B.1.1 Main mfile

% This is the main mfile that needs to be run to evaluate absorption
% coefficient and refractive index from raw THz waveforms

% by: Shaghik Atakaramians

% The University of Adelaide

% May 2006

clc;clear all;

mu=pix*4e-7;e0=8.854e-12;

c=1/sqrt (muxe0) ;

Sampthic=5.4e-3; % in meter

[Ert,Erf,timestep,freqstepl=drawRef (); % averaging and plotting reference pulses
[Est,Esf]l=drawSam(); % averaging and plotting sample pulses
m=size(Esf);

omega=2el2*xpixfreqstep;

betaO=omega/c;

phi=(angle(Esf)-angle(Erf));

AA=abs(Esf./Erf);

% Amplitude and unwrapped phase

figure(100) ;hold on;

plot(fregstep(1:m/2),phi(1:m/2),’r’)

plot(fregstep(1:m/2) ,unwrap(phi(1:m/2)),’k’)

lowerF=input (’Enter the lower frequency in THz’);

upperF=input (’Enter the upper frequency in THz’);

deltaF=mean(diff (freqstep));

% Two different unwraping techniques are employed for comparison
[Phi,lowerIndex,upperIndex]=myUnwrap(phi,deltaF,lowerF,upperF);
[PhiT,lowerIndexT,upperIndexT]=myUnwrapLS(phi,freqstep,deltaF,lowerF,upperF) ;
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figure(100) ;hold on;

plot(freqstep(l:upperIndex) ,Phi(l:upperIndex),’r’) %n omega
plot(fregstep(1l:upperIndex) ,PhiT(1:upperIndex),’g’) ’%n omega
% Calculation of absorption and refractive index
n_omega=(-1*PhiT./(Sampthic*betal))+ones(size(PhiT));
CC=((n_omega+ones (size(n_omega))).?)./(4*n_omega) ;
alpha=-2*(log(CC.*AA))/Sampthic;

Alpha=0.01*alpha; % 1/cm

figure(1); hold all;

subplot(2,2,3);

plot (fregstep(lowerIndex:upperIndex) ,n_omega(lowerIndex:upperIndex),’r’)
xlabel (’Frequency [THz]’);

ylabel (’Index of Refraction n’);

subplot(2,2,4);

plot(freqstep(lowerIndex:upperIndex) ,Alpha(lowerIndex:upperIndex),’m’)
xlabel (’Frequency [THz]’);

ylabel (’Absorption Coefficient a [1/cm]’);

% Averaging the results for better look and save
M=length(Alpha(lowerIndex:upperIndex));

for nn=1:M

Blpha(nn)=mean(Alpha(lowerIndex-1+nn lowerIndex+3+nn)) ;

end

plot(freqstep(lowerIndex:upperIndex) ,Blpha(1:M),’k’);

save bulkTOPASsample.txt ForExport -ascii

save file name freqstep n_omega Alpha

B.1.2 Functions

The Part contains three functions employed in Part B.1.1.

Read and average the reference signals

% This file, which is called by the main mfile reads and averages the reference
signals.

% by: Shaghik Atakaramians
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% The University of Adelaide
% May 2006

function [St,Sf,timestep,freql=drawRef (n ref,Fix path,fix fn,Ifile _type)
f_type=Ifile_type;

file name=strcat(Fix_path,fix_fn,f type);
fid=fopen(file_name,’r’);
Ref=textscan(fid,’%f %f’,’headerlines’,?2);
if ii==

Ref_sig=Ref:,2;

time_sig=Ref:,1;

else

Ref_sig=Ref _sig+Ref:,2;
time_sig=time_sig+Ref:,1;

end

fclose(fid);
St=(1/n_ref)*[time_sig,Ref _sig];
[m,n]=size(St);

X=St(1:32,2);

shift=mean(X) ;
Y=St(1:m,2)-shift;
timestep=mean(diff(St(1:m,1)));
for jj=1:(length(Y)-1)
test(§3)=Y(Gj)/Y(Gj+1);

if test(jj) <0

zero_pos(jj)=jj;

end

end

zero_index=find(zero_pos);

for kk=length(Y)-100length(Y)

Y (kk)=0;

end

subplot(2,2,1);
plot(St(1:m,1),Y,’b?);
ylabel(’THz Signal [a.u.]’);
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xlabel (’Time [ps]’);

subplot(2,2,2);

Y=St(1:m,2);

Sf=fft(Y-shift,m);

freq =(0:m-1)’/timestep/m;
semilogy(freq(1:m/2),abs(Sf(1:m/2)),’b’);
xlabel (’Frequency [THz]’);

ylabel (’Spectral Amplitude’);

return

Read and average the sample signals

% This file, which is called by the main mfile reads and averages the sample
signals.

% by: Shaghik Atakaramians

% The University of Adelaide

% May 2006

function [St,Sf]=drawSam(n_sam,Fix path,fix fn,Ifile_type)
for ii=1:1:n_sam

extension=int2str(ii);

f_type=Ifile_type;

file name=strcat(Fix _path,fix fn,extension,f _type);
fid=fopen(file_name,’r’);

Ref=textscan(fid,’%f %f’,’headerlines’,2);

if ii==

Ref_sig=Ref:,2;

time_sig=Ref:,1;

else

Ref_sig=Ref_sig+Ref:,2;

time sig=time_sig+Ref:,1;

end

fclose(fid);

end

St=(1/n_sam)*[time_sig,Ref _sig];
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[m,n]=size(St);

X=St(1:32,2);

shift=mean(X) ;
Y=St(1:m,2)-shift;
timestep=mean(diff (St(1:m,1)));
for jj=1:(length(Y)-1)
test(3j)=Y(33)/Y(Gj+1);

if test(jj)<0

zero_pos(jjl=jj;

end

end

zero_index=find(zero_pos) ;

for kk=length(Y)-100:1length(Y)
Y (kk)=0;

end

subplot(2,2,1);
plot(St(1:m,1),Y,’r’);

hold on;

ylabel (’THz Signal [a.u.]’);
xlabel (’Time [ps]’);
subplot(2,2,2);

Sf=fft(Y,m);

freq =(0:m-1)’/timestep/m;
semilogy(freq(1:m/2),abs(Sf(1:m/2)),’r’);
hold on;

xlabel (’Frequency [THz]’);
ylabel (’Spectral Amplitude’);

return

Unwrapping the phase of transfer function

Method1
% This file unwraps the phase data by employing linear line fitting and extrapolating
to low frequency.

% by: Shaghik Atakaramians
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% The University of Adelaide
% May 2006

function [unwrappedphi,lowerBoundIndex,upperBoundIndex]=

myUnwrap (inputphi,deltaF,lowerBound,upperBound)
lowerBoundIndex=ceil (lowerBound/deltaF) ;

upperBoundIndex=floor (upperBound/deltaF) ;

x=unwrap (inputphi) ;

averageSlope=mean(diff (x(lowerBoundIndex:upperBoundIndex))) ;
X1=length(x(1:1lowerBoundIndex)) ;
x1(1:1lowerBoundIndex)=averageSlope*linspace(0,lowerBoundIndex,X1);
shift=-x1(lowerBoundIndex)+x(lowerBoundIndex) ;
x(1:lowerBoundIndex-1)=x1(1:lowerBoundIndex-1);

x (lowerBoundIndex :upperBoundIndex)=x(lowerBoundIndex:upperBoundIndex)
-shift*ones(size(x(lowerBoundIndex:upperBoundIndex))) ;
unwrappedphi=x ;

return

Method2

% This file unwraps the phase data by employing Least-Square line fitting and
extrapolating to low frequency.

% by: Withawat Withayachumnankul

% modified by: Shaghik Atakaramians

% The University of Adelaide

% June 2006

function [unwrappedphi,lowerBoundIndex,upperBoundIndex]
=myUnwrapLS(inputphi,freqstep,deltaF,lowerBound,upperBound)
upperBoundIndex=floor (upperBound/deltaF) ;

x=unwrap (inputphi) ;

NN=upperBoundIndex-lowerBoundIndex+1;
X1=sum(freqgstep(lowerBoundIndex:upperBoundIndex)) ;
X2=sum(freqstep(lowerBoundIndex :upperBoundIndex) .?) ;

XY=sum(freqgstep(lowerBoundIndex:upperBoundIndex) . *. ..
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x (lowerBoundIndex:upperBoundIndex)) ;

Y1=sum(x (lowerBoundIndex :upperBoundIndex)) ;

AA=inv([NN X1; X1 X2])=*[Y1;XY];
x(1:1lowerBoundIndex-1)=AA(2)*freqstep(1l:lowerBoundIndex-1) ;
x (lowerBoundIndex:end)=(x(lowerBoundIndex:end)-AA(1)*. ..
ones (size(x(lowerBoundIndex:end))));

unwrappedphi=x;

return

B.2 THz waveguide analysis program

This Section consists of MATLAB mfiles used for extraction absorption coefficient and
effective refractive index from raw THz waveguide waveforms. Part B.2.1 contains the

main file and Part B.2.2 contains the functions used in the main file.

B.2.1 Main mfile

% This is the main mfile that needs to be run to evaluate absorption coefficient
% and effective refractive index from raw THz waveguide waveforms

% by: Shaghik Atakaramians

% The University of Adelaide

’% December 2008

clear all;clc;

mu=pix4e-7;e0=8.854e-12;

c=1/sqrt (muxe0) ;

numstep=500;

mm=512;dx=2%15e-6;dt=dx/c;

t=1e12*(0:dt: (numstep-1)*dt); % ps

x=15e-6%(0:1: (numstep-1))*1e3; % mm

% Length of the fibres L1=16e-3;L2=20.4e-3; L3=24.9e-3;
delta_t1=(L3-L1)/c;

delta_t2=(L3-L2)/c;
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% Load the data file Al=load(’spiderweb500_S_scan001.dat’);
A2=1o0ad (’spiderweb500_M scan004.dat’);

A3=10ad (’spiderweb500_L_scan002.dat’);

% Processing options

Proc_opt=’1line’;

switch lower (Proc_opt)

case ’non’

BFT1=A1;BFT2=A2;BFT3=A3;

case ’filter’

F_type = ’high’;

F_order=100;

switch lower (F_type)

case ’high’

disp(’Highpass filter’)

Wn=0.03; case ’bandpass’

disp(’Bandpass filter’)

Wn=[0.01,0.8;0.02,0.8;0.05,0.8];

end

for ii=1:max(size(Wn))

wn=Wn(ii);

b = firl1(F_order,wn,F_type);

BF1=conv(Al,b) ;BFT1=BF1((0.5*F_order+2) : (length(BF1)-0.5%F_order)) ;
BF2=conv(A2,b) ; BFT2=BF2((0.5*F_order+2) : (length(BF2)-0.5%F_order)) ;
BF3=conv(A3,b) ; BFT3=BF3((0.5*F_order+2) : (length (BF3)-0.5%F_order)) ;
end

case ’line’

BFT1=detrend (A1(1:440));

BFT2=detrend (A2(1:430));

BFT3=detrend (A3(1:460)) ;

end

% Zeropadding of the signals
[SL1]=Zeropadding(BFTS1,80,4,231,1,mm) ;

[SL2]=Zeropadding (BFTS2,80,3,255,1,mm) ;

[SL3]=Zeropadding (BFTS3,80,3,273,1,mn) ;

figure(4); hold all;

Page 225



B.2 THz waveguide analysis program

plot(SL1,’b’) ;plot(SL2,’g’) ;plot(SL3,’r’);

ylabel (’Zeropad THz Signal [a.u.]’);
xlabel(’distance [a.u.]’);

% Signals plot in the time domain

figure(5);hold on;

time_v=1e12*(0:dt: (mm-1)*dt) ;
plot(time_v,SL1,’b’,time_v,SL2,’g’ ,time_v,SL3,’r’);
ylabel (’THz Signal [a.u.]’);

xlabel(’Time [ps]’);

% Signals plot in the frequency domain

figure(6) ;hold all;

Sf1=fft(SL1,MM) ;Sf2=fft (SL2,MM) ;Sf3=fft (SL3,MM);
freq =(0:MM-1)’/dt/MM;
semilogy(freq(1:MM/4)*1le-12,abs(Sf1(1:MM/4)),’b’);
semilogy(freq(1:MM/4)*1e-12,abs(Sf2(1:MM/4)),’g’);
semilogy(freq(1:MM/4)*1e-12,abs(S£3(1:MM/4)),’r’);
xlabel (’Frequency [THz]’);

ylabel (’Spectral Amplitude’);

% Calculating fibre parameters
delta_t3=delta_tl-delta_t2;
[n_omegal,Alphal,freqstepl]=Mainfile(Sf2,Sf1,freq,0.18,0.75,(L2-L1),...
delta_t3,c,MM,0);
[n_omega2,Alpha2,freqstep2]=Mainfile(Sf3,Sf1,freq,0.14,0.6,(L3-L1),...
delta_tl,c,MM,0);
[n_omega3,Alpha3,freqstep3]=Mainfile(Sf3,Sf2,freq,0.15,0.57,(L3-L2),...
delta_t2,c,MM,0);

% Avearging and displaying the results
n_omegalM=(n_omegal+n omega2+n omega3)/3;

plot (freqstepl,n_omegaM, ’oK’);

figure(8);hold on;

Alpha mean=(Alphal+Alpha2+Alpha3)/3;

plot (freqstepl, (Alpha mean),’oK’)
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B.2.2 Functions

The Part contains three functions employed in Part B.2.1.

Zeropad the signal

% This function paddes the begining and end of the signal with zeroes.
% by: Shaghik Atakaramians

% The University of Adelaide

% December 2008

function [Y]=Zeropadding(Y,pointl,kk,point2,11,mm)
Y1=Y;

for jj=1:(length(Y)-1)
test(§3)=Y(33)/Y(jj+1);

if test(jj)<O0

zero_pos(jj)=jj;

else

zero_pos(jj)=0;

end

end
zero_index1=find(zero_pos<pointl & zero_pos>0);
[n1,m1]=size(zero_indexl);

if (n1>0 & m1>0)

for kk=1:zero_index1(kk)

Y (kk)=0;

end

end
zero_index2=find(zero_pos>point2);
[n2,m2]=size(zero_index2) ;

if (n2>0 & m2>0)
Zero_2=zero_index2(11);

else
a=min(abs(Y1(point2:length(Y1))));
Zero_ 2=find(Y1==-a);

end
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for kk=Zero_2:mm
Y(kk)=0;

end

Calculating absorption coefficient and effective refractive index

% This file evaluates and averages the absorption coefficient
% and effective refractive index of the waveguide.

% by: Shaghik Atakaramians

% The University of Adelaide

% December 2008

function [NN,ALAL,FfFf]=Mainfile(Esf,Erf,freq,lowerF,upperF,Sampthic,...
delta t,c,mm,ii)

freqstep=freq*le-12;omega=2*pixfreq;

betaO=omega/c;

phi=(angle(Esf)-(delta_t*omega)-angle(Erf));

AA=abs(Esf./Erf);

deltaF=mean(diff (freqstep));

lowerIndex=ceil (lowerF/deltaF);

upperIndex=floor (upperF/deltaF) ;

Phi = myWGUnwrap(phi,freqstep,lowerIndex,upperIndex,mm);
plot(freqstep(1:mm/4) ,Phi(1:mm/4),’b’)

figure(7)

n_omega=(-1x(Phi) ./ (Sampthic*beta0)) ;

plot (fregstep(lowerIndex:2*upperIndex) ,n_omega(lowerIndex:2*upperIndex),’m’)
xlabel (’Frequency [THz]’);

ylabel (’Index of Refraction n’);

figure(8)

alpha=-2x*(log(AA))/Sampthic;

Alpha=0.01*alpha;

plot (freqstep(2*lowerIndex:upperIndex) ,Alpha(2*lowerIndex:upperIndex),’*r’)
xlabel (’Frequency [THz]’);

ylabel (’Absorption Coefficient a [1/cm]’);
NN=n_omega;ALAL=Alpha;FfFf=freqstep;
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return

B.3 Microwire

This Section consists of MATLAB mfiles used for calculating the propagation constant,
electromagnetic fields, power fraction, and effective area of a microwire. Part B.3.1
contains the main file that calculates the propagation constant of the microwire, and

Part B.3.2 contains the functions.

B.3.1 Main mfile

% This file evaluates the propagation constant of the
% fundamental mode of a microwire.

% by: Shaghik Atakaramians

% The University of Adelaide

% March 2007

clear all;clc;
n=1;mu=pix4e-7;e0=8.854e-12;
freq=0.5;

bulkinfo=load (’bulkTOPASsample.txt’);
deltaF=bulkinfo(2,1);
Index=ceil (freq/deltaF);
f=bulkinfo(Index,1)*1lel2;
nl=bulkinfo(Index,?2);
alphal=bulkinfo(Index,3);
n0=1;ns=0.0005;
lambda=1/(f*sqrt (mu*xe0)) ;
omega=2*pix*f;
betal0=(2xpi)/lambda;

ml1=0;

for D=140:10:600
d=D*1e-6;a=d/2;
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nn=nl-ns;

CO=dispersionnl (n,nn,n0,nl,betald,a);
U=0;mm=0;

while (U==0 & nn>4(n0+ns))
nn=nn-ns;

Cl=dispersionnl (n,nn,n0,nl,beta0,a);
if sign(C1)==sign(CO)

C0=C1;

else

U=1,;C0=C1;

end

if U==
[neff,fval,exitflagn]=fsolve(@(nn) dispersionnl(n,nn,n0,nl,beta0,a),nn);
if exitflagn==1

U=1;mm=1;

else

U=0;

end

end

end

if ==1

ml=mi+1;
[Pcore,Pair]=PWR(n,betal,neff,n1,n0,a,omega,el);
P_core(ml)=Pcore/(Pcore+Pair) ;

Ptot (m1)=Pair/(Pcore+Pair);
Diam(m1)=D;

end

end

% Save the results

save TOPAS_PowerFraction.mat Ptot P_core Diam

B.3.2 Functions

The Part contains three functions employed in Part B.3.1
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Eigenvalue equation

%This file contains the eigenvalue equation from which

% the propagation constant of the fundamental mode is calculated.
% by: Shaghik Atakaramians

% The University of Adelaide

% March 2007

function[disp]=dispersionnl(n,nn,n0,nl,betal,a)

u=axbetalO*sqrt (n1?-nn?);

w=axbetalO*sqrt (nn?-n0?) ;
CC1=0.5%(besselj(n-1,u)-besselj(n+1l,u))/(urbesselj(n,u));
CC2=-0.5%(besselk(n-1,w)+besselk(n+1l,w))/ (w¥besselk(n,w));
CC3=(1/u)?;CC4=(1/w)?;
disp=(CC1+CC2)*(CC1+(n0/n1)?*CC2) -n** (CC3+CC4) * (CC3+(n0/n1)?*CC4) ;

return

Electromagnetic fields

%This file evaluated and plots the electromagnetic fields
% of the fundamental mode of a microwire.

% by: Shaghik Atakaramians

% The University of Adelaide

% March 2007

function [er,et,ez,hr,ht,hz]=EHfield(n,r,teta,psi,K0,neff,nl1,no,...
a,omega,e0,mu)

A=1;

u=a*K0*sqrt (n1%2-neff?) ;

w=axK0*sqrt (neff2-n0?) ;
CC1=0.5%*(besselj(n-1,u)-besselj(n+l,u))/(u*besselj(n,u));
CC2=-0.5%(besselk(n-1,w)+besselk(n+1l,w))/ (w¥besselk(n,w));
CC3=(1/u)?;CC4=(1/w)?;

s=n* (CC3+CC4) / (CC1+CC2) ;

s1=(neff/n1)?+*s;s0=(neff/n0)?%*s;
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EE1=j*A*xKO*neff*a/u;

EE2=(j*A*KO*neff*a/w)*(besselj(n,u) /besselk(n,w));
HH1=j*A*omega*eO*nl?*a/u;
HH2=(j*A*omega*eO*nO2*a/w)*(besselj(n,u)/besselk(n,w));
kappa=u*r/a;sigma=w*r/a;

if (r<a)

er=-1*¥EE1*(0.5%(1-s) *besselj(n-1,kappa)-0.5%(1+s)*besselj(n+l,kappa))*...
cos(n*teta+psi);
et=EE1x(0.5%(1-s)*besselj(n-1,kappa)+0.5%(1+s)*besselj(nt+l,kappa))*. ..
sin(n*teta+psi) ;

ez=Axbesselj(n,kappa)*cos(n*tetatpsi);

hr=-1xHH1*(0.5%(1-s1)*besselj(n-1,kappa)+0.5%(1+s1)*besselj(n+l,kappa))*. ..

sin(n*teta+psi);

ht=-1xHH1*(0.5%(1-s1)*besselj(n-1,kappa)-0.5%(1+sl)*besselj(n+l,kappa))*. ..

cos(nxteta+psi) ;
hz=-1*A*xKO*neff*s*besselj(n,kappa)*sin(n*teta+psi)/(omega*mu) ;

else

er=-1*¥EE2*(0.5%(1-s) *besselk(n-1,sigma)+0.5%(1+s)*besselk(n+l,sigma))*...
cos (nxteta+psi) ;

et=EE2x(0.5%(1-s) *besselk(n-1,sigma)-0.5%(1+s)*besselk(n+l,sigma))*. ..
sin(n*teta+psi);

ez=A*x(besselj(n,u) /besselk(n,w))*besselk(n,sigma)*cos(n*tetatpsi);

hr=-1xHH2* (0.5%(1-s0) *besselk(n-1,sigma)-0.5%(1+s0)*besselk(n+l,sigma))*. ..

sin(n*teta+psi);

ht=-1*HH2* (0.5%(1-s0) *besselk(n-1,sigma)+0.5%(1+s0)*besselk(n+l,sigma))*. ..

cos(n*teta+psi) ;

hz=-1*A*KO*neff*s*(besselj(n,u) /besselk(n,w))*besselk(n,sigma)*. ..
sin(n*tetat+psi)/(omega*mu) ;

end

return

Power fraction

%This file evaluated the power fraction in the core

% and clad of a mcirowire.
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% by: Shaghik Atakaramians
% The University of Adelaide
% March 2007

function [pcore,pclad]=PWR(n,betal,neff,n1,n0,a,omega,el)

A=1;

u=axbetalOxsqrt (n1?-neff?);

w=axbetalO*sqrt (neff?>-n0?) ;
CC1=(pi/4)*omega*eO*n1*betaO*neff*(a/u)?*(abs(A))?;
CC2=(pi/4)*omega*e0*n0’*betal*neff* (a/w)?*(abs(A))?*(besselj(n,u)/. ..
besselk(n,w))?;
SS1=0.5%(besselj(n-1,u)-besselj(n+l,u))/(uxbesselj(n,u));
SS2=-0.5%(besselk(n-1,w)+besselk(n+1,w) )/ (wxbesselk(n,w));
$S3=(1/u)?;884=(1/w)?;

s=n* (SS3+SS4) /(SS1+SS2) ;

s1=(neff/n1)?+s;s0=(neff/n0)?%*s;

% These are the integral formula of the bessel functions
intbesj1=(a?/2)*((besselj(n-1,u))?-besselj(n-2,u)*besselj(n,u));
intbesj2=(a?/2)*((besselj(n+1,u))?-besselj(n,u)*besselj(n+2,u));
intbeskl=(a?/2)* (besselk(n-2,w) *besselk(n,w) - (besselk(n-1,w))?);
intbesk2=(a?/2) * (besselk(n,w) *besselk (n+2,w) - (besselk (n+1,w))?);
pcore=CC1*((1-s)*(1-s1)*intbesjl+(1+s)*(1+s1)*intbesj2);
pclad=CC2* ((1-s)* (1-s0)*intbeskl+(1+s)* (1+s0)*intbesk?2) ;

return

B.4 Porous fibre

This Section consists of numerical FEM code implemented in MATLAB mfiles used for
calculating propagation constant, power fraction, effective area, and field distribution of
porous fibres. Part B.4.1 contains the main mfile where the FEMIlab code is also included,

while Part B.4.1 contains the functions used in the main file.
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B.4.1 Main mfile

% This file is the set-up file for analysing Porous fibres.

% Waveguide parameters such as the material propertise, frequency range,
%» and dimension of the fibre are set in this file.

% by: Kris Rowland

% modified by: Shaghik Atakaramians

% The Univeristy of Adleiade

% January 2008

clear all; flclear fem; format long e;
mu=pix*4e-7;e0=8.854e-12;

eta_O=sqrt (mu/e0);

% Loading the measured bulk matertal information from a tzt file
bulkinfo=load(’bulkPMMAsample.txt’);
deltaF=bulkinfo(2,1);

Index=ceil (freq/deltaF);

f=bulkinfo(Index,1)*1lel?2;

n_CORE=bulkinfo(Index,2);

n_CLAD=1;

alpha core=bulkinfo(Index,3);
measurement_lambda=1/(f*sqrt (muxe0)) ;

% Define the Geometry parameters for the structure
porosity=0.5;

rcore_vect=[200] *1e-6;

rhole_vect=0.1*rcore_vect;

pml_r vect=2000e-6;

% Define mesh parameters
hauto=1;hmax_core_vect=10e-7;hmax_holes_vect=5e-6;

% Number of etgen-solutions guess wvalue for solutions
neigs=2;

neff_guess=1.2;

for 11=1_length(measurement_lambda)
lambda=measurement_lambda(11l);

iii=iii+1;
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% Define Geometry

Geometry

% Define subdomains and boundary indices
Substdomains=[2] ;

Claddomains=[5 6];

Holedomains=[1 3 4 8:11 14:31];
edges:pm=[1 3:10];

edges:pe=[2 13:23 25 12 28 29 30];

% FEMlab codes

clear fem appl
shift=-(2*pi*neff:guess/lambda)?;
fem.geom=G;

nsub=get (G, ’nmr’) ;

nedge=get (G, ’nbs’) ;

clear G
fem.const="nSubst’,nSubst, 'nHole’ ,nHole,’r0’ ,pml r,’d’ ,pml_w, ...

’A’,pml_A,’epsilon_r’,nSubstQ;

Mesh
clear appl
appl.mode.class = ’PerpendicularWaves’;

appl.module="EM’;

clear prop
prop.analysis=’mode’;
prop.inputvar=’lambda’;
prop.eigtype=’propconst’;
appl.prop=prop;

clear bnd
bnd.type="E0’,’cont’,’HO’;
bnd.ind=2*ones (1,nedge) ;
EOedge=edges_pe;
HOedge=edges_pm;

bnd.ind (EOedge)=1;

bnd . ind (HOedge)=3;
appl.bnd=bnd;

clear equ
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equ.init=0;

equ.usage=1;

equ.mutype=’iso’,’iso’,’aniso’;
equ.epstype=’iso’,’iso’,’aniso’;

equ.epsilonr=1; equ.mur=1;

equ.matparams=’n’,’n’,’epsr’;

equ.n=’"nSubst’, ’nHole’,1;

equ.ntensor=1;

equ.ntype=’iso’;

equ.murtensor=1,1,’Lxx’;’ ’Lyy’;’Lzz’;

equ.epsrtensor=1,1, ’epsilon_r*Lxx’;’epsilon_r*Lyy’;’epsilon_r*Lzz’;
equ.sigma=0;

equ.sigmatensor=0;

equ.sigtype=’iso’;

equ.ind=2*ones(1,nsub);

equ.ind (Substdomains)=1;

equ.ind (PMLdomains)=3;

appl.equ=equ;

appl.var = ’lambdal’,lambda;

fem.appll = appl;

fem.border=1;

fem.units=’SI’;

clear equ

equ.ind=4*ones(1,nsub);

equ.ind (PMLdomains)=[1,2,3];

equ.dim = ’hx’,’hy’,’hz’;

equ.expr = ’Lxx’,’sy*sz/sx’,’sy*sz/sx’,’sy*sz/sx’,’’,’Lyy’,...
’sx*sz/sy’,’sx*sz/sy’,’sx*sz/sy’,’’,’Lzz’, sx*sy/sz’,’sx*sy/sz’,’sx*sy/sz’,’’,
'sx?,1,21-j*A* ((x-r0) /d)?’,  1-j*A* ((x-r0) /d)?’,7 7, ...

'sy?, 2 1-j*A% ((y-r0) /d)?’,’ 1-j*A* ((y-r0) /d)?’ ,1, 7,82’ ,1,1,1,°;
fem.equ = equ;

fem.expr=;

fem.functions=;

fem=multiphysics(fem) ;

fem.xmesh=meshextend (fem) ;
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fem.sol=femeig(fem, ’solcomp’,’thxhy’, ’hz’,’outcomp’,’hz’, ’thxhy’,...
‘neigs’,neigs,’shift’,shift);

% Post processing

for ii=1:neigs

neff(iii,ii)=sqrt(-fem.sol.lambda(ii))*1lambda/2/pi;

end

PostProcess

end
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Functions
Geometry: hexagonal lattice

% The waveguide, porous fibre, geometery is defined in here.
% by: Shaghik Atakaramians

% The Univeristy of Adleiade

% January 2008

rcore=rcore_vect (1) ;

rhole=rhole_vect(1);

% Create a vertual ring for increasing the mesh density
carr=curve2([0,rcore+10e-6,rcore+10e-6], [rcore+10e-6,rcore+10e-6,0],
[1,sqrt(0.5),1]) ,curve2([rcore+10e-6,0], [0,rcore+10e-6], [1,sqrt(0.5)]1);
gl=geomcoerce(’solid’,carr);

carr=curve2([0,0], [rcore+10e-6,0],[1,1]),
curve2([0,rcore+10e-6], [0,0],[1,1]),

curve2([rcore+10e-6,0], [0,rcore+10e-6]1,[1,1]);
g2=geomcoerce(’solid’,carr);
g3=geomcomp(gl,g2,’ns’,’gl’,’g2’,’sf’, gl+g2’,’edge’, ’none’) ;
gl=geomdel (g3) ;

G=g4;

% Create a quarter of the core

carr=curve2([0,rcore,rcore], [rcore,rcore,0], [1,sqrt(0.5),1]),
curve2([rcore,0], [0,rcore], [1,sqrt(0.5)]1);
gl=geomcoerce(’solid’,carr);

carr=curve2([0,0], [rcore,0],[1,1]),

curve2([0,rcore], [0,0],[1,1]),

curve2([rcore,0], [0,rcore], [1,1]);
g2=geomcoerce(’solid’,carr);
g3=geomcomp(gl,g2,’ns’,’gl’,’g2’,’sf’, gl+g2’,’edge’, ’none’) ;
gd=geomdel (g3) ;

G=G+g4;

% Adding circular holes

tetap=linspace(0,2*pi,100);

X1 _core=rcorex*cos(tetap) ;
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Y1 _core=rcorexsin(tetap) ;
abs_core=abs(X1_core+j*Y1 core);
x1_hole=rhole*cos(tetap) ;
y1_hole=rhole*sin(tetap) ;
abs_hole=abs(x1_hole+j*yl hole);
domain_count=3;

if (rcore-max(abs(x1_hole+j*yl_hole)))>0
G=G-ellip2(rhole,rhole,’base’,’center’,’pos’, [0,0]);
domain_count=domain_count+i1;

% Hezagonal lattice displacements

HH=sqrt (pi/ (2*sqrt(3) *porosity))*rhole;
rv=sqrt (3) *HH; rh=2*HH;
Vdis=0;Hdis=(rh:rh:rcore);

for ii=1:1:length(Hdis)

x2_hole=x1_hole+ Hdis(ii)*ones(size(x1_hole));
y2_hole=y1 hole+ Vdis*ones(size(yl_hole));
abs_hole=abs(x2_hole+j*y2_hole);

if min(abs_core-abs_hole)>0
domain_count=domain_count+1;
G=G-ellip2(rhole,rhole,’base’,’center’,’pos’, [Hdis(ii), Vdis]);
end

end

Vdis=(2*rv:2*rv:rcore) ;Hdis=0;

for ii=1:1:length(Vdis)

x2_hole=x1_hole+ Hdis*ones(size(x1_hole));
y2_hole=yl_hole+ Vdis(ii)*ones(size(yl_hole));
abs_hole=abs(x2_hole+j*y2_hole);

if min(abs_core-abs_hole)>0
domain_count=domain_count+1;
G=G-ellip2(rhole,rhole, ’base’,’center’,’pos’, [Hdis, Vdis(ii)]);
end

end

for jj=1:1:ceil(rcore/rv)

Vdis=jj*rv,

chord=sqrt (rcore?-Vdis?);
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if rem(jj,2)==1

Hdis=(rh/2:rh:chord);

else

Hdis=(rh:rh:chord);

end

for ii=1:1:length(Hdis)

x2_hole=x1_hole+ Hdis(ii)*ones(size(x1_hole));

y2_hole=yl hole+ Vdis*ones(size(yl_hole));
abs_hole=abs(x2_hole+j*y2_hole);

if min(abs_core-abs_hole) >0

domain_count=domain_count+1;
G=G-ellip2(rhole,rhole,’base’,’center’,’pos’, [Hdis(ii), Vdis]);
end

end

end
G=rect2(pml_r+pml w,pml r+pml w,’base’,’corner’,’pos’,0,0)+G;
else

disp([’dimension of the holes are greater than that of the core’]);

end

Post processing functions

% The waveguide parameters such as power fraction, field distribution,
% effective area, and effective material loss are evaluated here.

% Shaghik Atakaramians

% The Univeristy of Adleiade

% January 2008

format long e

disp([’Calculating waveguide parameters...’])
Neffi1(iii)=neff(iii,1);

Neff2(iii)=neff(iii,2);

% Parameters evaluation

power hole 1(iii)=postint(fem,’Pozav’,’Dl’,Holedomains,’solnum’,1);

power _core_1(iii)=postint(fem,’Pozav’,’Dl’,Substdomains,’solnum’,1);
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power _ground 1(iii)=postint(fem,’Pozav’,’D1l’,Claddomains,’solnum’,1);

Area_eff_1(iii)=...

4% (postint (fem, ’Pozav’,’D1’, [Holedomains,Substdomains,Claddomains] ,’solnum’,1))?/...

postint(fem,’Pozan’,’Dl’,[Holedomains,Substdomains,Claddomains],’solnum’,l);
Alpha eff 1(iii)=sqrt(8.854187817e-12/(4xpi*le-7))*(nSubst*alpha core)*. ..
postint(fem,’(normE)Q’,’Dl’,Substdomains,’solnum’,l)/...

(2xpostint (fem, ’Pozav’,’D1’, [Holedomains,Substdomains,Claddomains], ’solnum’,1));
power hole 2(iii)=postint(fem,’Pozav’,’Dl’,Holedomains,’solnum’,2);

power _core 2(iii)=postint(fem,’Pozav’,’D1l’,Substdomains,’solnum’,2);
power_ground_2(iii)=postint(fem, ’Pozav’,’Dl’,Claddomains,’solnum’,2);

Area_eff 2(iii)=...

4x (postint (fem, ’Pozav’,’D1’, [Holedomains,Substdomains,Claddomains],’solnum’,2))?/. ..

(2*postint(fem,’Pozan’,’Dl’,[Holedomains,Substdomains,Claddomains],’solnum’,2);
Alpha eff 2(iii)=sqrt(8.854187817e-12/(4*pixle-7))*(ncore*alpha core)*. ..
postint(fem,’(normE)Q’,’Dl’,Substdomains,’solnum’,2)/...

(2*postint (fem, ’Pozav’,’D1’, [Holedomains,Substdomains,Claddomains] , ’solnum’,2));
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Append

Equipment for THz
measurements

HE equipment used to conduct THz experiments is listed in this
appendix. Table C.1 outlines the equipment used at The Univer-
sity of Adelaide to study the THz properties of bulk materials, and
Table C.2 outlines the equipment used at The University of Adelaide to char-

acterise THz waveguides.
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Table C.1. List of equipment used at University of Adelaide A. The Table includes the major
equipment used at The University of Adelaide to study the THz properties of bulk

materials. These equipments are used for experiments carried out in Section 3.3.

Purpose Equipment type | Manufacturer | Model
Femtosecond laser pulse generation | Ultrafast laser Spectra Physics | Mai Tai
THz generation Fibre-coupled Picometrix T-ray 2000
THz detection Fibre-coupled Picometrix T-ray 2000

Table C.2. List of equipment used at University of Adelaide B. The Table includes the major

equipment used at The University of Adelaide for fibre characterisation. This equipment

is used for experiments carried out in Section 6.3.2.

Purpose

Equipment type

Manufacturer

Model

Femtosecond laser

pulse generation

Ultrafast laser

Spectra Physics

Mai Tai

THz generation

Aperture array

T-Ray Science Inc.

T-LUXTM type AA

detector distance

THz detection THz-Tip (tapered PCA) | AMO GmbH PC-FP-001-3-850
Motion controller Motion controller Newport ESP300-1111N2
Delay stage Motorised translation | Newport ILS50PP

stage
Pre-amplifier Current amplifier FEMTO DLPCA-200
Phase sensitive detec- | Lock-in amplifier Coherent Scientific | SR810
tion
Optical modulation Chopper THORLABS Inc. MC1000A
Power supply DC bias to aperture array | Topward  Electric | TPS-400

Instruments

Monitoring fibre and | USB CCD Camera THORLABS Inc. DCU224C

Measuring power

Power meter

Newport

1918-C & 818p
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Glossary

The physical constants used in this thesis are in accordance with a recommendation of

the Committee on Data for Science and Technology (Mohr and Taylor 2005).

Quantity Symbol Value

Boltzmann constant ky, 1.3806505x 10723 J/K
8.617343x107%eV/K

electron volt eV 1.60217653x 10719

Planck constant h 6.6260693x 10734 s
4.135 66743x101%eV.s

speed of light in vacuum ¢, Co 2.99792458x10%m /s

vacuum permeability (magnetic constant) g 47 x107"N/A?

vacuum permittivity (electric constant) €0 8.854187817x 107 12F/m
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BOL
BWO
CCD camera
COC

CP

cw

DNA
EDX
FDM
FEM
FEL

FIB milling
FTIR
GaAs
GDC
GVD
HCF
HDPE
HEM

InP

LIA

IR
LT-GaAS
MOF

PC

PC antenna

Acronyms

bolometer

backward wave oscillator
charge-coupled device camera
cyclic-olefin copolymer
cylindrically periodic
continuous wave
deoxyribonucleic acid

energy dispersive X-ray

finite difference method

finite element method

free electron laser

focused ion beam milling
Fourier transform infrared
gallium arsenide

grating dispersion compensator
group velocity dispersion
hollow-core fibre

high density polyethylene
hybrid mode (combination of TE(H) and TM(E) modes)
Indium phosphide

lock-in amplifier

infrared

low temperature grown GaAs
microstructured optical fibre
polycarbonate

photoconductive antenna
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Acronyms

PCF

PE
PEC
PM
PMC
PML
PMMA
PS
PVC
PVDF
QCL
RD-SOS
SD saw
SEM
SOS
SNR
TDS
TE
TEM
THz
THz-TDS
™

uv

photonic crystal fibre
polyethylene

perfect electric conductor
polarisation maintaining

perfect magnetic conductor
perfectly matched layer
polymethyl methacrylate
polystyrene

polyvinyl chloride

ferroelectric poly vinylidene flouride
quantum cascade laser
radiation damaged SOS
semiconductor dicing saw
scanning electron microscope
silicon-on-sapphire
signal-to-noise ratio
time-domain spectroscopy
transverse electric

transverse electric and magnetic
terahertz

terahertz time-domain spectroscopy
transverse magnetic

ultraviolet
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