TERAHERTZ REFLECTION TIME-DOMAIN SPECTROSCOPY FOR
IMAGING AND IDENTIFYING CONCEALED INTERFACES IN
MULTILAYERED SYSTEMS

by

Seth Lowry

B.Sc., University of Northern British Columbia, 2017

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN
PHYSICS

UNIVERSITY OF NORTHERN BRITISH COLUMBIA

August 2020

© Seth Lowry, 2020



Abstract

This thesis reviews multiple forms of terahertz spectroscopy and imaging, and
exploits a combination of aspects from the techniques involved to undertake a
novel method. With the use of this method, subsurface interfaces within a prac-
tical, insulated system are spatially imaged and identified. Initially, transmis-
sion spectroscopy is used to select the insulating material of the system based
on favourable dielectric properties, followed by the use of dove prism reflection
spectroscopy to understand and qualitatively contrast the responses of the inter-
faces to reflecting terahertz pulses. After constructing a reflection imaging system,
multiple interface materials concealed by insulation are successfully located and
identified by coloured overlays in a 100 by 100 image. Further exploration of ap-

plications involving the proposed method is also discussed.
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Introduction

Recent advancements in terahertz (THz) technology have led to innovations in
imaging, spectroscopy, and non-destructive evaluation (NDE) techniques. This
stable access to a new frequency range of light has led to cutting-edge advance-
ments and diversified strategies in this field of research. Measuring the interaction
between matter and differing frequencies of light allows for characterizations of
that material; this is classified as a form of spectroscopy. For NDE purposes, mea-
suring the reflectance of light from matter can be a useful form of spectroscopy,
which is called reflection spectroscopy. This allows interfaces of differing materi-
als to be examined and evaluated.

The purpose of this thesis is to review important contributions made in the field
of imaging, NDE, and reflection spectroscopy at THz frequencies of light to de-
termine the most appropriate implementation for conducting concealed interface
inspection. Further, this work realizes such an implementation and exploits it to
demonstrate an example of subsurface interface imaging appropriate for NDE. The
scope includes analyzing current NDE techniques that implement THz reflection
spectroscopy for imaging, quality assessment, and characterization of materials
and interfaces, identifying limits in current NDE techniques where THz imaging
may present a feasible alternative, and demonstrates a functional system suitable

for further work to expand NDE methods in THz technology.



Outline of this Thesis

Chapter 1 contains a brief overview of the history of THz radiation as well as
its involvement in various forms of spectroscopy. THz applications are explored
from research in controlled environments to applied, practical systems in industry.
A comparison of techniques from each area is undertaken to set the stage for the
project of this thesis.

Chapter 2 details a common mechanism for the generation and detection of pulsed
THz radiation, as well as its operation in THz time-domain spectroscopy (THz-
TDS). Two theoretical models regarding different forms of spectroscopy for the
extraction of material dielectric properties are also developed.

Chapter 3 reports the experimental methods involved in transmission and reflec-
tion spectroscopy, as well as the implementation of a reflection imaging system for
the identification of subsurface interfaces within an insulated system. A collection
of images are displayed based on various amplitude and phase characteristics of
the reflected THz pulses. Interface-specific image filters are described and applied
to a reflection image, successfully locating and identifying each interface material.
Chapter 4 conclusively summarizes the experimental results of this thesis, and
emphasizes its importance to broadening the use of THz in NDE, followed by sug-

gestions for future direction.



Chapter 1

Terahertz Imaging & Spectroscopy

1.1 Terahertz Radiation

Terahertz (THz) radiation, sometimes referred to as far-infrared radiation or sub-
millimeter waves, corresponds to a frequency range of the electromagnetic spec-
trum between microwaves and the infrared range of light [1]. Inherent from the
prefix tera (T), these frequencies usually exist upwards to approximately 3 THz
(10'? Hz) and can reach as low as 300 GHz (10° Hz). Until recent technological
advancements, the stable production of electromagnetic waves in this range of fre-
quencies has been difficult to access in a compact setting [2]. For many years, the
electromagnetic frequencies produced by conventional electronic methods have
not extended up to terahertz frequencies, nor have they been accessible by opti-
cal methods involving lasers and semiconductors [3]. The frequency roll-off from
these common methods creates a gap in the electromagnetic spectrum, commonly
referred to as the "THz gap.” This technological impasse poses a substantial practi-
cal challenge for the production of radiation in this range of frequencies, and also
serves to define the characteristic range of frequencies in the THz region.

The rising interest in exploring THz frequencies over the years has been driven



by this phenomenon, and has given rise to novel methods since the 1970’s for the
stable production and coherent detection of THz radiation by borrowing concepts
from both optical and electronic domains. Following this technological leap, sig-
nificant progress has been made in improving THz technology, thus increasing the
accessibility of frequencies within the THz gap. Now, with a growing expanse
of experimental methods and diverse production of THz equipment, the regu-
lar conduction of THz research in a compact setting is no longer a challenging
task. Recent applications of THz science span many areas of non-destructive eval-
uation (NDE) [4], food inspection [5], security screening [6], art preservation [7],
medicine [8], as well as imaging [9].

THz radiation retains numerous appealing qualities regarding its interactions
with some materials. These unique properties are driving the pursuit for new ap-
plications in the constantly evolving THz field. THz radiation propagates through
a vast selection of dry, non-conducting materials, such as plastics, foams, and
composites, with minimal absorption, motivating a range of applications towards
the quality testing of packaged materials and detection of corrosion under insu-
lation [10]. With applications heavily involved in NDE techniques, competition
between THz and the previously prominent X-ray technology naturally exists. In
applications for which the use of THz technology is applicable, it has proven to ex-
cel due, in part, to the inherent safety of using this type of radiation since THz fre-
quencies are non-ionizing and do not have the required photon energy to directly
damage DNA structures within a biological system, as opposed to X-rays [11]. The
sub-millimetre wavelength provides sufficient resolution for many imaging appli-
cations, and demonstrates unique interactions upon reflection with water [12,13].
These qualities are limited by the heavy absorption of THz frequencies in atmo-
spheric moisture, restricting propagation distances to tens of meters, which is still

suitable for many applications.



With innovation in technology, the methods of producing and detecting THz ra-
diation have diversified over the years, lending different varieties of THz sources
for a given application. Common continuous-wave (cw) THz sources take advan-
tage of photomixing two laser modes of a different frequency of light in order
to produce a monochromatic THz beam at the difference frequency [14]. These
lasers exhibit a high power density for a given frequency, but are limited in band-
width and solely rely on intensity-based measurements. These cw sources are often
adapted to specific applications for NDE in industry. With the rapid commercial-
ization of femtosecond (fs) laser sources in the early 1990’s, the development of
ultrafast THz systems has enabled the coherent detection of THz pulses [15]. In
these systems, femtosecond laser pulses interact with an emitter, releasing a range
of THz frequencies in a pulse. The bandwidth of these pulses consists of frequen-
cies as low as 0.1 THz up to 5 THz. The femtosecond laser is also used to gate
the receiver, which allows for direct time-domain mapping of the electric field on
a sub-picosecond (ps) time scale. Even though compact sources and detectors for
THz frequencies are readily available for a laboratory setting, research in THz tech-

nology continues to discover more cost-efficient systems and designs.

1.2 Applications of THz Radiation for NDE

Since the advancements in electronics and photonics that led to the access of the
THz gap, there have been numerous applications for THz imaging. These range
from moisture content and concealed object imaging in biological materials [16,17],
to absorption spectroscopy for the identification of drugs/explosives [18], to secu-
rity screening applications [11], and finally to the detection of flaws in materials
within insulated systems such as submarine hulls [19] and the NASA space shut-

tle foam insulation [20]. Imaging with THz can be performed in a transmission



or reflection geometry, each of these methods specialized for certain applications
based on their respective strengths and weaknesses. Transmission imaging with
THz provides information regarding the full complex dielectric function (index of
refraction and absorption coefficient) of a sample, whereas reflection imaging can
provide unique surface and interface information which may be difficult or even
impossible to obtain via transmission.

For example, the complex dielectric characteristics of liquid water and other
polar liquids cannot be extracted by the use of transmission spectroscopy, due to
the heavy absorption of THz radiation by polar liquids [21]. By containing a liquid
water sample below a silicon window, the multiply reflected THz pulse (at the
surface of the window, and the silicon-water interface) contains amplitude and
phase information of the electric field of the reflected THz pulse. Analysis of the
effects of liquid water on these measured quantities allows the determination of
the dielectric properties of the sample.

One of the important aspects of these configurations is the delay line that en-
ables THz time-domain spectroscopy (THz-TDS). This allows each delayed pulse
to be paired with its associated reference pulse, in order to determine the relative
time delay of the pulse travelling through the sample. There are many characteris-
tic changes in pulse shape and position of the THz pulse in the time-domain that
are used to determine the properties of the sample transmitted through or reflected
from. Transmission imaging is generally used in materials in which THz radia-
tion will propagate in order to detect the pulse on the opposite side of the sam-
ple. Reflection imaging is often used in multilayered systems where propagation
through the sample is not possible, and this technique becomes extremely effec-
tive with concealed objects/interfaces that are highly reflective. Examples utilizing
transmission imaging are the imaging of food products low in water content [17],

the imaging of water content in a leaf [22], automobile dashboard inspection of



the foam padding between plastic parts [1], and security screening for weapons,
drugs or explosives [23,24]. By taking measurements with a pulsed THz spec-
trometer through chocolate bars contaminated with glass splinters, small stones,
and screws, Jordens and Koch find sudden intensity drops in the transmitted pulse
used to determine the presence of these contaminants [17]. An image of the con-
taminated chocolate bar still in its original packaging is produced, identifying the
intrusive objects. A small stone embedded in the chocolate bar is identified by
a drop in transmitted intensity from the image scan due to increased scattering
or absorption of the THz pulse. This report demonstrates the ability of THz-TDS
imaging to detect foreign bodies in chocolate bars and suggests the applicability of
THz imaging to food products in low moisture environments.

THz transmission spectroscopy can also be applied to the detection of illicit
drugs and explosives. Due to the specific structure of the chemicals involved in
drugs and explosives, the absorption spectra in the THz range for different materi-
als can vary significantly. Reports from Kawase et al. and Kemp conclude that the
identification of drugs and explosives with THz transmission spectroscopy is pos-
sible, even when these powders are concealed by materials transparent to THz fre-
quencies, such as envelopes and cloth [18,23]. By measuring the absorption spec-
tra for methylenedioxymethamphetamine (MDMA), aspirin and other metham-
phetamines separately, these drugs are detectable within an envelope packaging,
and a spatial image is produced, visually classifying each substance. It can be no-
ticed that absorption peaks at certain frequencies are very distinguishable for a
given material. In many materials that interact minimally with THz radiation, the
absorption curve increases with frequency, and peaks along the absorption curve
can be specific to certain substances. A similar technique is used to identify ex-
plosive powders such as Semtex, trinitrotoluene (TNT), and Royal Demolition eX-

plosive (RDX), also known as cyclonite [18]. Taking security applications further,



recent progress has been made by moving towards merging microwave and THz
imaging for security screening in airports [6]. The high resolution of THz radiation
and the lesser absorption in the atmosphere of microwaves allows for the detection
of metallic objects concealed underneath clothing.

Mittleman et al. exercise the use of a THz-TDS system for the identification of
various individual gases as well as gas mixtures [25]. Absorption lines at specific
frequencies illustrate absorption fingerprints that are used for gas identification.
Closely related gases are also distinguished by exploiting the time delay of THz
pulse “commensurate” echoes to examine characteristic rotational energies.

Applications for reflection spectroscopy and imaging at THz frequencies ex-
pand into the field of NDE of manufactured materials. In many manufactured
products, errors often occur in mouldings, sealant, and insulation, and over time
these materials can wear down. With NDE techniques, these flaws and defects
can be located without removal of insulation or destruction of the product. For
some reflection spectroscopy applications, the lack of the ability to perform trans-
mission spectroscopy makes the identification of concealed objects by their opti-
cal properties difficult since absorption spectra, or absorption ‘fingerprints’, may
not be present in reflections. It is also complicated by the fact that a well-defined
reference, required for spectroscopy, is not always possible to collect. THz-TDS
reflection imaging is involved in art conservation [7], under paint corrosion de-
tection [26], and concealed interface inspection such as foam insulation defect de-
tection in the NASA space shuttle [20] and void detection in submarine acous-
tic tiles [19]. Fukunaga and Picollo demonstrate the impact that THz reflection
spectroscopy could have on art conservation [7]. Although they find that the
interaction between THz radiation and many art materials is difficult to model,
they demonstrate the impact this form of imaging can have on art conservation

and restoration processes. A THz-TDS reflection image of a painting is generated



which identifies gold foil and lead paint used on the panel by the reflectance of
each material. The materials involved in each layer of the painting are also identi-
tied based on the time delay and intensity of the THz pulse, essentially quantify-
ing the materials in terms of their corresponding reflections. Reflections from an
interface at a further depth correlate to a measurement at a later time delay due
to its increased time-of-flight, indicating the depth position of that interface. The
addition of a wooden structural enforcement on the back of the painting is also
identified in this manner. By performing THz spectroscopy with numerous art
materials, identification of paints, binders, and other art materials can be utilized
for restoration purposes.

Taking THz-TDS imaging for NDE further, a field of interest is discovering hid-
den areas of corrosion or damage in metals and composites. Anastasi and Madaras
investigate the detection of corrosion underneath varying thicknesses of paint [26].
This report relies on the changes in paint thickness and shape as a result of corro-
sion of the underlying metal. When the painted metal corrodes, the paint can swell
and take on a rough shape. This changes the optical path and reflectance, thus af-
fecting the detected time delay of the signal. It is found that when the paint layer
becomes thin, the surface reflections become indistinguishable as the time delays
of the reflected pulses from the surfaces of the paint and metal approach a com-
mon value. Nonetheless, chips and holes are detected with certainty, while corro-
sion detection may require further signal processing methods. These methods are
utilized in THz reflection spectroscopy, discussed further in Section 1.3.

Numerous reports have studied the evaluation of damaged high strength com-
posites involved in lightweight aircraft manufacturing. Stoik et al. report on the
identification of voids, delaminations, paint removal and damage on layered com-
posite systems important for aircraft production [27]. For multi-layered systems,

where multiple back-reflections are expected from the layered system composed



of various media, the reflection from the interface remains consistent if the dielec-
tric contrast between the two media (i.e. sample-air) is consistent throughout the
scanned sample. Changes in the amplitude or phase of the interface reflection pro-
vides information on how the interface has changed. Stoik et al. identify how
this reflection changes with delaminations, damage and burns at an interface [27].
Detecting these flaws in manufactured composites before use in aircraft is of vital
importance to the quality and structure of the aircraft.

In a similar apparatus, NDE for foam insulation and shuttle tiles on the NASA
space shuttle has shown to be suitable with THz frequencies. Anastasi et al. com-
pare the THz reflection images of corroded aluminum with the same sample con-
cealed by the shuttle tiles [20]. It is concluded that the newfound ability to detect
corrosion in a layered system from access to only one side of the sample is more
difficult to detect with shuttle tiles that absorb heavily at THz frequencies. Two
images are produced of the corroded region from spatial plots of the peak-to-peak
value of the THz pulse and of the amplitude of a chosen frequency. Similar images
have previously been produced for inspecting voids in the foam insulation in the
NASA space shuttle as well.

Kilcullen et al. produce reflection images for the detection of water-filled voids
between acoustic tiles surrounding the hull of a submarine [19]. The strong re-
flection from the rubber-water interface is relied on to locate the presence of water
before corrosion can occur. Similar to the shuttle tiles, the acoustic tiles heavily
absorb THz radiation, and make it difficult to gather a detectable back-reflection.
It suggests that for any system in which the layered sample has a small dielec-
tric contrast among the media, regions of high dielectric contrast can be used for
detection of water or metals.

What all of these examples have in common is that reflection imaging is not

amenable to reflection spectroscopic imaging because a well defined reference pulse

10



has not been available or has been impossible to achieve. In this thesis, we iden-
tify, construct and demonstrate a system that can be used to identify materials at a

concealed interface by exploiting the spectrum of reflected THz pulses.

1.3 Reflection Spectroscopy in the Lab

There are numerous industrial applications of spectroscopic testing and NDE us-
ing THz radiation, and with state-of-the-art technology allowing the use of new
electromagnetic frequencies in the THz range, there are many applications for THz
reflection spectroscopy and the collection of dielectric properties of materials. By
measuring the electric field of reflected THz pulses in the time-domain with a THz-
TDS system, the Fourier-transformed data provides access to both amplitude (used
traditionally in reflection imaging) and phase information (which is exploited in
this work) to determine dielectric properties for the purpose of identifying mate-
rials at a concealed interface. These material-specific functions are expected as the
THz pulses respond in reflection to the underlying dielectric function &(w), com-
plex index of refraction fi(w) = \/m and absorption coefficient a(w) [28]. In
order to work with amplitude and phase information most effectively, a reference
reflection measurement must be performed without the sample in the THz-TDS
system, as well as a sample reflection measurement. The ratio of the two measure-
ments transformed into the frequency domain is used to determine amplitude and
phase shifts required for comparison to calculations. Results of this kind have been
published for various dielectric materials, therefore calculating dielectric proper-
ties allows the probed sample to be identified. The ability of identifying materials
in the lab setting is simplified by close-range detection and controlled humidity for
minimally disturbed THz pulses, as opposed to the real environment required for

most applications [29]. For this reason, most reflection imaging at THz frequencies
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has exploited amplitude-only information. Where the phase is also used to study
full dielectric functions, a well-defined reference is used. In this work, the gap be-
tween lab-based reflection spectroscopy and practical industrial imaging is tackled
with promising initial results.

Lab-based reflection spectroscopy shares the same principles as spectroscopy
in transmission mode, discussed briefly in Section 1.2. The key difference is that
position-sensitive measurements now pose a challenge since any change in posi-
tion of the sample introduces a change in time-of-flight of the pulse and an as-
sociated change in phase. To avoid this, a fixed window can be introduced to
hold the sample without affecting the point of reflection. Thrane et al. introduce
a reflection spectroscopy technique for the extraction of dielectric properties of
highly absorbing liquids such as liquid water, performing index of refraction and
absorption coefficient measurements [30]. In agreement with previous theoretical
models, THz reflection spectroscopy also shows that water molecules can change
orientation while maintaining hydrogen bonds. Uhd Jepsen and Fischer present
the quantification of the dynamic range of the absorption coefficient detected for
dielectric materials [31]. It is concluded that by using reflection spectroscopy, as
opposed to transmission spectroscopy, larger absorption coefficients can be more
reliably measured. It has been noticed that higher frequencies of spectrometers are
less dependable in transmission modes for absorption peaks, whereas reflection
modes are limited mostly by laser fluctuations.

In summary, there are some key points to be outlined regarding two perspec-
tives of reflection spectroscopy. In the case of lab-based experiments for which
the determination of dielectric properties of liquids, gases or materials leads to its
identification, the use of a reference beam or measurement is required. Due to
changes in amplitude and phase between this reference and the sample measure-

ment, unique spectral features can be located, inferring the materials used in the

12



sample under study. Contrasting with applied reflection spectroscopy for NDE,
surveyed in Section 1.2, the reliability of spectroscopic information in this area is
limited since the required reference measurement for spectroscopy is not available.
With limited spectral information from a sample, some amount of previous knowl-
edge of possible materials present may be required. Because of this, applications
often revolve around detecting irregularities and delaminations from immediate
changes in the scanning waveform. The time delay of a signal is primarily in-
spected to detect changes in position, thickness, and refractive index. In addition,
some materials are less reactive to THz frequencies, leaving no sharp, detectable

spectral features in this range.

1.4 Motivation

The reports discussed throughout this review have outlined common limitations
to THz imaging and spectroscopy for practical purposes. Since the development
of stable THz sources, the common problem has been favouring the implementa-
tion of THz sources for imaging over other frequencies of radiation for NDE. THz
frequencies can be more easily absorbed than microwaves, especially in thick ma-
terials or in materials having a high moisture content. The high absorption from
atmospheric moisture hinders applications for long distance imaging with THz.
Regarding the application of THz imaging for corrosion NDE beneath rubber tiles,
the high absorption of THz frequencies has limited the practicality of these ap-
plications. A similar issue is found in evaluating wooden building products with
THz radiation. In the papers reviewed, a repeated limitation of the experiments
for reflection imaging and spectroscopy is the lack of a better signal processing
technique. In many of the papers investigating reflection imaging of concealed in-

terfaces, the reflected pulses detected provide a large amount of information, that
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is not always analyzed to its full extent.

In many cases, a change in the amplitude or phase of the signal suggests a
change in the material or quality of material at the interface. Most often, water or
metal is detected based on a large reflection, or a larger absorption. It is expected
that there exists a spectroscopy technique that can gather information from the
reflected signals to distinguish between different metals, water or other materials.
This is often not regarded in the field of NDE of concealed interfaces for corrosion.
In other words, in most systems, there is no need to distinguish between a highly
reflective metal and highly absorbent water sample. In a similar manner, there
has been plenty of research investigating the detection of damage or corrosion,
but less research on identifying areas filled with water or of high moisture content
before corrosion takes place.

The ability to detect failing systems involving metallic articles or structures due
to indications of pre-corrosion is a cost-effective and conservative step crucial for in-
dustrial applications of THz in NDE, which this thesis aims to explore. In Section
1.2, an application of THz reflection imaging towards the identification of water-
filled gaps within submarine tiles is outlined. Based on the expectation of detect-
ing one of two materials, water or air gaps, the detection of water intrusion in a
dielectric system protecting a vulnerable metallic system is performed before corro-
sion can take place. This is an appealing conceptual example of a proactive NDE
technique that may substantially benefit applicable industrial systems involving
insulated metallic structures and water.

This thesis aims to focus on identifying the difference between metallic and
water interfaces, along with identifying other dielectric materials, in an insulated,
layered system in order to display the practicality of detecting indicators of pre-
corrosion, as well as emphasizing the importance of these proactive NDE measures

to industry. By combining techniques from lab-based THz reflection spectroscopy
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as well as those from the applications in THz NDE, the goal of this thesis is to
explore the ability to conduct reflection imaging at an interface while trying to

identify the interface material without the use of a reference measurement.
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Chapter 2

THz Time-Domain & Reflection

Spectroscopy

For many years, there has existed a slow progression in research involving fre-
quencies constrained by the existence of the THz gap [32]. However, the advance-
ments in optics and electronics technologies towards the 1990s have catalysed the
leap of certain technologies leading to the commercialization of THz spectroscopic
and imaging systems [33]. The main cause of this leap is the development and im-
plementation of the fs laser source [34]. These extremely short-pulsed laser sources
have opened the gate for a novel means of THz pulse generation and coherent de-
tection, generating a surge in publications throughout the 2000s. With access to
time-domain information regarding the changing electric field of an electromag-
netic pulse, more accurate measures have been discovered for the determination
of optical properties of materials using THz radiation. With the use of these spec-
trometers [35] beginning in the early 2000s, new means of stable THz generation
and detection have been adopted. Originally, these methods have relied on photo-
conducting switches or antennas [36-38] to generate and detect this form of radi-

ation, and have subsequently expanded to include the use of optical rectification
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and electro-optic sampling [39,40]. These two methods are not the only forms of
generating and detecting this range of wavelengths, but they are quite common in
THz-TDS systems. Since the Picometrix® THz-TDS system involved in this thesis
revolves around the generation of THz pulses using photoconductive antennas,

this is the sole mechanism discussed.

2.1 Generation & Detection of THz Pulses with Pho-
toconductive Antennas

The Picometrix® THz-TDS system employed in this work performs pulsed THz
generation and detection by illuminating photoconductive antennas (PCA). For
the generation of THz pulses specifically using a PCA, an ultrafast fs laser pro-
duces a pulse of radiation having a duration of less than 1 ps [41]. Femtosecond
lasers typically operate in the near-infrared, usually around 800 nm wavelengths.
These ultrashort optical pulses are incident on a PCA, and the resulting THz pulse
emitted is a result of the structure of a PCA and the carrier dynamics within a
biased semiconductor [42].

The structure of a PCA is comprised of an electronically biased metallic dipole
antenna prepared on a semiconductor substrate, as seen in Figure 2.1. The charac-
teristic distances of the antenna such as the dipole length, D, and the gap width,
G, directly affect the wavelengths of the radiation emitted. The dipole length is
often around 100 um, and the gap width can be as low as several microns [43].
The absorbed optical pulse supplies sufficient photon energy exceeding the band
gap of the semiconductor resulting in excited electrons from the valence band to
the conduction band, generating photocarriers within the semiconductor. These
photocarriers are accelerated by the electric field of the bias, transmitting a tran-

sient electric current density, J. This short-lived, rapidly changing current density

17



(a) (b)

bias =||:
+ -

fs pulse

Metallic Dipole %
G/ l
TN Tl e

fs pulse
D

Silicon
Lens

Radiated

Semiconductor Substrate THz Pulse

Figure 2.1: (a) A top view of the metallic dipole prepared on the semiconductor
substrate with dipole length, D, gap width, G and electronic bias, Vyi4s. The optical
femtosecond pulse pumps the center of the antenna. (b) A side view of the PCA
emitting a THz pulse focussed by a silicon lens.

drives the dipole antenna which emits a THz pulse, where E1y, %{ [42].

The coherent detection of THz pulses with a PCA can be understood compara-
bly to the way it is used for THz generation. The main difference is that the electric
tield of the THz pulse incident on the detecting PCA works as the bias for the
antenna which creates a photocurrent. This current is gated by ultrashort optical
pulses on the opposite side of the PCA which samples the electric field of the THz
pulse. Incidence of these sampling pulses on the PCA allows for conduction of the
transient photocurrent, creating the THz signal, which is a current proportional to
the THz electric field, when the optical pulse-width is sufficiently short and the

carrier lifetime of the antenna substrate is also short. In order to sample the entire
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electric field of the THz pulse, multiple optical pulses used for gating the PCA are
given different time delays along a delay line relative to the optical pulses used for
generation [42], which allows the THz electric field amplitude to be mapped out
in time.

The most common semiconductor material for use in PCAs with THz pulses
is low temperature grown GaAs (LT-GaAs). The role of this semiconducting sub-
strate is well established in ultrashort pulse photonics due to its adequate carrier
mobility and sub-picosecond carrier lifetime. Minimizing the carrier lifetime is of
high interest for the creation of quickly changing transient pulses, increasing the
bandwidth of emitted THz pulses and associated detection [44]. A frequent inter-
est in emitter/detector systems is the reduction of noise. A primary source of noise
within PCAs is Joule heating, a consequence of the conduction of electrical current.
Collier et al. studies the application of textured semiconductors in PCAs to reduce
charge-carrier lifetimes, minimizing the degree of Joule heating [45]. With the gen-
eration of THz pulses and its coherent detection using PCAs, the implementation

of THz-TDS is made possible.

2.2 THz Time-Domain Spectroscopy

The emergence of THz-TDS techniques sets the stage for the most common practice
of examining optical properties of materials and sampling the interaction of THz
frequencies with matter by analyzing spectral information. From the prominence
of THz-TDS, many publications in THz science involve the cataloguing of absorp-
tion spectra, refractive indices, and other optical properties of dielectrics, gases
and metals. As discussed in Section 2.1, the generation and coherent detection
of THz pulses using PCAs results in the sampling of the electric field waveform

in the time-domain. Measurements of an electric field pulse with respect to time
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can provide spectral information from the pulse by applying a fast-Fourier trans-
form (FFT) of the time-domain data. This transforms the data into the frequency-
domain, providing an individual look at the interaction of specific frequencies with

a sample within the bandwidth of the broadband THz pulse [46].

THz Emitting PCA THz Detecting PCA
L b b ~
d Sample
Lens Lens
N N
Pump Pulse
N—¢]

fs L %
> aser BS ) Probe Pulse >

Delay Line

Figure 2.2: A schematic for a typical THz-TDS system using PCAs for the genera-
tion and detection of THz pulses. [BS - beam splitter.]

The schematic in Figure 2.2 summarizes a simplified THz-TDS system. Begin-
ning at the ultrafast fs laser, a pulse on the order of 100 fs is split by a beam splitter
into two identical pulses: the generating pulse directed towards the emitting PCA,
and the sampling pulse directed towards an optical delay line before reaching the
detecting PCA. The THz pulse emitted by the emitting PCA transmits or reflects
from a sample towards the detecting PCA. As the delay line is adjusted, different
points along the THz waveform are measured and plotted in the time-domain [47].

For each different delay line position, the time value of the electric field data point
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is altered accordingly. Optics such as lenses and mirrors for redirecting or fo-
cussing optical pulses are excluded from the diagram to clearly illustrate the op-
eration of the system. The THz-TDS is capable of performing in the transmission
and reflection modes. This spectroscopic system is often used in THz imaging as
well. By raster scanning a sample within the apparatus described above, these THz
pulse measurements can be gathered in a spatial configuration. Signals are often
converted to the frequency-domain to obtain spectroscopic information from the
THz pulse for each pixel of the gathered image. Not only can spatial spectroscopic
information be gathered, but given the time-domain measurements, time-of-flight
analysis can be performed to determine depth characteristics of the given imaging

sample [48].

2.3 Modelling a THz Pulse

Electromagnetic (EM) radiation, or EM waves, are represented in terms of the cor-
responding electric and magnetic fields, Fand B, respectively, which are in phase,
simultaneously varying in time, and perpendicular to each other in space. The
electric field of a plane wave can be represented in time in terms of the amplitude

E,, the wave number k, and angular frequency w.

= Foellwt) _ F_¢id (2.1)

The direction of the cross product between E and B indicates the direction of the
wave propagation, parallel to k. For an EM wave given by equation (2.1), it is es-
sential to define the orientation of the wave with respect to the plane of incidence
(POI) along which reflection and transmission of the EM wave occurs. The POI
is defined as the plane containing the wavevector k and the surface unit normal

vector fi of the boundary plane where reflection and transmission occur. At the
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Figure 2.3: The propagation of an electromagnetic wave at an interface between
two media, n; and n,. For the (a) TE and (b) TM polarizations, the reflected and
transmitted electric fields E and magnetic fields B are shown as vectors, along
with the corresponding wavevectors k. The POI is parallel with the page, and
the boundary plane is perpendicular to the page.

intersection of the POI and the boundary plane, the boundary conditions (inherent
from Maxwell’s equations) are applied to the electric and magnetic fields of the
incident wave to determine the behaviour of the resulting electromagnetic waves,
following incidence with the boundary. Since these boundary conditions require
the continuity of the portion of the electric field that is parallel to the boundary
plane, as well as the portion of the magnetic field that is perpendicular to the
boundary plane, two unique (and convenient) polarization modes of an EM wave
are introduced [49]. If E is perpendicular to the POI, then this is referred to as
transverse electric (TE) polarization. Conversely, in the case that B is perpendicular
to the POI, the EM wave has transverse magnetic (TM) polarization.

Upon reflection at an interface between two different media, the Fresnel equa-
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tions determine the fraction of the electromagnetic field amplitude reflected and
transmitted. Since the reflectance and transmittance of an electromagnetic wave
at an interface are sensitive to polarization, the reflection coefficients are given for
both TE and TM polarizations. For an incident EM wave having an electric field
E;, the reflected electric field E. = rE; is determined by the amplitude reflection

coefficient r given below for the TE polarization

cos0 —v/n2 —sin? 0

']"TE = ’ (2.2)
cos 0 + v/n2 —sin’ @
as well as the TM polarization
—n?cos0 + vn2—sin’ 0 2.3)

T N cos0+ Vi —sino
where 0 is the angle of incidence on the boundary, and n = {2 is defined by the
fraction of the refractive indices n; for medium 1 (incident) and n; for medium 2
(transmitted), which form the interface. Similarly, for the transmitted portion of
the EM wave, transmission coefficients are used to determine the transmitted elec-
tric field amplitude. The equations for the amplitude transmission coefficients can
be simplified for normal incidence (wave propagation orthogonal to the surface
plane). Only the simplified transmission coefficient equation with 8 = 0 is shown

as this thesis deals primarily with the reflected waves.

t1y = =< — (24)

In equation (2.4), fi; and i, are the complex refractive indices for medium 1 and
2, which are generally defined in terms of the real refractive index n(w) and the

extinction coefficient k(w) as in equation (2.5).

(w) =n(w) +ik(w) (2.5)



The extinction coefficient is dominant in metals and conducting materials, and it

is directly related to the absorption coefficient x(w) of the medium as follows:

k(w) = (2.6)

where c is the speed of light in a vacuum (c = 3 x 108m/s).

These equations are often used in various methods of reflection spectroscopy in
order to determine optical and material properties of a sample medium present at
the reflecting interface because THz spectroscopy is sensitive to the electric field di-
rectly, and consequently probes the complex index of refraction directly (both real
and imaginary parts). Conventionally, a common focus in spectroscopy is the use
of a reference and sample measurement. By controlling all components of an opti-
cal system for a reference measurement, followed by the introduction of a sample
into the optical system for the sample measurement, a ratio of these two measure-
ments can reveal optical information for the sample material by mathematically
inverting the Fresnel equations in combination with the measured data. This tech-
nique allows for the determination of optical and material properties of a sample,
as well as the identification of materials. This general method is explicitly outlined
in the following sections, first by a simplified transmission spectroscopy model,
and next, in the context of a unique form of reflection spectroscopy involving a

dove prism.

2.4 THz Transmission Spectroscopy

The use of THz-TDS in the transmission mode excels in the extraction of dielectric
properties of many insulating materials, in which THz frequencies can propagate
with low losses. As the noise floor is approached at higher frequencies within the

bandwidth of a spectrometer, transmission spectroscopy becomes less reliable [31].
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This causes heavily absorbing materials to be difficult to determine via transmis-
sion spectroscopy. In this field, outlining the assumptions made for a given trans-
mission spectroscopy technique is important. Typically, it is assumed that mate-
rial properties are homogeneous with respect to position and direction, and that
interfaces between media are flat and parallel to each other, also neglecting scat-
tering [50]. Unless otherwise specified, the atmosphere is assumed to be dry and
uniform in temperature, and its absorption is ignored. One key assumption that
allows the use of the simplified transmission coefficient given by equation (2.4) is
taking the angle of incidence 6 to be zero, or assuming normal incidence. This allows
the change in path of propagation introduced by refraction to be ignored. The last
assumption to be made for this transmission spectroscopy technique is introduced

as the thick sample approximation.

Sample
Ny n, Ny
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Figure 2.4: An illustration of Fabry-Pérot reflections from an incident electric field
Einc transmitting through a sample having a refractive index of n, surrounded
by air, n; = 1. These F-P reflections cause multiple THz pulses to be detected at
different time delays. The electric field at the bottom of the figure represents a
reference measurement E,.;. [Ty - transmitter, Ry - receiver.]

As an electric field approaches a sample with optically flat and parallel edges,
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a portion of the electric field is reflected and transmitted into the sample. The
transmitted portion undergoes multiple reflections within the sample, referred to
as Fabry-Pérot (F-P) reflections. At each consecutive reflection, a weaker electric
field is transmitted outside of the sample as sketched in Figure 2.4. In the context of
detecting THz pulses transmitting through a sample at normal incidence, multiple
pulses are detected at different time delays. For the case of a thin sample, these
pulses are separated by a very small time delay, calling for complex analytical
methods to interpret the measured electric field. In the case of a thick sample,
these reflections have relative time delays such that the first transmitted pulse can
be captured and isolated within the time window of the THz-TDS system, and the
more simple analytical method can be used. Assuming thick samples are used for
this method in this thesis, modelling of only the 0'" transmitted pulse in Figure 2.4
is sufficient for the determination of fi(w) and «(w), as in Duvillaret et al. [51].

In order to determine the index of refraction n(w) and the absorption coeffi-
cient «(w) of a sample, a reference THz pulse E,.¢(t) as well as a sample THz pulse
Esamp (1) need to be collected to measure the effect of the sample on the propagation
of the THz pulse. The fast-Fourier transform of the pulses are then taken, giving
Erer(w) and Egqamp(w), and since dielectric properties are dependent on frequency,
the spectroscopic information from these pulses are analyzed. Since the propaga-
tion of an electric field through the system is complicated, the construction of a
transfer function experimentally He.p(w) and theoretically Hyp (w) is a vital aspect
to creating a solvable problem:

Esanip ()

Hexp,th(w) = exp th
Eref

: 2.7
@) (2.7)

The reference and sample measurements allow He,p(w) to be calculated, however
Hin(w) remains to be evaluated.

In order to build the physical representation of the reference and sample elec-
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tric fields, EY; and Ef,,, propagation effects must be included. When an initial
electric field propagates some distance in any medium, the resulting electric field
is determined by a propagation coefficient [52]. For an electric field E, propagating

a distance z through medium 1, the propagation coefficient P(fi;, z) is as follows:

Cc

P(fy,z) = exp <—iwﬁ1z>. (2.8)

Applying this coefficient to the initial electric field E, gives the resulting electric

field E(z) in the following equation:

E(z) = ExP(7y, 2). (2.9)

Using propagation coefficients and transmission coefficients and referring to

Figure 2.4, E and EII!

samp €an be built to determine Hn(w). Since the reference

pulse EI!

o propagates solely through air (n; = 1) over an arbitrary distance L be-

tween the source and detector, it can be given simply by E. = E,P(fi;, L). For the

th

sample pulse Esqnp,

the pulse propagates through a width d in the sample medium
2, as well as propagating in air for a distance L — d. Transmission from medium 1
to 2 and back to 1 also introduces coefficients, t;; and t;;, given by equation (2.4).
The sample pulse can then be given as Eh = E,P(fi;, L—d)t;2P(fiy, d)ty;, thus the

samp

theoretical transfer function is constructed as follows:

Eth
Hin(w) = % = P(f1, —d)t12P(fiz, d)t2 (2.10)
Tef

since P(f;,L—d)/P(f;,L) = P(f;,—d).
After equating equations (2.7) and (2.10) to set Hexp(w) = Hin(w), then using

equation (2.8) to insert the propagation coefficients, the following equation arises:

Hexp(w) =ttty exp {%(ﬁz — ])} . (2.11)
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It should be noted that 7i; = 1 for air, t;; and t;; do not have complex components
throughout this configuration, and i, = n; + ik, from equation (2.5). By using a
form of Euler’s equation to express equation (2.11) as Hexp(w) = Alw)et @) the
absolute value |Heyp| and the argument arg(Hexp) of equation (2.11) can be used to
extract the index of refraction n,(w) and absorption coefficient o (w) of the sample.

The representation of the index of refraction is a consequence of analyzing the
phase ¢(w) of the transfer function, letting ¢(w) = arg[Hexp(w)]. From equation
(2.11) it is evident that this phase ¢(w) becomes

d(w) = wTd[nz(w) 1] (212)

which can then be rearranged to give the following relationship for the index of

refraction n,(w):

ny(w) = ﬁd)(w) T, (2.13)

Similarly, the absorption coefficient can be determined by inspecting the ampli-
tude A(w) of the transfer function, letting A(w) = [Hexp(w)|. Again, from equation
(2.11), and substituting Fresnel’s transmission coefficients and complex index of re-

fraction with equation (2.4) and (2.5), respectively, the following equation emerges:

4n2(w)
M2 (w) +1]

[Hexp (w)] = (2.14)

o]

K2 (w)wd
. :
Note that in the determination of Fresnel’s transmission coefficients, the approxi-
mation n > « is used. For optically transparent (low absorption) materials at THz

frequencies, this approximation holds. Finally, by using the relationship between

the extinction coefficient k;(w) and absorption coefficient o;(w) in equation (2.6),
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the relationship yielding the absorption coefficient becomes

2
afw) = —gln {A(w)%}. (2.15)

To conclude, the determination of the index of refraction n,(w) depends strictly
on the phase ¢(w) of the transfer function constructed by the reference and sample
measurements in the frequency domain, as well as the angular frequency w and
thickness of the sample d. Adding a small amount of complexity, the absorption
coefficient essentially depends on the angular frequency w, thickness d, amplitude
A(w) and phase ¢(w) of the same transfer function. As a reminder, the thick sample
approximation assumes roughly that 2n;(w)d/c > twindow, Where tyindow is the
length of the spectrometer time window, thus thick or high index materials are

sufficient.

2.5 THz Dove Prism Reflection Spectroscopy

The use of a dove prism in THz-TDS is a common technique when exploring re-
active optical properties of materials. A dove prism is a component of an optical
system that takes the geometrical form of a trapezoidal prism, in which the two an-
gled, rectangular faces can be described as the input and output for incident plane
EM waves. Throughout the course of this thesis, THz pulses in the time-domain
spectrometer are modelled similarly to a plane wave. Each pulse is a superposition
of plane waves at different frequencies, thus for analysis, a fast-Fourier transform
is often applied to measured pulses in order to study the electric field at each fre-
quency. Provided by its shape and orientation displayed in Figure 2.5, there are
many convenient features of dove prisms for determining reflecting properties of
a sample. After a horizontal EM wave propagates through the dove prism, it is

returned to its initial propagation direction, allowing for quick alignment. The flat
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top face also simplifies the testing of sample materials, especially liquids.

Incident pulse: E,
Detected pulse: Er3 = t;,r,3t5,E,

Figure 2.5: The path of propagation of a THz pulse within a dove prism (n;) used
for reflection spectroscopy of a sample (n3). Reflected and transmitted electric
tields are expressed with respect to the appropriate Fresnel coefficient. The de-
tected pulse is determined in terms of the initial electric field E,. The key purpose
of this diagram is to draw attention to the cause of changes in the detected pulse
when only the sample (n3) is changed.

Figure 2.5 illustrates the optical path of propagation of a THz pulse as a plane
EM wave within the dove prism. In a typical THz-TDS apparatus, the measured
current or voltage directly relates to the electric field of the THz pulse, so the fo-
cus is on the determination of the electric field of a given THz pulse throughout
the dove prism. Considering a THz pulse travelling horizontally with an electric
tield E, in medium 1 incident on the first angled face of the dove prism, a small
amount is reflected downwards giving Eg; and the remainder is transmitted from
medium 1 into medium 2 giving E1; = t1,E,, refracting towards the top face of the
dove prism. The next boundary involves the interface of the dove prism and the

sample, medium 2 and medium 3. Upon reflection at this interface, the THz pulse
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Ery = m23E11 = r23t12E, travels along a path symmetric to its previous propagation.
Following the refraction back into medium 1 from medium 2, the electric field E¢
(re-labelling E13 from Figure 2.5 for convenience) of the output (horizontally trav-

elling) THz pulse is detected.

Ef = Em3 = t)1Ep2 = toir23tizko (2.16)

In order to model reflections within a dove prism, or to use reflections to deter-
mine optical properties of a sample material, the use of a type of transfer function
is vital. By taking a reference measurement, as well as a measurement with the
sample on the top face of the dove prism, the ratio of these measurements results
in the cancellation of unnecessary components from equation (2.16). Considering
these two measurements, the only part of the optical system that is not kept con-
trolled is medium 3, thus the theoretical transfer function Hy, can be constructed

as shown below

E tr t1oE
ch _ Lsam 21Tsam,3 t12 o’ (2.17)
Erer  t21Tref,3ti2Eo

and the simplified relationship for dove prism reflection spectroscopy is illus-

trated as follows:

Esam(w) _ Tsam (W)
Eref(w) B Tref(w) ' (218)

It is noted that the reflection coefficients for the interface between medium 2 and
medium 3 have been renamed r,¢f and rsqm for the reference and sample measure-
ments, respectively.

In the simplified equation (2.18), the ratio of the measured reference and sample
electric fields is equivalent to the ratio of the corresponding reflection coefficients.

Using this approach, the equation is rearranged to solve for Esqm(w) in order to
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predict the reflected electric fields from a sample material. Equation (2.18) becomes

. Tsam (W)
w) = mEref(w) (2.19)

Esam(
where r5qm(w) and r,.¢(w) are calculated using equations (2.2) or (2.3). This re-
quires a reference measurement as well as the refractive index of the dove prism
material n,(w) and that of both the reference and sample material n3(w) for the
appropriate angular frequency w.

This approach can also be used to solve for rsqm (w) in order to determine the re-
flectance of a sample material of unknown optical properties. Equations (2.2) and
(2.3) can then be used to calculate the refractive index of the unknown sample. It is
important to note that in spectroscopy and NDE applications, the transfer function
detailed in equation (2.17) is often used to detect subtle differences in two mea-
sured waveforms, one being the reference. From equation (2.1), relative changes
in amplitude and phase can be easily calculated and illustrated using a ratio of the
corresponding electric fields. This is often the main focus in many practical cases
since a single measurement of an electric field from a complex system is difficult
to analyze. For the identification of a sample material, a reference measurement is
required, and in this way, the index of refraction and absorption coefficient of the

sample can be calculated.
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Chapter 3

Experimental Methods

After establishing a theoretical model for the reflection of an electromagnetic
wave at a concealed interface, a dove prism is used to compare measured reflec-
tions to predicted reflections for varying interfaces. The geometry of a dove prism
allows for convenient and quick testing of different samples in search of significant,
qualitative differences in the reflections at a selected interface. Those interfaces that
result in reflections having drastic inversions or changes in shape relative to a ref-
erence reflection can then be implemented in a similar configuration to be imaged
(e.g. alayered system concealing the corresponding interfaces). For a given sample
in contact with the face of an ultra-high molecular weight polyethylene (UHMW-
PE, or UHMW) dove prism, the measured THz pulse at the output of the dove
prism represents the reflection of the incident pulse from a UHMW-sample inter-

face. Not only can this configuration distinguish between contrasting reflecting
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interfaces, but it can also reveal which polarization configuration will be most sen-
sitive for this purpose. The dove prism simplifies reflection measurements from a
UHMW-sample interface as opposed to repetitively swapping samples concealed
by layers of UHMW which introduces errors in time-domain measurements from
moving the interface in between measurements. The use of a dove prism in the
tirst part of the experimental methods is of great importance in order to determine
which interfaces are to be involved in the imaging sample in the later section of
the experiment and in what polarization the imaging beam is to be aligned. After
determining four materials that each produce a differing reflected waveform in the
dove prism, these materials are concealed within a layered UHMW system to imi-
tate a system in an applied, real-world setting. Using THz frequencies, the layered
sample is imaged by means of a raster scan in order to spatially locate and identify

the concealed materials.

3.1 Apparatus

3.1.1 Pulsed Terahertz Controller

The THz-TDS source and detection system used in this thesis is a modified T-Ray®
4000 pulsed THz controller patented by Picometrix®. The enclosed system pro-
duces and detects THz pulses on the order of picosecond durations by the use of a
1064 nm fs laser with fiber-coupled emitter and detector heads as shown in Figure
3.1. The heads allow for the propagation of THz pulses through an experimental
system before detection in order to examine properties of the system at THz fre-
quencies. Broadband THz pulse measurements from 0.02 THz to 2 THz can be
measured within an 80 ps time window with a data collection rate of 1000 Hz.
The T-REX computer software displays and analyzes detection measurements for

real-time monitoring or recording of THz waveforms for experimental analysis. A
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Figure 3.1: A photograph of (a) the pulsed THz controller and (b) an emitter and
detector head. The optical cables couple each head to the corresponding transmit-
ting /receiving plug. The dual-channel setup allows two emitter/detector pairs to
be operating simultaneously.

newer model of this system is the T-Ray® 5000 available through Picometrix®, a
subsidiary of Advanced Photonix Inc [53]. The system is used in a transmission
(Section 3.2) and two separate reflection geometries (Section 3.4) throughout this

thesis.

3.1.2 Dove Prism

The dove prism is designed in order to conveniently create and examine interfaces
that are to be concealed in an imaged sample in a later section of the experiment.
The dove prism is constructed from a solid block of UHMW material because of its
extremely low absorbing properties, which is investigated in Section 3.2 via THz
transmission spectroscopy. The block of UHMW has been cut with a band saw to
the shape of a 45° trapezoidal prism, and the top face has been sanded to provide
a smooth surface. The surface roughness is estimated to be approximately 30 um,
or in terms of wavelength, A/10 (at A = 0.3 mm wavelength or 1 THz). The specific
dimensions of the dove prism are outlined in Figure 3.2. The height and width of 6
cm provide a sufficient area on the angled face of the prism to contain the incident
beam of the THz source. The index of refraction of UHMW is 1.52 for frequencies

in the range of 0.1 THz to 0.6 THz. Given this value, the selection of an angle of
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Figure 3.2: The blueprint of the UHMW dove prism used to inspect reflections
at chosen UHMW-sample interfaces. Important dimensions and the angle of the
prism are outlined and selected such that the input/output THz pulses remain
horizontal, considering an index of refraction of 1.52.
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incidence of 45° leads to an angle of reflection at the top face of the prism of 73° for
these frequencies. The dove prism is mounted onto a secured mechanical jack in

the experiment for convenience in alignment.

3.1.3 Imaging Sample

Figure 3.3: A photograph of the dismantled imaging sample at its actual size. The
top and bottom sections are shown respectively on the left and right. Each division
of the scale bar represents 2.54 cm (1 inch).

The imaging sample is constructed from a slab of UHMW that is 1.27 cm thick.
Using a band saw, two identical rectangular pieces, 24.1 cm by 22.9 cm, have been
cut from the slab. After dividing one of the pieces into four quadrants, small square
sections, 3.2 cm by 3.2 cm, have been milled out at the center of each of the four
quadrants at a depth of 0.64 cm as seen in Figure 3.3. The computer numerical
control machine at the UNBC Wood Innovation Research Labs is used to create
the uniform, square pockets. Next, the two pieces of UHMW are stacked with
the edges aligned and clamped together such that the milled-out sections were

concealed. Holes are drilled at each corner and in the center of the sample, so the
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top and bottom pieces in Figure 3.3 can be bolted together. This allows for quick
and convenient manipulation of the materials being concealed within the pockets
of the sample for imaging purposes later in this thesis. A larger drill bit is used
to countersink the bolt heads on the top piece of the imaging sample to provide a
smooth top surface.

UHMW-PE is an exceptionally high molecular weight thermoplastic that is ex-
tremely abrasion, impact and chemically resistant, the highest among plastics [54].
The surface has very low adhesion, friction and water absorption properties. The
material is also very ductile, and it absorbs energy and sound well, although when
heated, it maintains a high resistance to deformation, even past its melting point
[55]. Many attributes of UHMW hold up even at cryogenic temperatures.

The impressive qualities of UHMW lead it to be a favoured material for many
insulating applications, even replacing steel in some applications. Due to its self-
lubrication and impact resistant properties, it has been originally used in the han-
dling of bulk materials like grain, cement and gravel, as well as in the mining in-
dustry. UHMW can be used in dumping trucks, silos, large bins, conveyor systems,
chutes, dry bearings, and so forth [54]. UHMW combined with other substances,
such as oil, can be crafted into a fibrous form, which is found in bulletproof vests
and protective gloves. Since UHMW is well-established in protective applications
involving large amounts of harsh, gritty materials or chemicals, its involvement in
the field of NDE is not surprising. Due to its advantageous characteristics, UHMW
mostly exists on the outermost layer of many industrial systems in order to pre-
vent wear or damage to the underlying structure of the system. The use of various
metals within the underlying structure of these types of systems is also common,
posing many risks such as the infiltration of elements from the outside environ-
ment, such as water. In Section 3.2, the determination of the dielectric properties

of UHMW at THz frequencies is outlined. One key result is the minimal absorp-
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tion of UHMW at these frequencies. This prompts the investigation of UHMW,
in this thesis, for use as the outer material of a layered system imitating a realis-
tic, industrial system, in which various concealed interfaces are imaged in space
and identified. The practical importance of the identification of different mate-
rials, especially metals and water, concealed by UHMW is also evident from the

applications surveyed.
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3.2 Transmission Spectroscopy

The analytical method used for transmission spectroscopy of insulating materials
such as UHMW and glass is outlined in Section 2.4. Results of transmission spec-
troscopy include plots of the index of refraction as a function of frequency for the
dielectric materials used through the course of this thesis, as well as the inspection
of the absorbing properties of UHMW, which motivates the selection of UHMW
as the dove prism constructing material. The measurement of the refractive index
of glass allows modelling of glass reflections in the reflective mode, described in
the later Section 3.3. By taking a set of reference and sample measurements of THz
pulses for both materials, illustrated in Figure 2.4, spectroscopic functions for in-
dex of refraction and the absorption coefficient are calculated. For an explanation
of the setup, the schematic involved in the sketch from Figure 2.4 can be followed.

Setting up the apparatus for the transmission mode is straight-forward, since
it involves mounting the transmitting and receiving THz pulse heads with only
a sample and aperture in between. After aligning the emitter and detector, the
sample and aperture are mounted nearest to the detector, in the respective order.
The sample is mounted in the THz pulse path, and a carpenter square is used to
align the sample normal to the propagation of the THz pulse.

For the determination of dielectric properties for UHMW, a reference electric
tield measurement of the THz pulse is taken at a time delay of 1610 ps, captured
within an 80 ps time window by the T-REX software in real-time. Three consecu-
tive measurements immediately follow as part of the same reference measurement,
each with a time delay translated 80 ps further. The full measurement consists of
four 80 ps wide electric field plots, each at 1610 ps, 1690 ps, 1770 ps and 1850 ps,
respectively. This allows for a higher resolution in the frequency domain, increas-
ing the degree of accuracy for measuring the dielectric properties. The averaging

setting in the T-REX software also automatically averages 1000 THz waveforms
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for each sampled waveform before recording, in real-time. The reference mea-
surement corresponds to an empty region between the emitter and detector. This
technique of data collection is repeated for every measurement in this section. For
the sample measurements, the electric field of the transmitted THz pulse through
the sample at normal incidence is captured in the same time window as the ref-
erence measurement. The sample measurements are taken immediately following
the reference measurements to avoid errors from fluctuating temperatures within
the optical fibers of the pulsed THz controller that may cause detected values to
slightly drift in the time-domain. A 12.7 mm thick sample of UHMW is placed
between the emitter and detector during the sample measurements. Following the
first two measurements, a total of two measured electric fields are obtained for the
reference and the sample, across a time range of 360 ps.

This is repeated five times for averaging purposes. The entire process is re-
peated for a 6 mm thick glass sample. With the set of measured THz pulse electric
tields, the time-domain waveforms need to be analyzed in order to determine the
dielectric properties of UHMW (and glass). In Section 3.3, a dove prism can then
be constructed according to the optical properties at THz frequencies of UHMW
in order to analyze spectral features of materials in the reflection mode, with con-
fidence, which then establishes the foundation of the main focus of this thesis, a

deeper look into reflection imaging.

3.2.1 Experimental Results

The analytical method introduced in Chapter 2.4 is implemented in a MATLAB®
script in order to calculate values to construct the index of refraction n(w) and ab-
sorption coefficient «(w) at various frequencies in the low-THz range for UHMW
and glass. By taking the fast-Fourier transform of the time-domain electric field

data E(t), the reference and sample electric field waveforms E(w) are calculated
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along the frequency domain. The transfer function Heyp(w) from equation (2.7) is
constructed by taking the ratio of the transformed electric fields for the sample and
reference measurements. Finally by taking the argument and absolute value of the
complex data points that generate the transfer function, ¢(w) and A(w) are ob-
tained and used in equations (2.13) and (2.15) to determine the index of refraction

n(w) and absorption coefficient «(w) with respect to frequency.
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Figure 3.4: The calculated index of refraction n(w) of UHMW from 0.1 THz to 1
THz using transmission TDS. The index of refraction is constant at approximately
1.52 from 0.1 THz to 1 THz.

Figure 3.4 displays the index of refraction of UHMW which is essentially con-
stant, around 1.52 over frequencies between 0.1 THz and 1 THz. The absorption
coefficient is excluded from Figure 3.4 since it falls to the noise floor over the same
frequency range, leading to the conclusion that THz radiation is minimally ab-
sorbed by UHMW. Motivated by the interest in designing a dove prism for reflec-
tion spectroscopy in Section 3.3, a material which has minimal absorption and a
constant index of refraction for frequencies within the bandwidth of the THz-TDS

system is ideal for use in the construction of THz optics. To emphasize the im-
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portance of low absorption in UHMW, the path of propagation in a dove prism
designed for THz frequencies is longer than in most optical instruments, such as
lenses and other beam shaping devices, leading to a larger amount of absorption
which diminishes the accuracy of spectroscopic information within the THz pulse.
The use of UHMW as the primary material of a dove prism for reflection spec-
troscopy is predicted to be sufficient based on the consistent refractive properties

at THz frequencies, as well as its minimal absorbance.
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Figure 3.5: The calculated index of refraction n(w) (left) and absorption coefficient
o(w) (right) of glass from 0.1 THz to 0.35 THz. The refractive index is constant
around 2.56. The large absorption of glass at higher THz frequencies prevents
the attainment of accurate spectroscopic information for dielectric characteristics
above 0.35 THz.

The index of refraction and absorption coefficient «(w) of the glass sample used
in Section 3.3 is also calculated and plotted in Figure 3.5. The index of refraction
of glass is constant at approximately 2.56 from 0.1 THz to 0.35 THz. Due to the
depletion of frequencies above 0.35 THz by transmitting through glass, accurate

information regarding the index of refraction cannot be determined past 0.35 THz
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with this method. This large absorption in glass at high frequencies is displayed in

the plot of its absorption coefficient in Figure 3.5.
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3.3 Dove Prism Reflection Spectroscopy

The UHMW dove prism designed in Section 3.1.2 is used to examine and compare
reflections at UHMW-sample interfaces, as well as test the reflection spectroscopy
analysis. Figure 3.6 details the alignment of the dove prism. The dove prism is
placed between the THz-TDS transmitter (Tx) and receiver (Ry), which are oriented
in the TE polarization. It can be noticed that the dove prism acts as an optical
black box, returning the THz pulse to its original propagation after one reflection
at the interface of interest. This simplifies reflection measurements for different
UHMW-sample interfaces by constraining the propagation of the THz pulse to a

plane parallel to the mounting table.

(a) Al

9.9cm 9.9cm

Figure 3.6: (a) Schematic of the THz beam spot measurement. Silicon lenses (L1,L2)
have focal lengths, f; and f,, respectively. The aperture (A1) is used to measure the
beam spot. (b) Schematic of the dove prism alignment (not to scale). The beam
spot is centered on the top face of the dove prism. Dotted lines represent the path
of propagation for the detected pulse.
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To ensure the measured reflection solely represents the reflection at the inter-
face, the THz pulse is focussed to a beam spot of approximately 1.9 cm by using
silicon lenses of focal lengths 200 mm and 100 mm, respectively. The 200 mm focal
length lens is required to provide sufficient distance between the lens and the focal
point, to ensure the focal point occurs at the top surface of the large dove prism.
The latter 100 mm focal length lens is used for a quick focus at the receiver (Ry). Sil-
icon lenses also have a favourable bandwidth in this spectral range consequential
of the absence of absorption lines and dispersive effects at THz frequencies [56].

The beam spot is measured with an optical aperture (replacing the dove prism)
at a distance approximately the focal length of the lens (200 mm) away from the
lens, L1. The diameter of the aperture at which the electric field amplitude of the
THz beam drops by { of its initial electric field peak (open aperture) gives the beam
diameter at the focal point [57]. The electric field amplitude of the THz pulse is di-
rectly observed using the T-REX software. Once the THz pulse measurement is
located in the time-domain and plotted via the software, the electric field ampli-
tude is displayed. After recording the distances between the lenses (L1,L2) and the
focal point (A1), the dove prism is put in place of the aperture, Al. Introducing
the dove prism increases the optical path length, so the lenses are brought closer
together accordingly such that the focal point is incident with the top face of the
dove prism. This minimizes the beam diameter at the reflecting interface of inter-
est. The introduction of the dove prism also leads to an increased time delay of the
THz pulse, so the 80 ps time window observing the THz pulse in real-time via the
T-REX software must be adjusted to relocate the pulse.

Previously, the beam diameter at the focal point has been measured, but the size
of the beam spot projected onto the face of the dove prism needs to be calculated.
This gives the approximate size of the surface required to form an acceptable in-

terface with the top face of the UHMW dove prism. Due to the geometrical change
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of the optical path induced by refraction in the dove prism, the THz beam spot
is elongated along the interface by a factor of co;—er ~ 3.42, where 6, = 73° is the
angle of reflection at the interface. For example, assuming an original beam spot of
1.9 cm without the dove prism as discussed above, the elongated beam spot with
the introduction of the dove prism is expected to be a factor of 3.42 larger, giving
a 6.5 cm focussed beam spot. This helps describe the absolute minimum size of
an interface, or the minimum size of a sample in contact with the top face of the
UHMW dove prism, to give a reliable reflection.

Once the dove prism is aligned in the TE polarization mode of the THz-TDS
optical system, measurements of the electric field of the reflected THz pulse with
respect to time can be made. By placing a flat sample on the top face of the dove
prism, a UHMW-sample interface is made. These samples consist of varying ma-
terials including different metals and wood products, water, air, a stack of paper
towel with varying water content, a gold-plated mirror, glass, and other plastics.
The first stages of measurements include monitoring qualitative aspects of the re-
flected THz signal using T-REX computer software for terahertz pulse signal pro-
cessing and analysis. By resting a sample on the top face of the dove prism, an
interface is created with the UHMW, and the real-time signal corresponding to the
new reflection is collected. This is repeated for the materials mentioned above. All
reflections are compared to the reference UHMW-air interface reflection, for con-
venience. Contrasting reflections include signal inversions, delays (translations in
time), and even entire changes in shape.

Interfaces that produce the most contrasting reflections are then inspected more
carefully. Before placing each sample on the dove prism, reference measurements
are taken to record the reflection at the UHMW-air interface. Next, a sample is
placed on the dove prism in order to record the reflection at each UHMW-sample

interface. Reference measurements are of vital importance in this section in order
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to theoretically predict the reflection from a UHMW-sample interface, and to ver-
ify the MATLAB® script written to calculate these predictions based on Fresnel’s
equations. In Chapter 2.5, Fresnel’s equations are used to develop a theoretical
model to predict the reflected signal at an interface with a known dielectric func-
tion or index of refraction (¢ = %) given only a reference signal from the dove
prism. A script has been written in MATLAB® to calculate and plot these predicted
signals. It is shown in equation (2.19) that the electric field of a reflection from a
UHMW-sample interface Esqm(w) can be written in terms of Fresnel’s reflection
coefficients and the electric field of the reflection at a reference interface E,q¢(w)
(UHMW-air), provided all other parameters are fixed. The Fast Fourier Transform
or Inverse Fast Fourier Transform functions in MATLAB® are used to express the
electric fields in either the frequency or time domain, respectively [58]. The mea-
sured UHMW-sample reflections are plotted with their corresponding predicted
reflections in the interest of testing the model outlined in Chapter 2.5.

These measurements are repeated to align the TM polarization mode of the
THz-TDS receiver and transmitter. To obtain a TM polarization, the emitter and
receiver heads are rotated by 90°. It is noted that the reflections contrast at a sub-
stantially higher degree, in this configuration, thus the interfaces are more distin-
guishable. This provides motivation to continue the rest of the experiment in this
thesis using the TM configuration. Nonetheless, in the remaining sections of this

thesis, the TE configuration is employed.

3.3.1 Experimental Results

By following the above procedure, a collection of measured waveforms in the time
domain is obtained from UHMW-sample interfaces created by the dove prism and
a selection of samples. Reference waveforms (UHMW-air reflections) are recorded

immediately following each reflection measurement of a sample on the dove prism.
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Samples examined on the dove prism exhibiting contrasting THz reflections among
the group include a gold-plated mirror, water, and glass, along with the reference
air reflection. Using transmission spectroscopy, the refractive indices for UHMW
and glass have been determined. Similar to reflection spectroscopy, the calculation
of the index of refraction of a material through transmission spectroscopy relies
on reference and sample measurements of a THz pulse. The amplitude and phase
changes of the THz pulse due to the introduction of the sample provide informa-
tion to determine the refractive index and absorption of the sample. Chapter 2.4
details this method used to determine the refractive indices for UHMW and glass
as in Section 3.2. The empirical dielectric function of water is calculated using the
double Debye model with the parameters discussed by Uhd Jepsen et al. [59]. The
empirical dielectric functions of gold and aluminum are calculated using a similar
Drude model and parameters presented by Zeman et al. [60].

In order to determine which UHMW-sample interfaces produce contrasting re-
flections, a qualitative form of spectroscopy in the time-domain is used to directly
observe changes in amplitude, delay or shape of the pulse. By plotting THz pulse
reflections from each interface in the time-domain (with respect to its time delay),
these changes in pulse properties are identified, thus revealing contrasting inter-
faces to be used in the imaging sample in Section 3.4.

Once the refractive indices or dielectric functions of the samples are deter-
mined, the script written in MATLAB® is used to calculate and plot the associ-
ated predicted THz pulse reflected from the UHMW-sample interface, given the
reference reflection from a UHMW-air interface and an angle of reflection of 73°.
Figure 3.7 shows the reflected THz pulse from each UHMW-sample interface of
the dove prism for the TE and TM polarizations. The reflected waveforms for each
interface examined in the TE polarization appear to differ primarily by amplitude.

The lack of substantial changes in shape or form of the reflected pulses suggest
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minimal phase change upon reflection at these interfaces. It is speculated that dis-
tinguishing between four differing interfaces solely by amplitude changes upon
reflection may be exceptionally challenging in a more practical setting; in such a
setting, fewer parameters of the system can be held fixed.

Upon plotting the reflections from identical interfaces in the TM polarization,
the problem outlined above is resolved. Figure 3.7b displays the significant change
in shape of every interface examined in the TM polarization. In contrast to the
UHMW-air interface, the reflection from the UHMW-gold interface undergoes an
inversion of the waveform as well as a small degree of attenuation. The UHMW-
water and UHMW-glass reflections are heavily attenuated while displaying some
difference in form such as the small peak at approximately 2063 ps exhibited by
the UHMW-water reflection. This suggests a common phase shift between the
reflections at the two interfaces created by water and glass. Due to these signifi-
cant qualitative amplitude and phase changes between the differing interfaces, it is
suggested that TM polarized reflections are more distinguishable, and the identifi-
cation of these interfaces concealed by UHMW in a practical setting may be more
definitive and efficient using TM polarization rather than TE polarization.

Following the comparison of TE and TM polarization for this system, it is es-
sential to verify the theoretical reflections modelled earlier with the corresponding
measured reflections. This allows for a similar model to be used for imaging con-
cealed interfaces in a practical setting in the next section of this thesis. Figure 3.8a
shows the measured reflected THz pulses from the interface of the UHMW dove
prism and the sample in the TM polarization, once again displaying the distin-
guishability between each reflection in this mode. Figure 3.8b-d plots, side-by-side,
the measured and predicted reflected THz pulses from a UHMW-glass, UHMW-
gold, and UHMW-water interface of the dove prism. The predicted reflections

for the UHMW-glass and UHMW-water interfaces agree with the measured wave-
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Figure 3.7: Predicted THz waveforms output by the UHMW dove prism system
with a reflecting UHMW-sample interface, using (a) TE and (b) TM polarizations.
Given one reference measurement (UHMW-air) for each configuration, reflections
at other

UHMW interfaces are calculated.
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(a) Measured UHMW-sample reflection waveforms

E 0.2 from dove prism in TM polarization.
cC . T T T T T R
=} :
s | UHMW-glass i
5 UHMW-gold B A
o OmMH___ UHMW-water "'”-’—"”"?ft"";‘*'*’“"*"‘”'5"’*._‘_:\;/ ‘_fif--""‘“'*"—"*"
3 || UHMW-air e
%' | | | | | | |
c-0.2
< 2000 2010 2020 2030 2040 2050 2060 2070 2080
Time (ps)
0.04 (b) UHMW-glass reflections
— — —Prediction
0.02 | Measurement \ |

Amplitude (arb.units)
o

'002 1 | | | | | |
2000 2010 2020 2030 2040 2050 2060 2070 2080

Time (ps)

@ (c) UHMW-gold reflections

c T T T T T

2 0.1 |-~ -Prediction ]

8 ——Measurement

® = —_—

©

=

E— | | | | | | |

< 2000 2010 2020 2030 2040 2050 2060 2070 2080
Time (ps)

) (d) UHMW-water reflections

'c 0.05 ‘ ‘ ‘ ‘ ‘ :

_g — — —Prediction

J ——Measurement

[ 0 -

©

=

g—_OOS | | | | | | |

< 2000 2010 2020 2030 2040 2050 2060 2070 2080
Time (ps)

Figure 3.8: (a) Measured THz waveforms output by the UHMW dove prism sys-
tem with a reflecting UHMW-sample interface (TM polarization). Predicted and
measured THz waveforms output by the dove prism from a (b) UHMW-glass in-
terface, (c) UHMW-gold interface, (d) UHMW-water interface (TM polarization).
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forms.

The measured reflection for the UHMW-gold interface does not have as strong
an agreement with the predicted reflection as compared to the other interfaces,
however, both of these measured and predicted waveforms are of similar form
and are distinguishable among the reflections plotted in Figure 3.8. This weak
agreement can be explained by the nature of the sample used for the UHMW-gold
interface. Firstly, a 76.2 mm protected gold mirror is used for the gold sample,
which is the largest one available. The dielectric overcoat on the gold-plating of
the mirror may have reduced the quality of the UHMW-gold interface, however
typical thicknesses for these coatings are well below the order of magnitude of
the wavelength of THz radiation, so its measurable effect in this configuration is
unlikely [61].

The factor that is most likely diminishing the quality of the UHMW-gold in-
terface is the size of the mirror. Earlier in this section, an expected focussed beam
size incident at the top surface of the dove prism has been estimated. When con-
structing a sample for forming an interface with UHMW, it is favourable to select
dimensions that considerably exceed the beam spot size since the electric field am-
plitude is ! of its initial maximum at the beam waist. This ensures that a large
fraction of the incident electric field reflects from the supposed interface. Because
the beam spot (6.5 cm) and gold mirror diameter (7.62 cm) are close, it is suspected
that the entire THz pulse does not reflect at the designated UHMW-gold interface.
Other samples used throughout this section are also substantially larger than the
beam spot, explaining the better agreements with theory of the other reflections.

To verify the speculation above, Figure 3.9 displays the contrast in the agree-
ment with theory between the reflections from the UHMW interfaces with the
small gold sample and the larger aluminum sample. The reflection from the suffi-

ciently large sample (aluminum) agrees with theory, while the reflection from the
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gold sample is not a perfect match with the predicted pulse. It can be noted that
the predicted reflected pulse from both metal samples are identical, illustrating
the expected reflection from any sample possessing an extreme dielectric contrast

to UHMW.
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Figure 3.9: Predicted and measured THz waveforms output by the dove prism
from a UHMW-gold interface (top) and UHMW-aluminum interface (bottom). The
aluminum sample is larger than the gold sample, thus reflecting a greater amount
of the THz pulse, and strengthening the agreement with theory.

Nonetheless, the reflection spectroscopy model written earlier supports the
measured reflections at each interface. The four samples that have been exam-
ined in this section also provide identifiable and distinguishable reflections at THz
frequencies for each respective UHMW-sample interface.

Also, for measurements in the TM mode, the force exerted on the sample affects

the measured reflection. The greater the force is on the sample creating the inter-
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face with the dove prism, the better the agreement is between the predicted and
measured reflections. This is not the case for the TE mode since the force exerted
on the sample does not significantly affect the measured reflection. This reduction
of accuracy for measurements in the TM mode can be explained by the consider-
able contrast between UHMW-air interface reflections and other interface reflec-
tions within the imaging sample, exclusively during operation in the TM mode, as
seen in Figure 3.7. It is expected that interfaces in practical systems are not per-
fect interfaces whereas the intrusion of small air gaps between two media may be
present. In this case, a small portion of the THz pulse reflects as if the interface
was a UHMW-air interface, affecting the detected waveform by the combination
of contrasting reflections. In the TE mode, where the UHMW-air interface reflec-
tion is identical in form (but not amplitude) to the other interface reflections, small
air gaps at the interfaces may not be easily detectable due to the lesser degree of
contrast of its reflection, as opposed to the TM mode. By exerting a force on the
sample, small air gaps are mostly eradicated, but still may have affected accuracy

in the measurements seen in Figure 3.8.
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3.4 THz Reflection Imaging

After validation of the reflection model for a UHMW system involving varying
interfaces, a THz reflection imaging system must be set up and aligned in order
to explore the possibility of spatially locating and identifying materials concealed
within a UHMW layered system in an applied setting. A similar imaging appara-
tus to the Brewster’s angle reflection imaging system designed by Kilcullen et al.
is used [19]. Figure 3.10 is a labelled photograph of the reflection imaging system
in operation. Figure 3.11 displays the THz pulse path of propagation throughout
the imaging system. The entire system is aligned optically, using a mounted green
laser pointer.

In order to align all four mirrors and sample with the transmitter (Ty) and re-
ceiver (Ry) heads, the imaging sample is replaced with a flat gold-plated mirror
(S). For the purpose of suspending the mirrors in such a way that the incident hor-
izontal THz pulses from the transmitter are directed downwards onto the imaging
sample and allowing the sample to be translated in space below the mounting sys-
tem, all four mirrors are mounted onto a raised crosspiece constructed from four
stacked dovetail rails. For sufficient clearance of the apparatus above the imaging
sample plane, on each side of the rail crosspiece, one pillar post is attached be-
neath a post holder and post, which is ultimately attached to the crosspiece. The
post holder allows for height adjustments of the entire reflection apparatus.

Next, two gold-plated parabolic mirrors (PM1 and PM2) are mounted against
the underside of the rail crosspiece to focus horizontally incident light vertically
downwards. By mounting a pair of gold-plated flat mirrors (M1 and M2) directly
below the parabolic mirrors, the focussed light is redirected downwards and to-
wards the center of the table. The flat mirrors are angled and positioned such that
the focal point lands below the lowest mirrors, centered above the table and at the

imaging sample plane (S). It is important for the focal point of the propagating
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Figure 3.10: The complete reflection imaging system used to raster scan the imag-
ing sample at a selected depth. [T - transmitter, R - receiver, PM1/PM2 - parabolic
mirrors, M1/M2 - flat mirrors, S - imaging sample.]

light to be centered because the reflected focussed light from the sample is then
redirected and collimated towards the receiver by the flat and parabolic mirrors
on the opposing side of the apparatus. In this way, the symmetry of the apparatus
and of the path of propagation of the incident THz pulses dictates the quality of
the imaging measurements. The gold mirror in place of the imaging sample (S)
for alignment is mounted on a mechanical jack to adjust its height. After raising
this gold mirror to a top surface height of 14.5 cm above the table, the reflected
THz pulses are successfully collimated into the receiver head. At this height, the
detected THz pulse, which is monitored via the T-REX software, is at its strongest.

The angle of reflection at the surface of the gold mirror in place of the sample is
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Figure 3.11: The path that a measured THz pulse propagates through the reflection
imaging system. [Ty - transmitter head, R, - receiver head, S - imaging sample.]

approximately 60°.

Following the construction and alignment of the reflection measurement appa-
ratus, the optimal height of the imaging sample above the mounting table needs
to be determined. By inspecting concealed interfaces underneath the top layer of
the imaging sample, a change in the path of propagation by refraction of the THz
pulses is introduced as compared to a direct reflection from air to the gold mir-
ror. This requires the top surface of the imaging sample to be raised a height, Ah,
higher than the original focal point height in air of 14.5 cm. This change in height

is calculated in the following equation utilizing the geometry of the paths of light
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in air as well as the refracted path through the top layer of the imaging sample:

dcos0
A st D

Given the thickness of the top layer of the UHMW imaging sample (d=1.27 cm), the
refractive index of UHMW (n=1.52), and the angle of incidence at the top surface
(6=60°), the surface of the imaging sample must be raised by about 0.5 cm above
the focal point in air.

After this calculation, the mechanical jack used to mount the imaging sample
is adjusted such that the top surface of the imaging sample is 15.0 cm above the
mounting table. All reflection measurements in the remainder of this thesis are
collected with the surface of the imaging sample at this height. Only precise lat-
eral translations of the imaging sample are to be executed for imaging purposes.
Now that the focal point of the THz pulses occur at the first interface below the
surface of the imaging sample, the output THz pulses that are detected from the
reflection imaging system contain accurate information regarding the properties
of that concealed interface. By analyzing these reflections, spatial and material

properties of the interfaces concealed within the sample can be determined.

3.4.1 Automation of the Image Measurements

In order to automate the reflection measurements for imaging purposes, two mo-
torized translation stages are mounted beneath the imaging sample and perpen-
dicular to each other. This allows for precise positioning of the imaging sample for
automated measurements of a reflected THz pulse to construct an accurate spatial
image. Using a USB cable, the motorized translation stages contain integrated elec-
tronic controllers that are controlled by a computer via Thorlabs” APT™ software.

MATLAB® scripts, in combination with macros, have been written to control the
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Figure 3.12: An illustration of the incremental positions of the imaging sample
within the reflection imaging system for a 10 by 10 raster scan. The starting posi-
tion, (Xj, Yi), is given by the large white triangle, the finishing position, (X, Y¢), is
given by the large white circle, and directions are indicated.

APT™ and T-REX software in order to laterally position the imaging sample and
to collect THz pulse data at that position, respectively. To obtain a spatial image
of the concealed interfaces within the imaging sample, imaging measurements are
obtained in the form of a raster scan. After centering the top-right corner of the
imaging sample under the reflection imaging system, the positions of the transla-
tion stages are recorded as (Xj,Y;). This is repeated for the bottom-left corner of the
imaging sample, recording (X, Y¢). For an image of a desired resolution, m by n,
the incremental position changes are given by X%t and Y=Yt The imaging sam-
ple is scanned using these positional increments in order to consistently space the
reflection measurements over the entire sample to create an m by n depth image of

the interfaces within the sample. Figure 3.12 illustrates the starting and finishing
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points of an example raster scan as well as the incremental positions of the sam-
ple which is kept stationary for the duration of each measurement. Following the
scan, in-depth analysis algorithms written in MATLAB® are used to spatially plot
the amplitude and phase, as well as other spectroscopic features, of the measured
THz pulses for these images.

Following the construction of the reflection imaging apparatus, it is observed
that a front reflection from the top surface of the imaging sample interferes with
the reflection measurements of the subsurface interface of interest. This small air-
UHMW reflection occurs approximately 100 ps before the measured reflection, in-
troducing noise within the system. The original design of this imaging system is
intended to minimize these front reflections by operating near Brewster’s angle as
the angle of reflection of the first UHMW-air interface at the top of the imaging
sample (approximately 60°) [62]. The front surface back reflection is only reduced
for the TM polarization. As a result, for TE polarization, front surface back reflec-
tions need to be minimized using a beam block to improve signal quality. In order
to prevent this signal interference, a front reflection blocker is constructed from
a thin, flat strip of aluminum foil. It is mounted and centered directly above the
imaging sample, as close as possible to its top surface without impeding motion of
the sample during imaging. The introduction of this front reflection blocker suc-
cessfully diminishes the amplitude of the top reflection such that the addition of

the signal is negligible to the reflection from the concealed interface.

3.4.2 Preparation of the Concealed Samples

Before imaging of the concealed interfaces inside the UHMW imaging sample is
performed, three different samples are prepared for containment in each of the
milled 3.2 cm square sections of the bottom layer of the imaging sample. In Section

3.3 reflections from various interfaces are examined by use of the UHMW dove
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(b) Complete imaging sample.

(a) Bottom layer of imaging sample.

Figure 3.13: A photograph of (a) the bottom layer of the imaging sample with sam-
ple inserts and (b) the imaging sample fully enclosing the sample inserts. The top-
left section (M) contains steel, the top-right section (G) contains glass, the bottom-
left section (A) contains air, and the bottom-right section (W) contains water.

prism. Based on the substantial qualitative contrast of the reflections from the
gold-mirror, glass, water, and air, all but one of these materials are selected as a
sample insert.

Figure 3.13a illustrates the corresponding location for each sample insert inside
the imaging sample. The reference air sample requires minimal preparation since
an empty square section within the imaging sample creates the desired UHMW-air
interface. The glass sample is prepared by cutting a 3.2 cm square from a 0.64 cm
thick glass sheet. The edges are carefully sanded to a flush fit into one of the milled
sections of the imaging sample. In place of the gold sample, a 3.2 cm steel sample
is cut from steel flat bar using an angle grinder. This significantly minimizes the
cost of the materials while the conducting, metallic properties of the sample insert
remains sufficient for the aim of this experiment. The steel sample is filed and
polished to a flush fit into a milled section of the imaging sample.

The final sample consists of tap water. A glass pipette is used to fill its corre-
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sponding section to the desired amount. One issue that continuously arises in this
part of the experiment is the problematic leaking of water into other regions of the
imaging sample. The intrusion of water into other regions of the imaging sample
is detrimental to the integrity of the surrounding reflection measurements. In or-
der to minimize the intrusion of water from its designated section, a 3.2 cm square
absorption inlay constructed by numerous square paper towels of a similar size is
used to fill the milled section to absorb and contain the water within its assigned
section. Water is then added until the section is full. The optimal thickness of the
absorption inlay is such that without force or contact, the water-saturated absorber
slightly overfills the pocket. Upon contact with the top layer of the imaging sam-
ple for concealment, the saturated absorber is slightly compressed until flush with
the interface, thus releasing a small amount of water to create the UHMW-water
interface. It is crucial to add the optimal amount of water to ensure the surfacing
of water upon compression of the absorber, but not such an amount that may lead
to the leakage of water into other regions.

The approach to the containment of water in this thesis requires the acknowl-
edgment that the interface created by the saturated absorber may not be identical
to the interface that is created by only water. There is a large contrast, however,
between the dielectric properties of water and paper that leads to the following as-
sumption. First, the absorbing properties of water are large enough to completely
prevent the transmission of THz radiation through a single damp paper towel [63].
Second, paper towels, which make up the absorber, are nearly transparent at THz
frequencies, thus speculations on principles from effective medium theory indi-
cate that the medium resulting from the combination of water and paper towels
respond almost identically to a water medium, with respect to its optical proper-

ties [64].
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3.4.3 Experimental Results

After bolting together the top and bottom layers of the imaging sample, the com-
pleted sample with various concealed interfaces is imaged as detailed in Section
3.4.1. After acquiring the time-domain measurements representing the electric
tield of the reflected THz pulses for a 100 by 100 image, the collection of reflec-
tion measurements must be analyzed in order to construct spatial images, which
represents the spatial distribution of the amplitude and phase of the reflected THz
pulses. To quickly summarize, first, a base THz image must be constructed, which
accurately represents the spatial features of the concealed interface within the lay-
ered system. Subsequently, an in-depth analysis of the THz waveforms is used to
inspect the 100 by 100 image data, thus determining specific properties of the THz
reflections that are unique to a given interface. For example, the UHMW-metal
interface is expected to be highly reflective due to the large dielectric contrast and
conductivity of metallic objects, suggesting a substantial reflecting amplitude from
this interface, which may be a unique property for identification among the other
concealed interfaces. Using these properties, interface-specific image filters are
designed in MATLAB®, which are used to create a “filtered’ copy of the original,
base image for each interface. Each interface-specific filter overlays a different set
of coloured pixels on a spatial THz reflection image of the concealed interfaces,
identifying the spatial distribution of each interface by its analogous pixel colour.
The first phase of interpreting the THz reflection image data involves mathe-
matically inverting the domain of the data points by use of the fast-Fourier trans-
form. Figure 3.14 compares the electric field E(t) of the THz pulse in the time-
domain with the complex amplitude of the same electric field |E(w)| in the fre-
quency domain for each concealed interface. Since the transformation of the elec-
tric field to the frequency-domain yields a complex-valued function, it is com-

monly visualized by plotting the complex amplitude. In this form, the variation
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Figure 3.14: (a) Detected time-domain THz pulses reflected from the imaging sam-
ple with different interfaces. (b) The amplitude of the fast-Fourier transform,

[E(w)], of each detected pulse.
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Figure 3.15: A brief outline for calculating pixel intensity values for the amplitude
image. (a) The time-domain THz pulse undergoes a fast-Fourier transform to give
E(w), which is shown in (b) as |E(w)|. (c) This curve is integrated over 0.377 THz
to 0.628 THz to obtain the pixel value at the spatial location of the corresponding
reflection.
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Figure 3.16: A 100 by 100 amplitude image of the concealed interfaces within the
imaging sample. The pixel intensities represent the amplitude of the reflected elec-
tric tield. These values are averaged over the frequency range 0.377 THz to 0.628
THz.
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of the electric field amplitude with respect to each frequency can be observed. By
selecting a frequency, a single value is obtained for each reflection measurement,
indicating the amplitude of the electric field detected for that frequency. By repeat-
ing this for each spatial measurement of the amplitude, an image containing the
electric field amplitudes at the selected frequency as pixel values is constructed.
For the purpose of creating an initial image which accurately depicts the structure
and locations of the concealed interfaces, the sum of amplitudes is calculated over
a frequency interval and used as the pixel intensity of the image. This is similar
to integrating the electric field |E(w)| over a range of frequencies to reduce noise
in the image. Figure 3.15 provides a detailed summary of the results of each step
involved in determining each pixel value for an amplitude image integrated from
0.377 THz to 0.628 THz. The resulting integrated amplitude image is presented in
Figure 3.16.

With an image constructed that conveys spectral amplitude information from
a range of frequencies, the spectral phase information from the measured THz
pulses is yet to be investigated. Given complex electric field values from Euler’s
formula, E(w) = [E(w)|e!®(@), the phase of the electric field of a THz pulse is calcu-
lated by taking the argument of each complex data point, ¢(w) = arg[E(w)]. The
phase ¢(w) uniformly increases with frequency, but when the phase rises above
7, the value immediately jumps to —m and continues its growth (¢ (w) is naturally
restricted to a range of [—m, 7t]). Because of this, the phase data is difficult to ana-
lyze and various frequencies return identical phase values, which is not physically
accurate. The use of the unwrap function in MATLAB® vertically translates the
remaining phase values by 2m, following each drop in the phase data. The un-
wrapped phase data consists of a set of values linearly increasing with frequency.

Due to high noise levels on each end of the bandwidth of the THz pulses, phase

values at frequencies less than 0.07 THz are cropped prior to unwrapping the
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Figure 3.17: A brief outline of a single pixel intensity calculation for the phase
image. The measured time-domain THz pulse is displayed in (a). (b) The phase
is determined by calculating arg(E(w)). To limit effects of noise, only phase data
past 0.07 THz is unwrapped to give the trend in (c). The phase value at 0.251 THz
gives the pixel intensity for the measured pulse.
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Figure 3.18: A 100 by 100 phase image of the concealed interfaces within the imag-
ing sample. The pixel intensities represent the phase of the reflected electric field
at 0.251 THz.
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phase. With the extracted phase of the electric fields at each frequency, a phase
image can be constructed at a chosen frequency. Figure 3.17 reveals the calculated
phase plots (both original and unwrapped phases) used to produce a spatial im-
age of the phase distribution of the THz pulses reflected from concealed interfaces
within the imaging sample. Phase values at 0.251 THz are designated as pixel

intensities for the phase image exhibited in Figure 3.18.
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Figure 3.19: A collection of THz pulse characteristics used to create multiple spa-
tial images of concealed interfaces. Features include the maximum and minimum
electric field E(t)™%* and E(t)™", peak-to-peak (maximum peak to minimum peak
time point) time-width of the pulse At, ,, FWHM on either side of [E(t) = 0] Atjax
and Atin.

After testing the analysis of the amplitude and phase of the reflected electric

field measurements by creating spatial images illustrating the distribution of the
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corresponding values, a closer look at the characteristics of a reflected THz pulse
is required to differentiate between the concealed interfaces. Figure 3.19 reveals
several quantities which can be used to help summarize a THz pulse. Variations
in these characteristic quantities are analyzed to develop a collection of features
specific to one interface, for the purpose of distinguishing each concealed interface
from the rest. Some of the features of the THz pulse include the maximum and
minimum value of the electric field in time E(t)™%* and E(t)™™", the time-width
of the pulse from peak-to-peak At, ,, and the time-width of the pulse given by
the full width at half maximum (FWHM) on either side of the time axis [E(t) = 0]
given by Atme and Atnin. There are also two other features of interest, which
are determined by expanding the analysis of the phase data of the electric field.
An additional step is added following the unwrapping of the phase data, which
consists of fitting a line to the unwrapped phase data and extracting the corre-
sponding slope (phase shift) my and y-intercept (phase offset) ¢,. By fitting a line
to the phase data, the expected noise introduced into the phase data (due to its
high sensitivity to changes in position or thickness) is reduced. The entirety of
the previously mentioned THz pulse characteristics are quantified and each trait is
used as a pixel intensity for its corresponding spatial image. A diverse selection of
THz pulse traits is intended to give multiple dissimilar images displaying differ-
ent aspects of its spectroscopic information. The collection of images fabricated by
these quantities is organized throughout Figures 3.20 and 3.21. It is noted that in
Figure 3.20a, the base image produced above from integrating the amplitude from
0.377 THz to 0.628 THz is shown again, for comparison.

The collection of images given by the quantification of numerous THz pulse
characteristics allows for the assignment of conditions unique to each interface
that establish the image filters for each concealed interface. Specific ranges of val-

ues, unique to a given interface, for each quantified characteristic of a THz pulse
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Figure 3.20: A collection of 100 by 100 spatial images with pixel intensities dictated
by (a) the integrated electric field amplitude from 0.377 THz to 0.628 THz, (b) the
maximum and (c) minimum value of E(t), and (d) the peak-to-peak time-width of
the electric field pulse At,_,. For convenience and ease in comparison, the col-
ormap ranges from the minimum (blue) to maximum (yellow) pixel value of each
image; the centre and corner regions are ignored in this range, since extreme noise
values are expected here (where the imaging sample is bolted).
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Figure 3.21: A collection of 100 by 100 spatial images with pixel intensities dictated
by (a),(b) the FWHM on either side of [E(t) = 0] given by Atyin and Aty (c) the
slope of the phase data (phase shift) my, and (d) the y-intercept of the fitted line
to the phase data (phase offset) ¢,. For convenience and ease in comparison, the
colormap ranges from the minimum (blue) to maximum (yellow) pixel value of
each image; the centre and corner regions are ignored in this range, since extreme
noise values are expected here (where the imaging sample is bolted).
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are carefully applied to each interface in order to identify a concealed interface
throughout the reflection image. An image filter for each interface is built by des-
ignating passing conditions, of which all were required to succeed, to identify a
given measurement (pixel) as a specific interface. For all of the pixels which pass
the conditions of any filter, the correlated coloured pixel is overlaid on the base
image. The previously mentioned passing conditions, which are the structure of

each filter, are given in Table 3.1.

UHMW-sample  Filter Filter
interface colour condition(s)
Metal Red E(t)™e* > 0.1 (arb. units)
Air Yellow Aty p < —1.75ps
Water Blue At,_p > 2.20 ps
0.628 THz

037711 [E(w)ldw < 2.25 (arb. units)
—8.0 < ¢po < —5.4 (rads)
Glass Green 0.06 < E(t)™** < 0.09 (arb. units)
—0.0551 < E(t)™" < —0.0400 (arb. units)

—0.20 < ¢o < 0.20 (rads)

Table 3.1: The passing conditions for each interface-specific image filter. For any
pixel which pass all conditions of any filter, that pixel assumes the filter colour and
overlays the base spatial image of the concealed interfaces.

The set of measurements contained by the reflection image data is analyzed by
the image filters specifically outlined in Table 3.1, and the resulting overlays are
individually applied to the base amplitude image (integrated from 0.377 THz to
0.628 THz). The resulting spatial images from each filter are presented in Figure

3.22.
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Figure 3.22: Each concealed interface filter applied to the spatial image of the elec-
tric field amplitude, integrated from 0.377 THz to 0.628 THz, identifying UHMW-
metal (red), UHMW-glass (green), UHMW-air (yellow), and UHMW-water (blue)
interfaces.
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Chapter 4

Discussion and Future Work

4.1 Summary

The main results obtained in Chapter 3 demonstrate the clear distinction between
different concealed interfaces within a layered, insulated system by means of a
100 by 100 spatial THz reflection image in conjunction with a filtering technique
for the identification of the interface materials. Initially, transmission spectroscopy
of UHMW and glass is performed which extracts the index of refraction of each
material, confirms the applicability of UHMW as the insulating layer of the imag-
ing sample, and validates the developed reflection spectroscopy technique. The
implementation of dove prism reflection spectroscopy allows for the convenient
testing of different interfaces, and illustrates the contrasts among reflections from
the interfaces. It also allows the choice of the most sensitive polarization config-
uration. Following the collection of the concealed interface image data, the am-
plitude and phase images display key differences between some interfaces. In
order to generate the interface-specific filters, numerous amplitude and phase fea-
tures of the reflected electric fields are analyzed and categorized with respect to

each UHMW-sample interface. The construction of each interface-specific image
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filter relies on the visual comparison of these quantified electric field traits of re-
flected THz pulses by developing spatial images from these calculated values. In
each image generated from a THz pulse trait, observations are made suggesting
the distinguishability of one interface from the remaining interfaces. Identification
conditions, based on the quantification of the pulsed electric field characteristics,
are established for each interface, and they are applied to the collection of mea-
surements composing the reflection image to successfully identify regions of each

concealed interface investigated in this thesis.

4.2 Discussion of the Key Results

The application of each interface-specific image filter yields four 100 by 100 im-
ages of the spatial locations of all interfaces with coloured pixels overlaying the
corresponding region containing the successfully identified concealed interface.
Each concealed interface (UHMW-metal, UHMW-glass, UHMW-air, and UHMW-
water) is spatially identified within the imaging sample (even with multiple sources
of noise in specific areas of the imaging sample) by its indicated colour.

The identification of the UHMW-metal and UHMW-air interfaces makes use of
a single filter condition. From the large reflectance of polished metal, the trait that
discriminates the metal interface from the rest is the large reflected electric field
amplitude. This is sufficient to successfully identify the region of metal throughout
the entire imaging sample.

Due to the decrease in refractive index from UHMW to air, this interface re-
flects incident electric fields internally, rather than externally, introducing an ex-
pected relative 7t phase shift with respect to the other interfaces. This phase shift
is identified by the characteristic time-width of the THz pulse from peak-to-peak

At,_,. Since these values are calculated by the difference of the time delays of the
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maximum and minimum peaks, the 7t phase shifted UHMW-air reflection gives
a large negative value for the time-width, as opposed to positive values for the
other interfaces. The UHMW-air interface is also identified by At,_, throughout
the noise given by small air gaps within the expected UHMW-UHMW interfaces
(which often consist of small air gaps, i.e. less uniform UHMW-air interfaces). The
reflections from these unwanted interfaces reflect with the same phase shift, how-
ever due to the non-uniformity and small size of the air gaps, the reflected electric
field is lesser in amplitude, thus At,_, is smaller in magnitude. As it turns out,
the characteristic peak-to-peak time-width At,_, identifies and substantially di-
minishes the noise introduced by unwanted air gaps within the entire image, for
all concealed interfaces. Collectively, the unique phase shift and relatively large
amplitude of the concealed UHMW-air interface allow for its identification.

The identification of UHMW-water and UHMW-glass interfaces is more con-
voluted, in comparison, each consisting of three unique conditions to be satisfied
to map out the respective image filter. The detection of water within the layered
system is based on a lesser amplitude within the amplitude image integrated over
a small range of frequencies, as well as a unique range among the values of the
initial phase offset ¢,. The UHMW-glass interface is similarly identified, by spec-
ifying ranges of values for the amplitudes of the minimum and maximum peaks,
as well as the phase offset.

The incorrect identification of some pixels among the spatial image must be
addressed. Due to the significant distinction between the reflecting amplitude
from the UHMW-metal interface and others, there are no pixels misidentified as
a UHMW-metal interface. For the other interfaces, however, some pixels near the
far right edge of the image or the borders of a region are improperly identified.
The locations of the misidentified pixels are not surprising since at these edges or

borders, it is expected that THz pulses are reflecting from two interfaces, simulta-
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neously. For example, if the pulses are aligned such that half of the pulse is inci-
dent on a UHMWe-air interface, and the other half is incident on a UHMW-metal
interface, then the detected reflection is a superposition of the two reflected electric
tields. In this case, the two reflections are out-of-phase, so the resulting reflection
may appear to be a single reflection from a different interface.

It is assumed that a similar effect is dominant on the far right of the images,
for example, at the edge of the imaging sample, a portion of the pulse may have
reached the reflecting interface of the imaging sample from its side, without ini-
tially refracting through the top layer of the sample. This essentially clips the
detected THz pulse, reflecting with a lesser amplitude, leading to its misidenti-
tication.

Known sources of noise are also recognized at the center and corners of the im-
ages. At these locations, the imaging sample is bolted to the translation stage. In
these regions, the noise floor of the THz-TDS system is detected, thus creating a
dark region in amplitude images and leading to extreme values for the determi-
nation of the phase. Nonetheless, these regions do not interfere with the imaging
and identification of concealed interfaces.

The temperature-dependence of the time delay of a THz pulse may have been
observed in the phase image selected at 0.251 THz. On the right side of the image,
the average phase value between the UHMW-glass and UHMW-water interfaces
is noticeably inconsistent with that on the left side of the image. It is noted that
temperature fluctuations may cause internal drift of the extracted time delay of a
THz pulse. Since the phase of an electric field is extremely sensitive to changes in
time delay, the effects of temperature fluctuations have surfaced after generating
the phase image. It seems that along a given vertical line in the image, the phase
values are rather consistent (or gradually changing), as opposed to the sudden

shifts in phase values along a horizontal line. This horizontal sectioning of phase
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values also supports the above conclusion since from the nature of the raster scan
in this thesis, the y-axis is traversed much more frequently than the x-axis, thus the
phase fluctuations caused by long-term temperature shifts are more pronounced
along the x-axis.

Another possible source of the sudden transition in phase of the reflected elec-
tric fields on the right side of the image is the design of the instrument used to
block the front reflection at the top surface of the imaging sample. Since this thin
metal object is fixed directly above the imaging sample, along the y-axis, as the
imaging sample is translated along the x-axis, any small changes in thickness or
height of the imaging sample introduce a small gap between the front reflection
blocker and the surface of the sample. Therefore in some regions, a portion of the
unwanted reflected THz pulse at the top surface of the imaging sample may have
been detected, in superposition with the reflection of interest from the concealed

interfaces, which affects the calculated phase.

4.3 Future Work

In the THz reflection imaging experiment, a 100 by 100 set of reflection measure-
ments, selected for the depth of the concealed interfaces, are collected with the
use of a THz-TDS system. By averaging 1000 waveforms per measurement, and
pausing reflection collection over the duration of sample translation between mea-
surements, the image data acquisition lasts approximately 12 hours for a single 100
by 100 image.

The next logical step would be to repeat the experiments for the TM configu-
ration, which is shown in Section 3.3, to potentially demonstrate a higher degree
of contrast between the concealed materials. This is also necessary to refine the

coloured filters based on considerations of physical theory. There are also many
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variables that can be adjusted to maximize the efficiency of the imaging system for
the purpose of concealed interface identification, now that the concept has been
demonstrated successfully. This may involve averaging over fewer waveforms or
reducing the resolution of the collected image data, as appropriate for a given in-
dustrial setting in order to test these principles for a specific application.

The duration of the image data collection also has an impact on the consis-
tency of the reflection measurements since temperature fluctuations in the THz-
TDS system, introduce a small time delay drift in the measurements. The greater
the duration is of the imaging process, the greater the likelihood is of temperature
impacting the measured time delay of a THz pulse. This is observed in the phase
images since the calculated phase is extremely sensitive to the delay, thus sensitive
to the drift.

In order to accurately determine the phase data, the reliability of the front re-
tlection blocker, used to prevent detection of the THz pulses reflected from the top
surface of the imaging sample, must be ensured. The stationary mounting of a
thin metal piece directly above the sample works for a perfectly flat and uniformly
thick sample, however in practice, this may not be a realistic approximation. As the
thickness changes, the distance between the blocker and the surface of the sample
also changes. In order to fully prevent front reflections from being detected, a sim-
ple adjustment can be made, such as a constant force supplied downwards against
the reflection blocker while restricting its motion along the z-axis (up and down).

By exploring the implementation of other materials, as opposed to UHMW,
as the insulating material in the layered system, a different range of identifiable
interfaces may arise, assuming that the identification of an interface among other
materials can be based on the contrast in dielectric features. A steep change in
refractive index of the insulating medium may significantly alter the possibility of

identifying interfaces composed of materials with a low index of refraction.
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With the success of identifying each interface within the layered system with
minimal false identifications, this experiment can be repeated with a more diverse
and larger selection of concealed interfaces. In this revised experiment, a focus
may be drawn on discovering the required limit of contrast (or difference) between
the dielectric properties of two materials in order to identify the interfaces formed
in the imaging sample. Since the UHMW-metal interface is simply identifiable,
a deeper look at metallic interfaces may be undertaken. Remaining in the realm
of applications related to identifying indicators of corrosion before it takes place,
various samples of painted and corroded metal can be imaged to test the distin-
guishability between the respective UHMW-sample interfaces within the layered
system. Referring to the work of Anastasi and Madaras [26], the ability to detect
corrosion under painted surfaces with THz reflection imaging is available by the
determination of surface roughness and response to paint thickness. By inspect-
ing rough, corroded or painted metals within the layered system, identification of
these differences among other interfaces, along with precursors of corrosion, may

be possible.

4.4 Conclusion

The experiment and techniques performed within this thesis have validated the
teasibility of conducting THz reflection imaging to spatially map the structure of
concealed interfaces at a given depth, while simultaneously identifying each in-
terface material without the use of a reference beam, commonly required for re-
flection spectroscopy. The specific involvement of water and metal, among other
interfaces, demonstrates the applicability of this technique for the detection of pre-
corrosion within a practical system. Initially, the employment of THz transmission

spectroscopy establishes UHMW as a suitable coating in a system probed by radi-
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ation at these frequencies. The subsequent development of a dove prism reflection
spectroscopy system aids in understanding THz reflections at different interfaces
and realizing contrasting reflections for different materials, thus identifying ma-
terials likely to be distinguished in a layered UHMW system. Concealed inter-
faces are then imaged with the construction of a reflection imaging system using
TE polarization. Guided by the results from dove prism reflection spectroscopy,
numerous pulsed electric field characteristics from the image measurements are
investigated, and interface-specific filters are developed. Applying these filters
produces a colourmap of the interface materials, overlaying the spatial image. The
spatial location and identification of each interface material is performed with min-
imal false identifications. The filtered images demonstrate the ability to apply re-
flection spectroscopy techniques to a practical, insulated, system to spatially map
and identify various concealed interfaces (without using a reference measurement)
based on electric field amplitude and phase properties (despite the sensitivity of
phase to minuscule changes in position or thickness), including the detection of
water among other metallic and dielectric materials. The identification of water
(and other dielectric materials) in this manner suggests further exploration of this
method towards a variety of relevant industrial applications for the purpose of
identifying precursors to the corrosion of a protected, insulated structure, which

may significantly impact the cost, duration, and intricacies of repair.
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