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ABSTRACT

Continuous wave terahertz imaging is a variant of terahertz imaging that has been
made possible with recent advances in technology and has provided interesting results
as an inspection method. This variant is more accessible than its counterparts, as such,
there is high interest in studying it. This dissertation aims at providing the foundations
for the development and use of this technology for Non-Destructive Testing.

The system was assembled and tested for different applications. The fundamental
phenomena were studied through experimentation and numerical simulations. A math-
ematical model was developed to predict the effects of Fabry-Perot interference, a phe-
nomenon that would otherwise be considered undesirable. The comprehension of this
effect allows for this method to be used as measuring tool. The system was compared
with other non-contact inspection techniques, where it was found to excel at imaging

water infiltrations and some composite materials.

Keywords: Terahertz, Continuous-Wave, Imaging, Non-Destructive Testing, Fabry-Perot.
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REsumMmo

Imagiologia por terahertz de onda continua é uma variante da imagiologia de terahertz
que se tornou possivel com avangos tecnologicos recentes, que tem mostrado resultados
interessantes como técnica de inspecao. Esta técnica é mais acessivel que outras variantes
e como tal, existe um elevado interesse no seu estudo. Esta dissertagao procura estabelecer
os fundamentos para o desenvolvimento e aplicagdo desta técnica para Ensaios Nao-
Destructivos.

O sistema foi construido e testado em diferentes aplicagoes. Os fenémenos fundamentais
foram estudados através de experimentagao e simulagoes numéricas. Um modelo mate-
matico foi desenvolvido que permite prever o efeito da interferéncia de Fabry-Perot, feno-
meno que é habitualmente considerado indesejado. A compreensao deste efeito permite
que este método seja utilizado como ferramenta de metrologia. O sistema foi comparado
com outras técnicas de inspecao sem contacto, tendo-se comprovado que se destaca na

inspecao de infiltragoes de agua e alguns materiais compdsitos.

Palavras-chave: Terahertz, Onda-Continua, Imagiologia, Ensaios Nao-Destructivos, Fabry-

Perot.
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GLOSSARY

C-scan A scan performed along an area. It forms a matrix with a measurement
being performed at each point. Produces a 2D images.(1D if taken only

in a line)
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CHAPTER

INTRODUCTION

This work is licensed under the Creative Commons Attribution-NonCommercial 4.0
International License. To view a copy of this license, visit

http://creativecommons.org/licenses/by-nc/4.0/.

Non-Destructive Testing (NDT) is a group of analysis techniques widely used in science
and industry. These have the goal of studying the properties, morphology or defects
of an object without damaging it or altering it in a way that would affect its function.
Such techniques are particularly useful when it is necessary to individually inspect every
product at the end of a production line, or to perform periodic analysis of components
during their work cycle.

Electromagnetic radiation is a fundamental phenomenon for a number of different
testing and imaging techniques, from X-Ray tomography to radar imaging and even visual
inspection. Radiation with different frequencies interacts with matter in different ways.
Consequently, this sort of interaction can be used to inspect a wide variety of materials.

In this context, terahertz (THz) imaging is a technique of high interest due to its ability
to image dielectric parts in depth, similarly to X-ray imaging, whilst not posing the health
risks associated with it. Additionally, due to its longer wavelengths, THz shows wave
interactions with features at a visible scale. As such, THz waves can show diffraction,
refraction and interference, allowing for an analysis that could be complementary to X-ray
imaging as is can be seen further on in this work.

The majority of research performed in the field of THz imaging over the last couple
of decades, has focused mostly on the time domain variant. While this variant provides
highly detailed data, it also requires complex and expensive equipment with a large
footprint. In contrast, the variant studied in this work, named continuous cave (CW),
provides a more accessible and practical solution for an industrial application. The tech-

nology used to make this technique more compact and cost-effective is relatively recent,


http://creativecommons.org/licenses/by-nc/4.0/

CHAPTER 1. INTRODUCTION

thus the study of its application is still in its early stages. This was a major motivation for
the investigation presented in this work.
This dissertation aims at providing a fundamental study of CW THz. As such, the

initial objectives were determined as:

* Develop a working prototype to automate the scanning process for the experiments.

* Test and characterise the response of the system to imaging different defects, fea-

tures and materials.
* Test resolution enhancing methods, such as deconvolution.
* Compare the performance of the system with other non-contact NDT techniques.

* Numerically simulate the interactions between the radiation and the various mate-

rials and features tested.
However, after the Fabry-Perot effect was identified, the following objectives were added:

* Develop and validate a mathematical model that accurately describes the Fabry-

Perot effect.
* Evaluate the effect of this phenomenon on the imaging of features and defects.

* Test the possibility of using this effect for a metrology application.

To support such studies, a prototype was built and tested. The results were used to
create a mathematical model that can predict some of the involved phenomena, namely
the Fabry-Perot effect.

To situate the technology in the area of non-destructive testing, the prototype was
compared with other non-contact imaging systems, using a sample designed and created
for the purpose.

A better understanding and prediction of the system can be obtained through numeri-
cal simulations. As such, various effects observed experimentally were analysed by Finite

Element Analysis.



1.1. DERIVING ARTICLES

1.1 Deriving Articles

The work presented in this thesis brought some advancements to the state of the art of
the technology. As such, a manuscript was written which is currently under review in the

journal "Measurement".

Frederico B. Costa, Miguel A. Machado, Pedro Vieira, Telmo G. Santos. Continuous
Wave Terahertz Imaging for NDT: Fundamentals and Experimental Validation. Journal of the
International Measurement Confederation. Submitted in 27/10/2020.

For the full manuscript, go to:
https://drive.google.com/drive/folders/1Z0PmxCUo6-YF5yFV_M5Jn0HRooUUWMqd?
usp=sharing
The journal:
https://www. journals.elsevier.com/measurement

Impact Factor: 3.364


https://drive.google.com/drive/folders/1ZOPmxCUo6-YF5yFV_M5Jn0HRooUUWMqd?usp=sharing
https://drive.google.com/drive/folders/1ZOPmxCUo6-YF5yFV_M5Jn0HRooUUWMqd?usp=sharing
https://www.journals.elsevier.com/measurement




CHAPTER

STATE OF THE ART

Traditionally, the controlled production of radiation was divided into two domains, the
electronic, that covered long waves from radio to microwaves, and the photonic domain,
stretching from infra-red into gamma rays [1]. However, amidst the aforementioned
bands there is a range, known today as terahertz, which wavelengths are in the order of
millimetres (0.1 to 10 THz). The name terahertz refers to the frequency of 10'2 hertz.
The controlled production of these waves proved to be difficult for the technology from
either domain, since the frequency was too high for electronic systems and too low for
optoelectronics and lasers [2], hence it was known as the "terahertz gap". It was only in
the beginning of the seventies, with the works of Auston D. H. et al. [3] and Yang K. H.
et al. [4], that the production of such waves became convenient as the first laser based

terahertz sources were made.

The interaction between terahertz and matter is similar to the one with longer waves,
in the sense that the radiation permeates easily trough dielectric materials while being
highly reflected by conductive materials and highly absorbed by water [5]. Despite the low
attenuation in dielectric mediums, these present a refractive index significantly distinct
from the one on air. Consequently, the interaction is similar to the one between visible
light and glass, in the sense that the radiation refracts on interfaces with little amplitude
loss in the medium. As such, it is ideal for imaging these materials. It is also important
to note that the shorter wavelength makes it so images can be produced with much finer

resolution than if longer waves were to be used [6].

One could argue that because X-rays have a much smaller wavelength and permeate
through a wider variety of materials, X-ray imaging would be a superior technique for

any situation. However, while a traditional X-ray image is obtained only by the difference

5



CHAPTER 2. STATE OF THE ART

in absorption of its rays through a medium, on terahertz, because the wavelength is of
similar dimensions as the observed defects and features, diffraction becomes a bigger
factor on the passing radiation. This phenomenon allows small defects to have a large
impact on the image, making them more easily identified. Additionally, terahertz waves
are absorbed differently by some materials, which can produce contrasts that would be
impossible with X-rays, as it can be seen further on with the case of water. As such, these
techniques could potentially be complementary. It is also important to note that terahertz
radiation is non-ionizing and thus does not pose a threat to the health of the operands [7].

Throughout the last few decades, a variety of different terahertz imaging systems have
been developed. Mittleman [1] describes the essential components of a time domain

imaging system as seen in the figure 2.1a.

Scanning
Optical Femtosecond Laser o
Delay Line
e g
|
I /
I
(] —_—
|_ﬁ.‘ a
E 11
@
Hz =
IHz Sample Transmitter g
Detector \ =
< ! O
> Current Lyl A/D converter DC bias -1 " T T T y
Preamplifier & DSP 0 20 40 60
j Delay (picoseconds)

(a) (b)

Figure 2.1: Time-Domain systems and acquired data. (a) Schematic of a time domain
imaging system. (b) Waveform obtained with a time domain system. Adapted from [1].

Approaches such as the one shown above, require a pulsed radiation source operating
in femtosecond pulses. Using an optical delay line it is possible to acquire the waveform
after it traverses the sample and hits the detector (figure 2.1b). From this acquisition, an
assortment of data can be extracted such as amplitude, phase and delay of the pulse. By
acquiring this information in an array of spacial points (C-scan), different images can be
produced starting from a single set of data. Figure 2.2, shows two images of a chocolate
bar that contains almonds inside the chocolate and a logotype embossed onto the surface.
One of the images is produced by the amplitude loss, while the other is generated by the
travel time of the wave. On the one built by amplitude, the almonds are more visible
as these posses a higher water content which highly absorbs terahertz. On the image
produced by travel time, the logotype is more perceivable, as light takes a longer time

permeating through thicker material.



Figure 2.2: Two THz images of a same chocolate bar. The bar contains almonds and has a
logotype embossed on the surface. The image on top was built from the amplitude of the
acquired waves while the bottom one was made from the delay times of the wavefronts [1].

In other approaches, the acquired radiation is reflected by the sample instead of trans-
mitted through. This technique is particularly useful when the material is laminated
(figure 2.3), since the radiation is reflected on each interface and thus producing a re-
flected wave for each layer. Additionally, this setup enables analysis in situations where

only one of the sample’s surfaces is accessible [8]-[10].

50

40
)
2 0.8
F30
3 06
§ 20
a 0.4
(@]
0.2
O 10 15 20 ©
(a) X Position (mm)

Figure 2.3: Image of a line of a laminated composite material acquired by reflection. The
visible lines correspond to different times of arrival of the pulse by being reflected by the
different interfaces. Retrieved from [10].
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Despite having the clear advantage of collecting a variety of data, the time domain
approach requires a highly complex, delicate and costly system. Nevertheless, most

research on terahertz imaging focuses on this variant.

In continuous wave terahertz imaging, a longer pulse of radiation is emitted, while
simultaneously, a detector measures the intensity of radiation that permeates through the
sample. Variations of intensity indicate different effects of attenuation and dispersion of
the incident radiation, and thus the morphology and constitution of the material can be
inferred on. While acquiring less detailed data, continuous wave (CW) systems prove to
present a simpler, more affordable, quick and compact solution when compared to their
time domain counterparts [11], [12].

This approach was employed on the 2002 article by Karsten J. Siebert et al. [13]
where a Ti:Sapphire laser was used as a terahertz source to obtain a continuous wave
transmission image of a canary’s skull, which was comparable to one produced with

X-ray imaging (figure 2.4).

o — .
- ‘ 3 b |

(a) (b)

Figure 2.4: Imaging of a canary’s skull. (a) Continuous wave terahertz image of a canary’s
skull. (b) X-ray image of the same skull. Adapted from [13].

In recent years, the advances in Gunn diodes and the development of technologies
such as Impact Ionization Transit Time (IMPATT) diodes (used in this work), have popu-
larised the use of this approach as it is seen numerous articles [11], [14]-[17].

On the 2009 article, Y. Oyama et al. [17] study CW THz images of water infiltrations.
Figure 2.5 shows an image where water was injected into a wood sample and set to dry.
A 0.2 THz source was used to image the piece, allowing for the water distribution during
the drying process to be observed. On the same article, water droplets were poured on
a cracked concrete sample, allowing the water to infiltrate into the fissure. Figure 2.6
shows this process and the results. This method allowed for the inspection of a defect

that would otherwise not be visible.

More recently, in 2017, Hai Zhang et al. [15] conducted a study of a canvas painting

8
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g £
= uo|sSjwisuel]

Water injection - 32mm

Figure 2.5: Terahertz image of a water infiltration in wood as it dries out. Adapted
from [17].

Figure 2.6: Terahertz image of water infiltrating in a concrete crack. Adapted from [17].

using continuous wave terahertz imaging. In their setup, a diode based source and detec-
tor were used. The source diode was an IMPATT diode, technology which is proprietary
to the company TeraSense, from where the source and detector used in the work described
by this thesis were also acquired.

CW THz can also be applied in a reflection setup. On the 2019 conference paper
by T. Tanabe [18], a 0.14 THz IMPATT source is used to image a variety of materials
in reflection. Figure 2.7 shows a reflection image of a copper cable where one of the
conductors is increasingly ruptured through traction. The imaging allows for inspection
underneath the opaque polymeric insulation at the various stages of traction.

On the same work, a study was conducted on the reflectivity of steel rods depending
on their corrosion. Through these scans, as figure 2.8 shows, it is possible to identify and
locate the corroded steel rods inside concrete as these are less reflective than non-corroded

ones.
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wire
" A @24 mm
Copper wire cable PE insulator

09

Longitudinal position (mm)

0.03

(‘mve) Ausudul uondagjay

2.5mm
‘---ﬁ

Disconnection size . .
{2 disconnection

Figure 2.7: CW reflection THz image of an electrical cable where one of the conductors is
being ruptured. Adapted from [18].
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Figure 2.8: CW reflection THz image steel rods in concrete. Some of the rods are corroded
which makes them less reflective resulting in a darker image. Adapted from [18].
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CHAPTER

ELECTROMAGNETIC RADIATION IMAGING

SYSTEMS

3.1 Introduction

Throughout the last century, as technology evolved, the production and detection of
radiation gradually reached almost the entire electromagnetic spectrum. Consequently,
a variety of imaging techniques were developed. Generally, the image is built from
measuring the radiation that is transmitted, reflected, refracted or emitted by the imaged
object.

A basic approach to imaging consists in distributing the collected data through a ma-
trix according to its relative position (C-scan). However, in situations where the detector
is not punctual and the area of collection of each point overlaps with the neighbouring
points, the final image will appear blurred and poorly defined even with a high pixel
density. To combat this issue, deconvolution filters can be applied to the image.

Another factor that can impact the resolution of the image is the wavelength of the
involved radiation. When electromagnetic waves interact with a feature or defect with
dimensions equal or inferior to that to the wavelength, the waves will diffract, and the
object will project a diffraction pattern instead of a shadow. It is possible to counteract the
effects of diffraction through the use of a point spread function that takes the wavelength
into consideration, by deconvolving the image. However, this solution is only applicable
in situations where the light source is monochromatic and coherently polarised [19], and

thus will not be studied in this work.
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3.2 Electromagnetic Waves

To discuss terahertz waves, as we would with any other electromagnetic wave, one should
start with the basic Maxwell equations [20], that in vacuum differential form are written

as

V-E=0, (3.1)
V-B=0, (3.2)
JB
VXE=-—", (3.3)
JE
VxB = ]40605, (34)

where E represents the electric field, B the magnetic field, ¢y and y( vacuum’s permittivity
and permeability respectively. These variables, as well as the remaining in this chapter,

are presented in S.I. units. Despite their size, along with the equation for Lorentz force

F=g(E+vxB), (3.5)

where v represents the velocity of the charge, these expressions translate the entirety of
basic electrodynamics. The electric E and magnetic B fields can also be represented in

their general form

D=¢)E+P=¢E, (3.6)
1 1

=—B-M=-B, (3.7)
Fo g

where P and M represent the polarisation and magnetisation of the medium respectively,
and € and y represent the electric permittivity and magnetic permeability of the medium

respectively.

3.2.1 The Wave Equation

Using the vectorial identity

Vx(VxX)=V(V-X)-V3X, (3.8)

on the electric field E, and using the relation in (3.3) we obtain

Vx(VxE):V(V-E)—VzE:Vx(—%—?)

d JE
=—5,(VxB) = pgeo— .

Applying the same vectorial identity to the magnetic field B, and the relation (3.4),

we obtain:
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E
Vx(VxB)=V(V-B)-V°B :VX(]A —)
(3.10)
= Ug€ a(V><E)— € o8
= Mooy = Hocoo
Since V-E =0 and V- B = 0, the decoupled wave equations for each component can be

derived,
0°B 0°E
2n _ 2p _
V E= ]/loeo—at2 , V B = ll/loeo—atz .

In a dielectric material, the permissivity and permiability values €, and y(, would be

(3.11)

replaced by their relative counterparts € and p. In this situation the speed of propagation
of the waves can be related as follows
1 c
=—=- 3.12
ve = (3.12)
where c is the speed of light in vacuum and 7 the refractive index of the material that

establishes the relation between the the speed of light in this material and in vacuum.
For plane waves, the wave equation has the generic solutions

E(r,t) = Bge/® ™" and  B(r,t) = Bye/ ko), (3.13)

where k represents the wave number, w the angular frequency and j the complex identity.

Substituting (3.13) for V-E = 0 and V- B = 0 the following relations emerge

k-BE=0 and k-H=0, (3.14)

These relations indicate that the waves are transverse, i.e., they oscillate perpendicularly
to their direction of propagation. The two components are tightly related by the Maxwell
equations in the sense that when one is known, the other can be unmistakably determined.
And so the two components induce each other mutually and propagate coupled. The two

coupled components are called an electromagnetic wave.

3.2.2 Reflection

When a beam of radiation transverses from a material to another where it propagates at
a different speed, it will suffer refraction and reflection on the interface as it is shown in
figure 3.1.

The angle at which the beam is refracted can be determined by Snell’s law

nysinf; = n,sin6,, (3.15)

where 1y e n, represent the refractive indexes of the mediums, 6; the angle of the incident

beam relative to the surface’s normal and 6, the angle of the refracted beam.
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Figure 3.1: Refraction and reflection of a beam of light.

Reflectance R and transmitance T are defined as the relation between incident power
E; and reflected Eg or transmitted Er respectively [21]. These relations are defined as

2 2
_BRE g r o Ml (3.16)
|Eq]? ny|Er|?
Replacing the equation (3.13) in (??), the dispersion relation is obtained
K = epaw?. (3.17)

This relation dictates how a wave with a certain frequency propagates in a medium.
It is important to note the dependency this relation has with the electric and magnetic
properties. In a non-magnetic material, k can be related with the wavelength A as follows
27 W
=" =n—, 3.18
A c ( )

thus also relating to the frequency. In a conductive medium, where the electrical con-

k

ductivity is high so that 0 > we, the dispersion equation (3.17) can be approximated

to

2 R jopw, (3.19)

j being the complex unit. The amplitude of k is then given by

k ~ #(1 ). (3.20)

The previous expression indicates that the amplitude of the radiation decays expo-
nentially as in travels through the material. This effect is called skin effect [22]. The depth
at which the amplitude of the wave becomes % of the amplitude on the surface is called

skin depth and is given by
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5= ,/i. (3.21)
WHOo

The expression above indicates that the skin depth is larger for longer wavelengths

and so it could be expected that the transmittance would be higher for these low frequen-
cies. However, the opposite occurs which can be justified by the fact that in order to
propagate through a material, a wave requires to penetrate a depth equal or greater than
its wavelength [21]. Consequently, only waves from the energy range of X-rays and above
can propagate through metallic materials.

Being highly impermeable to terahertz does not mean that metallic materials absorb
its incident energy. The skin effect causes a refractive index n > 1 which leads to a high

reflectivity. For this reason, in metals, the energy is mostly reflected.

A particular case of reflection that proved relevant for this work is the one that takes
place in Fabry-Perot interferometers. The simplest instance of this effect occurs in a
scenario where three materials are set so that the two interfaces are parallel, as shown in
figure 3.2.

For an incident wave E;,, = e/(¥1-k?)

propagating perpendicular to the interfaces, we
define a transmitance f = V1 —r? where r is the reflection coefficient given by

p o Izl (3.22)
ny +np
being that n; and n, correspond to the refractive indexes of the media. If we define the
zero of the z axis in the first interface, the electric field will be e/® right before it and
fiel®t right after [23]. By the same logic, right after the second interface, the electric field

will be given by

E| = fi foe/ @), (3.23)
The reflected wave, will also reflect back at the first interface, producing a second

forward moving wave, that will interfere with the original. This second beam is given by

E2 = flfzrl Tzej(wt_gkd) = El 5] 72€_2jkd. (324:)

This re-reflected beam, will also be partially reflected and so, infinite beams E3, Ey, ..., E,,
with ever smaller amplitudes will be produced. The resulting electric field right after the

second interface will be given by

E = E =E 1y 1)1 gmi2kd(n-1) _ rirpekdyn— =1 (325
out ; " 1;( 172) 1;( 172 ) SE——TT (3.25)

And thus, the intensity of the transmitted beam is
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Lout _ EoutEqyt _ (1 _7'17’2)2 (3.26)
Lin EiyEi,  (1-r11y)? +4r rpsin®(kd)

The Fabry-Perot effect thus results in a system with a transmissivity that is highly
dependant on the distance between the interfaces. Figure 3.2 (b) shows the relation
between the transmissivity and the distance between interfaces. It is important to remem-
ber that the wave number k is dependent on the frequency of the radiation and on the

characteristics of the medium.
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Figure 3.2: Schematic of Fabry-Perot interference, and the resulting plot produced by
equation (3.26).

3.2.3 Attenuation

On the previous sections, the refractive index n is considered for an ideal material where
the energy absorption is not contemplated. On a more realistic approach [23], the refrac-

tive index can be defined as a complex number:

1= HReq + JK. (3.27)

On the expression above, x represents the complex component of the refractive index

named extinction coefficient.

Similar to other physical phenomena, it can be experimentally observed [24] that the
amplitude of an electromagnetic wave decays as it propagates though a medium accord-

ing to Lambert-Beer’s law

[=Ipe ™, (3.28)

where [ is the intensity at a given depth x, I the intensity of the incident radiation and «
the attenuation coefficient. This coefficient can be related to the complex component of

the refractive index x according to the equation
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B 4tk

L 3.29

where A is the wavelength of the referred radiation in vacuum.

On the plot in figure 3.3 the absorbance spectrum is represented on the terahertz range.
Remembering that higher frequencies allow for higher resolution images, it is interesting
to note the compromise between resolution and signal attenuation, being that these have

inverse behaviours as frequency rises.
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Figure 3.3: (a) Absorbance spectra for different polymers. (b) Absorbance spectra for
different glasses for the terahertz range [25].
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Figure 3.4: (a) Refractive index spectra for different polymers. (b) Refractive index spectra
for different glasses for the terahertz range [25].

It is also relevant to note (figure 3.4) that despite being approximately constant along
the frequency, the refractive indexes for these materials are considerably superior to 1.

Since at 0.1 THz, frequency used in the experiments of this work, the attenuation is
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low and the refractive index is high, refraction is expected to have a higher impact than
absorption when it comes to distinguishing morphological features.

3.2.4 Diffraction

From the perspective of light as particles, one could assume that when a collimated beam
is shined onto an obstacle, a shadow would be cast forward in the direction of propagation
of the beam (figure 3.5a). However, in reality light can be measured to hit the area where
a shadow would be expected, a phenomenon which is most prevalent the narrower the
object is when compared to the wavelength. This occurrence can be justified by the wave
behaviour of light, where the wave-front that passes at the edges of the obstacle behaves

as point light source as shown in figure 3.5b.

LT )

T A
(a)

(b)

Figure 3.5: Schematic of Huygens’s principle. (a) Schematic of the projection of a shadow
where diffraction isn’t considered. (b) Schematic of a diffraction phenomenon according
to Huygens’s principle. The red lines represent wave-fronts and the grey area represents
an obstacle.

This phenomenon is explained by Huygens’s principle [26]. This principle states that
in wave propagation, each point of a wave-front acts as a point source, and the overlap of
the infinite wavelets results in the wave-front in propagation.

Different waves originating on the edges of the obstacle will intercept and interfere.
In some areas each wave will have travelled unequal lengths, creating a phase difference.
The interference of these waves will generate an interference pattern.

The path length of the radiation can be calculated [27] according to the following

expression

(1-C@)-S@))*+(C(v) - 5(v))®

L(6) = 7 ,

(3.30)

where 60 represents the diffraction angle as shown in the figure 3.6, C(v) and S(v) are the

Fresnel integrals given by
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v 2
C(v) :f COS(E)dS, (3.31)
0 2
v 2
S(v) :f sin(ﬁ)ds, (3.32)
0 2
and v represents Fresnel’s parameter given by
2(1 1
v=nh X(d—l'f‘d—z), (333)

where £ is the effective height of the obstacle (as shown in figure 3.6), and A the wave-

length. The direct distance x can be determined by the law of cosines

x = \Jd2 +d? = 24, d; cos(r — 6). (3.34)

From x, the angle a can be derived

B _1 d12+x2—d12 335
a = COS _2xd1 ’ ( : )

and so, the object’s height can be determined
h =d; tan(a). (3.36)

While being diffracted by the edges, the waves also suffer attenuation. This is caused
by the finite thickness of the object. The wider the obstacle is compared to the wavelength,
the more energy will be absorbed. Attenuation also depends on the material, in the sense
that it is higher for materials that have a lower permeability to that wavelength. In order
to analytically calculate the impact of this effect, complex calculations dependant on the
edge’s shape would be necessary [28].

Source d,

o= >
~
~

Obstacle

Figure 3.6: Knife-edge diffraction schematic.
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3.3 Deconvolution

In an ideal system, a captured image would be identical to the object. However, real sys-
tems deform the captured information. This deformation can be caused by imperfections
in the lenses, by the fact that the aperture is not punctual, by nonuniform sensitivity
in the sensor, etc. Fortunately, the deformation can be compensated in post-processing
by running a deconvolution filter through the data. A common method resorts to the

determination of the point spread function in order to restore the image.

3.3.1 Point Spread Function

The deformation a system applies can be defined by the equation [19]

g[m,n] = h[m,n]* f[m,n], (3.37)

where [m, n] are the matrix’s dimensions, g represents the acquired image, f the original
image and h the deformation function or point spread function. On the frequency domain,

i.e. the Fourier space, the problem is equivalent to

Glu,v] = H[u,v]F[u,v]. (3.38)

On this domain, if the point spread function H is known, the image can be restored through
the following division
. Glu,v]
Flu,v| = ——. 3.39
[uv]= gy (3.39
It is relevant to state that F can be different from F. This occurs when the function H has
frequencies for which it takes the value zero. In this case, the division (3.39) would be
invalid and these points would represent information loss in the system. In order for the
operation to still be solvable, it is common to replace the zeros with low values for these
frequencies.
Another factor that can complicate the process is the presence of noise. If a function

of noise w is added to the equation (3.37)

g[m,n] = h[m,n]* f[m,n]+w[m,n], (3.40)
then, the equation (3.39) becomes

. _ Glu,v]  Hlu,v]Flu,v] W][u,v]
Flu,v] = Hlu,v]  Hlu,v] Hlu,v]’

In this situation, the noise can be amplified leading to a processed image with more of it.

(3.41)

To combat this problem, noise filters may be applied to the image before the deconvolu-

tion is performed.
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4.1 Setup of the CW THz Tests

The system used in this work is comprised of a terahertz radiation source and detector
mounted to a computer numerical control (CNC) table. An acquisition board is attached
to the detector and linked to a computer that both assembles the data and controls the
table.

4.1.1 Movement Control and Acquisition

The scanner has a three orthogonal axis positioning system over a volume of 2760x1960 x
2000 mm with a maximum resolution of 0.01 mm in the X and Y axis and 0.001 mm in
the Z axis. For transmission imaging, the parts were positioned as shown in figure 4.1.

The dimensions A through D will be referred to throughout the rest of this work.

In order to register the voltage produced by the detector, an acquisition board is con-
nected to it. This board links to a computer where a LabView code compiles the collected
data, allowing it to then be exported. This LabView program also builds the g-code used
by the table, where the dimensions, resolution and speed of the scan are set. To ensure
synchronisation between movement and measurement, the triggering of the acquisition
is done by a digital signal sent by the table directly to the acquisition board. The scans
are performed in a raster pattern, i.e. back and forward every other line, and the LabView
code rearranges the data allowing the scan to be twice as fast. However, because of the
limited motor acceleration, an offset still occurs between every other line since the motors
take some time to reach full speed while the board dictates a constant sampling rate. This

issue is addressed later on, in the signal processing section 4.2.1.
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Detector -
c D Single-Pixel
Sample B Detector
A
Source
a)

Figure 4.1: Setup used of continuous wave terahertz imaging in transmission mode.
(a) Schematic representation of the setup. b) Picture with the dimensions referred to
in this work. A video of the system in operation can be found here.

4.1.2 The Detector

The detector used was produced by the company TeraSense. It is sensitive to radiation be-
tween 50 GHz and 0.7 THz, with a typical response of 10 V per Watt of incident radiation.
The detection area is a 7 x 7 mm square that can be seen as the dark square in figure 4.2a.
The detector also has a fast response time of 1 microsecond, which allows for very fast
scans at theoretical frequencies of 100 kHz without the response overlapping between
measurements. As consequence, the limiting factor in scanning speed will usually be the
mechanical speed. At the time these experiments were performed, 5G networks have not
yet been implemented near the facilities, so no interference is expected. However, since
this technology aims at frequency bands up to 100 GHz [29] some form of shielding, or a

lock-in amplifier, might be necessary in the future.

4.1.3 The Source

The radiation source (figure 4.2b) was also acquired to TeraSense. It is marketed to pro-
duce a 80 mW beam of 0.1 THz radiation. However, the frequency was found to differ
slightly from this value as it is explained in subsection 5.1. The frequency of 0.1 THz was
picked as these sources tend to be more affordable than their higher frequency counter-
parts. This makes it so a higher power source can be acquired at a similar cost, which
while having a worse resolution, will provide a better SNR. Additionally, as it can be seen
in [25], 0.1 THz suffers lower attenuation in most materials when compared to higher
frequencies, which further helps to mitigate the problem of low SNRs when imaging
thicker objects. The beam has a starting diameter of 7 mm and a total divergence angle
of 18°. The full characterisation of the source, as provided by the manufacturer, can be

found in the appendix A.
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4.1. SETUP OF THE CW THZ TESTS

(b)

Figure 4.2: Images of the source and detector. (a) Picture of the detector used. (b) Picture
of the source used.

In order to better understand the images produced by the system, it was important
to characterise the beam emitted by the source. To do so, a set of scans were performed
involving only the detector and source. The source was installed to a fixed part of the
table, while the detector was attached to the moving actuator. And so, C-scans were
performed by moving the detector in a plane perpendicular to the beam (xoy) at different

heights (z), as shown in figure 4.3.

Supporting arm moving

y zZ )
with the actuator

Detector

Source

Figure 4.3: Schematic representation of the setup used to characterise the source.
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These scans were done with a step size of 0.2 mm in the x and y directions. Because
the step size is considerably smaller than the size of the detector (7 mm of width), the
produced images would be convoluted. To restore the image to a more accurate state, the
a Richardson-Lucy deconvolution filter [30] was applied using a 35 pixel wide, uniform
square as the PSF. This function was chosen since at a 0.2 mm resolution this is the shape
a 7 x 7 mm detector takes. The results were as shown in figure 4.4.

On the images where the detector was closer to the source, multiple peaks appear
around the centre of the beam. It is suspected that these were caused by the proximity
of the detector itself, where it reflected some of the waves and created an interference

pattern.

Another set of scans were done where the detector moved in a plane parallel to the
propagation of the beam. The resulting scan is shown in figure 4.5. In this image, the
dispersion of the beam can be observed as well as a wave pattern. Upon closer inspection
(figure 4.6), the frequency of the wave pattern appears close to expected value, i.e. half of
the radiation frequency. By taking an average of the distance between peaks and multiply-
ing it by the resolution of the scan, we arrive at (1.60+0.01) mm which corresponds to half
the wavelength. Inverting this value and multiplying by the speed of light, the frequency
of (94.3 £0.06) GHz is revealed, which differs slightly from the 100 GHz announced by

the supplier. This deviation is studied further on in subsection 5.1.

Figure 4.6 shows that this oscillating phenomenon could potentially have a strong
impact in the images. The effect was found to be a form of Fabry-Perot interference and is
discussed in detail in section 5.1. This plot was also useful to analyse the beam dispersion.
A exponential function, in the form I = Iye(®™), was fitted to the medium points of the
wave resulting in I; = 15.7 mV and a = —2.1 x 107> (with x in mm).

To better analyse this effect, a support for the detector was built where the detector is
attached to a carriage that is moved, in the z direction, by a stepper motor as it is shown
in figure 4.7. The M3 lead screw that moves the carriage has a pitch of 0.5 mm and the
motor does 48 steps per revolution. This way, through the LabView program the detector
height can be precisely controlled with a precision of (0.5 mm) /48 = 10.42 pm.
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2z = { mm z =11 mm z = 16 mm % =21 mm 2z = 20 mm

2z =31 mm 2 = 3 mm Zz2=41 mm 2 = 46 mm z = Bl mm

7 = (i nun 7 = Th mm 2 = B mun 2 = 9 mm 7 = 106 mm

(a)

# = 0 mm z =11 mm % = 16 mm 2 = 21 mm z = 2 mm

% =31 mm % =41 mm % = 46 mm 7z = Oy mm

#% = 6 mm % = 70 mm % = 86 nun % = 96 mm % = L0 mm

(b)

Figure 4.4: Images of the scans of the radiation source at different heights z. Figure (a)
shows the original data before fixing deformation and deconvolution and figure (b) shows
the results after this processing was performed. It is important to note that each individ-
ual image has a different colour scale to ease the visibility of the shape. A more accurate
image with normalised colour scales can be found in the appendix B.
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Figure 4.5: Scan parallel to the radiation beam. The source was located at the left side of
the image projecting radiation horizontally.
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Figure 4.6: Central line extracted from the matrix in figure 4.5. The fit was and exponen-
tial function in the form I = Iye(*¥), fitted to the medium points of the wave resulting in
Iy =15.7mV and a = —-2.1 x 107> (with x in mm).
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Stepper

Motor
(48 steps)

M3 Lead Screw
(0.5 mm pitch)

Figure 4.7: Picture of the stepper motor that moves the detector.

4.2 Image Processing

4.2.1 Fixing Measurement Deformation

As mentioned previously, because of the limited acceleration of the stepper motors and
the imposed constant sampling rate of the acquisition board, when the scan is done in a
raster pattern, there is a slight offset every other line of the image matrix. This problem
could be easily fixed by scanning all lines in the same direction, but that would double the
acquisition time, so instead, the problem was fixed in post-processing by a MATLAB™
script. The solution consists in shifting every other column of the image matrix by a few
pixels depending on the resolution of the scan. This results in the elimination of a few
lines on the top and bottom of the image, but it effectively restores the results as it can
be seen in figure 4.8. A different amount of pixels needs to be shifted depending on the
resolution and the speed of the scan, being that finer resolutions and faster speeds require

larger shifts. All scans showed in this work have had this correction applied.
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Figure 4.8: Images of a scan of a 5 mm hole on a stainless steel sheet. Image (a) is the
original collected data and (b) is after fixing the shift caused by motor acceleration.

4.2.2 Deconvolution

Previously, when addressing the characterisation of the source, a deconvolution method
was applied using a simple point spread function. However, when scanning objects, the
scan is performed so that the source and detector stay fixed in relation to each other while
the sample moves between them, like shown in figure 4.9. In this scenario, because the
radiation from the source does not hit the detector uniformly, the shape of the point
spread function is not trivial.

Detector
(fixed) ‘ . .
Supporting arm moving

with the actuator

Sample
(moving)

Source
(fixed)

Figure 4.9: Setup used for sample imaging.
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Deconvolution was experimented with the Richardson-Lucy, blind deconvolution and
Wiener filter methods [30]-[32]. The latter provided the best results. Each method was
tested with an assortment of different PSF shapes, and for each shape a range of parame-
ters was tested. The best results were obtained with Wiener filter deconvolution using a
Gaussian shape. In figure 4.10 a comparison is shown between the original acquired im-
age and the processed one. The imaged object is a piece of scrap zirconia, with a thickness
of 10 mm, and was picked as a benchmark due to is variety of shapes and features. It can
be observed how the deconvolution not only removed image artefacts, but also resolved

the sharp edges on the left border of the object.

Reference Original Deconvoluted

Figure 4.10: Comparison between a reference picture, the original data and a deconvo-
luted image. The deconvolution produces an image more faithful to the original, where
the sharp vertices on the left can now be discerned. The piece is roughly 9 cm long and
was scanned at a 0.25 mm resolution.

Due to the nature of the scan, the point spread function will depend on the resolution
the image is taken at. However, this factor can be easily adjusted by scaling the PSF
inversely by a factor inverse to the change of resolution. Unlike the pixel-shift mentioned
in the last section, deconvolution was not applied to the rest of the images presented in
this work, as to preserve accuracy in relation to the acquired data.

In the future the point spread function could be further studied to achieve better
results. Alternatively, with machine learning, an algorithm such as a neural network could

be trained to reconstitute these images.
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CHAPTER

REsuULTS AND DISCUSSION

5.1 Fabry-Perot Interference

Preliminary tests showed high amplitude gradients as a background of some of the scans.
This effect seemed more prevalent when the sample was tilted or bent, and in the most
extreme cases the gradient became a wave pattern.

To better understand the effect, a set of scans were done where either the sample or the

detector were moved vertically (varying the dimensions C and D from figure 4.1).

The results (figure 5.1) show an oscillation that had a consistent period independent of
the thickness or material of the sample. This period also coincided with the one measured
when characterising the source. These results, along with an analysis of the geometry of
the experiment, seemed to point towards a phenomenon of Fabry-Perot interference. To
validate this hypothesis, a MATLAB™ (appendix C) program was written based on the
equation 3.26. A situation with a sample would have 4 interfaces: Source-Air; Air-Sample;
Sample-Air; Air-Detector, as shown in figure 5.2. This corresponds to the situation shown
in figure 3.2, three times "in series". The program calculates the results by multiplying the
equation three times, each with their corresponding parameters. This approach ignores
attenuation and re-reflections between "interferometers" and thus the results are merely
qualitative. Nonetheless, by using this method to reproduce the scan with glass shown in
figure 5.1, the results from figure 5.3 were obtained, which qualitatively, seem to agree

with the experiment.

To perform the aforementioned calculations, the values for the refractive indexes
of the source and detector were needed. However, these parts have odd shapes that
would make the calculation of the reflectivitty unfeasible. As an approximation, the
dispersion caused by shape was combined with the refractive index of the materials to

assume a virtual value of reflectivitty. These values were numerically determined so that
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Figure 5.1: Results of vertical scans using different samples. All show a similar period of
1.6 mm.
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Figure 5.2: Schematic of interference in 4 interfaces. The dimensions are as shown in
figure 4.1 and as such, the mediums n; to ny correspond to the source, air, sample and
the detector respectively.
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a calculation of the scan performed in figure 4.6 would have the most faithful results in

terms of the relation between the amplitude of oscillation and the mean value.

According to this equation, and the ones used further on, the oscillation in these scans
should have half the wavelength of the radiation. However, through MATLAB™, in the

experimental data the distance between peaks was measured to be 1.6 mm instead of
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the expected 1.5 mm. This value was consistent for all measurements taken throughout
this work. As such, it was concluded that the source emits 94 GHz radiation instead of
the advertised 100 GHz. From here on out, when the frequency and wavelength of the
radiation are mentioned, it is referring to 94 GHz and 3.2 mm respectively.
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0.2 =

0 1 2 3 1
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Figure 5.3: Results of a calculation of the transmitted intensity when a 2 mm glass panel
is moved vertically in the scanner.

These results now raise the question of how important the placement of the sample
and detector is for imaging. To analyse the impact of these distances, a set of acquisitions
were performed where both the height of the detector (C) and sample (A) travelled inde-
pendently, a span of 5 mm at steps of 0.1 mm each. This was done by raising the sample
in increments of 0.1 mm, effectively raising A while lowering C, and after it travelled
5 mm, the detector would then be raised 0.1 mm until this one too, had travelled 5 mm.
A measurement was taken for each combination of both heights which produced 2500
values. Figure 5.4 shows the results of these scans where the axis represent the variation
in width of the cavities shown in figure 4.1 and 5.2.

Using the aforementioned equation in a MATLAB™

script, these scans were repro-
duced resulting in the image presented in figure 5.5. These results differed significantly
form the ones obtained experimentally. As it was mentioned previously, by multiply-
ing the equation this approach considered that the three cavities were independent. It
was thus hypothesised that this approximation was the culprit of the disparity between

results.

33



CHAPTER 5. RESULTS AND DISCUSSION

Detector Respanse (mV)

AA (mm)

Figure 5.4: Experimental results of a scan where the lengths of the cavities are varied.
The axis variations in the length of the cavities corresponding to the dimensions labelled
in figure 4.1 and 5.2. The two dark areas correspond to positions that were not measured.
An animated GIF, that better illustrates the scanning movement can be found here.

To address this issue, a matrix method was employed as described in [33]. Here, the

resulting expression for transmitted intensity T is:

T =17, (5.1)

where 7* is the conjugate of 7 and:

T =1117378/{exp[j(=Pp1 — P2 — ¢3)]
riry explj(+¢1— P2 — ¢3)]

rar3 explj(=¢1 + ¢2 — P3)]

rirs exp[j(+P1 + @2 — ¢3)]

r3ry explj(=¢1 = o+ P3)]
rirarsry explj(+P1 — P2+ P3)]
rarg explj(=¢1 + ¢2 + ¢3)]

rirg expj(+¢1 + P2+ P3)]l,

+ 4+ 4+ 4+ 4+ o+ o+

where 7; is the transmissivity given by 7; = /1 - riz, j is the imaginary identity and ¢;

[rad] is the phase length of each cavity given by
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Figure 5.5: Results of a calculation simulating the scan performed in figure 5.4. The
axis variations in the length of the cavities corresponding to the dimensions labelled in
figure. 4.1 and 5.2.

B™ script (found in the appendix C), the

By implementing this equation in a MATLA
results shown in figure 5.6 were produced. While closer, the plot differs from experimen-

tation nonetheless.

Both equations used previously considered lossless reflections and propagation through
the medium. It was thus hypothesised that taking the energy losses into account could
produce more accurate results. As such, an attenuation coefficient was attributed to each
cavity. This coefficient is a virtual value that encompassed both the attenuation by the
reflections and the dispersion through the medium. Since the variations in size of each
cavity are much smaller than the sizes themselves, an approximation was made where

these coefficients are independent from changes in cavity size.

Each component of equation (5.2) was multiplied by a attenuation coefficient (at;)
according to the cavities each component passed through. Note that (at;)(at,)(at3) was
omitted from each component since it is common to all components, so it would not make

a qualitative difference. Equation (5.2) thus becomes:
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T =1 127378/{exp[j(=Pp1 — P2 — ¢3)]

(at1)? ryry explj(+¢1 = 2 — P3)]
)? 1a13 explj(=d1 + P2 — d3)]

aty)*(aty)? ryrs explj(+¢1 + do — d3)]

at3)? 31y explj(-=d1 = d2 + d3)]

aty)’(aty) (ats)” rirarsry explj(+d1 — o+ P3)]

aty)*(ats) rory exp[j(=P1 + P2+ d3)]

aty)?(aty)*(ats)” rirg explj(+P1 + o + h3)]).
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108

Relative Transmited Intensity
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Figure 5.6: Results of a calculation simulating the scan performed in figure 5.4 using
equation (5.2). The axis variations in the length of the cavities corresponding to the
dimensions labelled in figure 4.1.

Adding the attenuation coefficients to the MATLAB™ script produces the plot shown
in figure 5.7. These results show greater similarity with the ones obtained experimentally
than any of the produced with previous methods.

With these results, it can be concluded that a analytical method was established that
can predict the Fabry-Perot effect of a transmission system. Figure 5.8 shows a comparison

between all attempted methods and the experimental results.
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Figure 5.7: Results of a calculation simulating the scan performed in figure 5.4 using
equation (5.4). The axis variations in the length of the cavities corresponding to the
dimensions labelled in figure 4.1 and 5.2.

(a)

Figure 5.8: Comparison between calculated results. (a) The experimental data. (b) Con-
sidering the cavities independent (equation (3.26)). (c) Considering interactions between
cavities (equation (5.2)). (d) Considering the interactions and dispersive factors (equa-
tion (5.4)).
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By raising only the sample, the most common movement throughout this work, the

equation produces the output shown in figure 5.9.
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Figure 5.9: Plot using equation (5.4).

It is important to state that this approach assumes the components as planar objects.
Through experiment it was observed that this approximation holds for surfaces with
shapes that differ slightly from a plane, however for surfaces with a significant tilt or
curvature this model is no longer valid. As such, the utility of this model focuses mainly

on planar objects.
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5.2 Contrast Analysis

The comprehension of the Fabry-Perot effect, described in the previous sub-section, now
raises the question of what its impact is on the actual produced images. One known
effect is the emergence of a background gradient when a sample is either tilted or bent.
Figure 5.10 shows the effect on a polyactic acid (PLA) part with square, triangular and
circular voids fully enclosed in the polymer, that is tilted and figure 5.11 shows a wave
pattern on a similar sample that appears due to a slight bulge in its surface. These gradi-
ents raise the possibility for CW THz to be used as a metrology method. By understanding
the pattern of the gradients small variations in thickness and tilt can be measured on a
surface. Figure 5.11 is a prove of concept of this method. Since the pattern oscillates
every half wavelength it is known that between two fringes there is a 1.6 mm difference
in height or thickness. In a well studied and calibrated system where the transmissivity is
known for a specific material and thickness, this could be used to measure irregularities
in thickness or straightness.

250 £

200
Tilt

150 £

1y (mm)

Detector Respanse (V)

100 £

< A
=

alb 100 150 200
@ (mm)

a) b)

Figure 5.10: (a) Scan of a PLA sample with several artificial defects. A gradient is visible
that varies in only one direction. This indicates that the sample was tilted. (b) A schematic
representation of the tilt on the part (heavily exaggerated).

The Fabry-Perot effect does not solely affect the background, it also has an impact on
the contrast of a defect. For an NDT application, the contrast is highly relevant as it is an
indicator of how perceivable a defect will be.

As a first experiment, a 100 pm thick acetate sheet was laid with its border in the
middle of an 8 mm thick acrylic plate, and a linear C-scan was taken centred on the border.
Multiple linear C-scans were performed with the plate and detector set at different heights.

As seen in figure 5.12, the transmitted intensity varies with the position of the sample in a

39



CHAPTER 5. RESULTS AND DISCUSSION

200

1501

AZ =)M2=1.6mm

y (mm)

100

Detector Response (V)

ol

] 100 150 200
a ()

a) b)

Figure 5.11: (a) Scan of a PLA sample with three artificial defects, with a circular gradient
pattern caused by the Fabry-Perot effect manifesting due to a deformation in the shape of
the sample. The points P, and P, mark two peaks of the gradient, indicating that between
these points there is a Az of half the wavelength (1.6 mm). (b) A schematic representation
of a cut through the dashed line, where the bulge of the sample is represented (heavily
exaggerated).

periodic fashion. The height of the sample was picked either when the signal’s amplitude
was maximised, at the peak of the wave, or when the first derivative was maximised, at
the middle point of the wave, outside of the acetate. As expected, the contrast (AV) was
highest when both cavities were set to the medium point, where the slope is the highest,
unlike the position that maximises signal, where the slope approaches zero. However,
it is important to note that due to the periodicity of the effect, these results can only be
expected in situations where the thickness of the defects is significantly smaller than half

the wavelength.

A similar set of C-scans were also performed to a 5 mm thick PLA sample produced
with extruded material by additive manufacturing, where a 20.0 x 20.0 x 0.5 mm defect
was purposely created (figure 5.13) which was meant to emulate a delamination or void.
This defect was created in the printing possess and is fully encased within the polymer.
The C-scans in figure 5.14 show the effect positioning can have on the contrast. In the
scans between 0.8 mm and 1.4 mm, the square manifests as a shadow where the signal
has a lower amplitude. On the contrary, the scans at 0.4 mm and 1.8 mm evidence
the diffraction in the borders of the defect. It is also interesting to note that there is a
periodicity between positions that show similar effects. This can be seen in the similarities
of scans separated by 1.6 mm, such as: 0.0 mm and 1.6 mm, 0.2 mm and 1.8 mm, 0.4 mm

and 2.0 mm, etc...
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Figure 5.12: Results of a 100 mm linear C-scan of a 100 pm thick acetate sheet set on a
8.0 mm acrylic sheet. The positions were set so that the length of the cavities produced an
amplitude that was either at a maximum or medium point (where the slope was highest)
when measured without the acetate. In sub-figures a) thorough d), "A" and "C" represent
the dimensions labelled to in figure 4.1, and "max" and "med" indicate if at that position
the response was at a maximum or medium value, respectively.

Figure 5.13: Picture of the 20.0 X 20.0 x 0.5 mm artificial defect during the 3D printing of
a 5 mm thick PLA part.

In a situation where there is a precise expected width of the test piece, the system could
be set up to optimise to contrast the desired effect. Alternatively, if the dimensions are not
precisely known or if both effects want to be observed, it is proposed that three or more
scans are taken raising the sample 0.4 mm each time. This method of acquiring multiple
C-scans ensures that there is at least one scan that favours each regime of interaction.
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0.0 mm 0.2 mm 0.4 mm 0.6 mm 0.8 mm

1.0 mm 1.2 mm 1.4 mm LG mm 1.8 mm

Eq. (4.4)

2.4 mm

Figure 5.14: Results of several C-scan of a PLA sample done by positioning it at different
heights A and C. The sample contained a 20 x 20 x 0.5 mm square defect. On the bottom
right, a graph represents qualitatively the signal’s amplitude depending on the height of
the sample. It is important to note that the detector height D was kept constant, and as a
consequence, varying A causes C to vary inversely. On the bottom right, a graph shows
the expected variation of the response when varying A, according to equations (5.1) and
(5.4).

5.3 Enhancing the Resolution

As it was discussed previously, having a 7 x7 mm detector limits the minimum resolution
to about that size, since any finer details will get convoluted. It was proposed that by
partially covering the sensitive area of the detector with a reflective material, a finer
resolution would be possible at the exchange of measured amplitude, resulting in a lower
SNR.

This approach was tested by placing an aluminium sheet on the detector with holes
with different diameters punctured through (figure 5.15a). Also using aluminium sheet,
a shape was glued to an acrylic plate with different features (figure 5.15b), as to better
test the enhancements in resolution.

Diaphragms with 0.9 mm, 1.2 mm, 1.6 mm, 2.0 mm and 2.4 mm holes were tested.
The best results were found for a hole with a diameter of 1.6 mm, as shown in figure 5.16.

As expected, finer details such as the holes running through the middle, are now visible
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Figure 5.15: Procedure for testing the diaphragms. (a) Diaphragm partially covering the
detector. (b) Aluminium sheet sample used to test the resolution enhancement.

in higher detail. Also according to expectation, noise is now more visible. Smaller holes
lowered the SNR to a point where it affected the perceptible shapes (figure 5.17). A
apertures wider than 1.6 mm produced blurrier images. The 1.6 mm diameter hole
being the optimal aperture is interesting since this dimension coincides with the half
the wavelength of the radiation indicating that for apertures smaller that this ratio the
transmitted radiation decreases intensity rapidly.

No diaphragm 1.6 mm diaphragm

60

20 40 60 20 40 60
& (mm) x (mm)

Figure 5.16: Comparison between an image with and without the 1.6 mm diaphragm.

As it was discussed previously, the positioning of the sample can have a great impact
on the produced image. As such, the scan with the 1.6 mm diaphragm was performed
at multiple heights. The results are presented in figure 5.18. Once again, each position
highlights a different aspect of the sample being that some show the holes more precisely
and some show a sharper border.
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Figure 5.17: Results using a 0.9 mm diameter diaphragm.
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Figure 5.18: Results using a 1.6 mm diameter diaphragm at different A heights where
0.0 mm is an arbitrary position, and the values in the title represent a AA.
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We can now conclude that if it is imperative to enhance the resolution, partially cover-
ing the detector could be a viable solution. If a more powerful terahertz source is used,
the effect of the SNR reduction can be counteracted. Additionally, deconvolution could be
applied to a image produced with a partially covered detector to enhance the resolution
even further.

5.4 Analysis of Polymeric Samples

Along with ceramics, polymers are some of the materials of higher interest for terahertz
imaging due to their low attenuation to these waves. Between the two, polymers are
considerably easier to machine and parts can be produced by additive manufacturing with
common 3D printers. Additive manufacturing also allows for the production of samples
with defects that would otherwise not be machinable, such as voids and delaminations.

In this section, the analysis of several types of samples is shown along with a short
discussion of the observations.

Figure 5.19 shows the scan of a PLA sample with a set 0.5 mm thick defects, with
different geometric shapes simulating voids or delaminations similarly to what was done
in figure 5.13. From left to right, the defects are positioned increasingly deeper in the part.
All the shapes are clearly visible however, there is no distinction between the different
depths. Additionally, as it was discussed previously, a gradient is visible indicating that
the piece was tilted at the time of scanning.
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Figure 5.19: Scan of a PLA sample with small defects. The piece is 5 mm thick, the defects
are positioned at different depths and are 0.5 mm thick.

A sample with a ramp and steps was produced in PLA. Scanning this part produced
the result observed in figure 5.20. According to expectation from previous understanding
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of the Fabry-Perot phenomenon, the ramp manifested as a wave pattern. Since it has a
variation in height of 6 mm, the expected number of fringes would be 6.0/1.6 = 3.75. On
the left side of the ramp, 3 darker regions can be observed horizontally confirming the
expectation. On the side of the steps, these manifest as smooth plateaus. Interestingly,
not unlike other scans performed, the borders of the steps produce an area where the

signal is poorly transmitted.
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Figure 5.20: Picture and scan of a PLA sample with a ramp and steps. The ramp is 10 mm
thick on the wider side and 4 mm on the thinner. Each step is 2 mm tall. The markers
on image (b) indicate areas that respond similarly to the Fabry-Perot effect, indicating a
difference in thickness of half the wavelength.
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5.5 Analysis of Metallic Wires

Composite materials often consist of a matrix of dielectric material reinforced by strands
of a different material. Commonly, the reinforcing material is metallic or carbon fibre
based, which, due to its electric conductivity, makes it opaque to terahertz. For some of
the composite materials, the strength is dependent on the orientation of the reinforcement.
As such, imaging these strands can be of high interest either to analyse the orientation or

to search for defects.

To test the system’s response to metallic wires, a set of thin enamelled copper wires
with diameters between 35 and 500 pm, were laid on an acrylic sheet and a set of C-scans
were performed with the sample at different heights while maintaining the detector’s
height D constant, similarly to what was done previously. The resulting image can be
observed in figure 5.21. All wires show a clear contrast in the image, however, similarly
to what was observed in figure 5.14, different heights accentuate different effects of the

interaction between the radiation and the wires. At 0.05 mm the wires appear as a darker
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shadow, while in at 0.15 mm, the diffraction at the edges is more prominent. Despite
looking qualitatively different, the exact relations of the dimensions between wires are

not obvious.
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Figure 5.21: Four 20 mm by 150 mm C-scans taken at different heights of a sample
consisting of six enamelled copper wires laid on a 7.8 mm thick acrylic sheet. The wires
had the diameters of 35, 50, 100, 150, 224 and 500 um, respectively, from the bottom to
the top of the images.

To ensure the wires would be detectable if contained inside the material, as opposed to
on top of it, a sample was scanned where two nickel titanium (NiTi) wires were encased
in the polymer. The part was composed of PLA and was produced through fused filament
fabrication (FFF). Figure 5.22 shows the produced image, where the wires are visible with

a contrast similar to previous tests.
Despite being able to detect a 35 pm wire, it is important to note that the resolution

of the system is considerably coarser, since the shadow projected by this wire is not

representative of its actual size.
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Figure 5.22: Results of a C-scan of a PLA sample containing two crossing NiTi wires, one
150 pm and the other 500 pm thick. A gradient is also visible along the y axis, which was
caused by a slight tilt in the sample, similarly to what was described in figure 5.10.

5.6 Comparison with Other Methods

Throughout this work, CW THz imaging has proven to be a reliable method at imaging
various types of features. To understand its position in the NDT context, it is important
to compare it with other, already established, non-contact imaging techniques.

For this purpose, a sample was produced that included three different features: a
delamination/void, a metallic wire and a water infiltration (figure 5.23). The part was
constituted of PLA, produced by FFF and was 5 mm thick. Both the void and infiltration
are 20 x 20 mm squares 0.5 mm deep. The wire is 35 pm in diameter. All the features are
centred at 1.5 mm from one of the surfaces, as such, these are closer to one of the surfaces

of the PLA plate than the other, which is relevant for some techniques.

Apart from CW THz, the tested methods were Active Transient Thermography, Air-
Coupled Ultrasounds and Digital X-rays.

5.6.1 Active Transient Thermography

Active thermography is a technique where the part is heated with an external heat source,
such as a lamp, and a thermal image is recorded. The recording can happen both during,
and after the part is heated. This method highlights parts of the imaged object where
the thermal conductivity, thermal heat capacity or geometric shape are different. In a
situation where the heating element is placed on the opposite side of the imaged surface,

the technique is called active transient thermography.
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Figure 5.23: Picture taken during the 3D printing of the test piece used to compare the
different techniques.

In the performed experiment, the sample was set vertically and heated by four 175 W
halogen lamps, 50 cm away, during 20 seconds. As it cooled, the surface’s temperature
was captured by a Fluke Ti400 infrared camera at a frame rate of 9 Hz. The camera has a
temperature measurement range of —20° C to 1200° C. The measurements are performed
with a Noise Equivalent Temperature Difference (NETD) of 50 mK, in the spectrum 7.5
to 14.0 pm, an accuracy of +2° C and spatial resolution (iFOV) of 2.62 mRad. Because the
features in the part were closer to one of the surfaces, an image was taken at each side. The
resulting images shown in figure 5.24 are the frames from each video where the contrast
is highest. The empty defect can be seen in both images, while the one with infiltrated
water can has very poor contrast when farther from the surface. This defect manifests as
wide area because the water infiltrated in the PLA itself. The copper wire is invisible in
both cases. The entire process of heating and recording took about two minutes for each
side. This time can vary depending on the material, geometry and heating element, but

generally will remain in the order of a few minutes.

Defect farthest from the surface Defect closest to the surface

Temperature C
Temperature G

Water
Infliltration

Figure 5.24: Two thermal images taken from either side of the sample. Both were the
frames with higher contrast picked from the thermal video.
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5.6.2 Air-Coupled Ultrasounds

Ultrasound imaging is a technique that employs sonic waves with frequencies beyond the
human hearing range, to produce an image. The image can be constructed from either
the time delay or amplitude loss of the signal at each point. Traditionally, this method
requires direct contact between the probes and the imaged subject. However, in some

situations, direct contact may not be practical or even possible.

Air-Coupled ultrasonic imaging solves this issue by using the air as a coupling medium,

effectively eliminating the need for direct contact at the expense of having a worse SNR.

The ultra-sonic images acquired resorted to a non-contact, transmission setup using
the scanner described in Section 4. Both the excitation and sensitive piezoelectric probes
with 11 mm diameter were set at 40 mm from each side of the sample. The air-coupled
equipment was a DIO 1000 LF Flaw Detector from Starmans™ operating in pulses of
200 kHz wave packets and measuring both the attenuation and time of flight. Figure 5.25
shows the resultant images. Both were obtained from the same scan but one shows
attenuation while the other shows the delay of the pulse. Both square defects are visible,
but the defect without the water shows a higher contrast. The bright spots seen in the
attenuation scan on the defect filled with water were caused by air bubbles, which can
also be seen in the X-Ray image. The metallic wire was undetected by this technique. The
scan presented was taken at steps of 0.25 mm for an area of 130 x 180 mm which took
about 34 minutes for both sets of data, as these are acquired simultaneously. Since the
scans were preformed in a raster-pattern, the time scales linearly with the scanned area
and inversely with the step size. However, it is important to note that in the performed
scans, the limiting factor was the mechanical speed of the scanner. With a sturdy and
precise scanner, these could have been performed considerably faster. Nonetheless, the
nature of US imaging imposes a speed limitation bound to the speed of sound itself as it
is discussed in [34].

Attenuation Delay
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Figure 5.25: Images acquired from the ultra-sound C-scan. The one on the left shows
attenuation and the one on the right shows the delay of the pulse.
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5.6.3 Digital X-rays

X-ray imaging is a process that consists in irradiating the subject with high energy photons
and measuring the quantity that is able to permeate through. Traditionally, it was used
for medical applications and the image was produced by a photographic plate that reacted
to high energy radiation. These days, digital x-rays use electronic sensor arrays to acquire
the images, and the technique is used in applications beyond the medical sector. This
method is usually regarded for its high versatility and resolution. Nonetheless, as it is
verified further on, there are limitations. Additionally, the use of ionising radiation raises

the need for special care for human safety in these systems.

The X-ray imaging was performed using a Kodak 2100 X-ray System, which has a 60 kV
7 mA bulb and a 22 x 30 mm detector with a spatial resolution of 30 micron and a 32bit
greyscale. Figure 5.26 shows the produced images. Both the empty defect and the wire
are clearly visible. However, in the defect filled with water only the bubbles and the canal
are visible. This occurs because by volume, the water attenuation of x-rays is similar to
that of PLA. As it is characteristic of X-ray imaging, these images were acquired effectively

in an instant.

Empty Defect

N
\

\Air Bubbles

/

Copper Wire

Figure 5.26: X-ray images of the three points of interest of the sample. From left to right:
the defect filled with water with two air bubbles, the 35 pm enamelled copper wire and
the empty defect. The image colours is reversed in the sense that the brightest areas
correspond to where the radiation was less transmitted. On the water filled defect image,
a red dashed line delimits the defect.

5.6.4 Continuous Wave Transmission Terahertz

Finally, figure 5.27 shows the results of the THz scan. Because of the effect seen in
figure 5.14, the scan was performed at different heights. At any height, all three features
are visible even if with differing contrasts. Because of the way water absorbs THz, the
defect filled with water shows the highest contrast. Around the bottom left corner of this
square, a darker area can also be seen which was caused by water that soaked into the
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PLA itself. This infiltration seems smaller that the one seen in the thermography images,
because that test was performed later, which allowed the water to penetrate further. The
canal used to fill it is also visible in these scans. The empty square defect is clearly visible
as its edges are evidenced by diffraction effects. Finally, the 35 pm copper wire, despite
being thinner than the employed wavelength, is visible running through the middle of
the sample. The THz scans were performed using the same scanner as the non-contact
ultrasound scans. As such, a scan with the same dimensions (130 x 180 mm) and step size
(0.25 mm) will take the same time (34 min). However, if as it is proposed in this article,
multiple scans are taken, the spent time will get multiplied. Similarly to the US scans,
the time scales linearly with the scanned area and inversely with the step size. Still akin
to US, the limitation on the speed of the scans performed was the mechanical speed itself,
which could be greatly improved with a faster scanner. Unlike the US, CW THz imaging
does not abide to the limitation of the speed of sound. As such, with a specialised scanner,
this method could theoretically acquire images at up to one million pixels per second,
limited by the detectors response time of 1 pm.
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Figure 5.27: Terahertz scans of the test piece done at different heights (similarly to what
was done in figure 5.14). The top square is the one filled with water. On the bottom
right, a graph shows the expected variation of the response when varying A, according to
equation (5.4).

Gathering the information from these tests, Table 5.1 was created to summarise the
results.
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Table 5.1: Value proposition of the different NDT methods to for the analysis of the same
sample.

Empty Water Metallic Typical Health
Defect | Infiltration Wire Time Safety
CW Terahertz v v v | 34x5minutes | v
Imaging
Air-Coupled .
Transmission US v v X 34 minutes v
Active Transient v v y 2 % 2 minutes v
Thermography
D1g1t?1 XRay VY X v'v'v' | Instantaneous X
Imaging

* Only when close to the surface

5.7 Reflection Setup

This work focuses mainly on a transmission setup for terahertz imaging where a emitter
and detector are placed on either side of the subject. However, for some applications it is
necessary to operate with both the source and detector on the same side. This restriction
can arise from a material that has a layer that reflects the radiation blocking it from
reaching the other face, or simply for accessibility reasons, where it may no the possible
to have a detector on the opposite side. Hence there was an interest to test the capabilities

of the available equipment in a reflection setup.

The system was setup with the source and detector at a 45° angle from the sample,
as shown in figure 5.28. The goal was for the wave to reflect of the sample and hit the
detector. Nevertheless, all the scans were performed with the sample at different heights

to ensure the best position was covered.

¥ Source

Antenna

Detector

Reflective
~Surface "'/

Figure 5.28: Picture of the reflection setup.
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The first scanned object was an acrylic plate. The scan consists in 100 mm lines that
start in the middle of the surface and move out of the plate. 50 of these lines were scanned
raising the height 0.1 mm each time, so that 5 mm were covered. Figure 5.29 shows the
resulting data, and figure 5.30 shows a single line scan at the height of 2.5 mm. While
there is a region where the signal loss is stronger, evidencing the reflection in the plate,
the overall SNR is low and there is a lack of contrast in the edge. It is important to note
that for geometric reasons, this disposition forces the total path travelled by the radiation
to be considerably longer than in a transmission setup. Consequently, the dispersion of
the beam is more evident, which is likely the cause for the lack of contrast.
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Figure 5.29: Scans of the edge of an acrylic plate in a reflection setup varying the distance
of the plate at each line. The board occupies the left side of the scan until 50 mm.

Detector Response (mV)
@ =
T -'%
| g | I

1 1
0 25 a0 ] 100
2 (mm)

c

Figure 5.30: Single line at AC = 2.5 mm from figure 5.29.

After testing some other samples, it was found that the best results were produced
by copper wires laid on an acrylic plate, similarly to what was done in figure 5.21. The
results are shown in figures 5.31 and 5.32. Here, the wires can be seen as brighter vertical
streaks representing points were the metal reflected a higher portion of the radiation. Nev-
ertheless, the contrast and SNR remain worse than what was possible with transmission
imaging.

We can then conclude that while possible, reflection imaging is not viable using this
type of equipment and setup. Hypothetically, using a set of lenses could be useful to
converge the beam, reducing the resolution loss caused by the bigger optical path.
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Figure 5.31: Scans of an acrylic plate in a reflection setup varying the distance of the plate
at each line. The wires are spaced 20 mm apart, and have the diameters of 500, 224, 150,
100 and 50 pum, from left to right respectively.
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Figure 5.32: Single line at AC = 2.5 mm from figure 5.31.

5.8 Other Applications

To search for applications other than NDT, the system was used to scan a variety of other
objects. Figure 5.33 shows a scan done to a green Platanus leaf. The different amounts of
moisture in the various areas of the leaf, absorb the radiation accordingly thus producing
the image. This shows potential as a technique to image the water distribution in plants or
other organic forms. Because of the sensitivity of terahertz radiation to water, measuring
the water content in biological samples is a widely researched application. It has been
studied as early as 1995 with the work of Hu ef al. [35] and more recently quantitative
measurements have been performed [36], [37].

In recent years, terahertz imaging has seen a variety of applications in security. Some
airports now employ walk-in terahertz scanners as a replacement of a "manual search".
The system presented in this work was tested with a magazine containing a pair of steel
scissors (figure 5.34). As expected, the scissors are clearly visible through the 106 pages,
but a stripped pattern can also be observed which is caused by the curvature of the cover.
As it is non-ionizing, terahertz has potential applications in the security sector. For this
application, it is important for the equipment to be cost effective, easy to operate and
have a low footprint. As such, CW THz imaging proves as an adequate candidate as it

was studied in further detailed in several articles [11], [38].
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Figure 5.34: Picture and scan of a magazine with a pair of steel scissors inside. The

magazine is 106 pages long, which corresponds to a thickness of about 4 mm.

A 20 € banknote was scanned between two acrylic plates. Figure 5.35 shows the
resulting image compared to the picture of the banknote. Both the security stripe and
the metallic strip are detected. This opens the possibility of CW THz to be used to detect

counterfeits. In a practical application the scanning could be done rapidly as only one

line needs to be scanned.
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Figure 5.35: Picture and scan of a 20 € banknote. The security stripe and the metallic

strip are visible. Additionally, a gradient caused by a slight tilt of the sample is also
visible.

5.9 Numerical Simulations

The Finite Element Method, is a numerical method widely used in engineering as a means
to simulate and solve problems. To achieve a solution, the system is subdivided into
smaller and simpler fractions names finite elements. The differential equations describing
the phenomenon are solved for each element individually and the solutions are assembled
to model the entire system. Finally, to approximate the solution, variational methods are
employed by interpolation, as to minimise the associated error function [39].

To get a better insight on the observed interactions of terahertz with different materials
and geometries, a set of simulations were performed using the Ansys HFSS™ software.
figure 5.36 shows the geometric model and mesh used in the simulations. The source is
a metal circle with a diameter of 16 mm and the detector is a 10 x 10 mm metal square,
which corresponds to the area of the metallic frame around the detector’s sensitive area.
The properties of all the used materials can be found in appendix D. Both the detector
and source need to be simulated in order to account for reflections, and consequently,
the Fabry-Perot effect. The mesh was composed of 500 000 tetrahedral elements. The
wave port was used with a Finite Element-Boundary Integral (FE-BI) hybrid region. It is
important to note that while the colour-scale is the same between two images in the same
figure, it is not necessarily the same between images on separated figures. The source was
simulated to emit radiation at 0.094 THz.

The following images show a vertical middle cut of the simulated area, where the
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Source Sample Detector

0 15 30 mm

Figure 5.36: Geometric model, main components and mesh used in the numerical simu-
lations.

colour-scale represents the absolute amplitude of the simulated electric field at phase 0°.
Animated GIFs showing the simulation results from phase 0° to 360°, can be found here.
The properties of each simulated material can be found in appendix D.

Figure 5.37 shows the comparison between the results in a simulation with, and
without the PLA sample, without any defects. The wavelength is shorter inside the
polymer (= 2.6 mm) than on air (~ 3.2 mm) due to its higher refractive index. This
positioning of the sample also produces a lower electric field next to the detector. This is
caused by a combination of the attenuation and dispersion, and the Fabry-Perot effect.

In figure 5.38, a comparison between a sample with and without a 100 pm wire
running through it is shown. Similarly to the experimental results, the amplitude close
to the detector is lower in the presence of the wire. The simulation also provided some
insight on how the wire deforms the radiation beam, which would otherwise be difficult
to observe since the presence of the detector influences the field itself.

Figure 5.39 shows the results of a sample with a defect filled with water. As expected,
the water absorbs most of the radiation. These results are validated further by figure 5.27.

Figure 5.40, presents the results for a defect filled with air. The intensity of the electric
field next to the detector was higher when compared to the case without the defect. This
result is similar to what was observed in figure 5.14 at the heights 0.2, 0.4 and 1.8 mm.

On the scans performed in figure 5.14, the borders of the defects produced a contour
of low intensity. To study this effect, the simulation shown in figure 5.41 was performed.
The results, in agreement with the experiment, showed that when the beam goes over the

interface, a shadow is produced in what appears to be a diffraction effect.
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Figure 5.37: Resulting electric field of the simulation without and with a 5 mm thick
PLA sample. The wavelength can be observed to contract inside the polymer. Note that
because the image shows the absolute amplitude of the electric field, one wavelength
corresponds to the distance between every other peak.
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Figure 5.38: Resulting electric field of the simulation of a 5 mm thick PLA sample without
and with a 100 pm copper wire running in the middle.

59



CHAPTER 5. RESULTS AND DISCUSSION

Detector

E Field [¥/m]

4, BR9BE+DB 3

4, 32EBE+DB3
4, @4R1E+B8 3
3, 7515E+8@83
3, $629E+883
3, 1743E+003
2, BB5BE+DES
2,597 2E+883
2, 5BBEE+BR3
2, B2B0E +0a3
1, 7315E+083
1. 4429E+8E83
1, 1543E+283
8, B573E+002
5. TT1SE+@82
2, BB58E+DEZ
&, BRBAE +A08

y

.

Figure 5.39: Resulting electric field of the simulation of a 5 mm thick PLA sample without
and with a 0.4 mm thick defect of water in the middle.
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Figure 5.40: Resulting electric field of the simulation of a 5 mm thick PLA sample without
and with a 0.5 mm thick defect of air in the middle.
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Figure 5.41: Resulting electric field of the simulation of a 5 mm thick PLA sample without
and with a 0.5 mm thick layer of air in the middle, spanning through half the width of
the sample.

For electromagnetic wave simulations, the size of the elements are limited by the wave-
length of the radiation. This makes terahertz simulations highly computation demanding,
which proved to be a limiting factor. In a few years, the rapid advances in consumer grade
computing technology will allow for more complex and useful simulations.
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CHAPTER

CONCLUSIONS

In the work described in this thesis, developments were made for different areas of CW
THz imaging, building the foundations for further investigation of this technique. From
a technological standpoint:

A prototype was built that can be mounted on a CNC table to perform scans, which

proved to be adequate and reliable for the experimentation.

* The software to accompany the prototype was also built, consisting of a LabView
program to control the scanner and acquire the data, and a MATLAB script to

process the image.

e A characterisation of the source and detector was made, from which the beam was
observed to have a Gaussian shape, and an exponential equation was obtained that

describes the intensity decay.

* An issue with motor acceleration was identified and a solution was employed in the
MATLAB script, where every other line is shifted according to the scanning speed,

resolution and acceleration.

¢ Different forms of deconvolution were tested namely blind deconvolution, Richardson-
Lucy deconvolution and Wiener filtering. Wiener filtering produced the best results,

allowing for thin vertices to be restored.

In terms of experimental developments:

* Several samples with different features were 3D modelled and printed, such as
voids with different shapes and sizes, ramps, steps, encased copper wires and water

infiltrations.
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* The system was tested with polymeric samples, where it was found to be effective

at detecting delaminations and extremely effective at detecting water infiltrations.

* Copper wires with different diameters were scanned, both isolated and contained
in a polymeric sample, which the system excelled at detecting down to diameters
of 35 pm.

* A sample was modelled and produced specifically to be compared with other non-
contact NDT methods, which was composed of a polymeric sample with a square

void, a 35 pm copper wire, and a water infiltration.

* This sample was imaged by Active Transient Thermography, Air-Coupled Ultrasounds,
Digital X-rays and CW THz, from which a value proposition table was produced,
showing that CW THz provides complementary information of high interest to
NDT.

* A method for enhancing the resolution using diaphragms was tested, which re-
vealed that an aperture of 1.6 mm produces images of higher resolution at the

expense of a worse SNR.

* A reflection setup was tested showing as a proof of concept, where it was demon-

strated that the signal intensity and SNR are highly compromised.

* Other objects were scanned, such as a tree leaf, scissors in a magazine and a ban-
knote, where various features were successfully imaged opening the possibility of
applications of this technique beyond NDT.

The progress in mathematical comprehension of the Fabry-Perot effect in CW THz imag-
ing:
* The Fabry-Perot effect was identified as the source of background gradients on the
scans. It was then characterised experimentally with high detail and accuracy.

* Iterative attempts to mathematically model the effect showed that for an accurate

model, a matrix method needs to be used and energy losses need to be considered.

* A MATLAB code was created using the model that accurately agrees with experi-
ment. Such a model is not yet been found in the bibliography.

* Through the comprehension of this effect a new measurement application was pro-
posed and demonstrated, where the gradients caused are used to measure thickness

variations and tilt.

* The influence this effect had on imaging was tested and a method of multiple scans

was proposed, where a full characterisation of the observed features is guaranteed.
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A numerical simulation approach was also developed as a means to analyse the involved

phenomena, from which:

* The system was modelled and a mesh was built in Ansys Electromagnetics HFFS.

* A simulation of a copper wire contained in a polymeric sample agreed with ex-
perimentation, where a thin wire caused a severe attenuation of the transmitted
intensity.

* A simulation of an empty defect revealed an effect experimentally observed, where

the centre of the defect shows a bright spot.

* A simulation of the border of an empty defect revealed a diffraction effect that

allowed for the comprehension of shadows in material discontinuities.

Concluding, the work shown in this thesis provided solid foundations and know-how in
the technological, experimental, mathematical and numeric aspects of continuous-wave
terahertz imaging, some of which innovative in the field. Further works can now be built

upon what is here presented.
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APPENDIX

APPENDIX A: SOURCE CHARACTERISTICS

Frequency: 100 GHz.
Beam shape: Gaussian.
Beam diameter: 7 mm.
Beam divergence: 18°.
Antenna Gain: 20 dB.
Typical VSWR: <1.2.

Direction diagram:
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APPENDIX B: NORMALISED SOURCE SCANS

2 = (i mm 2 =11 mm %= 16 mm 2 =21 mm 7 = 206 mm
-
z = 31 mm 2z = 30 mumn %z =41 mm 2z = 46 mm = 56 mm

2 = (0 mm z = 76 mm % = R mm % = 96 mm 2z = 106 mm
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APPENDIX

APPENDIX C: FABRY-PErROT CODE

Listing C.1: Fabry-Perot MATLAB™ Code

set(groot, "defaultAxesTickLabelInterpreter’, latex’);
set(groot, defaulttextinterpreter’, latex’);

set(groot, defaultlLegendInterpreter’,’latex’); % ~~ Set latex as the text interpreter

nt = 1; ¥ Air
n2 = 1.6; % Material
n3 = 4.5; % Detector

n4d = 5; % Source

lambda = 3.2; % Wavelenght on air
width = 35.9;

thick = 7.8; % linspace(5,8,100);
def_thick = 2.0; %

def_pos = 4;

lower_pos = 10; % linspace(5,45,10000);

signal = zeros(50);

signal2 = zeros(50);

signal3 = zeros(50,1);

for d = 500:4500
signal3(d-499) = multireflect(n1,n2,n3,n4,4, 35.6, d+x0.01, lambda,l);

end

fiqgure;

plot(signal3(1:500), "r");
ylim([0 1])
ylabel(’$T.=_I_{out}./_.I_{in}$’)
xticks([0 100 200 300 400 500])
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APPENDIX C. APPENDIX C: FABRY-PEROT CODE

xticklabels({’0","1",’2",73",’4",'5"})

ax1 = gca;

axPos = ax1.Position;

ax1.Position = axPos + [0 0.3 0 -0.3];

ax2 = axes(’'position’, (axPos .x [1 1 1 1e-3]) + [0 0.15 0 0]);
ax2.XLim = [0 5];

ax2.XTickLabel = {’5","4",’3",72","1",’0"};

ax1.XLabel.String = “$\Delta.A$.(mm)”;

ax2.XLabel.String = “$\Delta.C$.(mm)’;

’

set(gcf, color’,'w’);

for d = 1:50
for p = 1:50

signal (d-p+50,p) = multireflect(n1,n2,n3,n4,thick, width+(d+0.1-0.5), lower_pos+(p

— %0.1-0.2), lambda,0);

end

end

for d = 1:50
for p = 1:50

signal2(d,p) = multireflect(n1,n2,n3,n4,thick, width+(d+0.1-0.5), lower_pos+(p

— %0.1-0.2), lambda,0);

end

end

figure;

imagesc(signal);

daspect([1 1 1]);
set(gca, ' YDir’, normal’);

set(gcf, color’,'w’);

h = colorbar;

ylabel(h, ‘Relative.Transmited.Intensity’)
xticks([0 10 20 30 40 50])
xticklabels({’0",’1",72",’3",’4","5"})
yticks([0 20 40 60 80 100])
yticklabels({’0",’2","’4",’6",’8",710"})
xlabel(’.$\Delta.A$.(mm) ")
ylabel(’.$\Delta.C$.(mm) ")
%title(’Calculated Eq.(4)")

figure;

imagesc(signal?2);
daspect([1 1 1]);
set(gca,’ 'YDir’, normal”);

set(gcf, color’,'w’);
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101
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104
105
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108
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111
112
113
114
115
116
117
118
119

figure;

surf(signal2);

set(gcf, color’,'w’);

function tot = multireflect(n1, n2, n3, n4,

A = lower_pos;

B = thick;
C

width - A - B;

phil = 2+pix*A/lambda;
phi2 = 2xpi*Bxn2/lambda;

phi3 = 24pixC/lambda;
r1 = abs((n1-n4)/(n1+nd));
r2 = abs((n1-n2)/(n1+n2));
r3 = abs((n1-n2)/(n1+n2));
r4 = abs((n2-n3)/(n2+n3));
if at ==

at1 = 0.9;

at2 = 0.8;

at3 = 0.9;
else

atl = 1;

at2 = 1;

at3 = 1;
end

thick, width, lower_pos, lambda, at)

at = sqrt(1-r1~2)*sqrt(1-r2~2)*sqrt(1-r3~2)*sqrt(1-r4~2)./

(
+
+
+
+
+
+
+

exp(1i*(-phil-phi2-phi3))

(at1*at1) * r1*xr2 * exp(1li*(phil-phi2-phi3))
(at2+at2) * r2+*r3 * exp(lix*(-phil+phi2-phi3))
(at1xat1*at2+at2) * ri1xr3 = exp(1i*(phil+phi2-phi3))
(at3*at3) * r3*r4 * exp(lix(-phil-phi2+phi3))
(
(
(

tot = at * conj(at);

end

at1~2)*(at2~4)*(at3~2) * rl1*r2+r3+r4 » exp(li*(phil-phi2+phi3))
at3xat2+at3*at2) x r2+r4 * exp(1li*(-phil+phi2+phi3))
ati1~2)*(at2~2)+(at3~2) * rixrd = exp(1i*(phil+phi2+phi3)));
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APPENDIX

APPENDIX D: PARAMETERS OF SIMULATED

MATERIALS
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