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ABSTRACT

TIME DOMAIN TERAHERTZ ATTENUATED TOTAL INTERNAL
REFLECTION SPECTROSCOPY

Atalar, Ataberk
M.S., Department of Physics
Supervisor: Prof. Dr. Hakan Altan

July 2021, [78| pages

In this thesis, a Terahertz Time Domain Spectroscopy system based on the Atten-
uated Total Internal Reflection principle (THz ATR-TDS) was constructed in order
to non-destructively evaluate materials which show high absorptive characteristics
at THz frequencies and therefore prove other widely used THz transmission spec-
troscopy methods ineffective. The response of the system without a sample differ in
amplitude and in time scale when compared to a sample measurement due to the real
and imaginary parts of the refractive index of the samples. Through an analysis of
the interaction of the THz field with the sample and signal processing in time and
frequency domain, optical properties of samples in the THz frequency range were
obtained. THz signal was generated and detected by two InGaAs based photocon-
ductive antennas (PCA) and a bandwidth up to 1 THz was obtained. Generated THz
beam was guided by off-axis parabolic mirrors and then focused inside a Si (Silicon)
prism to reflect internally at the base with an incidence angle of 51.6° according to
total internal reflection (TIR) principle. The diameter of the focal point at this sur-
face was measured to be 4 mm. Measurements of water which has an exceptionally

high absorption in THz region of electromagnetic spectrum were presented in order



to assess the effectiveness of the constructed spectroscopy system. In addition, mouth
tissue samples with different types of lesions prepared by the Faculty of Dentistry of
Ankara University in Ankara, Turkey were investigated to determine the efficiency
of the THz ATR-TDS technique in analysis of biological samples which contain high
amount of water. It has been shown that by using this system, high absorptive ma-
terials such as water and other various water containing samples could be optically

characterized at THz frequencies through time and frequency domain analysis.

Keywords: Terahertz Time Domain Spectroscopy, Therahertz ATR Spectroscopy, At-

tenuated Total Internal Reflection, Total Internal Reflection
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0z

ZAMANA DAYALI TERAHERTZ AZALAN TOPLAM IC YANSIMA
SPEKTROSKOPISI

Atalar, Ataberk
Yiiksek Lisans, Fizik Boliimii

Tez Yoneticisi: Prof. Dr. Hakan Altan

Temmuz 2021 ,[7§] sayfa

Bu tezde, Terahertz frekansinda yiiksek sogurucu 6zellikler gdsteren ve bundan dolay1
diger yaygin olarak kullanilan gecisli teraherz spektroskopi tekniklerini etkisiz kilan
materyalleri zararsiz (yikict olmayan) bir sekilde incelemek icin Azalan Toplam Ig¢
Yansima prensibini temel alarak bir Zamana Dayal1 Terahertz Spekstroskopi sistemi
kurulmustur. Sistemin 6rneksiz 6l¢iim yanit1 ve 6rnekli dl¢iim yaniti karsilastirildi-
§inda kullanilan 6rneklerin kiricilik indislerinin gergcek ve sanal kisimlar1 dolayisiyla
zaman ve biiyiikliik 6lgeklerinde farkliliklar olugsmaktadir. Zamana ve frekansa da-
yali bir dizi sinyal isleme ve matematiksel hesap serisinin ardindan drneklerin optik
ozellikleri elde edilmistir. THz sinyali iki InGaAs fotoiletken anten vasitasi ile iire-
tilmis ve tespit edilmistir. Sistem bant genigligi 1 THz olarak olgiilmiistiir. Uretilen
THz 15101 eksendis1 parabolik aynalar ile yonledirilmis ve bir Silikon (Si) prizmanin
icerisine dogru, prizma tabaninda i¢ yansima elde edecek sekilde odaklanarak gonde-
rilmigtir. Isinin prizma tabanina gelis acis1 51.6° dir. Tabanda odaklanan 15181n odak
nokta ¢apt 4 mm olarak ol¢iilmiistiir. Sistemin etkinligini 6lgmek i¢in elektroman-

yetik spektrumun THz bolgesinde istisnai derecede yiiksek soguruculuk gosteren su
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incelemis ve sonuglar1 sunulmustur. Ek olarak, Ankara Universitesi Dis Hekimligi
Fakiiltesi tarafindan hazirlanan ve iclerinde farkli lezyonlar barindiran agiz doku or-
nekleri de THz-ATR tekniginin yiiksek oranda su igeren biyolojik drneklerin analizin-
deki performansini degerlendirmek amaciyla incelenmistir. Sonug olarak, bu sistem
kullanilarak yiiksek sogurucu 6zellikler gosteren su ve su igeren diger materyallerin
de terahertz frekansinda zaman ve frekans uzay1 analizi ile optik karakerizasyonunun

yapilabilecegi gosterilmistir.

Anahtar Kelimeler: Zamana Dayali Terahertz Spektroskopisi, Terahertz ATY Spekt-

roskopisi, Azalan Toplam I¢ Yansima, Toplam I¢ Yansima
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CHAPTER 1

INTRODUCTION

The invisible portion of the electromagnetic spectrum has been of a great interest
since the discovery of IR and UV regions by Willam Herschel and Johann Wilhelm
Ritter in the very beginning of the 19th century [S][6]. However, although there have
been studies which include THz region or as it was traditionally called far-infrared
region towards the beginning of the 20th century, terahertz region alone has become
an active area of investigation for the last three decades after achieving coherent THz

radiation alongside with the invention of ultrafast lasers [7].

The name terahertz indicates a multiplication of one Hertz by 102, In other words, 1
THz is equal to 10'? Hertz or one trillion oscillations of electric and magnetic fields
in one second. In electromagnetic (EM) spectrum, terahertz range lies between long
wave infrared (IR) and microwave regions. The lowest THz frequency is accepted to
be 100 GHz and the upper boundary expands up to 10 THz [§]. In terms of wave-
length, the THz region is between 3 mm to 30 pm.

Wavelength
300mm 30mm 3mm 300_pm 30um 3um 300nm
S
. _ AWAWIN LY.
radio microwave / Region ) |
| (far-IR)
1E-3 0,01 0,1 1
Frequency [THz] .

Figure 1.1: THz region in electromagnetic spectrum [1].

In vacuum of space, an electromagnetic wave with a frequency of 1 THz has a period

of 1 ps and a wavenumber of 33 cm~. The corresponded wavelength is 300 zm. The
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energy of photons at this frequency is equal to 4.1 meV and the equivalent temperature

value is 47.6 K.

In electromagnetic spectrum, low frequency regions allow circuit systems to operate
almost ideally. As the frequency value increases, certain limitations start to apply
such as circuit sizes being comparable to wavelength values and application of trans-
mission lines [9]]. In microwave region, radiation begins to affect systems and a need
for new approaches in circuit design arises. Going further from microwaves to THz
region makes it almost impossible to construct a small enough circuit [10]. There-
fore, in order to control EM radiation, different methods of manipulation which start

to transit from electronics towards optics is required [[11].

There has been a rise in the interest in discovering the bridge between the electric and
IR waves around 1920s but standing between the borders of optics and electronics has
made THz region of the spectrum difficult to explore [12]. Even after its discovery,
not being able to provide efficient detectors and generators has turned terahertz into
a complicated research area in terms of applications. As a result, THz region was

nearly untouched for decades and it began to be called "THz gap".

The limitations in technology and difficulties in research did not stop scientists to aim
their focus to THz region once again as they explored the neighboring regions more.
Every new advancement in IR and microwave research opened a new door in THz

research and revealed its unique nature [[13]].

Various molecules show high absorption and reveal absorption lines at THz frequen-
cies. These absorption lines are specific to each molecule and can be imagined as their
unique signatures in THz spectrum. Predetermined locations and the amplitudes of
these absorption lines is used to identify unknown molecules through spectroscopic
techniques [14]]. Having longer wavelengths than optical waves reveals another im-
portant advantage, reduced scattering. As a result, THz waves has an increased pen-
etration into numerous dry materials such as textile, paper and wood which are nor-
mally opaque at wavelengths in the optical region of the electromagnetic spectrum.
Moreover, having shorter wavelengths than microwave region provides imaging abil-

ities with higher resolution [15].



In spite of these advantages, terahertz radiation has a certain disadvantage which
limits its areas of application and also closely related to the main research problem
of this thesis. It is the high THz absorption caused by water. This high absorbance
prevents THz waves to penetrate into any material containing water and therefore
reduces its usefulness in spectroscopy and imaging for such materials. In addition,
due to the water vapor in atmosphere, constructing free space THz communication

systems becomes impractical [[10].

On the other hand, being absorbed by water prevents any harm done by THz radiation
to biological structures. Also the energy THz photons possess is low enough to not
being able to remove electrons from biological tissues or other materials. That is, THz
radiation does not cause any photoionization and it is completely safe for humans and

other living beings [16].

Methods of obtaining and detecting THz radiation vary greatly. Mainly there two
groups which are called pulsed and continuous wave (CW) sources. The classifica-
tion stems from the frequencies at which sources work and their type of emission. In
addition, their manufacturing methods also differ for CW and pulsed sources. Pulsed
sources are mostly based on optical techniques whereas CW sources rely on elec-
tronics [17]. As stated previously, pulsed and CW sources vary according to their
operation frequencies. Pulsed sources provide a broadband emission in pulses in pi-
cosecond (ps) range. For CW sources, on the other hand, emission bandwidth is

narrow and as the name suggests it is continuous.

The main application areas of THz frequency are imaging and spectroscopy. For sys-
tems in time domain such as the one which is proposed in this thesis, pulsed sources
are preferred since they offer a temporal resolution in picosecond (ps) scale and pro-

vide a terahertz range of frequencies [18]].

1.1 TERAHERTZ GENERATION METHODS

Similar to many other frequencies which lie under the blackbody power spectrum
curve as shown in Figure 1.2, according to Wien’s law, at temperatures starting from

1.71 Kelvins which corresponds to a peak frequency of 100.5 GHz, THz generation
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can be achieved through blackbody radiation from anything. Therefore, theoretically,

any object can be transformed into a THz emitter [[19][20].

Output Spectrum of
Blackbody Source al 100 °C

erahertz
Television

Gamma Rays

10% 10" 10" 10° 0%

Frequency (Hz)

Figure 1.2: Blackbody radiation power spectrum curve and achievable frequencies.

[2].

However, at terahertz frequencies, emission is too weak to be utilized in experimental
systems. Therefore, in order to achieve enough emission power, different types of
THz sources which are based either photoconductive emission, electro-optical rectifi-
cation or surface emission have been manufactured over the years and they have been

most commonly used in terahertz generation methods [2].

In surface emission method, semiconductors (SC) are used according to their energy
band gap. The generation of the terahertz radiation strictly depends on the width of
this gap and the carrier concentration. After being excited by an ultrafast laser, a
spatial separation of an electron-hole pair near the material surface results in a charge
dipole formation which in turn generates THz radiation in materials with a narrow
band gaps such as InSb and InAs. For semiconductor materials with wider band
gaps, the generation occurs as a result of photo-excited carrier acceleration. InP and

GaAs can be given as an example for such materials [21]] [22].

Crystals with birefringent properties such as ZnTe, GaSe, GaP, LiNbOj; are used in
optical rectification method as the medium of interaction for ultrafast laser pulses.
Normally, when a light wave is sent through one of the aforementioned materials
which have nonlinearity in order of x?, an electric field and frequency dependent

nonlinear polarization with an average value different than zero is generated [23].

4



Usually, this nonlinear polarization does not have any considerable effect when the
optical power of the incident light is constant or varies slowly in time. On the other
hand, if the incident light becomes pulses generated by an ultrafast laser, the nonlin-
ear polarization shows rapid oscillations in its strength. This very fast changes then
results in a EM pulse radiation with a broad range of frequency varying from zero to
a maximum value which is determined by the inverse of the ultrafast pulse duration.

With suitable pulse widths, THz generation beyond 30 THz can be achieved [24].

Electrodes Emitted THz Pulse

Incident Laser Pulse

Semiconductor Material

v
Bias Voltage

Figure 1.3: Schematic of THz generation with PCAs.

The third method, photoconductive emission, is mostly used in antenna structures
called photoconductive antennas (PCAs). In PCAs, a semiconductor chip generates
THz emission after photo-excitation caused by an ultrafast laser source [25]]. A high
resistive semiconductor chip is connected to a pair of electrodes having a few microns
wide gap between each other. A laser pulse generated by an ultrafast laser with photon
energy higher than the energy gap of the semiconductor is directly focused onto this
gap. Having more energy than the energy gap creates free electrons in the conduction
band and holes in the valence band after photon absorption. A DC bias voltage applied
to the electrodes accelerates excited carriers because of the generated electric field.

In other words, a swift change in the potential creates an oscillating transient current.

5



Finally, as a result of this transient current, emission of the THz waves occurs [26].

Figure 1.3 is given as an illustration of photoconductive emission process.

1.2 TERAHERTZ DETECTION METHODS

Terahertz detection methods are mostly based on PCAs and electro-optic (EO) sam-
pling [27]. The principle which lies behind the electro-optic sampling is the Pockels
effect. It is the change in the birefringence or refractive index of an EO crystal which
is used as an optical medium. The change in birefringence occurs as a result of an
applied electric field. In order to detect the incident optical signal, changes in the
birefringence due to the electric field of the signal is measured. The Pockels effect
is also a second order nonlinear process similar to optical rectification method. Ma-
terials such as EO polymers, organic crystals, ZnTe, GaAs are usually chosen as the

optical medium.

Figure 1.4: Schematic of electro-optic THz detection process.

The interaction of the ultrafast laser beam with the incident THz pulse inside the EO
crystal changes the linear polarization state of the laser pulse into elliptical. After the

EO medium, a quarterwave plate (QWP) is placed for polarization control. Then a
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Wollaston prism separates the perpendicular components of the elliptical polarization
into two parts. Finally, a balanced photodetector measures the differences in intensity
of these two perpendicular parts of polarization. In the absence of an incident THz
beam however, the linear polarization state of the ultrafast laser pulse transforms into
circular. That is, separated perpendicular parts of the circular polarization have the
same intensity. In this case, a balanced photodetector cannot generate a signal due
to intensity difference. This means that the existence of a signal depends on the
existence of a THz pulse inside the medium as it changes the polarization state of
the laser pulse. As mentioned above, this change in polarization is proportional to
the electric field of the incident THz pulse due to the Pockels effect. Therefore, the
produced signal will be proportional to the electric field of the incident THz pulse.

An illustration of this process is given in Figure 1.4.

Terahertz detection with PCAs is not much different than THz generation. In terms
of structure, both antenna types are the same. However, in detection antennas, instead

of a voltage source, electrodes are connected to an ammeter as shown in Figure 1.5.

Electrodes Incident Las“fer Pulse

Incident THz Pulse

Semiconductor Material

Figure 1.5: Schematic of THz detection with PCAs.

The physical process behind the detection does not differ either. In fact, it is the
reverse of generation process. The ultrafast laser pulse which is focused onto the

antenna gap again generates electron-hole pairs inside the semiconductor material.
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When a THz pulse falls onto the antenna, generated carriers are again separated but
this time the electric field is due to the incident THz beam. The existence of an electric
field accelerates carries and as a result of this acceleration, a current with magnitude
directly proportional to the electric field of THz wave is generated. If there is not an
incident terahertz beam, current generation does not occur even if the carrier pairs are
generated. The intensity of the incident terahertz beam is determined by measuring

generated current [28]].

1.3 TERAHERTZ TIME DOMAIN SPECTROSCOPY

The Fourier transform infrared (FTIR) spectroscopy has opened a new door for spec-
troscopy research since the middle of 20th century. The far-infrared region has gained
and i1s still gaining more and more interest each day [29]. In spite of all advantages
FTIR provides, when it comes to detecting phase changes and obtaining amplitude in-
formation together to determine the optical properties of materials, FTIR falls behind

the terahertz time domain spectroscopy (THz-TDS) [30].

Terahzertz time domain spectroscopy (THz-TDS), teraherz emission spectroscopy
(TES) and time-resolved terahertz spectroscopy (TRTS) are three main spectroscopy

methods in terahertz region of electromagnetic spectrum [31].

THz-TDS technique, the method utilized in this thesis, is frequently preferred out of
others mentioned previously for optical characterization of materials at terahertz fre-
quencies. Providing a wide range of frequencies with a coherent detection is just one
of the reasons for its preference [14]. In a THz-TDS system a laser beam generated
by an ultrafast mode-locked laser source is divided into two for generation and de-
tection of THz signal. By time sampling and recording the amplitude of the terahertz
electric field, the entire THz wave is detected as a function of time. Two measure-
ments, one with a sample and one without a sample, in time domain are compared
after transferred to frequency domain and necessary information is obtained through

signal analysis [32].

TRTS method, on the other hand, is used to probe dynamic properties of materials un-

like THz-TDS which examines static properties. In terms of construction, THz-TDS
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and TRTS systems are very similar. There are two beams to generate and detect THz
signal. The only difference is the additional third laser beam used for photoexcitation.

After excitation, changes in the materials induced by the third beam is observed.

Lastly in TES method, sample is used as the source of THz radiation. An amplified
laser is utilized to send pulses to sample material in order to generate THz radiation.
After achieving emission, the shape of the emitted THz wave and the amplitude of

electric field is recorded.

1.4 TIME DOMAIN TERAHERTZ ATR SPECTROSCOPY

THz-TDS systems have been used to determine optical characteristics of a wide range
of materials from liquids [33]] [34]] to semiconductors [35]. However, measuring po-
lar liquids, especially water, has always been a challenging task due to the high ab-
sorbance they exhibit at terahertz frequencies. Inability to investigate water properly
has also slowed down biological research in THz region due to the high amount of
water contained in biological materials. In addition, measuring aqueous solutions
were also a problem for the same reason. Therefore, new methods, especially based
on reflection spectroscopy, have been considered in order to overcome this difficulty
[36]. In 2004, a new method called attenuated total reflection (ATR) spectroscopy was
proposed by Hirori et al. [37] in THz region and it has become one of the most promi-
nent techniques in THz spectroscopy. In addition to its novelty, the THz ATR-TDS
has been proved to be the most sensitive and effective method for optical character-
ization of liquids which show high absorption in the THz region of electromagnetic
spectrum [38]]. Since its first implementation, some of the studies with the THz ATR-
TDS technique reported in literature include, investigation of heavy water by Yada et
al. [39], monolayer cells by Shiraga et al. [40], water [41] by Nagai et al., measuring
optical properties of porcine tissues including dermis, muscle and subcutaneous tis-
sue by Sasaki et al. [42], determination of absorptive properties of explosive materials

by Palka et al. [43]].

A THz ATR-TDS system is constructed according to the basics of ATR geometry and

terahertz spectroscopy. The main instrument utilized in the system is an evanescent
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electric field which occurs as a result of total internal reflection (TIR) of THz waves.
In order to achieve TIR, usually a Dove prism with a high refractive index and high
transparency at THz frequencies is chosen. Germanium and high resistivity silicon are
the most preferred materials for ATR prisms with their refractive indices of ~3.42 and
~4 respectively. However, materials with relatively higher refractive indices should

be avoided as they cause increased Fresnel losses at the ATR interface [44].

Despite the broadened horizons by THz ATR-TDS technique in the area of terahertz
spectroscopy, the method itself relies on many critical aspects which require immense
attention for obtaining accurate results. The misalignment of the ATR prism [45], any
changes in the incidence angle of THz waves [46], the efficiency of THz propagation
in the system [44] are factors which affect the system stability in great measures even
with small deviations. Therefore, properly constructing a THz ATR-TDS system
requires more time and strenuous effort compared to common THz-TDS systems
and due to the increased sensitivity to environmental effects and experimental errors
which are usually negligible in other THz-TDS systems, rising the confidence level

in acquired data and results is quite arduous.

In this thesis, a THz ATR-TDS system is presented. The system provides a solution
for the problem of optical characterization of high absorptive materials and solutions
include such materials at THz frequencies. Chapter 2 explains the theoretical back-
ground of the THz ATR-TDS technique in detail with rigorous analysis and figures.
In addition, some of the points mentioned here also explained again more compre-
hensively. In Chapter 3, technical and experimental aspects of the constructed THz
ATR-TDS system and the important points taken into account during the construction
process are given. Chapter 4 shows the results of the experiments. Lastly, the overall

discussion of the results and a summary of the study is given in Chapter 5.
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CHAPTER 2

TIME DOMAIN TERAHERTZ ATR SPECTROSCOPY

THz ATR time domain spectroscopy method is based on the total internal reflection
(TIR) principle. An evanescent THz wave created as a result of the internal reflec-
tion is utilized in order to optically characterize samples. This chapter explains the
fundamentals of constructing such a time domain spectroscopy system and the theory
behind it. Then it discusses the methods of sample measurements and constructs a

mathematical basis for data analysis.

2.1 BASICS OF TERAHERTZ TIME DOMAIN SPECTROSCOPY

In general, most of the time domain THz spectroscopy systems are designed to use a
pump probe beam. It is a very common way to construct a time domain spectroscopy
system [47]. The whole operation can be summarized as follows the generation of a
pump and probe beams from a laser source, introducing a time delay between them,
and obtain sampling in time domain by using the probe beam as a result of the intro-

duced time delay. The more detailed explanation of the process is given below.

A pulse coming from the ultrafast laser source is divided into two different arms
which are called pump beam and probe beam by using a wavelength and percentage
suitable beamsplitter. In most systems, this initial division is done by using 50:50
beam splitters which divide the incoming pulse almost equally into two in terms of
optical power but depending on the design, different percentages are also used. Since

the two beams are generated by the same laser source, they are mutually coherent.
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The pump beam is directly sent to the THz generator. The probe beam on the other
hand is first sent to take an additional path called delay line which is usually con-
structed by using a motorized stage and a retroreflector to achieve time delay. Then it
is sent to the THz detector to sample the received THz signal. As the stage moves, it
gradually changes the time probe beam reaches the detector and therefore with each
step, a different portion of the generated THz beam is scanned by the probe beam and
detected THz by the detector. A constant movement along the delay line results in
the complete sampling of the THz pulse generated by the emitter in time domain with

respect to the time delay. That is, the THz beam is captured as a function of time.

Time Delay Stage
.

--------------------

Terahertz Beam

Fs-Pulsed N N )
Ultrafast Laser Source > ’. THz Emitter

Beam Splitter

Figure 2.1: A Simplified illustration of THz Time Domain Spectroscopy Systems

Apart from the laser source and the delay stage, in a THz time domain spectroscopy
(TDS) system, if a PCA is used for the generation of THz signal, a function generator,
which supplies a bias determined according to the antenna specifications, is used to
supply an electric field to accelerate photocarriers generated by the pump beam falling

on the PCA chip.

On the detection side, usually a lock-in amplifier is added to the setup for the signal
measurement purposes. The lock-in is also modulated by the same function generator
to capture the signal at the set frequency. Inside a lock-in amplifier, there is a phase
sensitive detector circuit which operates by taking the modulation signal as a refer-
ence and comparing the frequency and phase of the incoming signal from the system
to it. The parts of the signal reaching to the lock-in amplifier which have the same

phase and frequency as the reference signal is captured and boosted. As a result, in
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addition to measuring the signal, an increased signal to noise ratio is achieved due to

the background noise suppression.

Standard THz-TDS systems utilize broadband sources. They offer a good SNR ratio
below 3 THz [48]], a temporal resolution in ps scale and the measurement the electric
field of THz signal. This in turn, since the electric field carries the information about
both phase and amplitude, allows the determination of refractive index and absorption

coefficient of the sample.

2.2 TIME DOMAIN TERAHERTZ ATR SPECTROSCOPY PRINCIPLES

A THz ATR-TDS system is essentially no different than other THz time domain spec-
troscopy systems for the fundamental points explained in the previous section as it is,
in the end, nothing but another method of a spectroscopy in time domain. The ex-
perimental setups are mostly the same but there are also numerous important aspects
of a THz ATR system which require a different approach in terms of both theory and

experiment.

Sample Evanescent

S__—— Wave

Incident THz Beam Reflected THz Beam

Figure 2.2: ATR Prism

The figure above is a simplified representation of maybe the most important part of
a THz ATR-TDS system. It is where the total internal reflection and sample-THz
interaction occurs. Incident THz pulse generated by the emitter is focused through
a Si prism which is highly transparent to THz frequency, to be reflected at its base
according to the total internal reflection (TIR) principle. An evanescent wave, that
is the electromagnetic field accompanied by the reflected THz beam which passes
through the reflection interface up to a certain length, interacts with the sample placed

on the outside of the base of the prism as it propagates along the reflection interface
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[41]. Later, the information about this sample-evanescent wave interaction which is
in the form of an attenuation in reflection and proven to be linearly related to the
absorption coefficient of the samples, is carried to the detector by the reflected THz

pulse and recorded [49]].

Before starting to construct a THz ATR-TDS system, it is extremely important to
understand the two main pillars of the theory. The total internal reflection principle of
electromagnetic waves at a boundary and the penetration depth which is the distance
evanescent wave travels after passing through the reflection interface. The design
of the whole system, sample measurements and data analysis are done according to
these two concepts. Therefore, in the following sections, both will be explained in

detail and the derivations of the essential mathematical expressions will be provided.

2.2.1 TOTAL INTERNAL REFLECTION

Figure 2.3 below is an illustration of a light beam that is propagates in a medium with

refractive index n; and moves towards a medium with refractive index of n,.

Z-axis

X-axis

|
|
|
ny, > nq b E,
|
|

Figure 2.3: Incident, transmitted, and reflected light at the interface between two

media with refractive indices n; and ny, where ny, > ny.
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It can be seen that at the boundary, a portion of the incident light £ is reflected as
E'r and remaining portion is transmitted to the other medium as £p. Throughout this

thesis, the same notation will be followed for consistency.

Maxwell’s equations for electromagnetic waves in a linear and homogeneous medium

with no free current or free charge are given below.

V-E=0 (2.1)
V-B=0 (2.2)
0B
E=—— 2.
V x 5 (2.3)
oF
B=cu— 2.4
V x oy (2.4)

A few steps of trivial mathematical manipulations applied to Maxwell’s equations

result in the wave equations for £ and B in three dimensions.

2
E
V’E = ueaa? 2.5)
2
B
V’B = ue%? (2.6)

The solutions of these two differential equations give the wave functions for electrical

and magnetic field.

E(r,t) = Eye'tkr=eb (2.7)
B(r,t) = B!kt (2.8)

Eqgs. 2.7 and 2.8 can be related to each other throughout a constraint set by Maxwell’s

equations which implies perpendicularity of these two wave functions.
1- A
B(r,t)= -k x E (2.9)
v

Then Eqs. 2.7 and 2.8 can be rewritten as

E(r,t) = Eyeltr==tp (2.10)
1 , ~
B(r,t) = —Eye!®* =D (k x 1) (2.11)
v
Where
1
v=—="° (2.12)
EL N
n=, |H (2.13)
oMo



At a boundary between two different media, electric and magnetic fields obey a set of

boundary conditions which can be derived from Maxwell’s equations.

e1F T = 2Byt (2.14)
Byt = Byt (2.15)
Bl = Bl (2.16)

i&” = iBQH (2.17)

These conditions indicate that at a boundary, the tangential components of the electric
field are continuous (Eq. 2.7) whereas the normal components have a jump depending
on the dielectric constants of the two media (Eq. 2.5) [50]. For the magnetic field, on
the other hand, tangential components have a jump which depends on the magnetic
permeability of the media (Eq. 2.8) and the normal components are continuous (Eq.

2.6).

Eq. 2.9 and the assumption of p = g [S1][S0] for the two media reduces Eq. 2.13
ton = ,/¢,. In addition, the boundary conditions given previously now can be rear-

ranged as follows according to the incident, reflected and transmitted waves shown in

Figure 2.3
e1 (BEf + Ej) =e.E7 (2.18)
nlkl X EIL + nlsz X E# = nng X E%— (219)
(El + EL) = B} (2.20)
niki x El +nikg x El, = noky x El, 2.21)

The polarization of the incident wave plays a very important role in further calcula-
tions. Therefore, it is best to analyze both s-polarized and p-polarized waves sepa-
rately. For s-polarization ( electric field is perpendicular to the plane of incidence),
Eqs. 2.18 and 2.19 are just identity and Snell’s Law respectively. The other two

equations become

Er+FEr=FEr (2.22)
n1(E; — ER) cos ¢ = nyEpcoso (2.23)
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Then by introducing reflection and transmission coefficients * and ¢°, Eqgs. 2.22 and

B nycosd — 1/n2 —n2sin® ¢
. i (2.24)

== — —
' nycos¢g+4/n3 —n?sin®¢

E 2 )
o= =L _ 1 €08 ¢ (2.25)

E - =
I nycosg+ y/nk—n?sin® ¢

The same procedure is repeated for p-polarization (electric field is parallel to the plane

2.33 can be solved as

r

of incidence).

(E; — Eg)cos ¢ = Ercoso (2.26)
nq (E[ —+ ER) = ngET (227)

After the introducing r? and ¢” again for p-polarization,

2 e /12 2 ain2 7
E n5 cos ¢ — nyy/ns — nysin” ¢
—=R__% i (2.28)

rf=—=
Er n3cos ¢ + nyy/ni — nisin? ¢
E 2 I
w fT _ N1My COS @ (2.29)
T

2 cos 2 227
nscos ¢ + niy/ns — nysin” ¢

Eqgs. 2.24, 2.25, 2.28 and 2.29 are called Fresnel coefficients. They are used to
calculate the magnitude of the reflected and transmitted electric fields of the waves at
a boundary with respect to the electric field of the incident wave. Superscripts s and

p identify the direction of polarization.

After deriving necessary equations to calculate the reflection and transmission for a
wave incident on an interface between two media, it is now easier to consider a case
where light is sent from an optically denser medium to an optically rarer medium as

shown in Figure 2.4 on the next page.

According to Snell’s Law, for every incidence angle ¢ there is an angle of refraction
o that is strictly dependent on the refractive indices of two different media. In the
case of incidence from a denser medium, when angle ¢ approaches a certain value of

®,,, the refraction angle o starts to approach 90°.

Ny sin ¢ = ny sino (2.30)
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Figure 2.4: Incident, transmitted, and reflected light at the interface between two

media with refractive indices n; and ny where ny > n;q.

Fresnel reflection coefficients of light for s and p polarization directions then become

nocos ¢ — 1/n? —n2sin® ¢
rs:%: SO A el 2.31)
I nycosd+y/n? —nisin® ¢
2 T 2 227
E ny cos ¢ — Noy/nj — ngsin® ¢
o R R (2.32)

E - =
I n? cos ¢ + ngy/n? — n3sin® ¢

There is no physical constraint that prevents ¢ to take values bigger than ¢, but re-
fraction angle o cannot go beyond 90°. As the incidence angle exceeds ¢, , refraction
angle should get values that give sino > 1 which is not possible. As a result, re-
fracted wave can no longer exist. It is obvious that Eq. 2.31 and 2.32 are given in
terms of incidence angle. This makes obtaining reflection coefficients possible even
when there is no refraction. There is, however, one important issue. When ¢ goes be-
yond ¢, , the expression in square root becomes negative. This results in a complex
Fresnel reflection coefficient in the given form.
A—iB
A+iB

T =

(2.33)
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The reflectance R then becomes
A2 4 B2

R=|r*= ey 1 (2.34)
Eq. 2.34 is true for both s and p polarizations. It basically states that when the
angle of incidence ¢ goes further than the critical angle ¢, ,, the angle which makes
the expression in the square root in Fresnel reflection coefficient formula zero, the
reflection of the incoming wave at the interface between the two media becomes total.
Figure 2.5 shows the reflectance values of p and s polarizations in terms of incidence

angle. The ¢, value after which the reflection becomes total can be identified.
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Figure 2.5: The reflectance of the light incident from a denser medium in terms of

incidence angle calculated using MATLAB where ny = 3.42 and ny = 1.

The definition of critical angle makes it easier to find its value by using Snell’s Law.
In order to be consistent with other scientific sources, after this point the critical angle

will be denoted as EC instead of ¢, .

bp = sin~! (@> (2.35)

n2
Eq. 2.33 shows that the Fresnel reflection coefficient for total internal reflection is a

complex value. It is a common knowledge that any complex value which is in the
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form of a + b can be rewritten by using Euler’s formula. Therefore, the Fresnel

coefficient too can be written as

r=e" (2.36)

Where « is a real value and it shows that a constant phase shift added to the reflected
wave as a result of reflection. It is important to note that this phase shift is the same
for everywhere on the boundary between the two media and obviously different for s

and p polarizations. The value of s can be calculated using Eq. 2.33 and 2.26.

2AB

kK = arctan —————
A% + B2

(2.37)

In Figure 2.6, the plot shows the phase shift x due to total internal reflection for s and

p polarizations in terms of incidence angle.
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Figure 2.6: The phase shift due to total internal reflection for p and s polarizations

calculated using MATLAB where ny = 3.42 and n; = 1.
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2.2.2 PENETRATION DEPTH

It is explained in section 2.2 that when a THz beam is incident on a surface at which
TIR occurs, an electromagnetic field penetrates to the other side of the interface and
it decays exponentially as it propagates up to a certain distance. This decay of the

evanescent wave is expressed as
e (2.38)

Where « is called the decay constant and it is strongly dependent on the refractive

index value of optically rarer medium n; [S2].

According to Figure 2.4, equations of reflected and transmitted waves are of the fol-

lowing form
Eg(r,t) = Egelker= (2.39)
Ep(r,t) = Epe'rr=eb (2.40)
If the exponent of the exponential part of transmitted wave equation is investigated
closely, it is obvious that there exists a scalar product of wave and point of reference

vectors. Taking the plane of incidence as xz plane and the normal to the interface

as the z-axis in Figure 2.4, the aforementioned scalar product is then calculated as

follows.
w c
— = — 2.41
W m (2.41)
k= 1 (2.42)
c
l{t = 7’L1k’0 (243)

Where kg = w/c is the wavenumber in a vacuum and n; is the refractive index of the

rarer medium. The wave vector in Eq. 2.40 now can be expanded as
ki = niko(zcoso + xsino) (2.44)
After applying Snell’s law to the x component, the wave vector becomes
k; = ko(znicoso + xnysing) (2.45)
The scalar product in the wave equation is now equal to

ki -7 = ko(ngxsin ¢ + nyz cos o) (2.46)
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Which allows Eq. 2.40 to take the form given below
ET (7", t) _ ETei(ngkox sin ¢+n1 koz cos o—wt) (247)

Where o is the angle of refraction. Since total internal reflection theory states that
total reflection occurs at the interface, the refraction angle o does not exist. This

means it is a necessary to write o in terms of the incidence angle ¢.
coso =1 —sin*o = \/1 — (ny/ny)’sin’ ¢ (2.48)

The final form of the scalar product for the transmitted wave is then becomes

ko(nqzsing + nyzcosa) = kg (nzxsinq_b + zny \/1 — (na/np)?sin? g_b> (2.49)

Inserting Eq. 2.52 into the transmitted wave equation (Eq. 2.50) results in

2

ET(I', t) _ ETe—iwteinzkoxsinae—koz n2sin2¢—n? (250)
Which can be abbreviated
Er(r,t) = Epe%elka—wh (2.51)

Where

o = koz\/n3sin2¢ — n? (2.52)

The first exponential part of Eq. 2.53 describes the oscillatory nature of the wave.
The second part explains its propagation along the reflection interface (x-axis) with
k., = konssing. The last part represents the exponential decay of the evanescent
wave which moves in the direction of the z-axis. Basically, it is what is left from the
refracted wave as the angle of incidence ¢ gets bigger than the critical angle. The
amplitude is the largest at the interface and it gets damped as it moves further away
from the interface. The distance at which the amplitude of the evanescent wave falls
to 1/e of its maximum is called the penetration depth and it is denoted as d,,. Its value
isequalto d, = 1/a.

1
d, = = < (2.53)

koy/n3sin?g —n? 2wy /n3sing —n?

Where vy is the frequency of incident light in vacuum and ky = 2714 /c.
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The plot on the next page shows different penetration depth values for different fre-
quencies in terms of the incidence angle. It should be noted that the evanescent wave
starts to penetrate into the other side of the interface as soon as total internal reflection

occurs.
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Figure 2.7: Penetration depth at 0.3, 0.6 and 1 THz in terms of incidence angle cal-
culated using MATLAB where ny = 3.42 and ny = 1.

2.2.3 MEASUREMENTS AND DATA ANALYSIS

In previous sections, the theory behind the system has been explained in detail and
points which require attention have been pointed out. In this section general principles
which lie behind the sample measurements and the analysis of the recorded time

domain data will be explained.

Refractive index and absorption coefficient determination are one of the simplest and
fastest methods to classify materials. For THz transparent materials, there are sev-
eral effective and proven methods [53]], [S4]. For non-transparent or high absorptive

materials, ATR-TDS method is utilized.
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Time domain analysis is based on mathematical comparison of reference and sample
signals which are obtained by the system [55]. In a THz ATR-TDS system, a refer-
ence signal is measured without anything on top of the Si prism base. Samples, on the
other hand, are measured by placing them where THz beam is focused and reflected
as shown in Figure 2.8. The alignment of the sample with respect to the THz focal
point is a critical factor in measurements. A simple misalignment can cause serious

errors in optical characterization of samples [56].

Evanescent Wave

(a) Reference measurement.

Evanescent Wave

\ Sample
) /

A\
’

(b) Sample measurement.

Figure 2.8: An illustration of reference and sample measurements.

A reference measurement in time domain can be expressed as E,..;(¢). Similarly, the
expression for sample measurements then becomes Eqnpic(t). In order to determine
optical properties of materials, these two time domain signals are transferred into

frequency domain through Fourier transformation as follows.

E'ref \/%/ ref _Wt dt = ref( ) (2.54)
Esample( ) \/%/ sample( ) et dt = sample( ) (255)
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The ratio of frequency domain data of reference and sample measurements is equal
to the ratio of their Fresnel reflection coefficients.

Esample(w) o Tsample

= (2.56)
Erep(w) Tref

In section 2.2.1, Fresnel coefficients for s and p polarization directions were derived.
Although there are no strict constraints for choosing a polarization direction for the
incident THz beam, it is proven that p polarization is less affected by secondary re-
flections and prism deflections than s polarization. These factors make p polarization
more preferable for THz ATR-TDS systems [53]. After deciding which polarization

direction to use for THz beams, Eq. 2.56 can be rewritten as

Esam e i Tgam e
ple(W) — Relir) — L pl (2.57)
E“?f (w) Tref
r?ample = rfefRe(iK) (258)

Where R is the amplitude and « is the phase of the spectral ratio of the reference
and sample signals. Using Eq. 2.32, v s can be calculated after replacing n, with

Nair = 1 and ng with np,s,, = 3.42. This makes the right hand side of Eq. 2.58 a

p

known value. Using Eq. 2.32 once again for T sample

after replacing ny with np;5m,

and ny with 74,5 leads to the following expression

2 Py 2 2 027
p nsample cos ¢ - nprism \/nsample - nprism Sin ¢
r =— (2.59)

sample _ p—
' n? COS @ + Ny n? —n?. sin?¢
sample prism sample prism

It is clear that Eq. 2.62 is a function of 7ng4mpie as it is the only unknown term.
By applying some trivial mathematical manipulations, the expression above can be

inverted as

X+ VX2 -YXsin?2¢
nzample = Esample = \/ = ¢ (2.60)
2Y cos? ¢

Where YV = (1%, ;. — 1) and X = ( + 1)2. It should be noted that n> is

Tp
sample sample

a complex value and therefore €4, too is a complex value.

/ .
Nsample = nsample + stample (261)

2 _ ! /i
nsample = Esample = 6sam;ule + ZEsample (262)
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Almost all typical materials have a positive ¢’ and therefore in Eq. 2.63 solutions

: 1
with €sample

> () should be chosen in order to obey energy conservation[38]. Finally,
the following expressions for the real and imaginary parts of the complex refractive

index can be derived from Eqgs. 2.64 and 2.65.

/ 12 2

€scmzple =n sample ksample (263)
" _ /

€sample = Qnsampleksample (264)
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CHAPTER 3

TIME DOMAIN TERAHERTZ ATR SPECTROSCOPY SYSTEM

In this chapter, a detailed description of the THz ATR-TDS system constructed for
optical characterization of absorptive samples is given. The system layout with the
laser source, optical components, electronic and mechanical devices is presented. In
addition, important points taken into account during the construction of the system
such as the optical path length, spot size and the focal point location of THz beams

are also explained. Finally, data collection and analysis are described.

3.1 LASER SOURCE

The laser source of the system is a Toptica FFS.SYS. It is an ultrafast mode-locked

Erbium (Er) doped fiber laser based on nonlinear polarization rotation.
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Figure 3.1: Autocorrelation measurement of the laser source.
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Its average output power is 120 mW. The output is P polarized. It emits a center
wavelength of 1550 nm at a 89 MHz repetition rate with a pulse width measured as
230 fs by using a Femtochrome FR-103 intensity autocorrelator at full width and half

maximum (FWHM) with a Gaussian beam correction factor as shown in Figure 3.1.

3.2 SYSTEM LAYOUT

In Figure 3.2 below a schematic of the experimental system is given and the following

is the component list.

Delay Line

Function Generator

+5V 1kHz Square

@ =°"="
7 Lo == eo— o
s new b S P b e || T . =e
=
Z-Stage Controller
PCA Emitter PCA Receiver M3
BS: Beam Splitter Cube (50:50)
Si Prism F: Continuously Variable Density Filter
M1-M7:  Mirrors
PM1-PM4: Off-Axis Parabolic Mirrors
PM 2 PM 3 M2

M4 — N
BS
S Er-Doped Fiber Laser;
M1 F

Figure 3.2: Schematic of the experimental THz ATR-TDS system.

1. Main Arm

(a) Toptica FFS.SYS Erbium-doped mode locked fiber laser.
(b) F: Round, continuously variable density filter
(c) M1-M2: Flat mirrors.

(d) 50:50 Beam splitter.
2. THz Generation Arm

(a) M4-MS5: Flat mirrors.
(b) PCA: BATOP PCA-40-05-10-1550-h.
(c) Function generator: RIGOL DG2041A.
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3. Measurement Section

(a) PM1-PM4: Off-Axis 90° Parabolic Mirror.
(b) HRFZ-Si prism 54.85x21.74x35 mm. Base Angle: 103.2°

(c) Prism holder.
4. Detection Arm

(a) Delay Line: A gold corner retroreflector cube on a moveable stage.
(b) M3: Flat Mirror.

(c) PCA: BATOP PCA-100-05-10-1550-h .
5. Data Acqusition

(a) Stage controller: Newport ESP301.
(b) Lock-in amplifier: Stanford Research Systems SR850 DSP.

(c) Computer.

Figure 3.3 and 3.4 show the experimental setup with labelled components.
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Figure 3.3: Constructed THz ATR-TDS System.
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(a) Laser source.

—_—

SR850 DSP

DG2041A

ESP301

£ S o e

(b) System Rack.

Figure 3.4: Laser source and data acquisition devices.
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The output of the laser source is sent through the adjustable filter (F) so that the light
incident on THz antennas can be adjusted. Right after the filter a periscope mirror
setup (M1,M2) raises the beam to 15 cm with respect to the optical table. Then, at
the 50:50 beam splitter (BS) it is split into two equal parts in terms of optical power.
These two parts of the laser output are used in the generation and detection arms. In
generation arm, laser is first folded 90° by M4 and then it is folded 90° once again and
sent to the gap of the THz generation antenna (PCA Emitter) by mirror MS. Laser
power at the antenna is measured as 23 mW. The other portion of the output beam
is sent to the gold retroreflector cube fixed on top of a movable stage (Delay Line)
after the beam splitter. As the name suggests, it folds the laser beam 180° in total and
sents it back to M3 at which laser light is directed at the THz detection antenna (PCA
Receiver). The optical power of the light falling on the antenna is measured as 22

mW.

The THz generation antenna used in the system is a BATOP PCA-40-05-10-1550-h

as previously stated. The structure of the antenna is given in Figure 3.5.

— 185 —
4,00 ]
015" H

PCA 40-05-10
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Figure 3.5: The Structure of PCA-40-05-10-1550-h antenna (dimensions are in
mm)[3]].

It can be seen that the it is a parallel line antenna with LT-InGaAs semiconductor
material. Required optical excitation wavelength is ~ 1550 nm. The size of the
antenna chip is 4 mm x 4 mm, the antenna length is 0.040 mm, its width 0.01 mm and

the antenna gap is is 0.005 mm.

On one side of the PCA chip, there is an aspheric lens in order to focus the excitation

beam onto the antenna gap. On the other side at which the THz beam is emitted,
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a hyperhemispherical undoped high resistivity float zone silicon (HRFZ-Si) lens is
placed for THz beam guiding during emission. The whole structure is placed inside
an aluminium case which acts as a heat sink. In addition, the PCA is also fixed inside
a rotation mount in order to achieve a 360° of freedom to obtain a better focus and the
desired polarization states. Figure above shows the lenses on the PCA and rotation

mount.

-

(a) Aspheric lens. (b) Hyperhemispherical HRFZ-Si lens.

Figure 3.6: PCA with lenses and rotation mount.

In photoconductive antennas, providing a well focused laser beam incident on the
antenna chip is important. In order to achieve this, the rotation mount of the PCA is
attached to a mirror mount which provides tilts in three different axes. Finally, the
piece which consists of PCA rotation mount and the mirror mount is fixed to an XYZ
stage to allow movements in X,Y and Z axes. With all these degrees of freedom, the
antenna is positioned so that its resistance value which is simultaneously measured
using a multimeter by connecting the BNC cable of the antenna to it, is at a minimum.
Acquiring the smallest possible resistance indicates the maximum illumination at the
antenna gap which in turn implies the start of THz emission. As the last step, in order
to achieve P polarized emission, PCA is rotated so that the the electrodes are aligned

in the same direction as the laser source polarization as shown in Figure 3.7.

After the aligning the antenna for the lowest resistance, the PCA-multimeter connec-
tion is removed and the BNC cable of the antenna is connected to RIGOL DG2041A

function generator. A bias voltage of £5V in the form of a square wave with a 1 kHz
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frequency is supplied by the function generator to the antenna for the generation of
carriers. The function generator is also connected to SR850 DSP lock-in amplifier so

that the bias function is also used as a reference signal.

Figure 3.7: Illustration of THz emission polarization and electrode positions of PCA-

40-05-10-1550-h.

On the detection side of the system, a BATOP PCA-100-05-10-1550-h is used. Itis a
bow-tie antenna which uses LT-InGaAs absorber to detect incoming THz signals. Its
structure is shown in Figure 3.8. The chip size is 4 mm x 4 mm, the antenna length
is 0.1 mm, its width is 10 gm and the antenna gap distance is 5 ym. The structural
properties of the emitter and the receiver antennas are the same. The antenna chip
is placed inside an aluminium case which works as a heat sink. The aspheric and
hyperhemispherical HRFZ-Si lenses are placed on both sides. The holder used for
alignment purposes is exactly the same. The same number of degrees of freedom
is provided for the detector antenna. The resistance value which is measured using
a multimeter is also reduced to be a minimum by focusing the laser beam onto the
PCA gap through optical alignment. In order to measure the signal output which is
an alternating current, the SR850 DSP lock-in amplifier is connected to the detector

using a BNC cable.

The next step after setting up the antennas is to put off-axis parabolic mirrors (PM1-
PM4) which are used to guide the THz beam from the emitter to the detector in the
system. However, placement of the mirrors is heavily dependent on the properties

and the position of the Si prism used in the system.
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Figure 3.8: The Structure of PCA-100-05-10-1550-h antenna (dimensions are in mm
and pm)[4]].

Similar to the antennas, all four parabolic mirrors are attached to mirror mounts and
also fixed to XYZ stages as shown in Figure 3.3. The position of PM1 is set to have
the PCA chip at its focal point so that the incident THz beam which propagates by
spreading out is thought to be emitted from the mirror focus. Therefore, the THz
beam is perfectly collimated and folded by 90°. PM2, on the other hand, accepts the
collimated light and focuses it while again folding the beam by 90° at the same time.
PM3 and PM4 act similarly, the light focused by PM2 is collimated by PM3 and sent
to PM4. Then it is focused on last time by PM4 onto the PCA chip which again is set
to be at mirror focal point. PM1 and PM4 mirrors have a focal length of 50.8 mm and
a diameter of 50.8 mm. PM2 and PM3 mirrors have a focal length of 119.4 mm and

a diameter of 63.5 mm.

3.3 GUIDING THZ BEAM AND OPTICAL PATH ANALYSIS

After passing through a focusing lens or reflecting from an off-axis parabolic mirror,
the incident THz beam will propagate towards the ATR prism while getting converged
on the focal point of the focusing optical element. In an ideal case, the THz beam
will be refracted as it moves into the prism and a focused beam spot will appear at the
center of the base of the Si prism. Then it will be reflected due to TIR and leave the

prism.
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It is very important to precisely guide the incident THz beam into the Si prism. Even a
small mistake or a miscalculation causes serious errors in measurements and therefore
in optical characterizations of materials. In addition, the configuration used to guide
the THz pulse through the Si prism to achieve TIR is also an important factor for
sample measurements and sample preparation as it directly affects the measurable
minimum and maximum refractive indices and in turn, the penetration depth of the

evanescent wave at the prism-sample interface.

d
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Entering THz Beam 90" — k" ‘~) Leaving THz Beam
Si Prism

Figure 3.9: Cross Section of the ATR prism where ov = 38.4°.

Figure 3.9 above is a simple illustration of the path THz beam takes outside and
inside of the Si prism in the experimental setup. It can be seen that the entering and
leaving THz beams are parallel to the base of the prism. This configuration is decided
after calculating the measurable refractive index range for many different incidence
angles and parallel incidence provides the widest range. Parallelism of THz beams is
achieved as a result of precise placement of PM2 and PM3 mirrors. Calculation steps

of the measurable refractive index range for parallel incidence is as follows.

As stated above, the entire system is critically dependent on the incidence angle a.
Any change in this angle affects the angle of incidence ¢ at the base and changes the
types of samples which can be measured with this system. Therefore, a very careful
approach is required. In order to calculate the angle ¢, the first step should be to
find the angle 90° — a which will be called 3 for convenience. Since the system is
designed to send incident THz beam parallel to the base and the angle o known as
it is determined by the design of the prism, by using the fundamental geometrical

properties /3 angle is easily calculated.

B =90° — 38.4° = 51.6° (3.1)
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Using § and Snell’s Law, the angle labelled as ¢ — o is found. Again for convenience,

this angle will be labelled as w.

Nair SIN 0 = Nppigm SINW 3.2)
sin51.6 = 3.42sin w 3.3)
. _; (sin 51.6
= 34
w = sin < WG ) 3.4)
w = 13.2° 3.5)

Where n,;, and n, are the refractive indices of air and the prism and their values are 1
and 3.42 respectively. Then by applying the fundamental geometrical rules, the value

of ¢ is simply found as

F=wta (3.6)

¢ =13.2+38.4=51.6° (3.7)

In Chapter 2, the condition to achieve TIR is defined and introduced as follows.

&> b (3.8)

Applying the formula given in Eq. 2.35 to calculate ¢ gives

50::gnn—1(?§§gf> (3.9)

Where n; is the refractive indices of samples to be measured. Combining Eqgs. 3.8

and 3.9 results in

- e - nSam e
¢>¢C=mn1Q§ﬁ}) (3.10)

As explained previously, Eq. 3.10 indicates that there is an upper limit for refractive
indices which can be measured by the THz ATR-TDS system. It is because after a
certain n, value, the condition given above fails and the incident THz beam propa-
gates directly into the other side of the reflection interface resulting in no total internal

reflection.

Calculated refractive index measurement limit is given below.

1 < Ngampte < 2.68 (3.11)
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Any sample with refractive index inside this range will be successfully characterized
and optical properties will be discovered with the constructed THz ATR-TDS system.
Defining a measurement window makes it possible to calculate penetration depth of
the evanescent wave for measurable refractive indices. Using Eq. 2.53, penetration

depth values plotted as shown below.

1,8 —0.3THz
164 ——0.6 THz
—1.0THz

0.8

Penetration Depth (mm)

0.6 4

z::: JJ

0,0 —7t r T - T T T + T + T T T T 1
1.0 1.2 1.4 1,6 1.8 2,0 22 2,4 2,6

Sample Refractive Index (n)

Figure 3.10: Penetration depth at 0.3, 0.6 and 1 THz in terms of measurable refractive

indices of samples calculated using MATLAB.

There are two other important factors that limit the freedom of placing Si prism. One
is the diameter of the beam before it enters the prism and the other is the distance
it travels inside. The diameter of the incident THz beam should be small enough
to allow the entire beam to pass into the prism without any losses due to being too
large and forming a bigger spot than the lateral face of the prism it enters through.
Therefore, the closest distance at which the prism can be placed with respect to the
focusing optical element (PM2) must be the distance the THz beam forms a spot
which is smaller than the lateral dimensions of the prism. In order to find this opti-
mum distance, beam profile of the the THz emission after the antenna is investigated
with the help of ZEMAX Optics Studio software. The optical structure of the emitter
antenna, its emission profile and the beam spot properties at 50.8mm which is equal
to the distance between the first parabolic mirror (PM1) and the antenna chip located

behind the hyper-hemispherical lens is obtained as shown in Figure 3.11.
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IMA Standard Infinity -

Figure 3.11: Emission profile and the spot size of the THz beam

The results show that the spot radius at the aforementioned distance is 19.93 mm.

Using this information, optimum position for the Si prism can be determined.

In order to place the Si prism into the system, between the focusing parabolic mirors,
a prism holder which is fixed on an XYZ stage is designed and 3D printed. Figure
3.12 shows the designed prism holder.

Figure 3.12: Prism holder structure designed by using SolidWorks software.

The lateral faces of the Si prism used in the system are squares with a side length of

35 mm as given previously. When put inside the holder, 3 mm of the lateral surfaces
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from the top and the bottom are covered by the structure. As a result, the dimensions
become 29x35 mm and the widest beam spot radius allowed to propagate inside the
prism reduces to 14.5 mm. In order to prevent any possible errors, the spot radius is

set to be 14 mm.

A sketch of the two off axis parabolic mirrors (PM1 and PM?2) and the emitter antenna
used in the system is given in Figure 3.13. The first step is to calculate the angle of
convergence of PM2 which has a focal length of 119.4 mm. Convergence angle makes

it possible to find the focused spot size at different positions with respect to the mirror.

26.4 mm 50.8 mm

- > o -

--:-":_‘j_'_':. S

PM1

1194 mm

Figure 3.13: Behaviour of the emitted THz beam collimated and focused by parabolic

mirrors PM1 and PM2.

Spot radius at PM1 is given above and therefore the spot radius of the incident THz
beam at PM2 is known since the two are the same.With a known focal length and a
spot radius, the calculation of the convergence angle of PM2 becomes quite straight-

forward.
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19.
Opone = arctan <M> =947° (3.12)

119.4mm
Mmm —_ gq 99 (3.13)
= —— = . mm .
tan(9.47)
D= (f —d) = (119.4 — 83.93)ymm (3.14)
D = 3547mm (3.15)

Where f is the focal length of the PM2 and D is the distance from the mirror. The
result shows that after approximately 3.5 cm away from the PM2, the spot radius of
the focused THz beam becomes small enough to completely propagate inside the Si
prism. As expected, the distance to PM3 at the other side is also set to be the same as

the distance to PM?2.

Finally, after obtaining a safe distance which allows THz beam to completely go
inside the prism without any losses caused by spot size, one last factor remains to
finalize the placement process. It is the optical path length (OPL) of the light inside
a medium. A beam of light, travelling a certain distance inside a medium takes an
optical path usually longer than it is estimated in air. The length of the path light

takes inside a medium which is the Si prism in this case is given as
S = Nprism-S (3.16)

Where s is optical path of the light in air, S is geometrical distance the light travels
inside the medium and 7, is the refractive index of the Si prism. Figure 3.14 is a

representation of the Si prism and its geometrical properties.

The first thing needed to calculate is the distance S. Calculation is purely based on

geometrical principles, therefore it is skipped. Following Eq. 3.16 gives

S = 17.498mm (3.17)
17.498 = 3.42.5 (3.18)
s =5.116mm (3.19)
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Results above show that the incident THz beam will have to travel 17.498mm geo-
metrically inside the prism so that the focal point is located exactly at the base where,

as mentioned previously, the samples are placed.

27.425mm A

Figure 3.14: Geometrical representation of the Si Prism.

In order to achieve this length optically, only 5.116mm of the focused incident THz
beam must go inside. Focusing mirrors used in the system have a focal length of
119.4mm. Using this information, the distance between the point on the prism where

the incident THz signal enters and the focusing parabolic mirror is calculated as

s = 5.116mm (3.20)
f=119.4mm (3.21)
[ =119.4 — 5.116 = 114.284mm (3.22)

Comparing this result with the value given in Eq. 3.15 shows a great safety for plac-
ing the Si prism at this calculated point since the spot size of the focused incident
THz beam will already be small enough to propagate inside the Si prism without any
losses. Although everything seems perfect in theory, putting the prism in its correct
position is a challenging task since measuring the aforementioned distance is quite
difficult as this calculated distance corresponds to the space between the center of
the mirror and the middle point of the prism’s lateral face. In order to overcome this
difficulty, the distance from the center indicator (sticky tape) of the focusing mirror
(PM2) to the edge of the prism holder is set to 94.83mm as explained in Figure 3.15.

The necessary calculations are basic geometry, therefore omitted.
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MCI (Sticky Tape)

X=13.72mm

L=19.46 mm

K =94.83 mm

MCI = Mirror Center Indicator

MC = Mirror Center

MP = Middle Point of the Prism Surface

MP [=114.284mm

Figure 3.15: Holder to mirror center indicator distance.

After setting up the entire system, THz beam is focused on the base of the prism
with an incidence angle 51.6° and a focal spot size of 4 mm. The location of the
focal point is marked by a pointer laser on the outside to help with sample placement
during measurements. It is critically important to have a spot size as small as possible
because the spot size at the focus of the THz beam determines spatial resolution of
the system. THz pulse and the power spectrum measured after being reflected from
the prism are shown in Figure 3.16 and Figure 3.17, respectively. This THz pulse has
a bandwidth up to 1 THz with a SNR of 1000 : 1.
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Figure 3.16: Waveform of the first THz signal obtained from the system in time

domain.
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Figure 3.17: Power spectrum of the first THz signal.

3.4 DATA ACQUISITION AND ANALYSIS

Data acquisition in the system is executed by a software previously coded in Labview.
The software establishes a communication between the translational stage controller
and the lock-in amplifier so that during measurement, the software records the value
of the THz signal taken from the lock-in amplifier output at each translational stage
step which corresponds to a predefined time interval and constructs the entire wave-

form in time domain.

The results are immediately shown on the screen without needing any additional
steps. Therefore, the user can easily evaluate the measurement quality and repeat
the measurement if necessary without losing time. The software also lets the user to
set the scan distance, step size and the time interval between steps of the translational
stage to desired values for more detailed, longer and slower measurements or vice
versa. Measurements in this thesis were generally set to 10 um step size and 300 ms
wait time between each steps and . That is, the translational stage moves 10 ym and
waits at that step for 300 ms while recording THz signal amplitude. Then it moves to

the next step and repeats the same procedure until the preset scan distance is reached.
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The analysis of the recorded THz data is done by using both Origin Pro. 8 and MAT-
LAB software. First, excess data deleting and zero-padding process is applied to time
domain signal in order to obtain better and accurate results. Then this processed data
is used in FFT calculations done by using either Origin Pro 8 or MATLAB. After
obtaining FFT results, the measured signal (both reference and sample) goes through
the mathematical process explained in Section 2.2.3 and plotted to reveal optical char-

acteristics of the measured sample.
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CHAPTER 4

MEASUREMENTS WITH THE THZ ATR-TDS SYSTEM

In this thesis, a time domain spectroscopy system based on total internal reflection
principle was developed for optical characterization of highly absorptive samples. In
this chapter, the first part explains properties of samples investigated for this research.
Then in the second part, ATR spectroscopy results of the samples are given in order
to determine the efficiency of the system and the technique proposed in this thesis.
Finally, the chapter ends with a discussion about the obtained outcome and the eligi-

bility of the THz ATR-TDS system.

4.1 SAMPLES

In this study, two different, but still related, types of samples were measured and the
results are presented in this thesis. The first sample is distilled water taken from a
container kept in the Terahertz Research Laboratory at METU. A drop of distilled
water which was spread out to have approximately 5 mm width was carefully placed
directly on top of the ATR prism using a stactometer and with the help of a marker

laser.

The second sample type is biological tissue samples which are 5 mouth tissue slices
containing different types and amounts of lesions taken from patients with their con-
sent and ethical approval from the Faculty of Dentistry of Ankara University. Simi-
larly, tissue samples were placed directly on top of the Si prism during measurements.
In order to make sure that the samples were fully in contact with the prism surface,
each sample were flattened as possible while avoiding damaging the tissue. Figure

4.1 and 4.2 show the measured water and tissue samples respectively.
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Figure 4.1: Water sample on the Si ATR prism surface. The bright red light is the

marker laser spot.

(a) Tissue samples 1-2.

(b) Tissue samples 3-5.

Figure 4.2: Mouth tissue samples on the Si ATR prism surface. The bright red glow-

ing is due to the marker laser spot.
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4.2 TERAHERTZ ATR SPECTROSCOPY RESULTS

4.2.1 TERAHERTZ ATR SPECTROSCOPY RESULTS OF
WATER SAMPLE

Absorptive characteristics of samples due to the imaginary parts of their refractive
indices result in attenuation in the signal amplitude with respect to reference mea-
surements in time domain. The decrease in the signal becomes more obvious with
water since it has a very high absorption. Analysis of this amplitude difference re-

veals optical properties of water in terahertz region.
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Figure 4.3: Reference and sample signal measured using the constructed THz ATR-

TDS system.

Figure 4.3 shows the time domain measurement results of water sample. Reference
THz signal, shown as a black line, obtained with nothing on top of the ATR prism and
it has a peak at 4.19 mV. Sample signal, the red line, is obtained with water placed
at the prism surface as shown previously in Figure 4.1. Its peak is at 3.25 mV. Each

measurement took approximately 8 minutes. Even before going through the analysis
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process, the biggest advantage of the ATR-TDS method which was emphasized re-
peatedly throughout this thesis can be understood from the time domain results alone.
Instead of losing it nearly completely to water absorption, the THz ATR-TDS system
was able to record a high percentage of the THz signal with a reasonable attenuation

of 94mV as expected.

Analysing time domain results by following the steps explained in section 2.2.3 and
using Eqgs. 2.57-2.67 gives two important results used in optical characterization of

materials. One is the refractive index of the sample in THz region.

]

Refractive Index (n)

0 —T1T - T - 1 T " 1T T T T T - 1 T
0.1 0.2 0.3 0.4 0.5 0.6 a7 0.8 0.9 1,0

Frequency (THz)

Figure 4.4: Refractive index of water up to 1 THz.

Figure 4.4 shows refractive index analysis results of water. In full bandwidth range of
the system, it is seen that the refractive index curve reaches approximately to 2.16 at

1 THz. In general, results look consistent except points between 0.65 and 0.95 THz.

The other outcome obtained after applying the procedure given previously to time
domain results is the absorption coefficient of samples. Figure 4.5 below shows cal-

culated absorption coefficient of water up to 1 THz.
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Figure 4.5: Absorption coefficient of water up to 1 THz.

Starting from 0.1 THz up to 1 THz absorption coefficient curve again looks consistent
expect between 0.65 and 0.95. At 1 THz, the absorbtion coefficient is found to be

approximately 250 cm ! for water.

4.2.2 TERAHERTZ ATR SPECTROSCOPY RESULTS OF
TISSUE SAMPLES

Shortly after completing water sample measurements, the constructed THz ATR-TDS
system has developed a technical fault and stopped working. Diodes inside the ultra-
fast laser source had burned and due to being on a tight schedule, waiting for replace-
ments was not an option. Therefore, an entirely new THz-ATR-TDS system was
constructed with a new laser source for tissue sample measurements in a short time.
As a result, in the beginning of this section, technical properties of the new system

will be briefly explained in order to preserve the consistency in given information.

The second system is based on electro-optic sampling method for THz detection ex-

plained in Chapter 1. A Yb-doped ultrafast laser which operates at 1040 nm and has
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a 250 fs pulse duration is used as the laser source. THz generation is provided by
a GaBiAs based PCA. THz pulses guided through the prism with two teflon lenses
with f-numbers 1.5. Focused THz beam at the prism base has a radius of 2.5 mm. The
system configuration regarding the behaviour of THz pulses inside the Si prism is ex-
actly the same as the first system. Therefore, mathematical background explained in
Chapters 2 and 3 apply to the second system without any changes. Figure 4.6 shows
the second THz ATR-TDS system. In Figure 4.7, the THz waveform generated by

the system and its power spectrum is given.

Figure 4.6: The second THz ATR-TDS system.

Power spectrum of the THz signal indicates that the bandwidth of the new system
reaches up to 0.65 THz with SNR 1000:1. Although the signal to noise ratio is still

good, compared to the first configuration, nearly half of the initial bandwidth is lost.
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(b) Power spectrum.

Figure 4.7: THz waveform in time domain and its power spectrum recorded by the

second THz ATR-TDS system.

Time domain measurements of 5 tissue samples with the new THz ATR-TDS system

are given in Figures 4.8-4.12 on the next page.
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Figure 4.8: Tissue sample 1 time domain measurement. Peripheral giant cell granu-

loma.
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Figure 4.9: Tissue sample 2 time domain measurement. Peripheral giant cell granu-

loma.
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Figure 4.10: Tissue sample 3 time domain measurement. Pleomorphic adenoma.
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Figure 4.11: Tissue sample 4 time domain measurement. Fibrosis polyp.
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Figure 4.12: Tissue sample 5 time domain measurement. Fibrosis polyp.
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Figure 4.13: Signal attenuation analysis results.
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Signal attenuation analysis of each measurement which is done by taking the power
ratio of sample and reference signals obtained from the Fourier transformed data re-
veals the effective measurement window of the system in frequency domain. It cor-
responds to the frequency range in which the aforementioned ratio is less than 1. The
results of this analysis is given in the Figure 4.13 and it is seen that the measurement
window of the new system is between approximately 0.15-0.35 THz. The result of
this very narrow measurement window makes it very difficult to go further in analysis.
Attempts of extracting refractive index and absorption coefficient data does not give
any meaningful results. In addition, lack of healthy tissue samples provided by the
Faculty of Dentistry of Ankara University prevents comparing infected and healthy
tissue measurements. However, even with the presented results, deductions can be
made about the system performance and the efficiency of the THz ATR-TDS tech-
nique. Lastly, every tissue measurement result is given in a single plot in Figure 4.14

in order to show differences in amplitude and time scale between each measurement.
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Figure 4.14: Every tissue measurement in a single plot.
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4.3 DISCUSSION

4.3.1 WATER SAMPLE

The first sample investigated by the THz ATR-TDS system was distilled water sam-
ple. Measurements were done by the first experimental setup. In Figure 4.3 it is clear
that the THz signal is not lost to water absorption. It is partially attenuated due to the
imaginary part of the refractive index of the sample as expected. This is, as previ-
ously stated, the proof of success for THz ATR-TDS technique in absorptive sample
analysis. Using this method, materials with high absorptive properties in THz region

can be investigated while being minimally affected by the absorption.

The results of refractive index analysis given in Figure 4.4 for water seem to be gen-
erally in an agreement with literature values given in the works of Jepsen et al. [S7],
Nagai et al. [41], Soltani et al. [45] Moller et al. [38], Venables et al. [58], Naganishi
et al. [44] and Hirori et al. [37]. In these studies, refractive index curves of water
stabilizes around 2.1-2.4 and at 1 THz, they reach values between 2.3-2.1. Similarly,
the refractive index curve for water given in this is thesis stabilizes around 2.3-2.1

and reaches 2.16 at 1 THz with some discrepancies between 0.65-0.95 THz.

Absorption coefficient analysis results of water shown in Figure 4.5 are in a gen-
eral agreement with the given literature results too. Absorption coefficient curves
given in reference studies mostly show a linear trend and reach around 250cm ! at 1
THz. The absorption coefficient curve presented here behaves similarly and reaches
approximately the same value at 1 THz with inconsistencies between the same fre-

quency range as in refractive index curve.

A comparison between the literature and results of this study reveals that the con-
structed THz ATR-TDs system was successful in optical characterization of water
and the theoretical method explained in previous chapters holds true. However, there
are data points both in refractive index and absorption coefficient plots which does
not agree with the references. The THz ATR-TDS system is highly susceptible to
small deviations in guiding THz beams and other environmental factors. Especially

the alignment of the Si ATR prism affects results greatly. Soltani et al. has shown
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that a misalignment between —0.05° and 0.05° changes refractive index results by
40.5 [45]]. Therefore, the differences from literature results across the measurement
frequency window can be explained by small misalignments in system. In addition,
state of the THz focal point at the Si prism base is another critical point which affects
measurement results. It is important to have the focus exactly at the prism surface. Fo-
cusing THz beams before or after the prism base does not cause any noticeable errors
in signal levels or time domain results. However, when extracting optical properties,
large errors usually indicate this problem and it could be given as another explanation
for discrepancies in the results. In their study, Liu et al. explains that errors in sample
placement, that is, missing the THz focal point so that a portion of the evanescent
wave goes into air is one of the other reasons for errors in results [56]. In addition,
samples should be completely in contact with the Si prism in order to prevent having

air in between.
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Figure 4.15: Penetration depth of THz evanescent wave for water from 0.1 THz to 1

THz. In this plot, water refreactive index is taken as 2.2.

When preparing samples, it is critically important to have sample thickness larger
than the penetration depth of the evanescent wave inside the measurement window.
For the water sample with thickness around 1 mm, penetration depth values are shown

in Figure 4.15. It is clear that there were no errors caused by wrong sample thickness.
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4.3.2 TISSUE SAMPLES

After proving that the THz ATR-TDS technique can successfully characterize high
absorptive materials such as water. Samples containing water, especially biological
samples could be optically characterized. However, due to the problem mentioned in
previous section, in biological measurements new THz ATR-TDS was used. The new
system has very narrow bandwidth and a narrower measurement window. Despite the
disadvantages, given measurements in Figures 4.8-4.12 show that THz signal was not
lost during measurements due to water absorption. This in turn reveals that under im-
proved technical conditions, optical characterization of biological samples at THz fre-
quencies, a measurement which required special sample preparation or took too much
time and effort, can be done in a very short time without needing any specific sample
preparation. It was stated before that each tissue sample contained different amounts
and types of infected parts. The main purpose after showing that THz spectroscopy of
biological tissues could be done successfully, was to be able to differentiate these in-
fected tissues according to their optical properties. However, not receiving a healthy
tissue and poor system performance prevented this analysis. Although the aforemen-
tioned analysis was not possible, when inspected together as shown in Figure 4.12,
differences in signal level and time scale become visible. Signal level differences are
thought to occur due to the imaginary parts of the refractive indices of samples. Time
scale differences, on the other hand, could be linked to the real parts of refractive
indices. These different refractive index values and therefore different time domain
results of each sample could be caused by the contained infections. Different results
between the same type of infections could be a result of different amount of infected
parts. Specific response of each infection to THz radiation could be accounted for
the differences in results between different types of infections. However, absence of
healthy tissue samples weakens the strength of these arguments. Nonetheless, it could
be deduced that the THz ATR-TDS method serves its purpose even under non-ideal
conditions only by inspecting time domain measurement results as similarly shown

in the studies which belong to Cherkasova et al. and Newnham et al. [S9][60].
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CHAPTER 5

CONCLUSION

In this thesis, a study of a new THz spectroscopy method called time domain tera-
hertz attenuated total internal reflection spectroscopy or in short THz ATR-TDS is
presented. The main purpose of the method is to be able to optically characterize
highly absorptive materials such as water, aqueous solutions, other liquids and bi-
ological samples which contain high amount of water with large thickness in THz
region of electromagnetic spectrum without losing the signal to absorption which is
usually the case in transmission spectroscopy. First, theoretical background is given
and then mathematical instruments which are required to explain the physics behind
the process are provided in detail. A comprehensive explanation for the theory of
light-matter interactions, behaviour of light and spectroscopy takes more than twice
the size of this thesis. Therefore, only the essential points to help with understanding

the experimental process are given in the following chapters.

Water and five biological samples which are mouth tissue samples containing dif-
ferent kinds and amounts of infected parts are investigated by using the constructed
THz ATR-TDS systems. Water measurement is done by the fist experimental setup.
The first system used an Er-doped ultrafast fiber laser alongside with InGaAs based
emitter and detector PCAs provided by BATOP GmbH, Germany. Emitted THz ra-
diation is first collimated and then focused inside a Si ATR prism by two off-axis
parabolic mirrors placed on emission side and totally reflected at the prism base. Af-
ter reflection, reflected THz beam is guided by the same off-axis parabolic antenna
configuration on the detection side to be collected by the detector. Size of the focal
point at reflection interface is measured to be approximately 4 mm. Bandwidth of the

recorded THz waveform reaches up to 1 THz with a SNR of 1000:1.
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Another advantage of THz ATR-TDS method is that it does not require a special sam-
ple preparation process. Water is measured by putting a drop of water on top of the
Si ATR prism. Here, only factor which requires attention is correct sample placement
and having thick and wide enough samples so that evanescent THz wave interacts
with samples properly. When the presented measurement results are compared to lit-
erature results, it can be concluded that the constructed THz ATR-TDS system serves
its purpose. A high percentage of THz signal is still preserved while being attenu-
ated as expected. The differences between the reference and sample measurements
in signal amplitudes and time scale are used to extract optical properties of water at
THz frequencies. There are of course errors in results to some degree but they can be

reduced by optimizing the system and improving measurement conditions.

Tissue sample measurements were done using another THz ATR-TDS system con-
structed due to technical problems with the first one. The seconds system uses a
Yb-doped ultrafast fiber laser. A GaBiAs based emitter antenna is used for THz
emission. For THz detection, the system uses EO sampling method. Inside the sys-
tem, THz beam is guided by two off-axis parabolic antennas and two teflon lenses on
each side. Focal point at the prism base has a radius of 2.5 mm and the system has a

SNR of 1000:1 with a bandwidth of 0.65 THz.

As a result of the ease of use provided by the THz ATR-TDS method, samples are
measured by placing them on top of the prism same as the first system. One important
factor is to make sure samples are completely in contact with the prism surface and
there is no air gap in between. Sample placement accuracy and penetration depth are
also important for the measurements with second system as well. The narrowness
of the THz bandwidth of the system resulted in only time domain analysis of mea-
surement results. Extracting optical properties with such a narrow bandwidth yields
incorrect results. However, THz ATR-TDS method is useful even for time domain
analysis of samples as shown in literature. Time domain measurements results show
that the system and the ATR method again serve their purpose. THz signal is not lost
to absorption caused by the water contained inside the samples. This result shows
that a THz ATR-TDS system can be used for optical analysis of biological samples
in THz range without needing specific sample preparation techniques. In addition,

differences in measurements could be attributed to infected tissue amounts and their
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types. A comparison with a healthy tissue sample could have been more helpful in
this aspect but not being able to receive healthy samples prevents making strong com-
ments. Finally, quality of the measurements can be improved by again optimizing the
system and increasing system bandwidth. With an increased bandwidth and higher
SNR, the system will have an increased spatial resolution which, in the end, will result

in more detailed analysis and extraction of optical properties.
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APPENDIX A

MATLAB CODE FOR DATA ANALYSIS

format long

nair = 1;

nprism = 3.42; %Refractive index of Si prism.

a= 51.6; %Incidence angle to prism base.

c = 3%x1078; %$Speed of light in vacuum

[R] = dlmread(’’,"\t’); $THIS IS FOR REFERENCE MEASUREMENT
[S] = dlmread(’’,’"\t’); $THIS IS FOR SAMPLE MEASUREMENT

V2 = S(:,2); % Data Channel (SAMPLE)

V = R(:,2); % Data Channel (REFERENCE)

Z = R(:,1); $Time Channel (BOTH)

Ts = mean(diff (z));

Fs = 1/Ts;

Fn = Fs/2;

LF = size(V,1);

T = linspace(0,1,LF)*Ts;

FF = fftshift (fft (V) /LF);

FF2 = fftshift (fft (v2)/LF);
FShift =(-LF/2:LF/2-1)* (Fs/LF);

H
Il

imag (FF) ;

R = real (FF);

69

o\

o\ o\

o\

o\

o\

o\

o°

Sampling Interval
Sampling Frequency
Excitation Frequency
Length of Data Vector
Create Time Vector
FFT of Reference Data
FFT of Sample Data

Shifts FFT

Imag. Part of Reference FFT

Real Part of Reference FFT



Mag = sqgrt(I.”2+R."2);
Amp = Mag/ (LF/2);

PMSA = 0.5 (Amp) ."2;

dB = 20x10gl0 (Amp) ;

Phase = angle (FF);
UnwPhase = unwrap (Phase) ;
Ang = rad2deg (UnwPhase) ;
I2 = imag (FF2);

R2 = real (FF2);

Mag2= sqrt (I2.72+R2.%2);

Amp2 = Mag2/ (LE/2);

PMSA2 = 0.5% (Amp2) ."2;

dB2 = 20%x1ogl0 (Amp2) ;
Phase2 = angle (FF2);
UnwPhase?2 = unwrap (Phase2);
AngZ2 = rad2deg (UnwPhase2);

plot (FShift, Ang)
grid

xlabel ("Frequency")

%
o)
)
o)
)

$THESE

o
<

o° oo

o\

$Magnitude of complex FFT
$Amplitude of complex FFT
%$Power Mean Square Amplitude

$Power dB

$Phase of FFT
%$Unwraps Phase
%$Converts Phase to angle

o)

% Imag. Part of Sample FFT

% Real Part of Sample FFT

DO THE SAME THING AS BEFORE

$Unwrapped Reference Phase Plot

ylabel ("Unwrapped Phase of Reference")

title ("Reference Unwrapped Phase vs Frequency")

xlim([-1 1])

plot (FShift, Ang2)
grid

xlabel ("Frequency")

$Unwrapped Sample Phase Plot

ylabel ("Unwrapped Phase of Sample")
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title("Sample Unwrapped Phase vs Frequency")

x1lim([-1 17])

TPowR = PMSA2./PMSA; $Find Measurement Range
plot (FShift, TPowR) $Plot Measurement Range
grid

xlabel ("Frequency")
ylabel ("Power Transmission")
title("Transmission vs Frequency")

x1lim([0.1 0.9])

%%Fresnell Coefficient of air-prism interface $%%%%%%%%%
rr = —(nairxcosd(a)+nprismx (sqrt (1- (nprism)"2x (sind(a))"2)))

/ (nair+cosd(a) +nprismx* (sqrt ( (1- (nprism) *2+* (sind(a))"2)));

Terml=(cosd(a)/3.42);
Term2=(FFTR*rr) ;
Term3=1-Term2;

Term4=1+Term2;

phi = Terml* (Term3./Termd) ;

iphi = 1./phi;

%Calculates refractive index with + sign

nsp=(iphi) .* (sgqrt (0.5x (1+sgrt (1-(2.*phi*nprism.* (cosd(a))”2)))));
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%$Calculates Refractive index with - sign

nsn=(iphi) . * (sgrt (0.5 (l-sqgrt (1-(2.*phi*nprism.* (cosd(a))”™2)))));

for 1 = l:numel (nsp)

if imag(nsp(l))>0

espx(l) = nsn(l);

else %$Results with negative imag. part.
espx(l) = nsp(l);

end

end

esp = espx.’;

nR

real (esp);
%Real and Imag. parts of the refractive index.

nl

imag(nsn);

plot (FShift,nR) %$Plots n wrt Frequency.
grid

xlabel (' Frequency (THz)’)

ylabel ("n’)

title("Refractive Index vs Frequency")

x1lim([0.1 117)

plot (FShift,nI) %Plots k wrt Frequency.
grid

xlabel (' Frequency (THz)')

ylabel ("k")

title("Extinction Coefficient vs Frequency")

x1lim([0.1 11)
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%$Calculates absorption coefficient of sample.

Abs = (4*pi*abs(nl).+xFShift’*10712)/(c*100);

%$Plots Absorption coefficient wrt Frequency.
plot (FShift, Abs)

grid

xlabel (' Frequency (THz)')

ylabel (' Absorption (cm”™-1)")

title ("Absorption vs Frequency")

x1lim([0.1 17)
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APPENDIX B

MATLAB CODE FOR PLOTS IN CHAPTER 2

MinAngle = 0.01; %Minimum incidence angle in degrees.
MaxAngle = 89.99; $%Maximum incidence angle in degrees.

MinFreq = 0.1%x10712; $%$Minimum Light Frequency in Hz

MaxFreq = 1x10712; %Maximum Light Frequency in Hz

n2 = 3.42; % The denser mediun (Si-For Consistency)
nl = 1; % The rarer medium (Air)

m = 3; %This number can be changed to see penetration depth for
$more or less number of frequencies between the range.

p = 100;

nsam = 2.15 %Refractive index of a sample
\end{matlabcode}

\begin{matlaboutput}
nsam = 2.1500
\end{matlaboutput}

\begin{matlabcode}
nsmax = 2.68;% Maximum measurable refractive index
nsmin = 1; % Minimum measurable refractive index

z = linspace (MinAngle,MaxAngle, 270);

x = linspace (MinFreq,MaxFreq,m) ;
t = linspace (MinFreq,MaxFreq, p) ;
y = linspace (nsmin, nsmax, 100) ;

g = linspace(2.1,2.3,3);

n = n2/nl;

for 1 = 1l:length(x)
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for k = 1l:length(z)

%Fresnel Coefficient r for s-pol

rs(k) = (n2+cosd(z(k))-sqgrt (nl”"2-n2"2+ (sind(z(k)))"2))/ (n2+«cosd(z(k))
+sgrt (n1"2-n272* (sind(z (k)))"2));

$Fresnel Coefficient r for p-pol.

rp(k) = (nl”"2+«cosd(z(k))-n2+xsqgrt (nl”"2-n2"2*(sind(z(k)))"2))/
(n1"2*xcosd(z (k) )+tn2xsqgrt (n1"2-n2"2x (sind(z (k)))"2));

%Reflection phase shift for p-pol.

Pp (k) = 2*atand(n* (sqrt (n”2*(sind(z(k)))"2-1))/ (cosd(z(k))));
%Reflection phase shift for s-pol.

Ps (k) = 2xatand((sgrt(n"2*(sind(z(k)))"2-1))/ (n*cosd(z(k))));
%$Penetration depth wrt incidence angle in mm at 0.3, 0.6, 1 THz.
Pd(l,k) = (3x1078)/ ((2*pixx(1l))*sgrt (n2"2x (sind(z(k)))"2-nl"2))x10"3;

end

%Penetration depth in mm for samples from n=1 to n=2.68 at for 0.3,
0.6, 1 THz.
for m = 1:length(y)
Pde(1l,m) = (3x1078)/ ((2%pi*x (1)) *sgrt (n2”2* (sind(51.6))"2-
(y(m))"2))«10"3;
end

end

%$Penetration depth for specific samples wrt. frequency

for h

l:length(t)

Pdex (h)
(nsam) *2))*10"3;

(3x1078)/ ((2*pi*t (h))*sgrt (n272% (sind (51.6)) "2~

end

Rs abs (rs.”2); %Reflectance R for S pol.

Rp = abs(rp.”2); %Reflectance R for p pol.

D = Pp-Ps; %Phase Shift Difference
plot (z,Rp, z,Rs)

grid

xlabel ("Incidence Angle (deg)")
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ylabel ("Reflectance")

title("Reflectance for P and S Polarizations vs Incidence Angle")

plot (z,Pp,z,Ps,z,D)

grid

xlabel ("Incidence Angle (deg)™)
ylabel ("Phase Change")

title ("Phase Change of P and S Polarizations vs Incidence Angle")

plot (z,Pd)

grid

xlabel ("Incidence Angle")

ylabel ("Penetration Depth (mm)")

title("Penetration Depth vs Incidence Angle at 0.1, 0.5 and 1 THz")

plot (y, Pde)

grid

xlabel ("Refractive Index")

ylabel ("Penetration Depth (mm)")

title("Penetration Depth vs Ref. Index at 0.1, 0.5 and 1 THz")

plot (t/10712,Pdex)

grid

xlabel ("Frequency")

ylabel ("Penetration Depth (mm)")

title("Penetration Depth vs Frequency for a Sample")

%Data below (left hand side) can directly be imported to Origin.
RsT=Rs’;
RpT=Rp’;
Ang=z';
PpT=Pp’;

PsT=Ps’;
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PdT=Pd’;
DT=D';
PdeT=Pde’ ;
Ref=y’;
S=Pdex’;
d=(t/10%12)";
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