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ABSTRACT

DEVELOPMENT OF COMPACT TERAHERTZ TIME-DOMAIN TERAHERTZ
SPECTROMETER USING ELECTRO-OPTIC DETECTION METHOD

Metbulut, Mukaddes Meliz
M.Sc., Department of Physics
Supervisor: Assist. Prof. Dr. Hakan Altan

September 2009, 81 pages

The goal of this thesis is to describe development of compact terahertz time-domain
spectrometer driven by a mode-locked Ti:Sapphire laser. The terahertz radiation was
generated by photoconductive antenna method and detected by electro-optic
detection method. In this thesis, several terahertz generation and detection method,
working principle of terahertz time-domain spectroscopy and its applications are
discussed. We mainly focused on working principle of terahertz time-domain
spectroscopy and characterization of detected terahertz power using electro-optic

detection method.

Keywords: Terahertz Radiation, Terahertz Time Domain Spectroscopy, Terahertz

Power, Electro-Optic Detection Method.
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ELEKTRO-OPTIK BELIRLEME YONTEMI iLE KOMPAKT ATILIMLI
TERAHERTZ SPEKTROMETRE GELISTIRILMESI

Metbulut, Mukaddes Meliz
Yiiksek Lisans, Fizik Bolimii

Tez Yoneticisi: Yar. Do¢. Dr. Hakan Altan

Eyliil 2009, 81 sayfa

Bu tezin amaci Ti:Safir lazerle siirilmiis kompakt atilimli terahertz spektrometre
gelistirmesidir. Terahertz 1sinlar1 fotoiletken anten metoduyla iiretilip elektro-optik
belirleme yontemiyle algilanmistir. Bu tezde birgok terahertz iiretme ve algilama
yontemleri, kompakt atilimli terahertz spektometresinin calisma prensipleri ve
uygulamalar tartisilmistir. Esas olarak kompakt atilimli terahertz spektometresinin
calisma prensiplerine ve belirlenen terahertz giiclinlin karakterizasyonuna

odaklanilmistir.

Anahtar Kelimeler: Terahertz, Kompakt Atilimli Terahertz Spektroskopisi,
Terahertz Giicii, Elektro-Optik Belirleme Y 6ontemi.
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CHAPTER 1

INTRODUCTION

1.1 TERAHERTZ WAVES

Terahertz region of electromagnetic spectrum has become very popular recently. It is
located between microwave and far-infrared regions forming a bridge between
electronics and photonics. This multidisciplinary character of terahertz radiation
makes it very important and attractive. Although the electronics and photonics are
two well-developed areas, terahertz radiation residing along their borders is an
unexplored part of electromagnetic spectrum containing lots of information. THz
region, which is also known as far-infrared radiation or T-rays, covers the frequency
band of electromagnetic spectrum between 0.1 and 10 THz. 1 terahertz corresponds
to a wavelength of 300 pum and encompasses energy of approximately 4 meV. The

position of terhertz waves in electromagnetic spectrum is shown in the figure 1.1.

MICROWAVE THzGAP  VISIBLE X-RAY v-RAY

H—t—— ——>
Hz
10° 10° 1012 1015 1018 102

FREQUENCY (H2)

Figure 1.1: Electromagnetic spectrum.



There are four main properties of terahertz waves that make them very attractive and
important. Firstly, terahertz radiation has unique signature for different materials.
Many organic molecules show strong absorption and dispersion due to their
vibrational and rotational transitions that fall directly to THz region. Moreover
terahertz radiation can be used to determine lattice vibrations and free carrier
absorption in dielectrics. Secondly, terahertz radiation can pass through most non-
metallic and non-polar materials but strongly interacts with polar materials. So polar
molecules such as HO, HCI, O3, CO and SO, have unique spectral peaks in their
absorption spectra in THz region providing a signature of these molecules. This
signature of molecules in terahertz radiation provides a significant application to
determine and identify the properties of a particular medium. So THz radiation can
be used to detect air pollution, presence of a particular gas, skin cancer (cancer cells
contain more water than normal cells) and explosive material. Thirdly, terahertz
regime encompasses very low energies such as few meV and due to this reason; they
do not cause any ionization in biological tissues. Hence it is not harmful for people
[1-2]. Moreover, because of its nondestructive and noninvasive inspection of matter
it is well suited for security and medical applications. Fourthly, an object at room
temperature emits energy in THz region. Furthermore, 98% of photons emitted since

Big Bang fall into the far infrared and submilimeter region [3].

Natural source of terahertz radiation is black body radiation. Since it is based on
thermal emission from object, it is incoherent and very weak. The intensity versus
frequency graph in figure 1.2 indicates weakness of the power of emitted terahertz

radiation at 300 K.

Terahertz science remained unexplored until the beginning of the 90’s due to lack of
available generation and detection method for terahertz radiation. Only at that time
methods for both detection and generation are developed and subsequently coherent
radiation is obtained. The coherent terahertz radiation sources can be classified as
continuous and pulsed. In this thesis, several methods of both generation and

detection of terahertz radiation are discussed.



3,00E015

2,00E015

LOOEO1S

Intensity (J/m#)

0,00E+000

Frequency (THz)

Figure 1.2: Intensity of blackbody radiation at 300 K.

1.2 TERAHERTZ RADIATION SOURCES

After the development of the terahertz generators, there has been a great deal of
interest in terahertz science. These generators involve both coherent and incoherent
sources. Mercury arc lamp is an example of an incoherent terahertz radiation source
[4]. Both the continuous and pulsed coherent radiation sources are discussed in the

following subsections.



1.2.1 CONTINUOUS TERAHERTZ RADIATION

Other than Terahertz time-domain spectroscopy for analysis of atoms or molecules,
continuous terahertz sources are used in order to obtain high spectral resolution. The
terahertz sources in question are namely photomixers [5-7], backward wave
oscillators [8], free electron lasers [9-10], gas lasers [8-11] and quantum cascade

lasers [12-15].

In photomixers, terahertz radiation is obtained through photomixing process. The
photomixing, also known as optical heterodyne down conversion, is based on optical
down conversion from optical frequencies and it is obtained by focusing two single-
mode continuous wave laser beams onto the photomixer. Mixing the two continuous
laser pulses at different frequencies creates an optical beat generating continuous
terahertz radiation at beat frequency. It is also possible to tune over the terahertz
band by shifting the optical frequency of one of the lasers used. Disadvantage of
photomixer terahertz source is that the generated terahertz power is limited by
thermal damage threshold and low compared to the other continuous wave sources,
which are in the microwatt range. In addition, its optical to terahertz inversion

efficiency is low between 10 and 107 [7].

There are also free electron based sources of continuous terahertz radiation including
backward wave oscillators [16] and free electron lasers [9-10]. The backward wave
oscillator is a slow wave device operating in power range between 1 and 100 mW.
On the other hand, free electron lasers are able to provide nearly 20 W power. The
terahertz emission mechanism of free electron laser relies on synchrotron radiation.
One method is that after the semiconductor material of the free electron laser is
excited with a pumping laser, a bunch of free electrons are created by photoemission.
These electrons are accelerated by magnetic field until they attain relativistic
energies of the synchrotron radiation. Another method uses electron gun to generate
the electron beams. In the electron gun, laser light is incident on a cathode and

electrons are generated by means of photoelectric effect.



The other alternative sources of continuous terahertz radiation are gas lasers. These
gases are pumped with CO; laser in order to excite gas molecules. The most
commonly used gas is methanol due to its emission at 118 pm (2.54 THz) with about

100 mW emitted power [8].

Another way to generate terahertz radiation is using quantum cascade laser (QCL).
Although quantum cascade lasers are still under development, they have great effect
on terahertz technology since they are compact and able to produce power in
miliwatt range. However, QCLs are yet not able to work at room temperature and
cooling is necessary for them at least to liquid nitrogen temperatures [13]. When
compared to other semiconductor lasers, their working principle is different. In
contrary to other semiconductor lasers in quantum cascade laser the conduction band
is split into distinct repeating subbands, multiple quantum wells, by quantum
confinement. To excite intersubband transitions electrons are injected to through the
quantum wells under an applied bias. As a result they undergo intersubband
transitions and subsequently emit terahertz radiation. Since excitation occurs through

multiple quantum wells, emission occurs in a cascaded manner.

1.2.2 PULSED TERAHERTZ RADIATION

Either nonlinear crystals that make use of the nonlinear optical response of bounded
electrons or semiconductors that use the transient current induced by optical
femtosecond pulses give rise to pulsed terahertz radiation. The most widely used
two methods for obtaining pulsed terahertz radiation are photoconductive antenna
methods [17-19] and optical rectification methods [20-26]. In addition to these two
sources, there are several ways to generate pulsed terahertz radiation including
semiconductor quantum structures, coherent longitudinal optical phonons, high
temperature superconducting bridges, surge current at surface of semiconductors and

electronic devices.



The photoconductive antenna is a semiconductor structure in which two metal
electrodes are deposited onto a semiconductor substrate. The distance between the
electrodes ranges from few pum to several mm [27]. The schematic description of the

antenna structure is shown in figure 1.3.

positive electrode

Nn

ultrafast pulseq—/_\ , —» hemispherical silicon lens

) semiconductor substrate
negative electrode

Figure 1.3: Schematic structure of a photoconductive antenna.

Auston generated terahertz pulses with a photoconductive antenna for the first time
in 1984 [28]. In photoconductive antenna method illuminating the biased
photoconductive antenna with a femtosecond laser generates terahertz radiation. The
laser light incident on the gap between the electrodes generates free electron hole
pairs in the semiconductor. Applying a DC voltage directs these free charge carriers
that gives rise to transient photocurrent that is to say time varying current, which is
the origin of terahertz radiation emission. Hence, the electric field of the emitted

terahertz pulse is related to the change in transient photocurrent by,

L A0

1.1
Ernz ot (1.1



This process occurs in case the photon energy of the laser pulse is greater than or
equals to the band gap energy of the semiconductor material. Hence, terahertz
generation from photoconductive antenna is a resonant process indicating that
terahertz pulse width is limited by the response time of the material. Therefore,
semiconductor material of the photoconductive antenna must have rapid
photocurrent rise time in order to obtain efficient terahertz emission. Typically, low
temperature grown GaAs is used for photoconductive antennas, which has carrier
lifetime of 200-500 fs. The other important property of the semiconductor material
is its breakdown field since it determines the maximum applicable bias voltage

value.

In contrary to generation from photoconductive antenna, optical rectification [29] in
a nonlinear crystal is a non-resonant process. Because of this, THz pulse width only
depends on the laser pulse width and the phonon mode absorptions of the crystal.
Optical rectification is defined as the inverse of the electro-optic effect [30] and it is
first observed in 1970’s using LiNbOs crystal producing far infrared pulses [31]. In
this generation, method femtosecond laser light is focused on a nonlinear crystal and
difference frequency, or mixing process occurs. Subsequently terahertz emission
occurs. Since the difference frequency mixing is a second order nonlinear process,
terahertz emission depends on the value of the second order electrical susceptibility
of the crystal used. In this nonlinear process, electric field of the pump beam
establishes a polarization in the crystal that is related to its second order electric

susceptibility.
PO () oc 7 VE(t)? (12)

The formula (1.2) indicates that signal strength is linearly proportional to the
intensity of the pump beam and the second order electro-optic tensor of the
nonlinear crystal. Therefore, crystals having high second order electro-optic tensors
are favorable for optical rectification. Most widely used crystal for optical
rectification is ZnTe in spite of its drawbacks. For instance, there are other processes

including two-photon absorption and second harmonic generation competing with



optical rectification [32]. In addition, it has phonon resonance at 5.3 THz preventing

the terahertz emission at this range.

There are some conditions to be met to achieve optical rectification. First of all
phase matching condition must be satistied to rectify terahertz pulses that is to say
phase velocity of the terahertz pulse and group velocity of the laser pulse must be
matched [29, 33-35]. Secondly, material of the crystal used must be transparent at

terahertz and optical frequencies.

When the optical rectification method is compared the photoconductive antenna
method it has both weakness and superiority. Its weakness is that the generated
signal with photoconductive antenna is about hundred times more powerful than that
of the nonlinear crystals because of the low efficiency in conversion of the optical

frequencies to terahertz frequencies. On the other hand, nonlinear crystal can
provide a wide spectrum up to 51 THz whereas the photoconductive antennas

provide a spectrum of few terahertz [36-37].

The other alternative source for terahertz radiation is coherent longitudinal optical
phonons [38-40]. Pumping semiconductors with femtosecond pulses gives rise to
terahertz emission by creating optical phonons instead of optical rectification method.
Femtosecond optical pulses incident on a semiconductor surface causes excitation of
carriers that creates an electrical transient. The excitation mechanism is based on
either the ultrafast screening of the surface depletion field or ultrafast building up of
photo-Dember field. In both mechanisms, the created electrical transient initiates
coherent lattice vibrations, which emit terahertz waves. Longitudinal optical phonons
are directed normal to the surface so their effective charge density is not zero. Thus,
they induce macroscopic polarization that emits terahertz radiation at the longitudinal
optical phonon frequency. On the other hand effective charge density of transverse
optical phonons is zero, thus they cannot induce a macroscopic polarization that emits
terahertz radiation. However, in general longitudinal optical phonons do not interact
with electromagnetic waves since they are transverse waves. Nevertheless, when the

wave vector q is exactly zero longitudinal and transverse modes are degenerate and



cannot be distinguished [41]. Therefore, at zero wave number longitudinal optical
phonons can interact with electromagnetic waves. This was first theoretically
predicted in GaAs [39] and first experimentally observed in Te [42]. Later also
observed in GaAs [43], PbTe and CdTe [44]. Furthermore, terahertz radiation is also
obtained from longitudinal optical phonon-plasmon coupling in InSb films where

wave vector q is zero [45].

The other way of having terahertz radiation from semiconductors is the surge current
at semiconductor surface induced by photoexcitation [46]. The acceleration of
photoexcited carriers by the surface depletion field and the photo-Dember effect
arising from the difference between the diffusion velocities of the electrons and holes
and subsequent relaxation of the charge distribution are two proposed mechanism for
the origin of the induced surge current [47]. In both generation mechanisms increase
in the induced surge current is proportional to the laser pulse duration. Surge current
induced in a wide bandgap semiconductor is explained by the effect of the surface
depletion field while in a narrow bandgap semiconductor it is explained by the photo-
Dember effect [48]. It is possible to determine the dominant mechanism that creates
surge current by comparing the polarity of the emitted terahertz radiation in p-type
and n-type semiconductor. In the mechanism, originating from photo-Dember effect
polarity of the terahertz radiation is same regardless of the type of the semiconductor.
The reason for this is that the direction of the diffusion current is same for both types
of semiconductors since the mobility of electrons are higher than that of the holes. On
the other hand in the other mechanism polarity of the emitted terahertz radiation is
opposite for n-type and p-type semiconductors since the direction of the depletion
field is opposite for n-type and p-type semiconductors. In semiconductors such as
InSb, InAs [49] and GaAs [50] the dominant mechanism is photo-Dember effect

whereas in InP [47] it is surface depletion field.

On the other hand semiconductor quantum structures are alternative sources where
excitonic charge oscillations emit terahertz beams. This emission is observed in both
double-coupled quantum well [51] and single quantum well structures [52]. Coherent

optical excitation of light and heavy hole excitons in quantum wells generate charge



oscillations resulting from the time evolution of light and heavy hole exciton states.
Consequently light hole and heavy hole valence band mixing gives rise to a time

varying dipole moment, emitting terahertz radiation.

Furthermore, terahertz radiation is obtained from high critical temperature
superconductors. Emission of terahertz waveform is based on the modulation of the
superconductor with optical femtosecond pulses, which is observed in YBa,Cu3Y7.s

thin films [53].

In addition to the aforementioned sources, nonlinear transmission lines are another
alternative for electrical generation of terahertz radiation. Nonlinear transmission line
(NLTL) is a transmission line loaded with reverse biased diodes functioning as
voltage variable capacitors that triggers a voltage dependent velocity for the wave
propagating through it. To obtain far infrared radiation the NLTL is coupled to a bow

tie antenna [54].

1.2.2.1 TERAHERTZ TIME DOMAIN SPECTROSCOPY

Terahertz time domain spectroscopy is a technique to obtain spectroscopic analysis in
time domain and with its Fourier transform in frequency domain. Its advantage over
other methods is that it measures electric field at terahertz frequencies. The
measurement of electric field not only provides information on amplitude but also
phase. In this respect it is superior to conventional Fourier transform spectroscopy that
measures only intensity. The other advantage of this spectroscopy is determination of
real and imaginary parts of refractive index without making calculations using
Kramers-Kronig relations. Experiment in this method can be carried out either by
reflection or transmission geometry. However, transmission geometry is more

prevalent due to its easier alignment.

10



1.3 TERAHERTZ DETECTORS

Three basic detectors for terahertz radiation are photoconductive antennas, electro-
optic crystals and bolometers. Among these three photoconductive antennas and
electro-optic crystals are more popular. In this thesis, emphasis will be given on

electro-optic detection method.

Auston first demonstrated detection of terahertz pulses by photoconductive antennas
in 1984 [28]. In case the carrier lifetime of the photoconductive antenna is shorter than
the terahertz pulse, the antenna works as a gate that samples the terahertz waveform.
Detection method is based on opposite mechanism of the generation method with
antenna. After both the terahertz beam and the probe beam are also focused on the
photoconductive antenna, it is gated with a femtosecond optical pulse that creates free
charge carriers. Electric field of the terahertz beam acts as a bias field in the antenna
to accelerate the generated free charge carriers. Subsequently current proportional to
the electric field of the incoming terahertz pulse is created. Therefore, detected current
gives information about the terahertz beam. Detection is achieved by varying the time
delay between the optical pulse and the terahertz pulse. Different limiting factors
affect the detection bandwidth of the photoconductive antenna [19]. There are two
dominating factors: one is its resonant property and the other is its carrier lifetime.
Former is due to the geometry of the antenna while the latter one is due to the property
of substrate material. The carrier life time imposes upper frequency limit for
detection. However it is shown experimentally that photoconductive antennas can

detect up to 40 THz when they are gated with ultra short pulses as short as 15 fs [55].

The other terahertz detector is bolometer. In fact, it is based on thermal detection and
limited in its application [56-57] because it can only measure the total energy of a
terahertz pulse, rather than its electrical field. Since they detect thermal radiation they
are strongly influenced by the background thermal radiation unless they are cooled.
Therefore, they need to be cooled with helium in order to achieve good sensitivity for
terahertz detection. This makes them bulky and expensive. Consequently, both the

photoconductive antenna and electro-optic detection method, which are time-gated
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methods are more favorable than bolometric detection method.

1.3.1 ELECTRO-OPTIC DETECTION METHOD

Wu and Zhang first achieved the electro-optic detection for terahertz radiation in
1995 [58]. Mechanism of electro-optic detection is based on the Pockels effect that is
a physical phenomenon referring to a proportional variation in the principal
refractive index of an electro-optic crystal at visible and near infrared frequencies
with an applied electric field. In this detection method, terahertz electric field acts as
the applied electric field. Contrary to antenna detection, it is a non-resonant process
signalizing that terahertz radiation is instantaneously sensed in electro-optic detection
method. Due to the instantaneous effect of the Pockels effect, electro-optic crystals
act as a gate sampling terahertz waveform. As a result, the electric field of terahertz
beam simultaneously induces a variation in the refractive index that is denoted as
birefringence. In consequence, due to the induced birefringence as the femtosecond
optical pulse, it propagates through the crystal simultaneously with terahertz pulse
will have a phase modulation. Thus focusing both the terahertz beam and the optical
probe beam on the crystal collinearly performs electro-optic detection. In electro-
optic detection, what we measure is this induced difference in refractive indices in
different axes of the crystal and the subsequent change in the polarization state of the
probe beam. The effect of the terahertz beam on the refractive indices of the crystal

and the polarization state of the probe beam is illustrated in figure 1.4.

In order to sense the phase modulation in the optical pulse, optical components such
as quarter wave plate and Wollaston prism is positioned after the detection crystal.

The schematic view of electro-optic detection system is shown in figure 1.5.

The function of quarter wave plate is to convert linearly polarized light into
circularly polarized light. In case the light is elliptically polarized light, it does not
change the polarization of the light but gives rise to 90° shift in its plane of

polarization. In lack of the terahertz beam, the two propagation modes of the optical
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Figure 1.5: Schematic view of electro-optic detection setup.
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beam passing through the isotropic detection crystal will be subjected to the same
phase retardation. Henceforth optical beam propagating through the quarter wave
plate is converted into circularly polarized light. On the contrary, presence of
terahertz beam induces a birefringence in the electro-optic crystal so the two modes
of the optical beam propagating through it will be subjected to different phase
retardation. As a result, the linearly polarized light coming from the crystal will be
transformed into elliptically polarized light. The phase retardation between the two

propagating modes are given by [59],

27 3

where Ety, 1s the electric field of the terahertz radiation, n is refractive index of the
crystal at the wavelength of the probe beam, 14, is the electro-optic coefficient and L

is the length of the crystal respectively.

After the quarter wave plate optical beam is modulated in such a way that indicating
either presence or lack of the terahertz electric field. The induced birefringence in the
crystal creates a discrepancy in the intensity of the two separated probe beams. In
case of the presence of the terahertz beam inside the electro-optic crystal, the
intensity of the separated two lights will be different due to the different phase
retardation they exposed to. On the contrary, equal intensity is observed in the lack
of terahertz electric field since in this case two propagating modes are subjected to
the same phase modulation. This intensity difference is detected by a photodiode,
which is directly proportional to the terahertz electric field. However in order to be
able to sense the intensity values of the two propagating modes of the optical beam
individually, it is directed to pass through the Wollaston prism. It is an optical device
whose function is separating the incoming light into two orthogonolized linearly
polarized light. In order to obtain whole time dependent electric field the delay
between the terahertz and probe pulse is varied. By connecting the photodetector to
the lock-in amplifier the obtained signal is processed to map out the terahertz

waveform.
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Detection of terahertz pulses with electro-optic detection method requires some

conditions to be met. These requirements can be listed as

i. Crystal used must be transparent to both the terahertz and the optical pulse
ii. Crystal must be non-centrosymmetric and isotropic to detect the induced
birefringence

iii. Phase-matching condition between optical and terahertz beam must satisfied

The most widely used electro-optic crystals for electro-optic detection is zinc
telluride (ZnTe), gallium selenide (GaSe) and gallium phosphide (GaP). The
efficiency of these crystals is rated with the value of their electro-optic coefficient
that is listed in table 1. In this thesis, ZnTe crystal is chosen as detection crystal

because its refractive index at near infrared and terahertz frequencies is comparable.

Efficient detection of terahertz radiation also depends on the thickness of the crystal
and orientation of the polarization of the probe and terahertz beam. Firstly the effect
of crystal thickness is also can be seen from the phase retardation formula (1.3). The
induced phase retardation in transmitted optical beam is proportional to kL.
Therefore, as the crystal thickness increases, the phase retardation induced in the
crystal increases too. Consequently, measurement sensitivity increases as the crystal
thickness increases. On the other hand, in thin sensor crystals probe beam reflects
back from the crystal air interface and makes another sampling to the same terahertz
pulse. In addition, frequency bandwidth that depends on the transit time of light in
the crystal is inversely proportional to the crystal thickness. Since the refractive
index of crystal is different for terahertz and optical beam, they propagate through

the crystal with slightly different velocities. As a result of this, group velocity
mismatch occurs between the terahertz and the probe beam. Secondly there exist
optimum angles between polarizations of terahertz and probe beam providing

maximum signal for electro-optic detection [61], which are are 0° and 90°.
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Table 1.1: Electro-optic coefficients of terahertz electro-optic detectors [60]

MATERIAL | STRUCTURE | ELECTRO-OPTIC COEFFICIENT (pm/V)

/nTe Zincblende r41 =39
GaSe Hexagonal T 14.4
GaP Zincblende r41 =0.97

Several effects cause distortion in detected terahertz waveform such as group
velocity mismatch between terahertz and probe beam, absorption and dispersion of
terahertz beam in electro-optic crystal [62], phonon-polariton coupling [63] and finite
probe pulse width [64]. As mentioned before origin of group velocity mismatch is
different propagation speed of the pump and probe beam and this leads to frequency

filtering in detection process. The coherence length is given by the formula [34],

7C

OTHz ‘nopt N nTHZ‘

(1.4)

IC:

Furthermore photon-polariton coupling occurs as a result of strongly coupling of
terahertz pulse to TO-phonon resonance. Consequently terahertz pulse becomes
mixed light-polarization states that are called phonon-polaritons. The effect of
phonon-polariton coupling on terahertz waveform is an oscillatory tail following the

terahertz peak. In addition finite probe pulse width causes weakening and broadening

of the detected terahertz waveform.
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1.4 APPLICATIONS

Terahertz radiation has characteristic advantages over other radiations. What makes
terahertz time-domain so significant are these properties of terahertz radiation. It has
extended use in several areas ranging from scientific research to commercial

applications. However in this thesis only three major applications are discussed.

141 MATERIAL CHARACTERIZATION AND SECURITY
APPLICATIONS

Terahertz time domain spectroscopy is an effective tool for material characterization.
It is of great interest since it has lots of potential applications. One of the applications
is identification of an unknown gas by making use of its distinctive absorption
spectra [65]. The other applications of material characterization are determination of
dielectric function of ferroelectrics [66], complex conductivity of semiconductors
[67] and, frequency dependence of surface resistance and conductivity of
superconductors [68-69]. Moreover it is possible to identify chemical, biological [70]
and explosive agents [71] with their spectral signature. The explosive agents RDX
(cyclo-1,3,5-trimethylene), HMX (cyclo-tetramethylene tetranitramine), PETN
(pentaerythritol tetranitrate) and TNT (2,4,6-trinitrotuelene) have fingerprints in the
THz region [72-73].

1.4.2 BIOLOGICAL AND MEDICAL APPLICATIONS

Applications in biology and medicine arise huge interest. One most significant
subject in medicine is designation of basal cell carcinoma, which is known as skin
cancer [74-75]. Since tumors have much more water content than that of healthy
cells, it is possible to distinguish them. The other medical application is investigation

in tooth tissues [76]. Furthermore, applications of terahertz time domain
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spectroscopy focus on DNA, RNA and protein diagnostics [77-80]. In addition, most
of the vibrational modes of hydroxides fall into terahertz frequencies allowing their

identification [81].

1.4.3 IMAGING APPLICATIONS

What makes imaging a very interesting application is the high resolution of terahertz
waves (less than 1 mm). Zhang first showed imaging with terahertz time-domain
spectroscopy using electro-optic detection in 1996 [82]. Terahertz pulse is able to
propagate through clothes, paper and plastic packages while it is reflected back from
metals. Therefore it enables inspection of concealed threat substances under barriers.
Remote detection of hidden weapons such as knives and guns within clothes or

packages is also possible.

1.5 OVERVIEW OF THE THESIS

The goal of this thesis is to address issues such as the development of a compact time
domain terahertz spectrometer and investigation of detected terahertz power with
electro-optic detection methods. In chapter two, experimental aspects of terahertz
time domain is described, which includes detailed information on instrumentation,
system design and operation of compact terahertz time-domain spectroscopy. Then in
chapter three, detected terahertz power is characterized using electro-optic detection

methods. Finally in chapter four, the work is summarized.
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CHAPTER 2

COMPACT TERAHERTZ TIME DOMAIN
SPECTROMETER

2.1 THz TIME DOMAIN SPECTROSCOPY

Development of terahertz time-domain spectroscopy has opened unexplored but
scientifically and technologically important region of electromagnetic spectrum for
spectroscopic studies in the beginning of 1990’s. Since this spectroscopy is based on
generation and detection of picosecond pulses by using femtosecond laser pulses, it
became available only after the development of femtosecond lasers. What makes
terahertz time domain spectroscopy a powerful experimental tool is direct
measurement of electric field to gather information at terahertz frequencies. This
allows simultaneous determination of refractive index and absorption coefficient of a

sample without need for Kramers-Kronig based calculations.

There are several ways to generate and detect terahertz waves, which were discussed
briefly in the first chapter in sections 1.2 and 1.3. In this work photoconductive
antenna generation and electro-optic detection methods were used. The pumping
femtosecond laser source employed was a Ti:Al,O; mode-locked laser. In this
chapter experimental aspects of the terahertz time domain spectrometer is discussed.

The schematic diagram of the constructed compact terahertz time domain
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spectrometer is shown in figure 2.1.
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Figure 2.1: Illustration of the compact terahertz time domain spectrometer.
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There are two arms in the spectrometer; one is the generation arm where the terahertz
radiation is obtained and the other is detection arm where terahertz radiation is
detected. Beam splitter divides the laser light into these two arms as pump and probe
beams respectively. In generation arm femtosecond laser pulses are directed to an
objective in order to focus laser light onto the photoconductive antenna, where the
terahertz radiation is generated. After the photoconductive antenna, two parabolic
mirrors are positioned to collimate the terahertz beam onto the detection crystal,
ZnTe. The probe beam first passes through the corner cube that is positioned on a
stepper stage where the time delay between pump and probe beam is obtained.
Afterwards, using a lens the probe beam is focused onto the detection crystal. Then
the probe beam propagates through the quarter wave plate and Wollaston prism
successively. Next a photodetector is positioned behind them to detect the electro-
optic signal. Finally the photodetector is connected to a lock-in amplifier, where the

signal is processed to map out the terahertz waveform.

2.2 SYSTEM DESIGN AND INSTRUMENTATION

In this section, components of the spectrometer such as femtosecond laser, focusing

and collimating optics and, electronic devices such as lock-in amplifier are described.

In our experiments, we used mode-locked Ti-Sapphire (Ti:Al,O3) laser for both the
pump and the probe beam at a center wavelength of 800 nm with pulse duration of
15 fs at 70 MHz repetition rate. The average power of the laser was ~340 mW.

Some specifications of the Ti:Sapphire laser are given in table 2.1 [83].

In the generation arm there were four mirrors to create an additional optical path for
the pump beam. The aim of additional path is to equate the optical paths of the pump
and the probe beam. These four mirrors collimated the laser pulses to the objective,

which is an optical element focusing the light to a very small point. The objective
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Table 2.1: Specifications of Ti:Sapphire laser [83]

SPECIFICATIONS OF THE LASER

PULSE DURATION <20 fs
SPECTRAL WIDTH > 40 nm
AVERAGE OUTPUT POWER > 300 mW
OUTPUT ENERGY AT 75 MHz >4n]
PUMP BEAM DIAMETER 2 mm (1/¢”), TEMgo

used in our system was Olympus PLN 20X with 0.4 numerical aperture, 1.2 mm

working distance and 22 field number.

Photoconductive antenna was placed just behind the objective. In order to obtain
high efficiency photoconductive antenna was positioned very close to the objective
considering its 1.2 mm working distance. In our system we used Batop PCA-44-06-
10-800 photoconductive antenna. The electrical and optical excitation parameters of
the antenna are given in tables 2.2 and 2.3 respectively [84]. The substrate material
of this photoconductive antenna is low temperature grown GaAs. It is the most
commonly used semiconductor for photoconductive antenna substrates since it shows
relatively good carrier mobility. Properties of low temperature grown GaAs are listed
in table 2.4. A silicon hemispherical lens mounted on the back side of the antenna is
used to efficiently couple the terahertz radiation to free space, since it prevents
radiation losses due to reflections at the air-substrate interface. Due to its geometry
the lens has no spherical aberration and coma [86]. Furthermore, silicon has very low
absorption and a quasi-constant refractive index between 0.2 and 5 THz, which

prevents chromatic aberration.
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Table 2.2: Electrical parameters of the photoconductive antenna [84]

ELECTRICAL PARAMETERS
Dark resistance 25 MQ
Dark current at 10 V 400 nA
Voltage 20V

Table 2.3: Optical excitation parameters of the photoconductive antenna [84]

OPTICAL EXCITATION PARAMETERS

Laser excitation wavelength 800 nm
Optical mean power 40 mW

Optical mean power density 100 kW/cm®
Carrier recovery time 400 fs

Table 2.4: Properties of low temperature grown GaAs [85]

PROPERTIES OF LT-GaAs

Carrier Lifetime 0,3 ps
Mobility 150-200 cm®/V's
Resistivity 10° QV/em
Bandgap 1,43 eV

There are three parameters for the geometry of the antenna, which are gap width w,
gap distance g and length of the antenna that are illustrated in figure 2.2. The values
of gap width w, gap distance g and length of the photoconductive antenna used were

10 um, 6 pm and 44 pm respectively.
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Figure 2.2: Geometrical structure of antenna

Among these parameters gap distance and length of the antenna are important
parameters. The gap distance is important for laser excitation. On the other hand, the
length determines the resonance condition for the frequency of emitted radiation. The
resonance condition is defined by considering the antenna as a dipole of length, 1.

Terahertz resonance frequency of photoconductive antenna is given by

f=20 (2.1)

where

f is the terahertz resonance frequency,
c is the velocity of the light,

1 is the length of the antenna.

The respective terahertz resonance frequency at 800 nm is 1 THz. The photographic
front and back views of our photoconductive antenna is given in figure 2.3 and

magnified image of its structure is shown in figure 2.4.
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Figure 2.3: Front and back view of the photoconductive antenna [87].

Figure 2.4: image of the antenna structure.

Terahertz radiation is obtained by applying bias voltage and phase modulation with a
function generator. Bias voltage is needed for accelerating the free carriers in the
antenna whereas phase modulation is necessary to read a signal from lock-in

amplifier.
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In order to collimate the terahertz radiation reflective optics were used. We used two
Melles Griot 2.5" off-axis 90-degree parabolic mirrors with 11.68 cm focal length in
our system. The first parabolic mirror collimated the emitted terahertz radiation and
the second mirror focused it onto the detection crystal. Our detection crystal was
<110> oriented ZnTe crystal with 1 mm thickness. Its refractive index at optical

wavelength can be found through the relation [34]

2
02 =4074+201A7 (2.2)

22 -0.142

In addition refractive index of ZnTe crystal at terahertz frequencies are given by the

following formula [88],

289.27-6,°

n2 _ 2THZ (23)
29.16—,,

THz

According to these formulas the refractive index of the crystal at 800 nm and 1 THz

1s 2.85 and 3.17 respectively.

In the detection arm, 1” corner cube mirror was used, which was mounted on
Thorlabs DC-servo translation stage. By moving the corner cube time delay between
the pump and probe beam was varied. After the corner cube laser light was directed
on to the ZnTe crystal with a plane mirror. Next a plano-convex lens with 30 cm
focal length was placed before the ZnTe crystal to better focus the probe beam on it.
Subsequently quarter wave plate and Wollaston prism was placed behind the crystal

successively.
Then the signal was detected by using a New Focus model 2307 large area balanced

photodetector. Afterwards the signal was measured with phase sensitive detector

called a lock-in amplifier. The lock-in amplifier we used in our system is SRS830
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lock-in amplifier. Lock-in amplifier is a device that is capable of detecting signals as

small as nanovolt even in presence of much higher noise. In fact it is a phase
sensitive measurement. Thus it simultaneously detects both the magnitude and phase
of a signal. According to Fourier’s theorem input signal is represented by summation
of sine functions having different amplitude, phase and frequency. Orthogonality of
sinusoidal functions is basis of the working principle of the lock-in amplifier. One of
these functions is input signal and the other is reference signal. Lock-in amplifier
multiplies the input signal with the reference signal. When these two functions are
equal to each other the lock-in amplifier integrates them over a specified time. In
contrary to this if they are not equal, the detected signal is zero. With this working
principle contribution from any other signal with different phase is prevented.
Consequently a reference phase is required to perform a measurement with lock-in
amplifier that is usually provided by either a function generator or chopper. Usually
an input signal is followed with a noise, which is a variable function with different
frequencies. However noise signals with different frequency than the reference signal
is blocked by the lock-in amplifier. This is a significant advantage of the lock-in

amplifier.

Finally with help of a labview control program the total distance and step size of
movement of the translational stage was controlled through the THORLABS APT
motor. Hence the data used for mapping out the terahertz waveform was taken with

this labview control program.

2.3 SYSTEM OPERATION

At first hand Ti:Sapphire laser is mode-locked at 792 nm with 102 nm FWHM. The
laser power was 341 mW after 4 W pump power. After the mode-locking process,
construction of the spectrometer started with placing the beam splitter to split the

laser light into two. Since the laser power for both the generation arm and detection
arm was too high, two filters were put in both arms to attenuate the laser power. The

power was decreased to 20 mW in generation arm and 8 mW in detection arm.
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In addition to the power of laser, optical path lengths of both the generation and
detection are another important parameter for the system. For electro-optic detection,
probe beam and terahertz beam must be spatially and temporally coincident at the
detection crystal. In this respect, optical path lengths of the two arms must be equal
to each other to make the probe beam and terahertz beam arrive at the crystal
simultaneously. To achieve this situation in our system, after the beam splitter four
plane mirrors were put to obtain the necessary extra optical path in generation arm.
After the plane mirrors, objective was placed. However for better alignment, before
the objective was placed a pinhole was put and adjusted in such a way that it
transmitted the maximum intensity of light. Next an objective was placed in front of
the pinhole and again adjusted in a way that it transmitted the maximum intensity of
light. Afterwards the photoconductive antenna was placed just behind the objective
and subsequently the pump beam illuminated the antenna to generate the terahertz
beam. Since the laser light was s-polarized, the photoconductive antenna was placed
at a specific orientation allowing the laser light to pass through its gap with the
correct direction. Next, alignment of the antenna was done by varying its position in
three directions (x, y, z). Optimum position was decided by reading minimum
resistance in the antenna, which was 353 kQ in our system. In order to generate
terahertz pulses, a function generator was used to apply peak-to-peak 10 V bias

voltage to the antenna at a 2.5 kHz chopping frequency.

The generated terahertz beam was collimated and focused by the two parabolic
mirrors. The mirrors were localized with help of another laser at visible wavelength,
which was He-Ne laser with 17 mW power. At first, the laser was directed to the
back side of the antenna to check whether the reflected light from the parabolic
mirror was circular or not. Considering the shape of the reflected laser light, it was
possible to understand whether the photoconductive antenna was at the focus of the
parabolic mirror or not. If the antenna was at the focus then the reflected light must

be circular in shape. On the contrary, if the reflected light had an elliptical shape it
was obvious that the position of the mirror was wrong. In order to localize the first
parabolic mirror, it was moved until the reflected light became circular. Then second

parabolic mirror was put against the first parabolic mirror. To find the right position
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of the second parabolic mirror, it was moved until all of the reflected light fell on it.
After these adjustments both parabolic mirrors were moved in x-y-z directions to
optimize their position. The focal length of both parabolic mirrors was 11.68 cm. But
optimum distance between the photoconductive antenna and the first mirror was
different. In order to find the optimum position of the first parabolic mirror we
compared four measurements with different antenna-parabolic mirror distances.
These values are given in table 2.5. According to the measurements, the obtained
optimum position was 10.5 cm. On the other hand the optimum distance between the
second parabolic mirror and ZnTe crystal was found to be 10,3 cm instead of the

11.68 cm focal length of the mirror.

Table 2.5: Antenna-mirror distance versus corresponding signal values

THz PULSE PEAK AMPLITUDE
DISTANCE BETWEEN PARABOLLIC
MEASURED BY LOCK-IN
MIRROR AND ANTENNA
AMPLIFIER
12 cm 0,78 mV
11,8 cm 0,79 mV
11 cm 0,924 mV
10,5 cm 0,986 mV

In the detection arm, the laser was first directed to the corner cube fixed at a specific
height, where after both incident and reflected beams were at the same height. The
corner cube was mounted on a translational stage, which was connected to the APT
motor. The time delay between the probe and pump beam was created by moving the
corner cube back and forth. This movement of the motor and subsequently the corner

cube was controlled with a labview program.

The frequency resolution achievable is determined by the total scanning length. The

frequency resolution between two consecutive data points in the frequency spectrum
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is given by

Af =— (2.4)

where c is the speed of light and 1 is the total scanning length. Hence the separation
in frequency domain with 1024 data points and 20 um step size is 7.32 GHz.
Afterwards the corner cube, a plane mirror was positioned to direct the probe beam
onto the ZnTe crystal. Subsequently, a lens was placed in order to focus the probe
beam onto the detection crystal. The focal length of the lens used was 30 cm but

despite this its optimum position was 31 cm.

The incident terahertz beam induces a birefringence in ZnTe crystal causing a phase
modulation in the propagating probe beam. To obtain more efficient electro-optic
signal phase mismatch between probe and terahertz beam is an important parameter.
In our system the phase mismatch was minimized by copropagating the terahertz and

probe beams inside the detection crystal.

Finally, detection part of the spectrometer was constructed. Behind the ZnTe crystal
quarter wave plate, Wollaston prism and photodetector was successively placed. In
order to obtain the electro-optic signal terahertz pulse and probe pulse must be both
temporally and spatially coincident at the electro-optic crystal. In addition,
orientation of the crystal is influential on the detected signal. In order to obtain
maximum electro-optic signal, angle between the polarization directions of the
terahertz and probe beam must be either 0° or 90° [61]. In this respect optimum angle
providing maximum signal was found by rotating the ZnTe crystal. In addition to the
detection crystal, orientation of the quarter wave plate and Wollaston prism is also
important. The Wollaston prism separates the probe beam into two orthogonolized

linearly polarized light beams diverging from each other at an angle. In order to
detect the electro-optic signal, a balanced photodetector was used to sense the
intensity difference between these two beams. By rotating the Wollaston prism the

two-separated light beams were made to fall on the two sensors of the photodetector.
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Finally the photodetector was connected to lock-in amplifier to measure a signal that
is proportional to the terahertz electric field. In this system, to obtain the reference
signal necessary to make a measurement using the lock-in amplifier, we used a

function generator that gave a square wave at 2.5 kHz.

2.4 SAMPLE MEASUREMENTS

Terahertz time domain spectroscopy 1is capable of unique spectroscopic
measurements in the terahertz region. Hence it is a powerful tool for measurements
at terahertz frequencies. In terahertz time domain spectroscopy, the measurements
are based on the change of terahertz electric field between terahertz electric fields
propagating through a sample and free space. As its name indicates data acquisition
in terahertz time domain spectroscopy is made in time domain by recording the

temporal shape of electric field strength of the terahertz pulse.

Since the measurement is based on a change in the obtained data with and without
the sample, the measurement must be made for each case. The pulse propagating
through the sample is called sample pulse whereas the pulse propagating through free
space is called reference pulse. In this section some examples of this measurement
are given. A typical measurement for terahertz pulse propagating through free space

is demonstrated in figure 2.5.
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Figure 2.5: Terahertz waveform measured in free space

In time-domain terahertz spectroscopy, the measurements are made in the time
domain. However, it is possible to obtain spectral components of both reference and
sample pulses by applying Fourier transform to each measurement. In addition to
spectral components phase information is also obtained from Fourier transformed
data of the pulses. The complex electric field of terahertz pulse obtained through

Fourier transform is given by

E(z,) =i_oj; E(z,t)e 1@t (2.4)

where E(z, o) is the complex electric field amplitude in frequency domain and E(z,t)
is the experimentally measured electric field in time domain. In figure 2.6 Fourier

transform of the terahertz pulse measured in time domain is illustrated.
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Figure 2.6: Amplitude of complex electric field of the terahertz pulse

As an example of measurement with terahertz time domain spectroscopy
measurement of GaSe having 430 pum thickness and reference pulse is given in
figure 2.7. In this figure the bigger main pulse is the reference terahertz pulse while
that of the smaller is the sample pulse. Some distortions are present in both terahertz
waveforms such as the minor pulses existing before and after the terahertz pulses.
The prepulse infront of the main terahertz pulse is due to the gate reflection. On the
other hand the small pulse following the main pulse is result of reflected terahertz
pulse at the crystal-air interface. Because of this reflection, terahertz pulse is sampled
for second time and this small pulse is observed. Several things can be observed by
analyzing these terahertz waveforms. Firstly, sample pulse is weaker than the
reference pulse. This indicates that only part of the incoming pulse is transmitted
through the sample while the rest is either absorbed, reflected or scattered. Secondly,
the sample pulse propagates later than the reference pulse. This is the result of the

refractive index of the sample since it takes more time to
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propagate through a medium compared to free space. In addition it shows the phase
difference sensed by the terahertz pulse, which is a significant property of terahertz

time domain spectroscopy.
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Figure 2.7: Mesurement of free space and GaSe crystal in time domain.

In order to extract properties of the material under study, Fourier transform must be
applied to the data sets of both reference and sample pulses. The Fourier transformed
data sets not only give amplitude but also phase of the complex electric field of the
terahertz electric field. The Fourier transformed measurement of reference and
sample pulse propagating through GaSe is shown in figure 2.8. In figure 2.8 only the
amplitude of the spectral component is shown but phase information is calculated in
Fourier transformation. According to the figure, amplitude spectrum of the sample
pulse is weaker than the reference pulse similarly in time domain. The main reason
for this is reflection and absorption of part of the terahertz pulse as it propagates

through the GaSe crystal.
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Figure 2.8: Spectra of reference and sample pulse.

In order to perform these measurements two TPX lenses are placed between the two
parabollic mirrors and the sample is put at their focus as shown in figure 2.9. In our
system we used TPX lenses having 50 mm diameter and 100 mm focal length. We
calculate the radius and the confocal parameter of the focused terahertz beam by

TPX lenses at 1 THz to be 0366 mm and 2.806 mm respectively.
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Figure 2.9: Illustration of the compact terahertz time domain spectrometer for sample

measurement.
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2.5 EXTRACTION OF SPECTROSCOPIC INFORMATION
FROM THE THz-TDS RESULTS

In this section, we show how the spectroscopic information from experimental
measurement is extracted and resulting information is described. In terahertz time
domain spectroscopy refractive index of a material under study can be directly
obtained. In fact refractive index consists of two components, which are real and

imaginary parts. It can be represented as
n(w) = np (@) +in; () (2.5)

where np is real part and N; i1s imaginary part of the refractive index. The wave

vector contains complete information about the terahertz pulse and it is related to the

complex refractive index ﬁ(a)) through the relation

K(w) = @ (2.6)

where o frequency and c is is speed of light. The complex refractive index is also

related to the permittivity through the relation
N2
e(w)=n(w) (2.7)

where &(w) is the permittivity. Furthermore, the imaginary part of the refractive

index is related to the absorption coefficient by the equation

a(w)= Za)nTl(a)) (2.8)
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where a(w) is the absorption coefficient.

In other types of spectroscopy, only intensity is measured but in terahertz time
domain spectroscopy electric field is measured instead of intensity. Therefore it
allows determination of not only the amplitude of electric field but also its phase
information. The measurement is performed in time domain but it can be converted
into frequency domain by Fourier transform. Hence the amplitude and phase
information is obtained from the Fourier transform of the sample and reference pulse
measurements. Electric field obtained from Fourier transform of the data is denoted

as
E () =|E(e)[e'?) 2.9)

where E(w) is electric field vector,

E(a))| is amplitude and ¢@(w) is phase of the
electric field. The power or magnitude of electric field and phase information of the
Fourier transformed measured data is used for obtaining the real part of the refractive
index and absorption coefficient of the material under study. The phase information
is required for extracting the real part of the refractive index that is given by the

formula
=7 (P01~ (@) (2.10)

where 1, k, ¢(w,l) and @(w) are the length of the sample, wave vector of the

terahertz pulse, phase of the sample pulse and phase of the reference pulse
respectively. This formula is valid for measurements performed in vacuum. However
if the measurement is performed in air, its refractive index must be added to the

calculated refractive index. In this case the refractive index formula (2.10) becomes

R LR ) @.11)
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The imaginary part of the refractive index is obtained by using the ratios of the
magnitudes of the electric fields of sample and reference pulse that is given by the

relation

E(w,l)
E(w)

1
n; =75 (n( ) (2.12)

The imaginary part of the refractive index is related to the extinction coefficient.
Therefore it is related to the absorbance through the formula (2.8). Hence the formula

of absorption coefficient can be expressed more clearly as

2£(ln(E(w,|)
kI E(w)
C

)

a(w) = (2.13)

In these calculations any reflection or scattering at the sample interface that cause

significant signal loss are not taken into account.

The refractive index and absorption coefficient of GaSe crystal in the frequency
range 0.16 THz to 0.703 THZ are shown in figures 2.10 and 2.11 respectively. In the
absorption graph, fringes are present due to the interference of the terahertz waves
since in this range terahertz waves are much more longer than the thickness of the

GaSe crystal.
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Figure 2.10: Refractive index of GaSe crystal at terahertz frequencies
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CHAPTER 3

POWER CHARACTERIZATION USING
ELECTRO-OPTIC DETECTION

3.1 INTRODUCTION

It is possible to measure the power of terahertz radiation using bolometer. Its
working principle is based on thermal detection of energy. Due to this reason
bolometers are strongly affected by background thermal radiation unless they are
cooled. To attain good detection sensitivity they need to be cooled with helium,
which makes them bulky and expensive. Therefore they are not practical for terahertz
power measurements. The other alternative is to simulate the power of the generated
terahertz radiation. But when the THz pulse is generated with a photoconductive
antenna it is difficult to exactly simulate the received power at the detector due to the
efficiency of the transmitter and the THz collection optics. In this respect, it is
necessary to introduce a new measurement technique of terahertz power by analyzing

the received signal at the detector.

In this work, detection method used was electro-optic detection which is one of the
basic and very popular detection methods for terahertz detection. Clearly there is a
need for detailed information about this technique. Basic theory of electro optic

detection was given in chapter one. In this chapter characterization of the detected
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terahertz power using electro-optic detection is discussed.

In figure 3.1 terahertz waveform detected by using electro-optic detection is given.
Distortions present in the waveform such as the minor pulses existing before and
after the terahertz pulses and small oscillations following the main pulse have
different origins. The prepulse infront of the main terahertz pulse is due to the gate
reflection. On the other hand the small pulse following the main pulse is result of
reflected terahertz pulse at the crystal-air interface interface. In fact because of this
reflection, terahertz pulse is sampled for second time and this small pulse appears. In
addition to the prepulse and the reflected pulse, there is also another distotion present
in the measured terahertz waveform. It is clearly observed that some oscillations are
present just behind the terahertz pulse. These oscillations are attributed to water
vapour in air [62]. However, it is possible to avoid these oscillations by pumping

nitrogen gas into the system.
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Figure 3.1: Terahertz waveform detected using electro-optic detection
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3.2 POWER CHARACTERIZATION

In this section detected power of terahertz radiation using electro-optic detection is
determined. However in calculations, power characterization is done at peak THz
field. Therefore the power characterized is the peak power of the terahertz field. In

order to find the average power further calculations are necessary.

Power characterization is given in three subsections. In the first part the birefringence
induced in detection crystal by terahertz beam and the phase retardation experienced
by probe beam are calculated. In the second part the measured electro-optic signal is
analyzed. Finally, the two previous characterizations are combined to obtain a

compact formula for the detected terahertz power.

3.21 CALCULATION OF BIREFRINGENCE DUE TO THz
ELECTRIC FIELD

ZnTe crystal used for electro-optic detection is cubic and isotropic crsytal that is to

say refractive index of crystal in all directions are equal to each other, with 43m
symmetry group. In the presence of terahertz electric field birefringence is
introduced in the crsytal and as a result of this refractive indices in different
directions are no longer equal to each other. Hence the new equation for index

ellipsoid following the procedures of [59],
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In the absence of electric field, cross terms vanish and the equation reduces to the

index of ellipsoid for an isotropic crystal,

2 2 2
L S 3.2)
n2 n2 n2

x Ny Nz

Change in refractive index in different directions of crystal due to applied terahertz
electric field is related to both the electro-optic tensor and terahertz electric field in

corresponding directions. The change is defined by

1 3
n /i

where 1 j is electro-optic tensor.
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The matrix form of equation (3.3) is expressed by,

1
Al —
n /1
1
Al =
n /2
rll r12 r13
1 r r r
21 22 23
Al — ETHz,
n /3 I I I «
B ETH;
1 M Mo I ’
A -
n2 4 I s s ETHZZ
l r61 r62 r63
Al
n Js
1 3.4)
Al
n J6

The form of electro-optic tensor depends on the internal symmetry of the material.
For ZnTe crystal electro-optic tensors except three terms are zero and these three

tensors are equal to each other. That is

[ e | (3.5)

Then the equation for index ellipsoid for ZnTe crystal becomes

|><

(ST
[\]
)

Y .z
+—2+—2+2r
n n n

41yzE_I_HZX+2r41sz_|_Hzy+2r41xyE_|_HZZ =1 (3.6)
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In the absence of electric field (x, y, z) were the principal axes of crystal. However in
the presence of terahertz electric field cross terms are present. In order to get rid of
the cross terms in the equation (3.6) coordinate transformation is done and
subsequently new axes are introduced as principal axes. But these axes are no longer
coincident with the original principal axes. If the direction of applied electric field is

chosen to be z-direction, the equation (3.6) becomes

2
Z—2+2r xyE =1 (3.7)

However there is still a cross term in the equation. In order to get rid of the cross
term this equation must be put in the form of equation (3.8), which is equation of

index ellipsoid for isotropic crystal such that

v 2 (3.8)

The necessary coordinate transformation is achieved if the original coordinate system
is rotated by 45° around z-axis. Another way is to diagonalize the matrix by finding
the corresponding eigenvalues. With using the former way the equation (3.7) is
transformed in to equation (3.8). The rotation of the axes and new coordinate system

is shown in figure 3.2.
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Figure 3.2: Transformation of axes

The transformation matrix is given by

o . _
— — 0
X' 2 \/E X
y' = _L L 0|x y
V2 2
z' Z
0 0 1

Old axes in terms of transformed coordinates are expressed as
X=X'cos45—y'sin45

y =Y'cos45+ X'sin45

By using these equations new coordinates are obtained as

X'=

x*y
2
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_y=X (3.14)

7'=2 (3.15)

So the equation (3.7) is put in the form

1 ( 22 Tyt 1 2., y2 Tyt 2'2 o)
—=| X" +y'e-2X y)+—(x +y'"“+2X y]+—+r (x' —y' jE = (3.16)
n2 n2 02 41 Y= JFTHz
By collecting the x', y' and z' terms the equation becomes
1 1 z'2
[2”41 ETH; JX'+{2—V41 ETh; Jy'+2=l (3.17)
n n ng'
1 1
where —5 =5t r41ETHZ (3.18)
ny
1 1
and —2__2_r41ETHz (3.19)
n'y n

. o 1 .
By using the approximation — > r41E-|-HZ, the term r41E-|-HZ is treated as

2
perturbation in equation (3.17). After taking the derivative of term Lz , it becomes
n
1 2
Al — |=——xAn (3.20)
)
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This gives An as
An:—ln3A(LJ (3.21)

As a result of this approximation refractive indices along the new axes become

Ny = Ny ==y 3A % (3.22)
2 Ny
' 1 3 1

ny :ny +5ny A n—2 (323)
y

n =n, (3.24)

The refractive indices in old x-y and z-directions are equal to ordinary refractive

index n, and extraordinary refractive index n, respectively. Consequently, refractive

indices in new principal axis directions are given as

' 1 3
Ny =Ng —Eno 1ETH (3.25)

' 1 3
n, =ng +5n0 1ETH; (3.26)
n'z =Ng (3.27)
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Since the birefringence is defined as the refractive index difference in x and y

directions, it is given by,

'

'3
Ny —Ny =Ng r41ETHz (3.28)

Due to the birefringence, optical pulse propagating through ZnTe crystal is subjected
to phase retardation. Its x and y components will propagate with different velocities
inside the crystal. The phase difference between these two components is expressed
as

r=%(n'y—n'x)|_ (3.29)

where I' is phase retardation and Lis the crystal thickness. After substituting the

birefringence into the formula (3.29) phase retardation becomes

27
r =7n03r41LETHZ (3.30)

3.2.2 CALCULATION OF SIGNAL

In this section, calculation for electro-optic signal is given. In these calculations,
refractive indices and induced polarization directions of probe beam are assumed to
be known as in [89]. In electro-optic detection setup probe beam first propagates
through ZnTe crystal, and then it propagates through quarter wave plate and

Wollaston prism as shown in figure 3.3.

50



ZnTe QP WP

Ultrafast
Laser Pulse > |

Figure 3.3: Electro-optic detection setup

As the probe beam propagates through the ZnTe crystal its two modes experience a
phase difference due to the induced birefringence from the terahertz beam. Because
of this phase difference previously linearly polarized probe beam becomes
elliptically polarized. The ZnTe crystal is followed by quarter wave plate and
Wollaston prism. In consequence the initial polarization directions of the two modes
of the probe beam change as the probe beam propagates through these three optical
elements. The relative orientation of initial and final polarization directions of two
modes of probe beam after the quarter wave plate and Wollaston prism are illustrated

in figure 3.4.
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Figure 3.4: The relative orientation of initial polarization direction of probe beam,

two modes in the crystal and quarter wave plate.

In this geometry,

E p is unit vector corresponding to the initial polarization direction of probe

beam,

l’cl and fcz are unit vectors corresponding to polarization directions of the

probe beam propagating through the crystal,

fql and fqz are unit vectors corresponding to polarization directions of the

probe beam propagating through the quarter wave plate,

fWS and pr are the s-polarized and p-polarized components of the probe

beam that the Wollaston prism splits
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The unit vector indicating the initial polarization direction of probe beam can be
expressed in terms of directions of two propagation modes in ZnTe crystal that is

given by,

After propagating through the crystal, each propagation mode will experience a
phase difference proportional to the corresponding refractive index of each mode. So

after the crystal the initial unit vector of the probe beam becomes

Epc=¢ © fo (3.32)

where

E pc is unit vector showing the polarization direction of probe beam after the

crystal,
@ is the frequency of probe beam,
L is the crystal thickness,

n and n, are the refractive indices of two propagation modes of the crystal,

cis the speed of light.

By using the geometry shown in figure 3.4 the dot product terms in equation (3.32)

are equal to
fcl'ép =cosa (3.33)
fcz’ép =cos(90+a)=—sina (3.34)
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After substituting these into the formula (3.32) the unit vector indicating polarization

direction of probe beam becomes,

) |a)n]L |con2L |a)Q]L iwANL
Epc=¢ C cosozr’c1 +e C (—sinoz)l’c2 =e C cosafcl —-e C sinafg
(3.35)
iwAnL :
By using approximation wAnL <l,Tgete © =1+ loAnL . Hence the equation
c
can be approximated as
ia)n] L
pc =€ cosozrc1 -1+ c s1narC2 (3.36)
o . . . wAnL
The equation is put in more simple form by letting ¢ = . Then
A lon, L A o
Epc=e °© [cosotrc1 —(1+|§)smarC2J (3.37)

The same procedure is followed to consider the effect of the quarter wave plate on
the polarization of the probe beam. After the probe beam passes through quarter
wave plate, two propagating modes will experience 90° phase difference. The
polarization of probe beam can be decomposed into two propagation modes of the

quarter wave plate by introducing the complex phase factor as
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The imaginary term 1 is added to the formula to account for the 90° phase retardation.

After evaluating the dot product terms equation becomes,

qu;e c {cos(ﬁ—a)cosafql—(l+i§)sinasin(ﬂ—a)fql}

+ie © [—sin(ﬂ—oz)cosozfq2 -(1+ i§)sinacos(ﬁ—a)fq2} (3.39)

After collecting the common terms the equation simplifies to the following form,

la)n] L

qu;e c {[cos(ﬂ)—ig“sin([)’—a)sina]fql+|:§sinacos(ﬂ—a)—isinﬂ]fqz}

(3.40)

Finally the same method is applied for the Wollaston prism. The last polarization
direction of probe beam can be written in terms of directions the two propagation

modes in Wollaston prism in a similar way as

Enw =] fiy *Eng | R fir oEng | 3.41
pw (Wl pq)W1+(W2 pq)""z (3-41)

In Wollaston prism, probe beam is splitted into two linearly and orthogonally
polarized beams. In consequence, the two components in equation (3.37) are treated
separately. After the measurement of electro-optic signal is performed by measuring
the intensity difference of these two beams. Since the two components of the
previous equation can be calculated individually, the intensity of the each separated
beam falling on the photodetector can be calculated. The total intensity of the beams

are denoted as

| = %cngo |E|2 (3.42)
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Continuing with this equation intensities of the two out coming beams are expressed

as

2

| 1
l—Ecngo

2
‘ (3.44)

1, =~ cné, |E pueh
7= Ecngo pw'rwp

Intensity of the first term is calculated as

;= liot [(cosﬂ—i{sin(ﬂ—a)sina)cosy+(gsinacos(,[)’—a)—isinﬁ)siny}z

(3.45)
After expanding and simplifying the equation it becomes
|1 = liot {cos2 ,Bc0s2 v+ sin2 ﬂsin2 4 +%sin(2a) sin(2;/)} (3.46)
Similarly intensity of the second beam is given by,
Ly = liot [cos2 Yij sin2 v+ sin2 Yij cosZ y —%sin (2c)sin (27/)} (3.47)
Hence the intensity difference between two beam are calculated as
Al =1y =1, = Iyt [ cos(28)cos(2y) +¢ sin(2y)sin (2c) | (3.48)

According to this equation effect of the orientation of the Wollaston prism is given

by the terms cos(2 7) and sin(2y) . This indicates that rotating the Wollaston prism
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until the cos(27/) term becomes zero can maximize the electro-optic signal detection

sensitivity. In this case, the angle between the initial polarization direction of probe
beam and quarter wave plate becomes irrelevant. This obliviously shows that if the
orientation of the Wollaston prism with respect to quarter wave plate is right, then
the orientation of both quarter wave plate and Wollaston prism with respect to the

initial probe polarization is right too.

Moreover, maximizing the detection sensitivity also maximizes the obtained electro-

optic signal. Therefore after maximizing the signal the intensity difference becomes

Al = 1yt ¢ sin(27) (3.49)

The intensities of each beam can be individually measured to find out both their sum

and difference. In fact, what is measured in electro-optic detection is

‘l>

L~ £sin(2y) (3.50)
tot

This expression points that changing the orientation of detection crystal enables

further maximization of the electro-optic signal. Rotation of ZnTe crystal is

performed in such a way that the term sin(2 7) is equal to its maximum value one. In

case the electro-optic detection setup is aligned to have most efficient configuration,

the signal obtained is maximum. Then the expression for the measured signal is

@AnL
IAI ~(¢ =
tot c

(3.51)

In consequence, the detected signal is linearly proportional to the refractive index
difference in two propagation modes of the detection crystal and subsequently
terahertz electric field. In addition polarization direction of probe beam is also an

important parameter for the detected electro-optic signal. If the polarization direction
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of the probe beam is parallel to the polarization direction of any modes of the
detection crystal, the obtained electro-optic signal is zero. On the contrary, if they are

perpendicular to each other the obtained signal is the topmost.

3.2.3 CALCULATION OF DETECTED POWER

In two previous subsections electro-optic signal and terahertz induced birefringence
were calculated. To calculate the detected terahertz power they will be combined to
have a simple expression. By substituting the calculated birefringence into the

electro-optic signal formula the following expression is obtained:

Al _27m 3

In this formula electro-optic signal is expressed as ratio of intensity difference and
total intensity. However it can also be expressed in terms of power of each probe

beam. Then the equation becomes

AP _27 3
oy =—"o ry1LETHy (3.53)

Considering the formula above electric field of terahertz beam is obtained in

straightforward way. For our system other parameters are as follows:

-12
ry; =3.9x10 m/V
Ny =2.85 (for A=800 nm)

A =800nm

L=1 mm

£, =8.85x10712 CYNm?
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Signal measured = A—FI,D ~3.12x1073

Terahertz pulse width = 1.46667 ps
Radius of terahertz beam = 0.346 mm
Repetition rate of laser = 70 MHz

The signal was obtained by measuring the intensity of each optic beam with using an
optical power meter. After substituting these values in formula (3.49), it gives
terahertz electric field as 44 V/cm. Since power is given as intensity times area in
order to find out the power of terahertz beam its intensity must be known. Since its
electric field is determined, intensity of terahertz beam is found through the
following relation:
1 2
| :EcngO‘ETHZ‘ (3.54)

Putting the corresponding values into the formula above terahertz intensity is found
and then multiplied by the area of terahertz beam. In these calculations radius of the
terahertz beam was obtained by calculating its waist size at the detection crystal.
Firstly, the exit diameter of the terahertz beam by the parabolic mirror is calculated

with using the following formula,

1.222

in

=6.92x10*m (3.55)

dout=f9=f><

In this formula focal length and entrance diameter of the terahertz beam was the
focal length and diameter of the parabolic mirror. On the other hand, the wavelength
was the wavelength of the terahertz beam at 1 THz, which is 300 pm. Since half of
the exit diameter of the THz beam after the parabolic mirror is equal to its waist size,
radius of THz beam on the detection crystal was calculated as 0.346 mm. Next area
of the terahertz beam was calculated and multiplied by its intensity to obtain its

power. As a result of this calculation gives peak power of terahertz beam was
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calculated as 27.66 mW. The peak power is converted to average power by
multiplying it with repetition rate of laser and pulse width of terahertz pulse. As a

result of this multiplication average power was found to be 2.84 uW.

In previous works terahertz power was either measured using a bolometer or
calculated using the obtained signal. For measurements with bolometer power of
terahertz radiated from photoconductive antennas was found to be at the order of
microwatts [90]. Furthermore, in another work terahertz power measured with using
electro-optic signal was few microwatts [63, 91]. According to the calculations in
this thesis the detected average terahertz power was also at the order of microwatts.
This obviously shows that the characterized detected power is consistent with

previous literature measurements.

3.3 INFLUENCE OF THE SPOT SIZE OF THE PROBE BEAM
ON THE DETECTED THz POWER

In this section effect of spot size of probe beam on the detected terahertz power was
analyzed. To explore this effect detected THz power for different probe beam spot
sizes were compared. The spot size of the probe beam was changed with replacing
the lens used in the system with lenses having different focal lengths. Moreover, in
order to study further the relationship between detected terahertz power and spot size
of the probe beam, effect of confocal parameters of probe beam on terahertz intensity
profile was theoritically analyzed. The experimental and theoretical analysis are

given in two subsections.

3.3.1 EXPERIMENTAL RESULTS

Power measurements were performed with lenses of focal length 20, 30 and 40 cm

that is shown in the setup in figure 3.5. The respective terahertz waveforms in time
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domain and frequency domain obtained with these lenses are shown in the figures
3.6,3.7,3.8,3.9,3.10 and 3.11 respectively. In each case similar terahertz waveform

and power spectrums were obtained. But on the other hand, a change was observed

in the measured signal A—: for each of the three lenses which are shown in figures

3.12 and 3.13. Therefore, detected terahertz power in all three cases were different.
The average terahertz power calculated with previously described method was 2.84
uW, 1.79 uW and 1.18 uW using lenses having 20 cm, 30 cm and 40 cm focal
lengths respectively. The measurements indicate that as the spot size of the probe

beam decreases, THz power increases linearly.
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Figure 3.5: Schematic view of the terahertz time-domin spectrometer
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Figure 3.6: Terahertz waveform obtained by using a lens having 20 cm focal length.

1200
1000 |-
800
-
5 L
AN
E -
[5) L
= 400
o L
N 200
E L
0 \/‘/VW\
200 \
<400
1 . 1 .
0 20 40
Tire (ps)

Figure 3.7: Terahertz waveform obtained by using a lens having 30 cm focal length.
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Figure 3.8: Terahertz waveform obtained by using a lens having 40 cm focal length.
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Figure 3.9: Magnitude of terahertz electric field obtained by using a lens having 20

cm focal length.
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Figure 3.10: Magnitude of terahertz electric field obtained by using a lens having 30

cm focal length.
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Figure 3.11: Magnitude of terahertz electric field obtained by using a lens having 40

cm focal length.
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Figure 3.12: Terahertz waveform obtained by using lenses having 20 cm, 30 cm and

40 cm focal lengths.
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Figure 3.13: Magnitude of terahertz electric field obtained by using lenss having 20

cm, 30 cm and 40 cm focal lengths.
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The relationship between the detected THz power and focal length of the lens used in
the system is shown in the figure 3.14. The figure points out that there is a

proportional relationship between the detected terahertz power and focal length of

the lens used.

Average THz power (uW)

20 25 30 35 40
Focal Length (cm)

Figure 3.14: Average terahertz power versus focal length graph.

To further explore this effect confocal parameters of the probe beam on terahertz

intensity profile were calculated. The beam parameters are listed as

p: radial distance from the center axis of the beam

z: the axial distance from the beam’s narrowest point
I: intensity of the beam

w(z): width of the beam

wo: the waist size

zo: Rayleigh range

b: confocal parameter or depth of focus

67



diy: entrance diameter

dout: €xit diameter

Firstly, the exit diameter of the terahertz beam is calculated with using the following

formula,

1.222

doyt = 0= (3.55)

in

Half of the output diameter is gives the waist size of the beam. Next the axial
distance from the beam’s narrowest point is found by using the waist size with the

following formula,

S N

g = (3.56)

W
A
Finally multiplying this formula with two gives the confocal parameter of the beam.
These calculations were made for the terahertz beam and all three cases of the probe
beam as in the experimental study. Enterance diameter of the probe beam and
terahertz beam were 2 mm and 6.34 mm respectively. Confocal parameters of the
probe beam were calculated three times for different focal length values of the lens
used in the system and resulting parameters were found to be 18.70 mm, 42.08 mm
and 74.82 mm for lenses having focal lengths 20 cm, 30 cm and 40 cm respectively.
In addition, depth of focus of terahertz beam was obtained as 2.5 mm at the exit of
the parabolic mirror. This suggests that the focusing effects are purely due to the size
of the spot rather than the divergence of the beam through the crystal since the

crystal thickness was 2 mm, much less than the confocal parameters as calculated for
the probe beam using the respective lenses. When the depth of focus values of probe
beam are individually compared with that of the terahertz beam considering

respective terahertz power, it is obivious that as the spot size of the probe beam
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approaches that of the terahertz beam, detected terahertz power increases linearly.

3.3.2 THEORETICAL ANALYSIS

In this section effect of confocal parameters of the probe beam on the intensity
profile of the terahertz beam was theoretically analyzed. In order to construct the
intensity profile of the terahertz beam, we calculated the fraction of the intensities

I/I that occurs at z = 0 or z/zp= 0. It is calculated by the following formula,

2
1(p,0) —exp{— 2p ] (3.57)

I W2(Z)

Consequently, obtained values of the fractional of power terahertz beam for the
parabolic mirror with 11.68 cm focal length are 0.135 while for probe beam with
lenses having 20 cm, 30cm, 40 cm focal lengths are 0.961, 0.914 and 0.853
respectively. By using the fractional intensity of the terahertz beam and assuming a
gaussian beam profile, intensity profile for the terahertz beam was plotted in figure
3.13. Then the fractional intensities of the probe beam were localized on this
intensity profile. It is observed that they were localized in the linear part of the
intensity profile of the terahertz beam that is shown in figure 3.14. This indicates that
as the fractional intensity of the probe beam increases, intensity of the terahertz beam
increases proportionally. The spot size of the probe beam is inversely proportional to
its fractional intensity and spot size diameters are 97.6 um, 146.4 pm and 195.2 pym
for the fractional intensities of 0.961, 0.914 and 0.853 respectively. Therefore we

inferred that there is inversely proportional relationship between the spot size of the
probe beam and intensity of the terahertz beam. Since intensity of the probe beam is
directly related to its power, we concluded that as the spot size of the probe beam
decreases power of the terahertz beam increases proportionally. Considering the
experimental and theoretical results, we concluded that there is a proportional
relationship between the spot size of the probe beam and the detected terahertz

power.
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radial distance.
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CHAPTER 4

CONCLUSION

The aim of this thesis was to design and construct a compact terahertz time-domain
spectrometer. Hence in this work development of compact terahertz time-domain
spectrometer was described. Several terahertz generation and detection methods were
mentioned in chapter one with emphasis on electro-optic detection method. On the
other hand, in chapter two, experimental aspects of the terahertz time-domain
spectrometer including design and analysis for GaSe crystal were discussed. In
addition, in chapter three characterization of detected terahertz power using electro-
optic detection method was covered. As a result, a simple equation for the detected
terahertz power was derived. We found that the measured THz average power was
on the order of microwatts (~2.84uW) when photoconductive antennas were used for
generation, which is consistent with previous literature measurements [63, 90-91].
Furthermore, influence of the spot size of the probe beam on the detected terahertz
power was investigated by analyzing and comparing the terahertz power detected by
electro-optic detection method with different focal spot size diameter of probe beam
obtained by using different focal length focusing lenses. We observed that the
detected THz power for the following lens focal lengths, 20 cm, 30cm, and 40 cm
was  2.84 uW, 1.79 uW and 1.18 uW respectively. Our results suggest that the
power detected by electro-optic detection method is enhanced for smaller spot size
diameters of the probe beam, agreeing with out theoretical model which suggests that

the peak THz power is at the center of the focused spot. As a result, we concluded

71



that there is a proportional relationship between the detected THz power and

confocal spot size of the probe beam.

In conclusion, THz time-domain spectrometer based on electro-optic detection was
built and an analysis was made with a GaSe crystal sample. In addition, the detected
THz power was formulated and how it can be measured in such a system was
analyzed. We found that the measured THz average power was on the order of few
microwatts when photoconductive antennas were used for terahertz generation.
Moreover, it was found that the probe beam should be focused onto the detection
crystal to not only a spot size smaller than the THz beam diameter to obtain the
highest detected THz power but also as small as possible to increase the detection

sensitivity.
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	M.Sc., Department of Physics 
	Supervisor: Assist. Prof. Dr. Hakan Altan 
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	The goal of this thesis is to describe development of compact terahertz time-domain spectrometer driven by a mode-locked Ti:Sapphire laser. The terahertz radiation was generated by photoconductive antenna method and detected by electro-optic detection method. In this thesis, several terahertz generation and detection method, working principle of terahertz time-domain spectroscopy and its applications are discussed. We mainly focused on working principle of terahertz time-domain spectroscopy and characterization of detected terahertz power using electro-optic detection method.  
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	Bu tezin amacı Ti:Safir lazerle sürülmüş kompakt atılımlı terahertz spektrometre geliştirmesidir. Terahertz ışınları fotoiletken anten metoduyla üretilip elektro-optik belirleme yöntemiyle algılanmıştır. Bu tezde birçok terahertz üretme ve algılama yöntemleri, kompakt atılımlı terahertz spektometresinin çalışma prensipleri ve uygulamaları tartışılmıştır. Esas olarak kompakt atılımlı terahertz spektometresinin çalışma prensiplerine ve belirlenen terahertz gücünün karakterizasyonuna odaklanılmıştır.   
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	CHAPTER 1 
	 
	 
	INTRODUCTION 
	 
	 
	 
	1.1 TERAHERTZ WAVES 
	 
	Terahertz region of electromagnetic spectrum has become very popular recently. It is located between microwave and far-infrared regions forming a bridge between electronics and photonics. This multidisciplinary character of terahertz radiation makes it very important and attractive. Although the electronics and photonics are two well-developed areas, terahertz radiation residing along their borders is an unexplored part of electromagnetic spectrum containing lots of information. THz region, which is also known as far-infrared radiation or T-rays, covers the frequency band of electromagnetic spectrum between 0.1 and 10 THz. 1 terahertz corresponds to a wavelength of 300 μm and encompasses energy of approximately 4 meV. The position of terhertz waves in electromagnetic spectrum is shown in the figure 1.1. 
	 
	 
	  
	 
	Figure 1.1: Electromagnetic spectrum. 
	 
	There are four main properties of terahertz waves that make them very attractive and important. Firstly, terahertz radiation has unique signature for different materials. Many organic molecules show strong absorption and dispersion due to their vibrational and rotational transitions that fall directly to THz region. Moreover terahertz radiation can be used to determine lattice vibrations and free carrier absorption in dielectrics. Secondly, terahertz radiation can pass through most non-metallic and non-polar materials but strongly interacts with polar materials. So polar molecules such as H2O, HCl, O3, CO and SO2 have unique spectral peaks in their absorption spectra in THz region providing a signature of these molecules. This signature of molecules in terahertz radiation provides a significant application to determine and identify the properties of a particular medium. So THz radiation can be used to detect air pollution, presence of a particular gas, skin cancer (cancer cells contain more water than normal cells) and explosive material. Thirdly, terahertz regime encompasses very low energies such as few meV and due to this reason; they do not cause any ionization in biological tissues. Hence it is not harmful for people [1-2].  Moreover, because of its nondestructive and noninvasive inspection of matter it is well suited for security and medical applications. Fourthly, an object at room temperature emits energy in THz region. Furthermore, 98% of photons emitted since Big Bang fall into the far infrared and submilimeter region [3]. 
	 
	Natural source of terahertz radiation is black body radiation. Since it is based on thermal emission from object, it is incoherent and very weak. The intensity versus frequency graph in figure 1.2 indicates weakness of the power of emitted terahertz radiation at 300 K. 
	 
	Terahertz science remained unexplored until the beginning of the 90’s due to lack of available generation and detection method for terahertz radiation. Only at that time methods for both detection and generation are developed and subsequently coherent radiation is obtained. The coherent terahertz radiation sources can be classified as continuous and pulsed. In this thesis, several methods of both generation and detection of terahertz radiation are discussed. 
	 
	 
	  
	Figure 1.2: Intensity of blackbody radiation at 300 K. 
	 
	 
	 
	1.2 TERAHERTZ RADIATION SOURCES 
	 
	After the development of the terahertz generators, there has been a great deal of interest in terahertz science. These generators involve both coherent and incoherent sources. Mercury arc lamp is an example of an incoherent terahertz radiation source [4]. Both the continuous and pulsed coherent radiation sources are discussed in the following subsections. 
	 
	 
	 
	 
	 
	1.2.1 CONTINUOUS TERAHERTZ RADIATION 
	 
	Other than Terahertz time-domain spectroscopy for analysis of atoms or molecules, continuous terahertz sources are used in order to obtain high spectral resolution. The terahertz sources in question are namely photomixers [5-7], backward wave oscillators [8], free electron lasers [9-10], gas lasers [8-11] and quantum cascade lasers [12-15].   
	 
	In photomixers, terahertz radiation is obtained through photomixing process. The photomixing, also known as optical heterodyne down conversion, is based on optical down conversion from optical frequencies and it is obtained by focusing two single-mode continuous wave laser beams onto the photomixer. Mixing the two continuous laser pulses at different frequencies creates an optical beat generating continuous terahertz radiation at beat frequency. It is also possible to tune over the terahertz band by shifting the optical frequency of one of the lasers used. Disadvantage of photomixer terahertz source is that the generated terahertz power is limited by thermal damage threshold and low compared to the other continuous wave sources, which are in the microwatt range. In addition, its optical to terahertz inversion efficiency is low between 10-6 and 10-5 [7].  
	 
	There are also free electron based sources of continuous terahertz radiation including backward wave oscillators [16] and free electron lasers [9-10]. The backward wave oscillator is a slow wave device operating in power range between 1 and 100 mW. On the other hand, free electron lasers are able to provide nearly 20 W power. The terahertz emission mechanism of free electron laser relies on synchrotron radiation. One method is that after the semiconductor material of the free electron laser is excited with a pumping laser, a bunch of free electrons are created by photoemission. These electrons are accelerated by magnetic field until they attain relativistic energies of the synchrotron radiation. Another method uses electron gun to generate the electron beams. In the electron gun, laser light is incident on a cathode and electrons are generated by means of photoelectric effect.  
	 
	The other alternative sources of continuous terahertz radiation are gas lasers. These gases are pumped with CO2 laser in order to excite gas molecules. The most commonly used gas is methanol due to its emission at 118 μm (2.54 THz) with about 100 mW emitted power [8].    
	 
	Another way to generate terahertz radiation is using quantum cascade laser (QCL). Although quantum cascade lasers are still under development, they have great effect on terahertz technology since they are compact and able to produce power in miliwatt range. However, QCLs are yet not able to work at room temperature and cooling is necessary for them at least to liquid nitrogen temperatures [13]. When compared to other semiconductor lasers, their working principle is different. In contrary to other semiconductor lasers in quantum cascade laser the conduction band is split into distinct repeating subbands, multiple quantum wells, by quantum confinement. To excite intersubband transitions electrons are injected to through the quantum wells under an applied bias. As a result they undergo intersubband transitions and subsequently emit terahertz radiation. Since excitation occurs through multiple quantum wells, emission occurs in a cascaded manner.  
	 
	      
	1.2.2 PULSED TERAHERTZ RADIATION 
	 
	Either nonlinear crystals that make use of the nonlinear optical response of bounded electrons or semiconductors that use the transient current induced by optical femtosecond pulses give rise to pulsed terahertz radiation. The most widely used two methods for obtaining pulsed terahertz radiation are photoconductive antenna methods [17-19] and optical rectification methods [20-26]. In addition to these two sources, there are several ways to generate pulsed terahertz radiation including semiconductor quantum structures, coherent longitudinal optical phonons, high temperature superconducting bridges, surge current at surface of semiconductors and electronic devices.  
	 
	The photoconductive antenna is a semiconductor structure in which two metal electrodes are deposited onto a semiconductor substrate. The distance between the electrodes ranges from few μm to several mm [27]. The schematic description of the  
	antenna structure is shown in figure 1.3.  
	 
	 
	 
	  
	Figure 1.3: Schematic structure of a photoconductive antenna. 
	 
	 
	Auston generated terahertz pulses with a photoconductive antenna for the first time in 1984 [28]. In photoconductive antenna method illuminating the biased photoconductive antenna with a femtosecond laser generates terahertz radiation. The laser light incident on the gap between the electrodes generates free electron hole pairs in the semiconductor. Applying a DC voltage directs these free charge carriers that gives rise to transient photocurrent that is to say time varying current, which is the origin of terahertz radiation emission. Hence, the electric field of the emitted terahertz pulse is related to the change in transient photocurrent by, 
	 
	                                                                                                  (1.1) 
	  
	This process occurs in case the photon energy of the laser pulse is greater than or equals to the band gap energy of the semiconductor material. Hence, terahertz generation from photoconductive antenna is a resonant process indicating that terahertz pulse width is limited by the response time of the material.  Therefore, semiconductor material of the photoconductive antenna must have rapid photocurrent rise time in order to obtain efficient terahertz emission. Typically, low temperature grown GaAs is used for photoconductive antennas, which has carrier lifetime of 200-500 fs. The other important property of the semiconductor material is its breakdown field since it determines the maximum applicable bias voltage value.  
	 
	In contrary to generation from photoconductive antenna, optical rectification [29] in a nonlinear crystal is a non-resonant process. Because of this, THz pulse width only depends on the laser pulse width and the phonon mode absorptions of the crystal. Optical rectification is defined as the inverse of the electro-optic effect [30] and it is first observed in 1970’s using LiNbO3 crystal producing far infrared pulses [31]. In this generation, method femtosecond laser light is focused on a nonlinear crystal and difference frequency, or mixing process occurs. Subsequently terahertz emission occurs.  Since the difference frequency mixing is a second order nonlinear process, terahertz emission depends on the value of the second order electrical susceptibility of the crystal used. In this nonlinear process, electric field of the pump beam establishes a polarization in the crystal that is related to its second order electric susceptibility. 
	 
	                                                 (1.2) 
	   
	The formula (1.2) indicates that signal strength is linearly proportional to the intensity of the pump beam and the second order electro-optic tensor of the nonlinear crystal. Therefore, crystals having high second order electro-optic tensors are favorable for optical rectification. Most widely used crystal for optical rectification is ZnTe in spite of its drawbacks. For instance, there are other processes including two-photon absorption and second harmonic generation competing with optical rectification [32]. In addition, it has phonon resonance at 5.3 THz preventing the terahertz emission at this range. 
	 
	There are some conditions to be met to achieve optical rectification. First of all phase matching condition must be satisfied to rectify terahertz pulses that is to say phase velocity of the terahertz pulse and group velocity of the laser pulse must be matched [29, 33-35]. Secondly, material of the crystal used must be transparent at terahertz and optical frequencies.  
	 
	When the optical rectification method is compared the photoconductive antenna method it has both weakness and superiority. Its weakness is that the generated signal with photoconductive antenna is about hundred times more powerful than that of the nonlinear crystals because of the low efficiency in conversion of the optical  
	frequencies to terahertz frequencies. On the other hand, nonlinear crystal can provide a wide spectrum up to 51 THz whereas the photoconductive antennas provide a spectrum of few terahertz [36-37].     
	 
	The other alternative source for terahertz radiation is coherent longitudinal optical phonons [38-40].  Pumping semiconductors with femtosecond pulses gives rise to terahertz emission by creating optical phonons instead of optical rectification method. Femtosecond optical pulses incident on a semiconductor surface causes excitation of carriers that creates an electrical transient. The excitation mechanism is based on either the ultrafast screening of the surface depletion field or ultrafast building up of photo-Dember field. In both mechanisms, the created electrical transient initiates coherent lattice vibrations, which emit terahertz waves. Longitudinal optical phonons are directed normal to the surface so their effective charge density is not zero. Thus, they induce macroscopic polarization that emits terahertz radiation at the longitudinal optical phonon frequency. On the other hand effective charge density of transverse optical phonons is zero, thus they cannot induce a macroscopic polarization that emits terahertz radiation. However, in general longitudinal optical phonons do not interact with electromagnetic waves since they are transverse waves. Nevertheless, when the  
	wave vector q is exactly zero longitudinal and transverse modes are degenerate and  
	cannot be distinguished [41]. Therefore, at zero wave number longitudinal optical phonons can interact with electromagnetic waves. This was first theoretically predicted in GaAs [39] and first experimentally observed in Te [42]. Later also observed in GaAs [43], PbTe and CdTe [44].  Furthermore, terahertz radiation is also obtained from longitudinal optical phonon-plasmon coupling in InSb films where wave vector q is zero [45]. 
	 
	The other way of having terahertz radiation from semiconductors is the surge current at semiconductor surface induced by photoexcitation [46]. The acceleration of photoexcited carriers by the surface depletion field and the photo-Dember effect arising from the difference between the diffusion velocities of the electrons and holes and subsequent relaxation of the charge distribution are two proposed mechanism for the origin of the induced surge current [47].  In both generation mechanisms increase in the induced surge current is proportional to the laser pulse duration. Surge current induced in a wide bandgap semiconductor is explained by the effect of the surface depletion field while in a narrow bandgap semiconductor it is explained by the photo-Dember effect [48]. It is possible to determine the dominant mechanism that creates surge current by comparing the polarity of the emitted terahertz radiation in p-type and n-type semiconductor. In the mechanism, originating from photo-Dember effect polarity of the terahertz radiation is same regardless of the type of the semiconductor. The reason for this is that the direction of the diffusion current is same for both types of semiconductors since the mobility of electrons are higher than that of the holes. On the other hand in the other mechanism polarity of the emitted terahertz radiation is opposite for n-type and p-type semiconductors since the direction of the depletion field is opposite for n-type and p-type semiconductors. In semiconductors such as InSb, InAs [49] and GaAs [50] the dominant mechanism is photo-Dember effect whereas in InP [47] it is surface depletion field.   
	 
	On the other hand semiconductor quantum structures are alternative sources where excitonic charge oscillations emit terahertz beams. This emission is observed in both double-coupled quantum well [51] and single quantum well structures [52]. Coherent  
	optical excitation of light and heavy hole excitons in quantum wells generate charge  
	oscillations resulting from the time evolution of light and heavy hole exciton states. Consequently light hole and heavy hole valence band mixing gives rise to a time varying dipole moment, emitting terahertz radiation. 
	 
	Furthermore, terahertz radiation is obtained from high critical temperature superconductors. Emission of terahertz waveform is based on the modulation of the superconductor with optical femtosecond pulses, which is observed in YBa2Cu3Y7-δ thin films [53].  
	 
	In addition to the aforementioned sources, nonlinear transmission lines are another alternative for electrical generation of terahertz radiation. Nonlinear transmission line (NLTL) is a transmission line loaded with reverse biased diodes functioning as voltage variable capacitors that triggers a voltage dependent velocity for the wave propagating through it. To obtain far infrared radiation the NLTL is coupled to a bow tie antenna [54]. 
	 
	 
	1.2.2.1 TERAHERTZ TIME DOMAIN SPECTROSCOPY 
	 
	Terahertz time domain spectroscopy is a technique to obtain spectroscopic analysis in time domain and with its Fourier transform in frequency domain. Its advantage over other methods is that it measures electric field at terahertz frequencies. The measurement of electric field not only provides information on amplitude but also phase. In this respect it is superior to conventional Fourier transform spectroscopy that measures only intensity. The other advantage of this spectroscopy is determination of real and imaginary parts of refractive index without making calculations using Kramers-Kronig relations. Experiment in this method can be carried out either by reflection or transmission geometry. However, transmission geometry is more prevalent due to its easier alignment.   
	 
	 
	 
	1.3 TERAHERTZ DETECTORS 
	 
	Three basic detectors for terahertz radiation are photoconductive antennas, electro-optic crystals and bolometers. Among these three photoconductive antennas and electro-optic crystals are more popular. In this thesis, emphasis will be given on electro-optic detection method. 
	 
	Auston first demonstrated detection of terahertz pulses by photoconductive antennas in 1984 [28]. In case the carrier lifetime of the photoconductive antenna is shorter than the terahertz pulse, the antenna works as a gate that samples the terahertz waveform. Detection method is based on opposite mechanism of the generation method with antenna. After both the terahertz beam and the probe beam are also focused on the photoconductive antenna, it is gated with a femtosecond optical pulse that creates free charge carriers. Electric field of the terahertz beam acts as a bias field in the antenna to accelerate the generated free charge carriers. Subsequently current proportional to the electric field of the incoming terahertz pulse is created. Therefore, detected current gives information about the terahertz beam. Detection is achieved by varying the time delay between the optical pulse and the terahertz pulse. Different limiting factors affect the detection bandwidth of the photoconductive antenna [19]. There are two dominating factors: one is its resonant property and the other is its carrier lifetime.  Former is due to the geometry of the antenna while the latter one is due to the property of substrate material. The carrier life time imposes upper frequency limit for detection. However it is shown experimentally that photoconductive antennas can detect up to 40 THz when they are gated with ultra short pulses as short as 15 fs [55].      
	 
	The other terahertz detector is bolometer. In fact, it is based on thermal detection and limited in its application [56-57] because it can only measure the total energy of a terahertz pulse, rather than its electrical field. Since they detect thermal radiation they are strongly influenced by the background thermal radiation unless they are cooled. Therefore, they need to be cooled with helium in order to achieve good sensitivity for terahertz detection. This makes them bulky and expensive. Consequently, both the photoconductive antenna and electro-optic detection method, which are time-gated  
	 
	methods are more favorable than bolometric detection method. 
	 
	 
	1.3.1 ELECTRO-OPTIC DETECTION METHOD 
	 
	Wu and Zhang first achieved the electro-optic detection for terahertz radiation in 1995 [58]. Mechanism of electro-optic detection is based on the Pockels effect that is a physical phenomenon referring to a proportional variation in the principal refractive index of an electro-optic crystal at visible and near infrared frequencies with an applied electric field. In this detection method, terahertz electric field acts as the applied electric field. Contrary to antenna detection, it is a non-resonant process signalizing that terahertz radiation is instantaneously sensed in electro-optic detection method. Due to the instantaneous effect of the Pockels effect, electro-optic crystals act as a gate sampling terahertz waveform. As a result, the electric field of terahertz beam simultaneously induces a variation in the refractive index that is denoted as birefringence. In consequence, due to the induced birefringence as the femtosecond optical pulse, it propagates through the crystal simultaneously with terahertz pulse will have a phase modulation. Thus focusing both the terahertz beam and the optical probe beam on the crystal collinearly performs electro-optic detection.  In electro-optic detection, what we measure is this induced difference in refractive indices in different axes of the crystal and the subsequent change in the polarization state of the probe beam.  The effect of the terahertz beam on the refractive indices of the crystal and the polarization state of the probe beam is illustrated in figure 1.4.  
	 
	In order to sense the phase modulation in the optical pulse, optical components such as quarter wave plate and Wollaston prism is positioned after the detection crystal. The schematic view of electro-optic detection system is shown in figure 1.5. 
	 
	The function of quarter wave plate is to convert linearly polarized light into circularly polarized light. In case the light is elliptically polarized light, it does not change the polarization of the light but gives rise to 90° shift in its plane of polarization. In lack of the terahertz beam, the two propagation modes of the optical  
	 
	a)      b) 
	                                                                       
	   
	         
	Figure 1.4: Index ellipsoid of the detection crystal a) before the THz beam b) after the THz beam              
	 
	 
	 
	 
	 
	  
	 
	Figure 1.5: Schematic view of electro-optic detection setup. 
	 
	 
	 
	 
	 
	beam passing through the isotropic detection crystal will be subjected to the same phase retardation. Henceforth optical beam propagating through the quarter wave plate is converted into circularly polarized light. On the contrary, presence of terahertz beam induces a birefringence in the electro-optic crystal so the two modes of the optical beam propagating through it will be subjected to different phase retardation. As a result, the linearly polarized light coming from the crystal will be transformed into elliptically polarized light. The phase retardation between the two propagating modes are given by [59], 
	 
	                                              (1.3) 
	 
	where ETHz is the electric field of the terahertz radiation, n is refractive index of the crystal at the wavelength of the probe beam, r41 is the electro-optic coefficient and L is the length of the crystal respectively.                                               
	 
	 After the quarter wave plate optical beam is modulated in such a way that indicating either presence or lack of the terahertz electric field. The induced birefringence in the crystal creates a discrepancy in the intensity of the two separated probe beams. In case of the presence of the terahertz beam inside the electro-optic crystal, the intensity of the separated two lights will be different due to the different phase retardation they exposed to. On the contrary, equal intensity is observed in the lack of terahertz electric field since in this case two propagating modes are subjected to the same phase modulation. This intensity difference is detected by a photodiode, which is directly proportional to the terahertz electric field. However in order to be able to sense the intensity values of the two propagating modes of the optical beam individually, it is directed to pass through the Wollaston prism. It is an optical device whose function is separating the incoming light into two orthogonolized linearly polarized light. In order to obtain whole time dependent electric field the delay between the terahertz and probe pulse is varied. By connecting the photodetector to the lock-in amplifier the obtained signal is processed to map out the terahertz waveform.  
	 
	Detection of terahertz pulses with electro-optic detection method requires some conditions to be met. These requirements can be listed as 
	 
	i. Crystal used must be transparent to both the terahertz and the optical pulse 
	ii. Crystal must be non-centrosymmetric and isotropic to detect the induced birefringence 
	iii. Phase-matching condition between optical and terahertz beam must satisfied 
	 
	 
	The most widely used electro-optic crystals for electro-optic detection is zinc telluride (ZnTe), gallium selenide (GaSe) and gallium phosphide (GaP). The efficiency of these crystals is rated with the value of their electro-optic coefficient that is listed in table 1. In this thesis, ZnTe crystal is chosen as detection crystal because its refractive index at near infrared and terahertz frequencies is comparable.  
	 
	Efficient detection of terahertz radiation also depends on the thickness of the crystal and orientation of the polarization of the probe and terahertz beam. Firstly the effect of crystal thickness is also can be seen from the phase retardation formula (1.3). The induced phase retardation in transmitted optical beam is proportional to kL. Therefore, as the crystal thickness increases, the phase retardation induced in the crystal increases too. Consequently, measurement sensitivity increases as the crystal thickness increases. On the other hand, in thin sensor crystals probe beam reflects back from the crystal air interface and makes another sampling to the same terahertz pulse. In addition, frequency bandwidth that depends on the transit time of light in the crystal is inversely proportional to the crystal thickness. Since the refractive index of crystal is different for terahertz and optical beam, they propagate through  
	the crystal with slightly different velocities. As a result of this, group velocity mismatch occurs between the terahertz and the probe beam. Secondly there exist optimum angles between polarizations of terahertz and probe beam providing maximum signal for electro-optic detection [61], which are are 0º and 90º. 
	 
	 
	 
	Table 1.1: Electro-optic coefficients of terahertz electro-optic detectors [60] 
	 
	 
	MATERIAL
	 
	STRUCTURE
	 
	ELECTRO-OPTIC COEFFICIENT (pm/V)
	 
	ZnTe
	 
	Zincblende
	 
	 
	 
	GaSe
	 
	Hexagonal
	 
	 
	 
	GaP
	 
	Zincblende
	 
	 
	 
	 
	Several effects cause distortion in detected terahertz waveform such as group velocity mismatch between terahertz and probe beam, absorption and dispersion of terahertz beam in electro-optic crystal [62], phonon-polariton coupling [63] and finite probe pulse width [64]. As mentioned before origin of group velocity mismatch is different propagation speed of the pump and probe beam and this leads to frequency filtering in detection process. The coherence length is given by the formula [34], 
	 
	                                           (1.4) 
	 
	Furthermore photon-polariton coupling occurs as a result of strongly coupling of terahertz pulse to TO-phonon resonance. Consequently terahertz pulse becomes mixed light-polarization states that are called phonon-polaritons. The effect of phonon-polariton coupling on terahertz waveform is an oscillatory tail following the 
	terahertz peak. In addition finite probe pulse width causes weakening and broadening of the detected terahertz waveform.  
	 
	 
	1.4 APPLICATIONS 
	 
	Terahertz radiation has characteristic advantages over other radiations. What makes terahertz time-domain so significant are these properties of terahertz radiation. It has extended use in several areas ranging from scientific research to commercial applications. However in this thesis only three major applications are discussed. 
	 
	 
	1.4.1 MATERIAL CHARACTERIZATION AND SECURITY APPLICATIONS 
	 
	Terahertz time domain spectroscopy is an effective tool for material characterization. It is of great interest since it has lots of potential applications. One of the applications is identification of an unknown gas by making use of its distinctive absorption spectra [65]. The other applications of material characterization are determination of dielectric function of ferroelectrics [66], complex conductivity of semiconductors [67] and, frequency dependence of surface resistance and conductivity of superconductors [68-69]. Moreover it is possible to identify chemical, biological [70] and explosive agents [71] with their spectral signature. The explosive agents RDX (cyclo-1,3,5-trimethylene), HMX (cyclo-tetramethylene tetranitramine), PETN (pentaerythritol tetranitrate) and TNT (2,4,6-trinitrotuelene) have fingerprints in the THz region [72-73].  
	    
	 
	1.4.2 BIOLOGICAL AND MEDICAL APPLICATIONS 
	 
	Applications in biology and medicine arise huge interest. One most significant subject in medicine is designation of basal cell carcinoma, which is known as skin cancer [74-75]. Since tumors have much more water content than that of healthy cells, it is possible to distinguish them. The other medical application is investigation in tooth tissues [76]. Furthermore, applications of terahertz time domain  
	spectroscopy focus on DNA, RNA and protein diagnostics [77-80]. In addition, most of the vibrational modes of hydroxides fall into terahertz frequencies allowing their identification [81]. 
	 
	 
	1.4.3 IMAGING APPLICATIONS 
	 
	What makes imaging a very interesting application is the high resolution of terahertz waves (less than 1 mm).  Zhang first showed imaging with terahertz time-domain spectroscopy using electro-optic detection in 1996 [82]. Terahertz pulse is able to propagate through clothes, paper and plastic packages while it is reflected back from metals. Therefore it enables inspection of concealed threat substances under barriers. Remote detection of hidden weapons such as knives and guns within clothes or packages is also possible.  
	 
	 
	1.5 OVERVIEW OF THE THESIS 
	 
	The goal of this thesis is to address issues such as the development of a compact time domain terahertz spectrometer and investigation of detected terahertz power with electro-optic detection methods. In chapter two, experimental aspects of terahertz time domain is described, which includes detailed information on instrumentation, system design and operation of compact terahertz time-domain spectroscopy. Then in chapter three, detected terahertz power is characterized using electro-optic detection methods. Finally in chapter four, the work is summarized. 
	 
	 
	CHAPTER 2 
	 
	 
	COMPACT TERAHERTZ TIME DOMAIN SPECTROMETER 
	 
	 
	 
	2.1 THz TIME DOMAIN SPECTROSCOPY 
	 
	Development of terahertz time-domain spectroscopy has opened unexplored but scientifically and technologically important region of electromagnetic spectrum for spectroscopic studies in the beginning of 1990’s.  Since this spectroscopy is based on generation and detection of picosecond pulses by using femtosecond laser pulses, it became available only after the development of femtosecond lasers.  What makes terahertz time domain spectroscopy a powerful experimental tool is direct measurement of electric field to gather information at terahertz frequencies. This allows simultaneous determination of refractive index and absorption coefficient of a sample without need for Kramers-Kronig based calculations. 
	 
	There are several ways to generate and detect terahertz waves, which were discussed briefly in the first chapter in sections 1.2 and 1.3. In this work photoconductive antenna generation and electro-optic detection methods were used. The pumping femtosecond laser source employed was a Ti:Al2O3 mode-locked laser. In this chapter experimental aspects of the terahertz time domain spectrometer is discussed. The schematic diagram of the constructed compact terahertz time domain  
	spectrometer is shown in figure 2.1. 
	 
	  
	 
	Figure 2.1: Illustration of the compact terahertz time domain spectrometer. 
	 
	There are two arms in the spectrometer; one is the generation arm where the terahertz radiation is obtained and the other is detection arm where terahertz radiation is detected. Beam splitter divides the laser light into these two arms as pump and probe beams respectively. In generation arm femtosecond laser pulses are directed to an objective in order to focus laser light onto the photoconductive antenna, where the terahertz radiation is generated. After the photoconductive antenna, two parabolic mirrors are positioned to collimate the terahertz beam onto the detection crystal, ZnTe. The probe beam first passes through the corner cube that is positioned on a stepper stage where the time delay between pump and probe beam is obtained. Afterwards, using a lens the probe beam is focused onto the detection crystal. Then the probe beam propagates through the quarter wave plate and Wollaston prism successively. Next a photodetector is positioned behind them to detect the electro-optic signal. Finally the photodetector is connected to a lock-in amplifier, where the signal is processed to map out the terahertz waveform.  
	 
	 
	2.2 SYSTEM DESIGN AND INSTRUMENTATION 
	 
	In this section, components of the spectrometer such as femtosecond laser, focusing and collimating optics and, electronic devices such as lock-in amplifier are described. 
	 
	In our experiments, we used mode-locked Ti-Sapphire (Ti:Al2O3) laser for both the pump and the probe beam at a center wavelength of 800 nm with pulse duration of 15 fs at 70 MHz repetition rate. The average power of the laser was ~340 mW.  Some specifications of the Ti:Sapphire laser are given in table 2.1 [83]. 
	 
	In the generation arm there were four mirrors to create an additional optical path for the pump beam. The aim of additional path is to equate the optical paths of the pump and the probe beam. These four mirrors collimated the laser pulses to the objective, which is an optical element focusing the light to a very small point. The objective  
	 
	 
	Table 2.1: Specifications of Ti:Sapphire laser [83] 
	 
	SPECIFICATIONS OF THE LASER
	PULSE DURATION
	< 20 fs
	SPECTRAL WIDTH
	> 40 nm
	AVERAGE OUTPUT POWER
	> 300 mW
	OUTPUT ENERGY AT 75 MHz
	> 4 nJ
	PUMP BEAM DIAMETER
	2 mm (1/e2), TEM00
	  
	 
	 
	used in our system was Olympus PLN 20X with 0.4 numerical aperture, 1.2 mm working distance and 22 field number.  
	 
	Photoconductive antenna was placed just behind the objective. In order to obtain high efficiency photoconductive antenna was positioned very close to the objective considering its 1.2 mm working distance.   In our system we used Batop PCA-44-06-10-800 photoconductive antenna. The electrical and optical excitation parameters of the antenna are given in tables 2.2 and 2.3 respectively [84]. The substrate material of this photoconductive antenna is low temperature grown GaAs. It is the most commonly used semiconductor for photoconductive antenna substrates since it shows relatively good carrier mobility. Properties of low temperature grown GaAs are listed in table 2.4. A silicon hemispherical lens mounted on the back side of the antenna is used to efficiently couple the terahertz radiation to free space, since it prevents radiation losses due to reflections at the air-substrate interface. Due to its geometry the lens has no spherical aberration and coma [86]. Furthermore, silicon has very low absorption and a quasi-constant refractive index between 0.2 and 5 THz, which prevents chromatic aberration.   
	 
	 
	 
	 
	 
	Table 2.2: Electrical parameters of the photoconductive antenna [84] 
	 
	ELECTRICAL PARAMETERS
	Dark resistance
	25 MΩ
	Dark current at 10 V
	400 nA
	Voltage
	20 V
	 
	 
	Table 2.3: Optical excitation parameters of the photoconductive antenna [84] 
	 
	OPTICAL EXCITATION PARAMETERS
	Laser excitation wavelength
	800 nm
	Optical mean power
	40 mW
	Optical mean power density
	100 kW/cm2
	Carrier recovery time
	400 fs
	 
	 
	Table 2.4: Properties of low temperature grown GaAs [85] 
	 
	PROPERTIES OF LT-GaAs
	Carrier Lifetime
	0,3 ps
	Mobility
	150-200 cm2/Vs
	Resistivity
	106 ΩV/cm
	Bandgap
	1,43 eV
	 
	 
	 
	There are three parameters for the geometry of the antenna, which are gap width w, gap distance g and length of the antenna that are illustrated in figure 2.2. The values of gap width w, gap distance g and length of the photoconductive antenna used were 10 μm, 6 μm and 44 μm respectively.  
	 
	 
	  
	 
	Figure 2.2: Geometrical structure of antenna 
	 
	 
	Among these parameters gap distance and length of the antenna are important parameters. The gap distance is important for laser excitation. On the other hand, the length determines the resonance condition for the frequency of emitted radiation. The resonance condition is defined by considering the antenna as a dipole of length, l. Terahertz resonance frequency of photoconductive antenna is given by  
	 
	                                                          (2.1) 
	 
	where  
	f is the terahertz resonance frequency, 
	c is the velocity of the light, 
	l is the length of the antenna. 
	 
	 
	The respective terahertz resonance frequency at 800 nm is 1 THz.   The photographic front and back views of our photoconductive antenna is given in figure 2.3 and magnified image of its structure is shown in figure 2.4. 
	   
	 
	Figure 2.3: Front and back view of the photoconductive antenna [87]. 
	 
	 
	 
	  
	 
	Figure 2.4: image of the antenna structure. 
	 
	 
	Terahertz radiation is obtained by applying bias voltage and phase modulation with a function generator.  Bias voltage is needed for accelerating the free carriers in the antenna whereas phase modulation is necessary to read a signal from lock-in amplifier. 
	 
	 
	In order to collimate the terahertz radiation reflective optics were used. We used two Melles Griot 2.5" off-axis 90-degree parabolic mirrors with 11.68 cm focal length in our system. The first parabolic mirror collimated the emitted terahertz radiation and the second mirror focused it onto the detection crystal. Our detection crystal was <110> oriented ZnTe crystal with 1 mm thickness. Its refractive index at optical wavelength can be found through the relation [34] 
	 
	                                             (2.2) 
	 
	In addition refractive index of ZnTe crystal at terahertz frequencies are given by the following formula [88], 
	 
	                                            (2.3) 
	 
	According to these formulas the refractive index of the crystal at 800 nm and 1 THz is 2.85 and 3.17 respectively.  
	 
	In the detection arm, 1” corner cube mirror was used, which was mounted on Thorlabs DC-servo translation stage. By moving the corner cube time delay between the pump and probe beam was varied. After the corner cube laser light was directed on to the ZnTe crystal with a plane mirror. Next a plano-convex lens with 30 cm focal length was placed before the ZnTe crystal to better focus the probe beam on it. Subsequently quarter wave plate and Wollaston prism was placed behind the crystal successively.  
	 
	Then the signal was detected by using a New Focus model 2307 large area balanced photodetector. Afterwards the signal was measured with phase sensitive detector called a lock-in amplifier. The lock-in amplifier we used in our system is SRS830  
	 
	 
	lock-in amplifier. Lock-in amplifier is a device that is capable of detecting signals as  
	small as nanovolt even in presence of much higher noise. In fact it is a phase sensitive measurement. Thus it simultaneously detects both the magnitude and phase of a signal. According to Fourier’s theorem input signal is represented by summation of sine functions having different amplitude, phase and frequency. Orthogonality of sinusoidal functions is basis of the working principle of the lock-in amplifier. One of these functions is input signal and the other is reference signal. Lock-in amplifier multiplies the input signal with the reference signal. When these two functions are equal to each other the lock-in amplifier integrates them over a specified time. In contrary to this if they are not equal, the detected signal is zero. With this working principle contribution from any other signal with different phase is prevented. Consequently a reference phase is required to perform a measurement with lock-in amplifier that is usually provided by either a function generator or chopper. Usually an input signal is followed with a noise, which is a variable function with different frequencies. However noise signals with different frequency than the reference signal is blocked by the lock-in amplifier. This is a significant advantage of the lock-in amplifier.  
	 
	Finally with help of a labview control program the total distance and step size of movement of the translational stage was controlled through the THORLABS APT motor. Hence the data used for mapping out the terahertz waveform was taken with this labview control program.  
	 
	 
	2.3 SYSTEM OPERATION 
	 
	At first hand Ti:Sapphire laser is mode-locked at 792 nm with 102 nm FWHM.  The laser power was 341 mW after 4 W pump power. After the mode-locking process, construction of the spectrometer started with placing the beam splitter to split the  
	laser light into two. Since the laser power for both the generation arm and detection arm was too high, two filters were put in both arms to attenuate the laser power. The power was decreased to 20 mW in generation arm and 8 mW in detection arm.    
	 
	In addition to the power of laser, optical path lengths of both the generation and detection are another important parameter for the system. For electro-optic detection, probe beam and terahertz beam must be spatially and temporally coincident at the detection crystal. In this respect, optical path lengths of the two arms must be equal to each other to make the probe beam and terahertz beam arrive at the crystal simultaneously. To achieve this situation in our system, after the beam splitter four plane mirrors were put to obtain the necessary extra optical path in generation arm. After the plane mirrors, objective was placed. However for better alignment, before the objective was placed a pinhole was put and adjusted in such a way that it transmitted the maximum intensity of light. Next an objective was placed in front of the pinhole and again adjusted in a way that it transmitted the maximum intensity of light. Afterwards the photoconductive antenna was placed just behind the objective and subsequently the pump beam illuminated the antenna to generate the terahertz beam. Since the laser light was s-polarized, the photoconductive antenna was placed at a specific orientation allowing the laser light to pass through its gap with the correct direction. Next, alignment of the antenna was done by varying its position in three directions (x, y, z). Optimum position was decided by reading minimum resistance in the antenna, which was 353 kΩ in our system. In order to generate terahertz pulses, a function generator was used to apply peak-to-peak 10 V bias voltage to the antenna at a 2.5 kHz chopping frequency.   
	 
	The generated terahertz beam was collimated and focused by the two parabolic mirrors. The mirrors were localized with help of another laser at visible wavelength, which was He-Ne laser with 17 mW power. At first, the laser was directed to the back side of the antenna to check whether the reflected light from the parabolic mirror was circular or not. Considering the shape of the reflected laser light, it was possible to understand whether the photoconductive antenna was at the focus of the parabolic mirror or not. If the antenna was at the focus then the reflected light must  
	be circular in shape. On the contrary, if the reflected light had an elliptical shape it was obvious that the position of the mirror was wrong. In order to localize the first parabolic mirror, it was moved until the reflected light became circular. Then second parabolic mirror was put against the first parabolic mirror. To find the right position  
	of the second parabolic mirror, it was moved until all of the reflected light fell on it.  After these adjustments both parabolic mirrors were moved in x-y-z directions to optimize their position. The focal length of both parabolic mirrors was 11.68 cm. But optimum distance between the photoconductive antenna and the first mirror was different. In order to find the optimum position of the first parabolic mirror we compared four measurements with different antenna-parabolic mirror distances. These values are given in table 2.5. According to the measurements, the obtained optimum position was 10.5 cm. On the other hand the optimum distance between the second parabolic mirror and ZnTe crystal was found to be 10,3 cm instead of the 11.68 cm focal length of the mirror. 
	 
	 
	Table 2.5: Antenna-mirror distance versus corresponding signal values 
	 
	DISTANCE BETWEEN PARABOLLIC MIRROR AND ANTENNA
	THz PULSE PEAK AMPLITUDE MEASURED BY LOCK-IN AMPLIFIER
	12 cm
	0,78 mV
	11,8 cm
	0,79 mV
	11 cm
	0,924 mV
	10,5 cm
	0,986 mV
	 
	 
	In the detection arm, the laser was first directed to the corner cube fixed at a specific height, where after both incident and reflected beams were at the same height. The corner cube was mounted on a translational stage, which was connected to the APT motor. The time delay between the probe and pump beam was created by moving the corner cube back and forth. This movement of the motor and subsequently the corner cube was controlled with a labview program.  
	 
	The frequency resolution achievable is determined by the total scanning length. The frequency resolution between two consecutive data points in the frequency spectrum  
	 
	is given by  
	 
	                                                       (2.4) 
	 
	where c is the speed of light and l is the total scanning length. Hence the separation in frequency domain with 1024 data points and 20 μm step size is 7.32 GHz. Afterwards the corner cube, a plane mirror was positioned to direct the probe beam onto the ZnTe crystal. Subsequently, a lens was placed in order to focus the probe beam onto the detection crystal. The focal length of the lens used was 30 cm but despite this its optimum position was 31 cm.  
	 
	The incident terahertz beam induces a birefringence in ZnTe crystal causing a phase modulation in the propagating probe beam. To obtain more efficient electro-optic signal phase mismatch between probe and terahertz beam is an important parameter. In our system the phase mismatch was minimized by copropagating the terahertz and probe beams inside the detection crystal.  
	 
	Finally, detection part of the spectrometer was constructed. Behind the ZnTe crystal quarter wave plate, Wollaston prism and photodetector was successively placed. In order to obtain the electro-optic signal terahertz pulse and probe pulse must be both temporally and spatially coincident at the electro-optic crystal. In addition, orientation of the crystal is influential on the detected signal. In order to obtain maximum electro-optic signal, angle between the polarization directions of the terahertz and probe beam must be either 0º or 90º [61]. In this respect optimum angle  
	providing maximum signal was found by rotating the ZnTe crystal. In addition to the detection crystal, orientation of the quarter wave plate and Wollaston prism is also important. The Wollaston prism separates the probe beam into two orthogonolized  
	linearly polarized light beams diverging from each other at an angle. In order to detect the electro-optic signal, a balanced photodetector was used to sense the intensity difference between these two beams. By rotating the Wollaston prism the two-separated light beams were made to fall on the two sensors of the photodetector.  
	   
	Finally the photodetector was connected to lock-in amplifier to measure a signal that is proportional to the terahertz electric field. In this system, to obtain the reference signal necessary to make a measurement using the lock-in amplifier, we used a function generator that gave a square wave at 2.5 kHz.  
	 
	 
	2.4 SAMPLE MEASUREMENTS 
	 
	Terahertz time domain spectroscopy is capable of unique spectroscopic measurements in the terahertz region. Hence it is a powerful tool for measurements at terahertz frequencies. In terahertz time domain spectroscopy, the measurements are based on the change of terahertz electric field between terahertz electric fields propagating through a sample and free space.  As its name indicates data acquisition in terahertz time domain spectroscopy is made in time domain by recording the temporal shape of electric field strength of the terahertz pulse.  
	 
	Since the measurement is based on a change in the obtained data with and without the sample, the measurement must be made for each case. The pulse propagating through the sample is called sample pulse whereas the pulse propagating through free space is called reference pulse. In this section some examples of this measurement are given. A typical measurement for terahertz pulse propagating through free space is demonstrated in figure 2.5. 
	 
	 
	 
	  
	Figure 2.5: Terahertz waveform measured in free space 
	 
	 
	In time-domain terahertz spectroscopy, the measurements are made in the time domain. However, it is possible to obtain spectral components of both reference and sample pulses by applying Fourier transform to each measurement. In addition to spectral components phase information is also obtained from Fourier transformed data of the pulses. The complex electric field of terahertz pulse obtained through Fourier transform is given by 
	 
	                                        (2.4) 
	 
	where E(z, ω) is the complex electric field amplitude in frequency domain and E(z,t) is the experimentally measured electric field in time domain. In figure 2.6 Fourier transform of the terahertz pulse measured in time domain is illustrated.  
	 
	  
	 
	Figure 2.6: Amplitude of complex electric field of the terahertz pulse 
	 
	 
	As an example of measurement with terahertz time domain spectroscopy measurement of  GaSe having 430 μm thickness and reference pulse is given in figure 2.7. In this figure the bigger main pulse is the reference terahertz pulse while that of the smaller is the sample pulse. Some distortions are present in both terahertz waveforms such as the minor pulses existing before and after the terahertz pulses. The prepulse infront of the main terahertz pulse is due to the gate reflection. On the other hand the small pulse following the main pulse is result of reflected terahertz pulse at the crystal-air interface. Because of this reflection, terahertz pulse is sampled for second time and this small pulse is observed.  Several things can be observed by analyzing these terahertz waveforms. Firstly, sample pulse is weaker than the reference pulse. This indicates that only part of the incoming pulse is transmitted through the sample while the rest is either absorbed, reflected or scattered. Secondly, the sample pulse propagates later than the reference pulse. This is the result of the refractive index of the sample since it takes more time to  
	propagate through a medium compared to free space. In addition it shows the phase difference sensed by the terahertz pulse, which is a significant property of terahertz time domain spectroscopy.    
	 
	  
	Figure 2.7: Mesurement of free space and GaSe crystal in time domain. 
	 
	 
	In order to extract properties of the material under study, Fourier transform must be applied to the data sets of both reference and sample pulses. The Fourier transformed  
	data sets not only give amplitude but also phase of the complex electric field of the terahertz electric field. The Fourier transformed measurement of reference and sample pulse propagating through GaSe is shown in figure 2.8. In figure 2.8 only the amplitude of the spectral component is shown but phase information is calculated in Fourier transformation. According to the figure, amplitude spectrum of the sample pulse is weaker than the reference pulse similarly in time domain. The main reason for this is reflection and absorption of part of the terahertz pulse as it propagates through the GaSe crystal. 
	 
	 
	  
	Figure 2.8: Spectra of reference and sample pulse. 
	 
	 
	In order to perform these measurements two TPX lenses are placed between the two parabollic mirrors and the sample is put at their focus as shown in figure 2.9. In our system we used TPX lenses having 50 mm diameter and 100 mm focal length. We calculate the radius and the confocal parameter of the focused terahertz beam by TPX lenses at 1 THz to be 0.366 mm and 2.806 mm respectively.     
	Figure 2.9: Illustration of the compact terahertz time domain spectrometer for sample measurement. 
	 
	 
	2.5 EXTRACTION OF SPECTROSCOPIC INFORMATION FROM THE THz-TDS RESULTS 
	 
	In this section, we show how the spectroscopic information from experimental measurement is extracted and resulting information is described. In terahertz time domain spectroscopy refractive index of a material under study can be directly obtained. In fact refractive index consists of two components, which are real and imaginary parts. It can be represented as 
	 
	                                              (2.5) 
	 
	where   is real part and   is imaginary part of the refractive index. The wave vector contains complete information about the terahertz pulse and it is related to the complex refractive index   through the relation 
	 
	                                                    (2.6) 
	 
	where  frequency and c is is speed of light. The complex refractive index is also related to the permittivity through the relation  
	 
	                                                   (2.7) 
	 
	where   is the permittivity. Furthermore, the imaginary part of the refractive index is related to the absorption coefficient by the equation 
	 
	                                                 (2.8) 
	 
	 
	 
	where   is the absorption coefficient. 
	 
	 In other types of spectroscopy, only intensity is measured but in terahertz time domain spectroscopy electric field is measured instead of intensity. Therefore it allows determination of not only the amplitude of electric field but also its phase information. The measurement is performed in time domain but it can be converted into frequency domain by Fourier transform. Hence the amplitude and phase information is obtained from the Fourier transform of the sample and reference pulse measurements.  Electric field obtained from Fourier transform of the data is denoted as 
	 
	                                             (2.9) 
	 
	where   is electric field vector,   is amplitude and   is phase of the electric field. The power or magnitude of electric field and phase information of the Fourier transformed measured data is used for obtaining the real part of the refractive index and absorption coefficient of the material under study. The phase information is required for extracting the real part of the refractive index that is given by the formula 
	 
	                                         (2.10) 
	 
	where l,  ,   and   are the length of the sample, wave vector of the terahertz pulse, phase of the sample pulse and phase of the reference pulse respectively. This formula is valid for measurements performed in vacuum. However if the measurement is performed in air, its refractive index must be added to the calculated refractive index. In this case the refractive index formula (2.10) becomes  
	 
	                                        (2.11) 
	 
	The imaginary part of the refractive index is obtained by using the ratios of the magnitudes of the electric fields of sample and reference pulse that is given by the relation 
	 
	                                             (2.12) 
	 
	The imaginary part of the refractive index is related to the extinction coefficient. Therefore it is related to the absorbance through the formula (2.8). Hence the formula of absorption coefficient can be expressed more clearly as 
	 
	                                        (2.13) 
	 
	In these calculations any reflection or scattering at the sample interface that cause significant signal loss are not taken into account.  
	 
	The refractive index and absorption coefficient of GaSe crystal in the frequency range 0.16 THz to 0.703 THZ are shown in figures 2.10 and 2.11 respectively. In the absorption graph, fringes are present due to the interference of the terahertz waves since in this range terahertz waves are much more longer than the thickness of the GaSe crystal.  
	 
	 
	 
	  
	Figure 2.10: Refractive index of GaSe crystal at terahertz frequencies 
	  
	Figure 2.11: Absorption coefficient of GaSe crystal at terahertz frequencies 
	 
	 
	CHAPTER 3 
	 
	 
	POWER CHARACTERIZATION USING ELECTRO-OPTIC DETECTION 
	 
	 
	 
	3.1 INTRODUCTION 
	 
	It is possible to measure the power of terahertz radiation using bolometer. Its working principle is based on thermal detection of energy. Due to this reason bolometers are strongly affected by background thermal radiation unless they are cooled. To attain good detection sensitivity they need to be cooled with helium, which makes them bulky and expensive. Therefore they are not practical for terahertz power measurements. The other alternative is to simulate the power of the generated terahertz radiation. But when the THz pulse is generated with a photoconductive antenna it is difficult to exactly simulate the received power at the detector due to the efficiency of the transmitter and the THz collection optics. In this respect, it is necessary to introduce a new measurement technique of terahertz power by analyzing the received signal at the detector.  
	 
	In this work, detection method used was electro-optic detection which is one of the basic and very popular detection methods for terahertz detection. Clearly there is a need for detailed information about this technique. Basic theory of electro optic detection was given in chapter one. In this chapter characterization of the detected  
	terahertz power using electro-optic detection is discussed.  
	 
	In figure 3.1 terahertz waveform detected by using electro-optic detection is given. Distortions present in the waveform such as the minor pulses existing before and after the terahertz pulses and small oscillations following the main pulse  have different origins. The prepulse infront of the main terahertz pulse is due to the gate reflection. On the other hand the small pulse following the main pulse is result of reflected terahertz pulse at the crystal-air interface interface. In fact because of this reflection, terahertz pulse is sampled for second time and this small pulse appears. In addition to the prepulse and the reflected pulse, there is also another distotion present in the measured terahertz waveform. It is clearly observed that some oscillations are present just behind the terahertz pulse. These oscillations are attributed  to water vapour in air [62]. However, it is possible to avoid these oscillations by pumping nitrogen gas into the system.  
	  
	Figure 3.1: Terahertz waveform detected using electro-optic detection 
	 
	 
	3.2 POWER CHARACTERIZATION  
	 
	In this section detected power of terahertz radiation using electro-optic detection is determined.  However in calculations, power characterization is done at peak THz field. Therefore the power characterized is the peak power of the terahertz field. In order to find the average power further calculations are necessary.   
	 
	Power characterization is given in three subsections. In the first part the birefringence induced in detection crystal by terahertz beam and the phase retardation experienced by probe beam are calculated. In the second part the measured electro-optic signal is analyzed. Finally, the two previous characterizations are combined to obtain a compact formula for the detected terahertz power.   
	 
	 
	3.2.1 CALCULATION OF BIREFRINGENCE DUE TO THz ELECTRIC FIELD 
	 
	ZnTe crystal used for electro-optic detection is cubic and isotropic crsytal that is to say refractive index of crystal in all directions are equal to each other, with   symmetry group. In the presence of terahertz electric field birefringence is introduced in the crsytal and as a result of this refractive indices in different directions are no longer equal to each other. Hence the new equation for index ellipsoid following the procedures of [59],  
	 
	  (3.1) 
	In the absence of electric field, cross terms vanish and the equation reduces to the index of ellipsoid for an isotropic crystal, 
	 
	                                               (3.2) 
	 
	Change in refractive index in different directions of crystal due to applied terahertz electric field is related to both the electro-optic tensor and terahertz electric field in corresponding directions. The change is defined by 
	 
	                                           (3.3) 
	 
	where   is electro-optic tensor.  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	The matrix form of equation (3.3) is expressed by, 
	 
	                    (3.4) 
	 
	The form of electro-optic tensor depends on the internal symmetry of the material. For ZnTe crystal electro-optic tensors except three terms are zero and these three tensors are equal to each other. That is  
	 
	     (3.5) 
	 
	Then the equation for index ellipsoid for ZnTe crystal becomes 
	 
	        (3.6) 
	 
	 
	In the absence of electric field (x, y, z) were the principal axes of crystal. However in the presence of terahertz electric field cross terms are present. In order to get rid of the cross terms in the equation (3.6) coordinate transformation is done and subsequently new axes are introduced as principal axes. But these axes are no longer coincident with the original principal axes. If the direction of applied electric field is chosen to be z-direction, the equation (3.6) becomes 
	 
	                                                                            (3.7) 
	 
	However there is still a cross term in the equation. In order to get rid of the cross term this equation must be put in the form of equation (3.8), which is equation of index ellipsoid for isotropic crystal such that 
	 
	                      (3.8) 
	 
	The necessary coordinate transformation is achieved if the original coordinate system is rotated by 45º around z-axis. Another way is to diagonalize the matrix by finding the corresponding eigenvalues. With using the former way the equation (3.7) is transformed in to equation (3.8). The rotation of the axes and new coordinate system is shown in figure 3.2. 
	 
	 
	 
	  
	          
	Figure 3.2: Transformation of axes 
	 
	 
	The transformation matrix is given by 
	 
	                                              (3.9) 
	 
	Old axes in terms of transformed coordinates are expressed as 
	 
	                                         (3.10) 
	 
	                                                       (3.11) 
	 
	                                                         (3.12) 
	 
	By using these equations new coordinates are obtained as 
	 
	                                                   (3.13) 
	 
	                                                    (3.14) 
	 
	                                                          (3.15) 
	    
	So the equation (3.7) is put in the form 
	 
	          (3.16) 
	 
	By collecting the  ,   and   terms the equation becomes 
	 
	                               (3.17) 
	 
	where                                    (3.18) 
	 
	and                                                                          (3.19) 
	 
	 
	By using the approximation  , the term   is treated as perturbation in equation (3.17). After taking the derivative of term  , it becomes 
	 
	                                                     (3.20) 
	 
	 
	 
	This gives   as  
	 
	                                                   (3.21) 
	 
	As a result of this approximation refractive indices along the new axes become 
	 
	                                              (3.22) 
	 
	                                                                (3.23) 
	 
	                                                             (3.24) 
	 
	The refractive indices in old x-y and z-directions are equal to ordinary refractive index   and extraordinary refractive index  respectively. Consequently, refractive indices in new principal axis directions are given as 
	 
	                                          (3.25) 
	 
	                                          (3.26) 
	 
	                                                         (3.27) 
	 
	 
	 
	 
	 
	Since the birefringence is defined as the refractive index difference in x and y directions, it is given by, 
	 
	                                          (3.28) 
	 
	Due to the birefringence, optical pulse propagating through ZnTe crystal is subjected to phase retardation. Its x and y components will propagate with different velocities inside the crystal. The phase difference between these two components is expressed as 
	                                              (3.29) 
	 
	where   is phase retardation and  is the crystal thickness. After substituting the birefringence into the formula (3.29) phase retardation becomes 
	 
	                                               (3.30) 
	 
	 
	 
	3.2.2 CALCULATION OF SIGNAL 
	 
	In this section, calculation for electro-optic signal is given. In these calculations, refractive indices and induced polarization directions of probe beam are assumed to be known as in [89]. In electro-optic detection setup probe beam first propagates through ZnTe crystal, and then it propagates through quarter wave plate and Wollaston prism as shown in figure 3.3. 
	 
	 
	 
	 
	 
	  
	 
	Figure 3.3: Electro-optic detection setup 
	 
	 
	As the probe beam propagates through the ZnTe crystal its two modes experience a phase difference due to the induced birefringence from the terahertz beam. Because of this phase difference previously linearly polarized probe beam becomes elliptically polarized. The ZnTe crystal is followed by quarter wave plate and Wollaston prism. In consequence the initial polarization directions of the two modes of the probe beam change as the probe beam propagates through these three optical elements. The relative orientation of initial and final polarization directions of two modes of probe beam after the quarter wave plate and Wollaston prism are illustrated in figure 3.4. 
	 
	  
	 
	Figure 3.4: The relative orientation of initial polarization direction of probe beam, two modes in the crystal and quarter wave plate.  
	 
	 
	 
	In this geometry,  
	  is unit vector corresponding to the initial polarization direction of probe      beam, 
	  and   are unit vectors corresponding to polarization directions of the probe beam propagating through the crystal,   
	  and   are unit vectors corresponding to polarization directions of the probe beam propagating through the quarter wave plate,  
	 and   are the s-polarized and p-polarized components of the probe beam that the Wollaston prism splits   
	 
	 
	The unit vector indicating the initial polarization direction of probe beam can be expressed in terms of directions of two propagation modes in ZnTe crystal that is given by, 
	 
	                                    (3.31) 
	 
	 After propagating through the crystal, each propagation mode will experience a phase difference proportional to the corresponding refractive index of each mode. So after the crystal the initial unit vector of the probe beam becomes 
	 
	                             (3.32) 
	 
	where  
	  is unit vector showing the polarization direction of probe beam after the                   crystal,  
	 is the frequency of probe beam, 
	  is the crystal thickness, 
	   and   are the refractive indices of two propagation modes of the crystal, 
	  is the speed of light. 
	 
	  
	 
	By using the geometry shown in figure 3.4 the dot product terms in equation (3.32) are equal to 
	 
	                                                           (3.33) 
	 
	                                             (3.34) 
	 
	After substituting these into the formula (3.32) the unit vector indicating polarization direction of probe beam becomes, 
	 
	    (3.35) 
	 
	By using approximation  , I get  . Hence the equation can be approximated as 
	 
	                          (3.36) 
	 
	The equation is put in more simple form by letting  . Then  
	 
	                              (3.37) 
	 
	The same procedure is followed to consider the effect of the quarter wave plate on the polarization of the probe beam. After the probe beam passes through quarter wave plate, two propagating modes will experience 90º phase difference. The polarization of probe beam can be decomposed into two propagation modes of the quarter wave plate by introducing the complex phase factor as 
	 
	                                        (3.38) 
	 
	 
	 
	The imaginary term i is added to the formula to account for the 90º phase retardation. After evaluating the dot product terms equation becomes, 
	 
	  
	         (3.39) 
	 
	 
	After collecting the common terms the equation simplifies to the following form, 
	 
	    (3.40) 
	 
	Finally the same method is applied for the Wollaston prism. The last polarization direction of probe beam can be written in terms of directions the two propagation modes in Wollaston prism in a similar way as  
	 
	                               (3.41) 
	 
	In Wollaston prism, probe beam is splitted into two linearly and orthogonally polarized beams. In consequence, the two components in equation (3.37) are treated separately. After the measurement of electro-optic signal is performed by measuring the intensity difference of these two beams. Since the two components of the previous equation can be calculated individually, the intensity of the each separated beam falling on the photodetector can be calculated. The total intensity of the beams are denoted as  
	 
	                                                (3.42) 
	Continuing with this equation intensities of the two out coming beams are expressed as  
	 
	                                                    (3.43) 
	 
	                                                                          (3.44) 
	 
	Intensity of the first term is calculated as 
	 
	        (3.45) 
	 
	After expanding and simplifying the equation it becomes 
	 
	                  (3.46) 
	 
	Similarly intensity of the second beam is given by, 
	 
	                 (3.47) 
	 
	Hence the intensity difference between two beam are calculated as 
	 
	                (3.48) 
	 
	According to this equation effect of the orientation of the Wollaston prism is given by the terms   and  . This indicates that rotating the Wollaston prism  
	until the   term becomes zero can maximize the electro-optic signal detection sensitivity. In this case, the angle between the initial polarization direction of probe beam and quarter wave plate becomes irrelevant. This obliviously shows that if the orientation of the Wollaston prism with respect to quarter wave plate is right, then the orientation of both quarter wave plate and Wollaston prism with respect to the initial probe polarization is right too.  
	 
	Moreover, maximizing the detection sensitivity also maximizes the obtained electro-optic signal. Therefore after maximizing the signal the intensity difference becomes 
	 
	                                                   (3.49) 
	 
	The intensities of each beam can be individually measured to find out both their sum and difference. In fact, what is measured in electro-optic detection is  
	 
	                                                      (3.50) 
	 
	This expression points that changing the orientation of detection crystal enables further maximization of the electro-optic signal. Rotation of ZnTe crystal is performed in such a way that the term  is equal to its maximum value one. In case the electro-optic detection setup is aligned to have most efficient configuration, the signal obtained is maximum. Then the expression for the measured signal is  
	 
	                                                    (3.51) 
	 
	In consequence, the detected signal is linearly proportional to the refractive index difference in two propagation modes of the detection crystal and subsequently terahertz electric field. In addition polarization direction of probe beam is also an important parameter for the detected electro-optic signal. If the polarization direction of the probe beam is parallel to the polarization direction of any modes of the detection crystal, the obtained electro-optic signal is zero. On the contrary, if they are  
	perpendicular to each other the obtained signal is the topmost.  
	 
	 
	3.2.3 CALCULATION OF DETECTED POWER 
	 
	In two previous subsections electro-optic signal and terahertz induced birefringence were calculated. To calculate the detected terahertz power they will be combined to have a simple expression. By substituting the calculated birefringence into the  
	electro-optic signal formula the following expression is obtained: 
	 
	                                          (3.52) 
	 
	In this formula electro-optic signal is expressed as ratio of intensity difference and total intensity. However it can also be expressed in terms of power of each probe beam. Then the equation becomes 
	 
	                                      (3.53) 
	 
	Considering the formula above electric field of terahertz beam is obtained in straightforward way. For our system other parameters are as follows:   
	 
	  m/V 
	  (for λ=800 nm) 
	 nm 
	  mm 
	  C2/Nm2 
	 
	Signal measured =   
	Terahertz pulse width = 1.46667 ps 
	Radius of terahertz beam = 0.346 mm 
	Repetition rate of laser = 70 MHz  
	 
	The signal was obtained by measuring the intensity of each optic beam with using an optical power meter. After substituting these values in formula (3.49), it gives terahertz electric field as 44 V/cm. Since power is given as intensity times area in order to find out the power of terahertz beam its intensity must be known. Since its electric field is determined, intensity of terahertz beam is found through the following relation: 
	 
	                                                   (3.54) 
	 
	Putting the corresponding values into the formula above terahertz intensity is found and then multiplied by the area of terahertz beam. In these calculations radius of the terahertz beam was obtained by calculating its waist size at the detection crystal. Firstly, the exit diameter of the terahertz beam by the parabolic mirror is calculated with using the following formula, 
	 
	                               (3.55) 
	 
	In this formula focal length and entrance diameter of the terahertz beam was the focal length and diameter of the parabolic mirror. On the other hand, the wavelength was the wavelength of the terahertz beam at 1 THz, which is 300 μm. Since half of the exit diameter of the THz beam after the parabolic mirror is equal to its waist size, radius of THz beam on the detection crystal was calculated as 0.346 mm. Next area of the terahertz beam was calculated and multiplied by its intensity to obtain its power.  As a result of this calculation gives peak power of terahertz beam was  
	calculated as 27.66 mW. The peak power is converted to average power by multiplying it with repetition rate of laser and pulse width of terahertz pulse. As a result of this multiplication average power was found to be 2.84 μW.  
	 
	In previous works terahertz power was either measured using a bolometer or calculated using the obtained signal. For measurements with bolometer power of terahertz radiated from photoconductive antennas was found to be at the order of microwatts [90].  Furthermore, in another work terahertz power measured with using electro-optic signal was few microwatts [63, 91]. According to the calculations in this thesis the detected average terahertz power was also at the order of microwatts. This obviously shows that the characterized detected power is consistent with previous literature measurements. 
	 
	 
	3.3 INFLUENCE OF THE SPOT SIZE OF THE PROBE BEAM ON THE DETECTED THz POWER 
	 
	In this section effect of spot size of probe beam on the detected terahertz power was analyzed. To explore this effect detected THz power for different probe beam spot sizes were compared. The spot size of the probe beam was changed with replacing the lens used in the system with lenses having different focal lengths. Moreover, in order to study further the relationship between detected terahertz power and spot size of the probe beam, effect of confocal parameters of probe beam on terahertz intensity profile was theoritically analyzed. The experimental and theoretical analysis are given in two subsections. 
	 
	 
	3.3.1 EXPERIMENTAL RESULTS 
	 
	Power measurements were performed with lenses of focal length 20, 30 and 40 cm that is shown in the setup in figure 3.5. The respective terahertz waveforms in time  
	domain and frequency domain obtained with these lenses are shown in the figures 3.6, 3.7, 3.8, 3.9, 3.10 and 3.11 respectively. In each case similar terahertz waveform and power spectrums were obtained. But on the other hand, a change was observed in the measured signal   for each of the three lenses which are shown in figures 3.12 and 3.13.  Therefore, detected terahertz power in all three cases were different. The average terahertz power calculated with previously described method was 2.84 µW, 1.79 µW and 1.18 µW using lenses having 20 cm, 30 cm and 40 cm focal lengths respectively. The measurements indicate that as the spot size of the probe beam decreases, THz power increases linearly.  
	  
	 
	Figure 3.5: Schematic view of the terahertz time-domin spectrometer 
	  
	Figure 3.6: Terahertz waveform obtained by using a lens having 20 cm focal length. 
	  
	Figure 3.7: Terahertz waveform obtained by using a lens having 30 cm focal length. 
	 
	  
	Figure 3.8: Terahertz waveform obtained by using a lens having 40 cm focal length. 
	 
	  
	Figure 3.9: Magnitude of terahertz electric field obtained by using a lens having 20 cm focal length. 
	  
	Figure 3.10: Magnitude of terahertz electric field obtained by using a lens having 30 cm focal length. 
	  
	Figure 3.11: Magnitude of terahertz electric field obtained by using a lens having 40 cm focal length. 
	 
	  
	Figure 3.12: Terahertz waveform obtained by using lenses having 20 cm, 30 cm and 40 cm focal lengths. 
	  
	Figure 3.13: Magnitude of terahertz electric field obtained by using lenss having 20 cm, 30 cm and 40 cm focal lengths. 
	 
	The relationship between the detected THz power and focal length of the lens used in the system is shown in the figure 3.14. The figure points out that there is a proportional relationship between the detected terahertz power and focal length of the lens used.  
	 
	  
	Figure 3.14: Average terahertz power versus focal length graph. 
	 
	 
	 
	To further explore this effect confocal parameters of the probe beam on terahertz intensity profile were calculated. The beam parameters are listed as 
	 
	ρ: radial distance from the center axis of the beam 
	z: the axial distance from the beam’s narrowest point  
	I: intensity of the beam 
	w(z): width of the beam  
	w0: the waist size 
	z0: Rayleigh range 
	b: confocal parameter or depth of focus 
	 
	 
	din: entrance diameter 
	dout: exit diameter 
	 
	 
	Firstly, the exit diameter of the terahertz beam is calculated with using the following formula, 
	 
	                                           (3.55) 
	 
	Half of the output diameter is gives the waist size of the beam. Next the axial distance from the beam’s narrowest point is found by using the waist size with the following formula, 
	 
	                                                      (3.56) 
	 
	Finally multiplying this formula with two gives the confocal parameter of the beam. These calculations were made for the terahertz beam and all three cases of the probe beam as in the experimental study. Enterance diameter of the probe beam and terahertz beam were 2 mm and 6.34 mm respectively. Confocal parameters of the probe beam were calculated three times for different focal length values of the lens used in the system and resulting parameters were found to be 18.70 mm, 42.08 mm and 74.82 mm for lenses having focal lengths 20 cm, 30 cm and 40 cm respectively. In addition, depth of focus of terahertz beam was obtained as 2.5 mm at the exit of the parabolic mirror. This suggests that the focusing effects are purely due to the size of the spot rather than the divergence of the beam through the crystal since the  
	crystal thickness was 2 mm, much less than the confocal parameters as calculated for  
	the probe beam using the respective lenses. When the depth of focus values of probe  
	beam are individually compared with that of the terahertz beam considering respective terahertz power, it is obivious that as the spot size of the probe beam  
	 
	approaches that of the terahertz beam, detected terahertz power increases linearly.  
	 
	 
	3.3.2 THEORETICAL ANALYSIS 
	 
	In this section effect of confocal parameters of the probe beam on the intensity profile of the terahertz beam was theoretically analyzed. In order to construct the intensity profile of the terahertz beam, we calculated the fraction of the intensities I/I0 that occurs at z = 0 or z/z0 = 0. It is calculated by the following formula, 
	  
	                                              (3.57) 
	 
	Consequently, obtained values of the fractional of power terahertz beam for the parabolic mirror with 11.68 cm focal length are 0.135 while for probe beam with lenses having 20 cm, 30cm, 40 cm focal lengths are 0.961, 0.914 and 0.853 respectively. By using the fractional intensity of the terahertz beam and assuming a gaussian beam profile, intensity profile for the terahertz beam was plotted in figure 3.13.  Then the fractional intensities of the probe beam were localized on this intensity profile. It is observed that they were localized in the linear part of the intensity profile of the terahertz beam that is shown in figure 3.14. This indicates that as the fractional intensity of the probe beam increases, intensity of the terahertz beam increases proportionally. The spot size of the probe beam is inversely proportional to its fractional intensity and spot size diameters are 97.6 μm, 146.4 μm and 195.2 μm for the fractional intensities of 0.961, 0.914 and 0.853 respectively. Therefore we  
	inferred that there is inversely proportional relationship between the spot size of the probe beam and intensity of the terahertz beam. Since intensity of the probe beam is directly related to its power, we concluded that as the spot size of the probe beam decreases power of the terahertz beam increases proportionally.  Considering the experimental and theoretical results, we concluded that there is a proportional relationship between the spot size of the probe beam and the detected terahertz power.  
	  
	Figure 3.15: Intensity profile of terahertz. 
	 
	  
	Figure 3.16: Fraction of intensities on the intensity profile of terahertz beam versus radial distance. 
	 
	 
	 
	CHAPTER 4 
	 
	 
	CONCLUSION 
	 
	 
	 
	The aim of this thesis was to design and construct a compact terahertz time-domain spectrometer. Hence in this work development of compact terahertz time-domain spectrometer was described. Several terahertz generation and detection methods were mentioned in chapter one with emphasis on electro-optic detection method. On the other hand, in chapter two, experimental aspects of the terahertz time-domain spectrometer including design and analysis for GaSe crystal were discussed. In addition, in chapter three characterization of detected terahertz power using electro-optic detection method was covered. As a result, a simple equation for the detected terahertz power was derived. We found that the measured THz average power was on the order of microwatts (~2.84W) when photoconductive antennas were used for generation, which is consistent with previous literature measurements [63, 90-91]. Furthermore, influence of the spot size of the probe beam on the detected terahertz power was investigated by analyzing and comparing the terahertz power detected by electro-optic detection method with different focal spot size diameter of probe beam obtained by using different focal length focusing lenses. We observed that the detected THz power for the following lens focal lengths, 20 cm, 30cm, and 40 cm was   2.84 μW, 1.79 μW and 1.18 μW respectively. Our results suggest that the power detected by electro-optic detection method is enhanced for smaller spot size diameters of the probe beam, agreeing with out theoretical model which suggests that the peak THz power is at the center of the focused spot. As a result, we concluded  
	that there is a proportional relationship between the detected THz power and confocal spot size of the probe beam.  
	 
	In conclusion, THz time-domain spectrometer based on electro-optic detection was built and an analysis was made with a GaSe crystal sample. In addition, the detected THz power was formulated and how it can be measured in such a system was analyzed. We found that the measured THz average power was on the order of few microwatts when photoconductive antennas were used for terahertz generation. Moreover, it was found that the probe beam should be focused onto the detection crystal to not only a spot size smaller than the THz beam diameter to obtain the highest detected THz power but also as small as possible to increase the detection sensitivity. 
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