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Abstract

This doctoral dissertation focuses on the nonlinear optical response of water vapour as well
as some solids at terahertz (THz) frequencies. In this study, the propagation of broadband
single-cycle THz pulses through a medium with the third-order nonlinear optical response
is theoretically investigated. Also, a technique to measure the nonlinear response of
transparent materials based on the time-domain THz spectroscopy is developed, which
provides frequency dispersion curves of the nonlinear Kerr coefficient (n;).

A numerical model is used to simulate the THz pulse propagation. This model takes
into account non-paraxial effects, self-focusing, and diffraction, as well as dispersion,
in both the linear and nonlinear optical regimes. The contribution of non-instantaneous
Kerr-type nonlinearity to the overall instantaneous and delayed Kerr effect at the THz
frequencies is investigated. It is shown how increasing the nonlinear relaxation time and
its dispersion modifies the THz pulse after the propagation through a transparent medium.
The effect of linear dispersion on self-action during pulse propagation is also discussed.

Moreover, the nonlinear spectroscopy of water vapour at THz frequencies is reported.



ABSTRACT vi

Atmospheric water vapour has a rich spectrum with several strong resonances at frequencies
below 3 THz, falling within the range of operation of most existing THz sources. An
extremely large nonlinear response to THz radiation is observed at the positions of these
resonances. Using the optical Kerr model for the nonlinear response, a minimum nonlinear
refractive index of the order of 10> m?>=W is estimated. The results provide insight into
the energy levels of the water molecule and give a more accurate picture of its response to
electromagnetic radiation, paving the way to more accurate THz spectroscopy, imaging,
and sensing systems, and thereby facilitating future emerging THz technologies.

Finally, the nonlinear response of solids at THz frequencies is studied. It has been
shown that a phonon-induced THz Kerr effect can result in a larger nonlinear refractive
index than the nonlinear refractive index at the visible or near-infrared range (optical
Kerr effect). This pronounced nonlinear optical behavior is verified using a time-domain
characterization approach. The results indicate a large delay occurred to the THz fields as
they transmit through some of the material samples. In the frequency domain, the induced
nonlinear phase shift of the intense THz field is shown to be relatively large of the order
of 0:1 rad. From the phase information, the nonlinear phase is extracted by which the

dispersion profile of n, is obtained.
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1. Introduction

Electromagnetic radiation in the frequency range from around 0.1 to 10 THz is known as
Terahertz (THz) radiation. This frequency range corresponds to the wavelength range from
3000 to 30mm. While THz radiation stands between the visible and near-infrared region
on one side of the electromagnetic spectrum and the Microwave region on the other side, it
exhibits very different properties when it comes to interaction of light with matter. Hence,
THz radiation provides the window to study and control some properties of materials
that are not accessible through other frequency ranges. However, ef cient generation and
detection of THz radiation are exceedingly nontrivial, which makes this eld relatively
unexplored. Reducing the energy of the visible photons generated by electron transitions
in a semiconductor material is inhibited since the energy of the THz photon is less than
the thermal energy at room temperature. On the other hand, increasing the microwave
operating frequency is bounded by the carrier mobility of the oscillating semiconductor [1].
Hence, approaching the THz frequencies from either of these bounding frequency regions
of the visible and microwaves brings unique challenges. There are a few established
techniques to generate THz radiation and to detect it in a coherent process. This enables

THz spectroscopy where the material response to THz radiation is studied by observing
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the changes occurred to amplitude and phase of the transmitted or re ected THz eld.

1.1 THz Time-Domain Spectroscopy

THz time-domain spectroscopy (THz-TDS) is a powerful technique for characterizing
the response of materials to the THz electric eld. It plays an important role in the
elds of material science [2], chemistry [3], medicine [4] and engineering [5]. In the
eld of material science, it can be used to measure the charge carriers which leads to
the measurement of conductivity [6], topological insulators [7], superconductors [8] and
phase transitions in these materials [9]. Moreover, THz-TDS provides an effective tool
to study two-dimensional materials such as Graphene [10]. In the eld of chemistry,
THz-TDS is commonly used to study the molecular structure of the materials as well
as their inter-molecular motions [3]. To this end, it is mainly the spectral features in
the spectroscopy measurement data that help to unlock this information. For instance,
to observe distinct spectral features in the absorption spectra of a substance at the THz
frequencies, some long-range order is required. Since substances in the condensed phase
are held together by either ionic, covalent or other electrostatic forces, the lower frequency
modes in these materials will be associated with inter-molecular motions. Therefore, if
the material has a crystalline structure, there will be phonon-like intermolecular modes at
discrete frequency bands. On the other hand, for material with an amorphous structure,
there will be a continuum of strongly damped intermolecular vibrational modes. This
information is hard to extract at the higher frequencies where intra-molecular modes, as

well as the electronic transitions, are involved. Also, due to the transparency of the THz
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radiation in most of the clothing and packaging materials, there are several applications of
THz-TDS in the detection of drugs and explosives.

In THz-TDS, an optical pulse is used to directly measure the electric eld of the THz
radiation. A typical THz pulse has sub-picosecond to a few picosecond time duration.
Hence, a fast and sensitive detection technique is employed to capture its eld. In this
technique both the amplitude and the phase of the THz radiation are measured which
provides more information than the conventional Fourier transform spectroscopy where

only the amplitude of radiation is retrieved [11].

1.1.1 THz Generation Techniques

There are four common techniques for generating THz pulses based on ultra-short pulses
from Ti:sapphire lasers or mode-locked ber lasers. The rst technique is based on the
surface eld emission effect where THz pulses can be generated using surface emitters
[12]. In this technique, an ultra-short optical pulse illuminates a semiconductor material. If
the wavelength of the ultra-short pulse is above the energy bandgap of the semiconductor
material, the semiconductor absorbs the incident photons and creates electron-hole pairs
at the surface region. The natural surface bias, also called Fermi level pinning, creates
a band bending that has the effect of accelerating carriers of different signs in different
directions, thereby creating a dipole. A transient photo-current will be generated from
the dipole which is normally perpendicular to the surface. The rise time of this current is
on the order of the laser pulse duration and its fall time is proportional to the transit time
of the free carriers across the depletion zone. The photo-current can normally radiate a

sub-picosecond electromagnetic pulse in the THz frequencies.
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Short-pulse radiation at THz frequencies can also be generated in ambient air [13].
This can be achieved by focusing an intense laser beam into the air and was rst reported
in [14]. Higher intensity laser pulse at the focus creates ionized air (plasma), and the
generation process is attributed to the ponderomotive force inside the plasma. Higher
intensity THz radiation can also be achieved from laser-induced gas-plasma by focusing
both the fundamental laser pulse and its second harmonic [13]. In this case, the THz wave
emission is based on the four-wave mixing nonlinear optical process.

The next coherent radiation source of THz is based on optically pumped photoconduc-
tive antennas (PCA). PCA-based THz sources were rst introduced and developed in [15,
16]. PCA is a DC-biased metal dipole antenna that is patterned on a photoconductive sub-
strate. An optical pulse illuminates the antenna gap and propagates through the substrate.
Once it gets absorbed in the photoconductive material, it produces a transient photocurrent
which drives the dipole antenna and makes it emit a THz transient. The radiated THz
transient has a duration on the order of picosecond depending on the carrier lifetime of
the substrate [1]. However, there are fundamental limitations in the frequency response
of the photoconductive-based techniques, due to their natural time constants for carrier
dynamics.

THz generation based on the optical recti cation as a second-order nonlinear process
[17] is another technique that suggests the potential to generate THz radiation. The
generated THz spectrum in the electro-optic crystal can be wideband, provided that the
optical pump pulse is short enough, on the order of femtoseconds [18—20]. The bandwidth
of the THz radiation in this technique can boost up to 40 THz and depends on the phase

matching of the nonlinear process, phonon absorption of the crystal in THz frequencies,
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the thickness of the crystal and, most importantly, the time duration of the pump laser pulse.
The most common crystal materials to be used in this technique Ht8> oriented GaAs,
ZnTe, GaP, CdTe and InP. Generation of intense THz pulses with amplitudes exceeding
1MV=cm has been reported inNbO3 where its second-order nonlinear coef cient is 2-3
times larger than the nonlinear coef cient of the other commonly used crystals [21, 22].
This maked.iNbO3 a good candidate to use in the THz-TDS to generate intense THz

radiation with reasonably high bandwidth.

1.1.2 THz Detection Techniques

THz detection techniques use an ultra-short femtosecond laser pulse which is several
times shorter than the THz electric eld transient. In principle, the measurement of the
unknown THz transient is performed by convolving it with the known ultra-short pulse in a
sampling material. This obtains a trace of the time-domain THz electric eld. Similar to the
generation techniques, the detection is based on photoconductive sampling or electro-optic
sampling [23, 24].

In the photoconductive sampling, a similar PCA to the generation antenna is used
at the receiver. The generation and detection scheme is shown in Fig. 1.1. For the
detection, there is no external DC bias. Instead, the THz beam focuses on the gap region
of the PCA receiver, where it induces a transient bias voltage across the gap. At the
same time, an ultra-short optical probe pulse copropagates with the THz beam into the
photoconductive substrate where it generates photocarriers. The probe beam propagates
through an adjustable optical delay line which allows for sweeping the optical delay line

and convolving the photocarrier impulse signal with the THz eld-induced transient voltage
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Figure 1.1: Collinear experimental setup diagram for THz generation and detection using
PCA. Highly resistive oat-zone (HRFZ) Silicon lens is used as the substrate of the
antenna to focus and/or collect the THz beam. The THz part of the setup is enclosed and
purged with dry nitrogen to prevent unwanted absorption from the water vapour in the
room.

signal. This way, the temporal pro le of the THz pulse can be measured by collecting and
correlating the optical delay position and the induced photocurrent signal [1].

The second method of THz pulse detection is the electro-optic sampling technique
which is based on the electro-optic (Pockels) effect. The material used to implement this
technique can be the same material used for the optical recti cation-based THz generation.
Fig. 1.2 shows a typical collinear THz-TDS experimental setup where ZnTe is used to
generate and detect the THz radiation. Using the quarter-wave plate, one can set the
polarization state of the probe beam at the Wollaston prism to be circular in the absence
of the THz beam. Once the THz beam transmits through the detection crystal, it induces
a slight birefringence in the crystal. This birefringence then converts the purely circular
state of polarization of the optical probe beam at the Wollaston prism into an elliptical

state of polarization. The Wollaston prism then converts this asymmetry in the state of
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Figure 1.2: Collinear experimental setup diagram for THz generation and detection using
ZnTe. Off-axis parabolic mirror is used to focus the THz beam in the detection crystal.
polarization to amplitude modulation. Similar to the Photoconductive based detection, a
temporal pro le of the THz eld is obtained by convolving the probe pulse with the THz
transient inside the crystal.
In this study, we use the electro-optic sampling technique to extract the pockels effect
induced by the THz electric eld on the nonlinear detection crystal. For the generation, we

use the optical recti cation in a LINb&(LN) crystal to generate THz radiation.

1.2 Nonlinear THz-TDS

Thanks to the recent developments in the terahertz (THz) coherent radiation sources, THz
pulses with higher intensities are becoming routinely accessible [25-32]. These sources
have enabled a range of nonlinear THz-TDS techniques where nonlinear light-matter
interactions can be controlled by temporally trapping the generated eld within a single-

cycle pulse, and then by coherently releasing the high peak eld into the matter. The
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broadband coherent spectral content of these pulses is desirable in many imaging and

spectroscopic applications [23, 33].

1.2.1 THz Nonlinear Optics

As the peak electric eld of the THz signal exceeds hundredsvofcm, nonlinear optical
interactions start to appear with the excitation of new fundamental modes such as the
motion of free electrons, rotation of molecules and vibration of crystal lattices, etc. The
dynamics of the nonlinear transport phenomena and nonlinear interaction of excitation
modes can be studied, and the properties of condensed matter or chemical or biological
systems can be controlled using these intense phase-stable transients [34, 35]. The
underlying concept behind the electronic nonlinear effects is the ponderomotive energy.
This energy is de ned as the average kinetic energy of an electron that is trapped in
an oscillating eld. Since ponderomotive energy scales with the inverse square of the
frequency, a THz laser with the same amount of intensity as for a visible laser source can
make around.0* times more ponderomotive energy [36]. In THz frequencies, this energy
can become much more than the bandgap energy of most semiconductor materials which
enables many interesting nonlinear optical phenomena.

Also, in the THz frequencies, due to the longer time scales, it is possible to excite
molecular vibration as the relaxation constant for most of the solids falls within the
picosecond time range. We believe this lattice-based mechanism boosts the nonlinear
interaction which results in a much larger nonlinear Kerr coef cient as compared to the

electronic Kerr coef cient in the visible and near-infrared range.
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1.2.2 THz Kerr effect

The refractive index of the optical materials depends on the intensity of the light used to
measure the refractive index. This results in the well-known self-action effects in the time,
spatial or spectral domain of the light, such as self-phase modulation, self-focusing, or
self-broadening, respectively [17]. Intensity-dependent refractive index can be described
using

n=np+ nyl; (1.1

whereng represents the weak- eld refractive index, and | is the time-averaged intensity
of the optical eld. The parameter,, which is known as the Kerr coef cient describes
the rate at which the refractive index increases with increasing optical intensity. This
quantity is a material characteristic and determines the strength of the third-order nonlinear
response of the material.

The mechanisms behind the nonlinear optical response of a transparent dielectric can
be grouped into two main categories [17, 37, 38]: The mechanisms that work based on a
change in the density of the substances (atoms, molecules, etc.) in the medium, and the
mechanisms that are based on the nonlinear response of each substance. In this study, we
focus on the second mechanism where in contrary to the rst mechanism, itis characterized
by the relaxation times shorter than a nanosecond. Hence, an intense THz pulse with a
pico-second duration should excite a nonlinear polarization that arises from single-particle
sources rather than a nonlinear polarization which roots in cumulative changes in the
material density. Furthermore, this faster nonlinear polarization has different origins

depending on the excitation pulse. In the visible and near-infrared regime of frequencies,
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the dominant mechanism behind the nonlinear response is electronic whereas in the far-
infrared and THz frequency range, it is expected to be mostly vibrational. In other words,

the fast nonlinear response comes in the following form
N2 = N2.et N2 y; (1.2)

whereny. ¢ and ny., are the electronic and vibrational contributions to the nonlinear
refractive index. Moreover, it has been shown that the contribution of the Kerr coef cient

in solids that is associated with anharmonic vibrations of the lattice in the crystalline
materials at the THz frequencies can be up to several orders of magnitude larger than the

Kerr coef cient in the visible and near-infrared regime.(, N ¢) [38].

1.3 Existing Studies on the THz Nonlinear Optical
Interactions

One of the earliest studies on the far-infrared nonlinear interactions was the observation of
the ionization of high-lying Rydberg statesSodium(Na) Rydberg atoms using half-cycle

THz pulses (HCP) [39]. In this study, the authors apply an electric eld parallel to the
surface of a thin GaAs semiconductor wafer. Then, by illuminating one side of the wafer
by 770nm, 100fs laser pulses, they make the semiconductor layer to conduct. Single-
polarity HCPs are generated which are the spatially coherent radiation energy due to the
rapidly accelerating electrons in the photoconductor. In their experiment, ground state Na

atoms are excited to a Rydberg state using two tunable dye lasers, and then they focus
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the generated THz pulses to ionize Rydberg atoms. Finally, a micro-channel plate (MCP)
detector was used to collect the generated ions. They showed that there is a threshold eld
proportional to the binding energies of the Rydberg states at which ionization begins to
appear.

Also, self-phase modulation (SPM) due to the nonlinear response of free electrons to the
intense single-cycle THz pulse was reported at the THz frequencies [40]. In [40] the authors
performed a nonlinear THz-TDS experiment in transmission con guration and reported
on the observation of SPM and saturable absorption in an n-doped bulk semiconductor
GaAs, resulting in 200fs group delay an@2% increase in transmission, respectively.
Other THz-related works probing the nonlinear optical response at this frequency range
have focused on THz-induced carrier multiplication via impact ionization [41-43] and
THz saturable absorption and higher-harmonic generation by hot electrons [44—49]. For
instance, the authors in [44] exposed an n-type bulk GaN semiconductor to high- eld THz
radiation and found coherent emission centered at 2 THz with picosecond decoherence
time. They associated this emission with the impurity transitions in the semiconductor
material. It is worth mentioning that, in contrary to the Drude theory of intra-band
electron response that predicts a decay time @b0fs, they observed a relatively long
decoherence time. However, they justi ed their observations using a quantum mechanical
discrete state model capable of describing the disordered impurity potential responsible for
such behavior. In this context, the emitted THz eld can be realized as a phase-coherent
stimulated emission from impurities having a populated excited state and an unpopulated
ground state (inversion). Also, [45] studied the nonlinear interaction of intense sub-cycle

THz pulses with a doped semiconductor. They employ an inter-digitated large-aperture
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photoconductive antenna (ILAPCA) by which they generate half-cycle THz pulses with
duration up to580fs and the peak frequency arou@ THz. They use these pulses

to perform nonlinear terahertz time-domain spectroscopy on an n-doped semiconductor
Ing:57Gan.43As thin Im by varying the incident peak electric eld and comparing the
time and frequency domain electric eld pro les. They observe a truncation of the half-
cycle THz pulse and emission of high-frequency terahertz photons. They attribute this
observation to the abrupt current drop caused by strong inter-valley scattering effects.
They also use a thin- Im transmission equation to model the sub-cycle nonlinear carrier
dynamics.

Metamaterials have also been employed in [43] to enhance the THz peak elds to
the MV=cm regime where a strong carrier generation across the bandgap of an un-doped
GaAs semiconductor can be obtained. This strongly non-perturbative nonlinear regime
would result in the generation of ultra-broadband near-infrared and visible inter-band
luminescence, and a strong terahertz nonlinearity on the single-cycle time scale.

Another physical process that can contribute to the third-order nonlinear optical in-
teractions in THz frequencies is molecular vibrations. Since the time scale of the THz
pulse is on the order of the relaxation constants of molecular vibrations in most of the
solids, a strong nonlinear polarization can be produced as a result of coherent oscillation
of phonons excited by the THz pulse. Previous theoretical and experimental studies fo-
cusing on the THz frequency range have shown that by operating close to the vibrational
lattice resonance, one can create a non-instantaneous nonlinear contribution to the Kerr
effect in addition to the nearly instantaneous electronic response, which could result in

an enhancement of the overall Kerr effect by several orders of magnitude [25, 38, 50, 51].
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[50] presents a detailed discussion on the infrared dispersion of the third order nonlinear
susceptibility € (') where a mixing of visible light beams in a transparent crystal occurs.
For instance, they studiedt® ( ws;wi;wq; Ws) in a cubic crystal where the frequencies
w1, Wo andws = 2w1 W, are in the transparent region of the crystal and they show a
strong resonant behavior for the cage W> = Wpnonon They justify thec (@ behavior by
considering the contributions from the properly retarded elds, created by distant nonlinear
polarization sources proportional to the lower order nonlinear susceptibifty In a
different work [25], the authors study the polariton generatiohifbO3 (LN) crystal
as a result of the excitation of strong vibrational modes using intense THz pulses. The
idea is that since LN is ferro-electric, and can be switched between two different domain
orientations, it shows signi cant anharmonicity associated with the double-well lattice
potential and the barrier between the wells. They were able to observe nonlinear responses
in THz which are originated from anharmonic lattice response of the LN crystal. They also
look into polariton harmonic generation as well as self phase modulation by comparing
the spectral power of the high intensity and low intensity THz pulses.

In a theoretical effort, [38] proposes a method for calculating the coef cigmif crys-
tals in the THz spectral range. The authors introduce a basic expression for the nonlinear
coef cient n, of a crystal whose structural unit is considered to be a classical anharmonic
oscillator with quadratic and cubic nonlinearities. Then, they can nd the expression for
the vibrational contribution to the coef ciemb in terms of known characteristics of the
crystal by calculating the expressions for the linear refractive index and the coef cient
of thermal expansion of the crystal. In this study, the authors show that for the pulses in

the far infrared range, the dominant mechanism of Kerr nonlinearity is associated with
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anharmonic vibrations of the lattice which can be studied by considering the dynamics of
ions in the lattice resulting from the force induced by the electric eld of the THz pulse.
For the calculations, they consider an electronic response as well as a vibrational response
in the total nonlinear polarization where they relate the vibrational contribution to the
nonlinear refractive index and the thermal expansion coef cient of the crystal. Finally, they
obtain a nonlinear refractive coef cient @b = 4:42 10 16 m2=W for the crystalline

quartz which is around 1000 times higher than the nonlinear refractive index in the visible
range.

The theoretical study reported in [38] leads to a good understanding of the physics of
light-matter interactions at the THz frequencies and brings about potential applications to
the emerging THz technology. However, an experimental work aiming at the measurement
of the nonlinear optical characteristics of different dielectric materials is missing. To the
best of our knowledge, there is no experimental study of the nonlinear optical response
of various materials that yields measured values of the Kerr coef cient as well as its
dispersion behavior at the THz frequencies.

In this thesis, we investigate the nonlinear optical response of various materials by
including various solids and water vapour. We build a THz-TDS experimental setup where
we measure the nonlinear phase-shift acquired by the transmitted THz pulse as it propagates
through the material under study. This way, we nd the value of the Kerr coef cient of the
material as a function of frequency. We also perform numerical modeling to simulate the
propagation of a THz pulse inside a nonlinear optical material and to study its nonlinear
dynamics. In our model, we consider two different relaxation times (fast and slow)

for the nonlinear polarization term by which we determine the contribution of the slow
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nonlinear response in the overall Kerr effect, including both nearly instantaneous and non-
instantaneous processes. Finally, we carry out high-resolution THz-TDS measurements
in water vapour and nd a large nonlinear response at the location of its several sharp
resonances in the THz frequency range from 1 to 1.5 THz. Our results can help the
THz spectroscopy scientists to compensate for the strong nonlinear response of the water
vapour when analyzing their measurement data. Also, this work represents a signi cant
contribution to a better understanding of water vapour molecular structure, as well as their

interactions with THz radiation.

1.4 Thesis Layout

The introductory chapter (Chapter 1) starts with the background of this work along with
motivation and some fundamentals of THz spectroscopy and nonlinear optics. In Chapter 2,
we present the details of our experimental approach to building an intense THz generation
and detection setup. This experimental setup allows for performing our nonlinear THz-TDS
measurements.

Also, since it is still not clear what the share of the delayed response in the strength
of the overall Kerr effect is, we explore the characteristic time scales for different con-
tributions to the overall Kerr effect during the nonlinear optical interactions at the THz
frequencies. We do so, for the rst time, by adopting a model taking into account both
contributions of the Kerr effect corresponding to a nearly instantaneous and retarded
third-order nonlinear responses. This is the topic of Chapter 3. The model that we use

is similar to the conventional model for the Raman effect in silica bers [52]. Since
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lattice-driven nonlinearities are slower than the electronic responses, they are modeled in a
similar manner to the stimulated Raman scattering (SRS) in silica ber where there is a
long interaction length with optical pulses resulting in important changes in the optical
spectrum observed at the ber output.

In Chapter 4, we focus on the nonlinear optical response of water vapour at the THz
frequencies. Unlike solids and liquids, gaseous materials such as water vapour can have
sharp resonances due to the vibrational-rotational transitions in the THz range, and the
nonlinear response of these transitions have not been studied to date. We make an effort
to extend its optical response from linear to the nonlinear regime. We also quantify its
nonlinear response by estimating its nonlinear Kerr coef cient.

Chapter 5 presents the experimental results on the measurement of the nonlinear
refractive indexn, for different solids including crystalline and amorphous crystals. We
show how phonon contribution can affect the measurement results by introducing a time
delay to the propagating THz electric eld.

Finally, Chapter 6 provides a summary and conclusion.
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2. Intense THz Generation

Building a source of intense THz pulse is the rst step toward realizing the nonlinear
optical measurements at THz frequencies. Among the different methods to generate intense
THz pulses, optical recti cation iiNbO3 is one of the most ef cient techniques. This
crystal provides a high effective electro-optic coef cient that leads to a relatively high
near-infrared pump to THz conversion.

This chapter provides the theoretical details and some of the important design consider-
ations to build an intense THz pulse generation and detection setup, followed by discussing
the experimental setup and the initial results. We present the generation part of the setup
in sections 1.1 through 1.3. Section 1.4 focuses on the detection technique used to detect
the THz electric eld transient. Finally, section 1.5 presents the experimental setup and

discusses some of the optimization techniques that we use to fully utilize it.

2.1 THz Generation Using Optical Recti cation

Most THz generation techniques are based on optical recti cation in organic / non-organic

nonlinear crystals, laser-driven ion acceleration, or emission by gas ionization [26—28, 53,
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54]. Different generation techniques based on nonlinear optical processes yield intense,
single-cycle THz pulses with the peak electric elds from a fé=cm up to hundreds of

MV =cm [55, 56]. Optical recti cation of ultra-short optical pulses due to the frequency
difference of different spectral components within the spectrum of the laser pulse will result
in the spectral generation around 1 THz. A review on different material candidates suitable
for optical recti cation is given in [57], where a gure of merit (FOM) is de ned, and
different materials with different gures of merits are compared. We start off by rede ning
the gure of merit using the formula given in [58] for the ef ciency of difference-frequency
generation (DFG) process by long plane-wave pulses in the absence of pump depletion.

This equation,

242 12
2w dggLA|

2 3
%anRnTHZc

sint? [atz (L=4)]

eXp( ATHz L:2) [aTHZ(L:4)]2 ) (21)

hrhz =

can be used to describe the DFG ef ciency under the phase matching condition, and
includes the effect of THz absorption during propagation in the nonlinear crystal. In this
equationw is the angular difference frequency, which is in the THz rahgse,the length

of the nonlinear crystal, is the intensity of the near-infrared (NIR) lighgg is the vacuum
permittivity, andnyr andnry; are the refractive indices at the near-infrared and the THz
frequencies, respectively. Alsayy; is the absorption coef cient at the THz frequencies.
The effective nonlinear coef cient is shown lols. This parameter is proportional to the

electro-optic coef cient of the material (r) and is given by [59]

dett = Ny I=4: (2.2)
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We can re-evaluate the DFG ef cienclifyz) under the two opposite limits of very strong
(athzL 1) and very weakdthz L 1) absorption regimes. This way we get simpler
forms ofhty; based on absorption of the material. In the limit of very weak absorption,

one nds the DFG ef ciency as

2w?d%L21

——= 2.3
eonﬁ”q NrHz C3 23)

hrhz =

On the other handyTty; for the material with strong absorption will have the form:

8w2dZ| _
2 2 '
€ N{ R NTHz a5, C

hTHZ = (24)

Based on the formula derived for the ef ciency of the nonlinear process in the electro-optic
crystal, we are able to de ne a FOM for the two different limits of material absorption.
For the material with negligible absorption, we have

dgrl®

FOMNA = .
nN||:\> NTHZ

(2.5)

We notice that FOM of the weakly absorbing material is directly proportional to the square
of the length of the nonlinear crystal. However, for the absorptive material, it is inversely
proportional to the square of the absorption coef cient. Hence we obtain

4d2,

FOMp= — ot
NNIR NTHz @TH;

(2.6)
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It is worth pointing out that, depending on the relative values of the absorption of the
material and its length, we will decide which FOM to use to evaluate that material.
Table 2.1 compares some of the different parameters involved in the THz generation

process in some nonlinear optical materials.

e aTHz FOM
Material (Pm/V)  Ndogm Mz (€m 1) (pmPen?=Vv?)
CdTe 81.8 - 3.24 4.8 11.0
GaAs 65.6 4,18 3.59 0.5 4.21
GaP 44.8 3.67 3.34 0.2 0.72
ZnTe 68.5 3.13 3.17 1.3 7.27
GaSe 28.0 3.13 3.27 0.5 1.18
SLiNbO3 168 2.25 4.96 17 18.2
sLiNbO3 100K - - - 4.8 48.6

Table 2.1: Optical properties of some nonlinear crystals suitable for optical recti cation.
Data is taken from [57]. THz refractive index and absorption coef cient values are shown
at 1 THz. n3yo,, iS the group index of the material medium at 800nm.

It can be seen from Table 2.1 that stochastic lithium niobsitéNpOs) offers the
highest effective electro-optic coef ciendlds) among the different material candidates.
However, refractive index of this crystal in the near-infrared (NIR) and THz differs the
most, which brings the dif culty of achieving a collinear phase matching. For the most of
other material candidates, the refractive indices at the NIR and THz do not show much
of the difference. This facilitates the phase matching condition of the DFG through a
collinear phase matching process. For instance, although ZnTe has the forth largest FOM,
it is known to be the most commonly used electro-optic crystal for optical recti cation and
electro-optic sampling. The reason is that a collinear scheme can approximately ful Il the
phase matching condition due to the similarity of the refractive index of this material at

NIR and THz that are 3.13 and 3.17, respectively.
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To overcome the phase matching problem withghiNbOs, a non-collinear phase
matching technique is proposed [60]. This technique is called velocity matching by pulse
front tilting, and will be discussed in the next sections. Also, it is a regular practice, to
dope3% MgO into theLiNbO3 crystal to suppress its photorefraction and to increase its
damage threshold (Hence callgldNbOs). This way, it withstands pulses of higher peak
powers and can generate more THz radiation, without being damaged. Material candidates
are not limited to the cases shown in Table 2.1. It has recently been shown that the organic
crystal DAST can also be used to generate and detect THz radiation [61]. This material
can have larger electro-optic coef cient and better FOM thaiNbOs, depending on the
excitation wavelength. But this material has a strong absorpton at 1 THz. Hence, itis a

good material candidate for generation of THz radiation beyond 1.5 THz.

2.2 Phase matching condition

An ef cient nonlinear conversion process requires the phase matching condition to be
ful lled i.e. the generated THz wave should maintain a xed phase relation with respect
to the induced nonlinear polarization. In the case of difference frequency generation for
THz generation, by ful lling the phase matching condition, the generated THz radiation
oscillates in phase with the excitation pulse for up to a certain length in crystal. This
constructive build up of the newly generated THz frequency components guarantees an
ef cient NIR to THz conversion. Phase matching can be implemented collinearly or non-
collinearly. For the case of collinear phase matching, one needs to force the wavevector of

the NIR pump beam to match that of the generated THz beam in the crystal, so that the
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generated THz frequencies sum up coherently, and contribute to the THz spectrum. In

other words,

Dk = kWN|R+WTHz kWNIR kWTHz =0 (2-7)

where k is the wavevector of the corresponding frequency. In order to get the phase
matching condition for the speci ¢ case of THz generatiohilNbO3, we re-write Eq. (2.7)

as follows:

kWN|R+WTHz kWNIR = kWTHz: (2-8)

Dividing the above equation by the THz angular frequeneyz), one gets:

kWN|R+WTHz kWNIR — kWTHz. (2.9)
WTHz WTHz

The left-hand side of this equation is the de nition of the derivative wivgp; is relatively

small. So, we have [19]:

Tkanir - Kwris, .

TWNIR  WTHZ

(2.10)

This equation shows that in order to have a phase-matching condition ful lled, we need to
have the group velocity of the NIR pulse equal to the phase velocity of the THz radiation
inside the crystal. Since the refractive indices of NIR and THz are pretty close in most of
the nonlinear crystals (see Table 2.1), one is able to do collinear phase matching to satisfy
Eqg. (2.7). The assumption behind this condition is thaj; should be arbitrarily small.

In this case, we know that comparingwer, WrHz IS more than two orders of magnitude
smaller. Hence, the assumption is valid. It also explains why this approximation cannot

be made when dealing with most of other cases like sum frequency generation. Anyway,
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for the LINbO3, where the collinear phase matching does not work, one solution is to use
tilted-pulse-front technique [62] in the crystal to phase-match the near-infrared beam and

the THz radiation that takes the form of emission in a Cherenkov cone.

2.3 Tilted-pulse-front technique

In this technique, the intensity fronts of the pump beam are tilted in such a way that they
coincide with the phase fronts of the generated THz beam inside the generation crystal.
Phase matching condition in this case is satis ed by combining Eqg. (2.7) and Eq. (2.10) to

get the following:

TIkVVNIR — .
=0: 2.11
TWnir ( )

Dk = kWTHZ WTHZ

In this equation, if we write the wavevectors in terms of the refractive indices, we will

have
ar
Dk = WTHZn(WTHz) W T R (WNIR)  _
Twnir Co (2.12)
WTHz

N(Wrhz) N9 (wWnir)]:

To get the matched condition, we need to h&ke= 0, which requiresn(wryz) =
n"(wnir), and it is obviously not the case. Here is where tilted-pulse-front technique
comes into play to satisfy the conditi@k = 0 by applying a correction factd=cosg
to the group index of the NIR beam. This way, one is able to ful Il the phase matching

condition by appropriate choice of the angleThus, the modi ed version of Eq. (2.12)
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Figure 2.1: lllustration of velocity matching in LiNbO3 (blue wedge) using
tilted-pulse-front technique. The tilted intensity fronts of the NIR pump beam (dashed
lines) generate the polaritonic THz waves in the crystal (pink waves). In order for the NIR
to THz conversion to work ef ciently, one has to have: nyrC0sg= Nty;.

will be in the form
nI"(WNIR)
cosy

Dk = W;)”Z (W) (2.13)

The procedure for Tilted-pulse-front technique is schematically shown in Fig. 2.1. This
technique is based on Huygens—Fresnel principle [63]. By tilting the intensity front of the
NIR beam, the THz radiation that is excited by this pulse front, propagates perpendicularly
to its front with a velocitynty,. Therefore, it creates an angjdetween the NIR and THz
radiation, and thereby comes the correction factor in the phase matching condition given
by Eqg. (2.13).

The next step in the design procedure is to nd the appropriate angdiae angley

(also de ned in Fig. 2.1) can be found from the equation

1Hz _ 1 N9 (WiR)

g= cos :
NNIR N(WTHz)

(2.14)

Assuming the THz central frequency to be at 1 THz, and the near-infrared pump wavelength
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which is at 790 nm, one can nd the respective refractive index values t8"fley =
790nm) = 2:267andn(w = 2p 1TH2z) = 4:962[64]. Now, we can use Eq. (2.14) to
nd the value of this angleto bg 63 . So, we need to tilt the intensity fronts of the NIR
beam by 63 degrees to ful | the matching condition. Note that the Liplla@dge is also
cut at exactly 63to maximize the NIR to THz conversion ef ciency.

We use two cylindrical lenses and a diffraction grating to introduce the required amount
of tilt to the pump fronts. Fig. 2.2 (a) shows the tilting scheme where the pump beam
rst diffracts from the grating. We calculate the amount of tilt acquired by the pump as
it diffracts from the grating using a simple path (ray) diagram. As shown in Fig. 2.2 (b),
in order not to disturb the phase of the incident beam after diffraction, the diffracted ray
(blue line) travels some integer multiple of wavelengthsfiore than the incident beam
(violet line). We thus have&+ y= ml , where m is the order of diffraction andis the
wavelength of light. This way, although diffracted front is tilted, both the incident and
diffracted fronts are still in-phase. It can also be seen from this gurezbal=g cosqg,
whereg is the groove density of the grating agglis the diffraction angle of the pump

beam. Therefore, the tilt angteis

1gml

= tan .
COSOy

X+
g°= tan ¢ Zy

(2.15)
The anglegPis the tilt angle of the beam right after the grating. We can now nd the
tilt angle of the pump after it transmits through the lenses inside the generation cgystal (

This can be done by introducing the magni cation factor of the lens system and refractive
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Figure 2.2: (a) Pulse-front tilting scheme. The dotted lines on the beams show the
intensity fronts. (b) Ray optics calculation of the tilt. the groove density of the grating is
1800 mm 1. The dimensions shown in this gure are not in scale.

index of the crystal as follows:

ml og

—_— 2.16
ng M1 cosgq (2.16)

g=tan !
Here,hy is the horizontal magni cation factor of the pump pulse front introduced by the
lens system. The wavelendth is the central pump wavelength, angi is the group index
of the crystal at o.

From an experimental point of view, one wants the image of the grating inside the
optical crystal in a way that it coincides with the tilted pulse front at the aggle other
words, maximum THz conversion ef ciency is achieved if the angle of the grating image
inside the crystal is equal to the tilt angle of the pulse front. The image of the grating inside

the generation crystal through a lens pair with the magni caligis described by [65]
q = tan 'nd" hytangg; (2.17)

whereq is angle of the grating inside the crystal. We want this angle to be equal to the tilt
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Figure 2.3. Calculated magni cation factors of the lens pair as a function of diffraction
angle of the grating. The magni cation factor for the tilted pulse front ( h;) is equal to the
magni cation factor for the grating image inside the crystal ( h,) which determines the
diffraction angle. This allows one to determine the angle of the diffraction grating in front
of the pump beam.

angle ¢ = g). By comparing the horizontal magni cationk;(andhy) in both equations

(2.16) and (2.17), and setting them equal to each other, one obtains the diffraction angle of

the beam at the grating. This can be done by plotting both sides of the following equation

ml og _ tang

= X 2.18
tangng cosgq  Ng tangg (2.18)

We let the rst-order diffraction bearmt= 1) enter the generation crystal by spatially
ltering out the higher diffraction orders. We calculate both the magni cation factors as a
function of diffraction angle. A plot of both sides of Eq. (2.18) is shown in Fig. 2.3 where
a grating with a groove density of 18@m 1 is used, followed by a pair of lenses with a
magni cation factor ofh = 0:56. Based on the results shown in Fig. 2.3, the diffraction

angle is found to begy = 55:7 , where the magni cation factor for the tilted pulse front
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(hy) is equal to the magni cation factor for the grating image inside the crybilgt

h; = hy = 0:58. We implement this magni cation factor by choosing two cylindrical lenses
of f1 = 13cm andf; = 7 cm. Also, we can nd the incidence angle using the grating
equation

gi = sin Y(gl  singq): (2.19)

The nal design criterion related to the part of the setup shown in Fig. 2.2 is the location
of the image of the grating inside the LN crystal. We want the grating to be imaged close
to the output face of the generation crystal within the coherence length of the nonlinear
process. Coherence length € 2p=jDKj) is the length in the crystal where the generated
THz frequencies add up coherently and contribute to the THz spectrum. It also provides
an estimation of the radiation frequency range that falls into the phase matching condition,
and thus can be generated ef ciently. It is de ned as [19]
2pco P

Le(WrHz) = h -
ar
WrHz N(Wrhz) ™ éZV%'R)

(2.20)

In order to nd the value of the coherence length in our case, we need to have the value
of the angleg, as well as the refractive index values that we obtained before. Fig. 2.4
shows the coherence length of the nonlinear process iniM@O3 used in our setup as a

function of the generation frequency.
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Figure 2.4: The calculated coherence length of the optical recti cation process in the LN
crystal. Coherence length falls below 1 mm for the frequencies less than 2.3 THz, which
shows that the bandwidth of the process cuts off around this frequency. One needs to get
the image of the grating within 1 mm spacing from the output facet of the crystal to
maximize the generation bandwidth.

2.4 THz Detection using Electro-optic Sampling

In the detection arm, we use (110) ZnTe, which is an electro-optic (EO) crystal with
zincblende structure to detect the THz eld transient. We let both the THz beam and a
near-infrared probe pulse overlap at the focus position into a thin ZnTe. THz detection
based on Electro-optic sampling is schematically shown in Fig. 2.5. In the absence of a
THz electric eld, the quarter-wave plate (QWP) converts the linear polarization of the
probe beam into circular polarization. When the THz beam co-propagates with the probe
beam, its eld modi es the optical refractive index of the probe pulse by the linear EO
(Pockels) effect, thereby inducing an ellipticity to the probe’s polarization. Using a delay

line, we measure this ellipticity as a function of time delay with respect to the THz pulse
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Figure 2.5: THz detection based on EO sampling. The off-axis parabolic mirror (OPM)
has a small hole at its center to allow for the probe beam transmission so that both the
THz and the probe pulses can copropagate inside the detection crystal.

in order to determine the time dependence of the THz eld. A Wollaston prism along with
a pair of balanced photodetectors and a lock-in ampli er allow for a linear detection of the
induced birefringence at the chopping frequency of the probe.

Since in this study we are using ZnTe for detection, we will discuss the angular
dependence of the detected eld in a more detailed way. However, before we move to the

detection, we brie y mention the THz generation mechanism in an EO material. The EO

coef cient g4 Is related to the nonlinear second-order susceptibility coef ctkpby

2

- %
dig= 2p 4 (2.21)

The strength of the EO signal depends on the relative orientation of the crystal and the
electric eld of the THz, as well as the probe beam. This is true for both the generation
and detection of the THz pulse. Itis shown that if ZnTe is used to generate THz eld, the

angular dependence of the generated THz eld is described by [29]

Err = duE2 sif(2q)+ sin'(q) 2: (2.22)
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Figure 2.6: Angle of the THz polarization direction with respect to the z-axis in the (110)
ZnTe geometry. The plane of the page is the (110) plane of the crystal.

In this equationg is the angle between the z-ax[8@]] direction in Fig. 2.6) of the (110)

ZnTe crystal and the polarization direction of the incident pump eld. AEgis the

magnitude of the optical eld vector.

For the detection, we are looking for the dependence of the EO sampling signal on the
anglef . Let us assume thaty andz are the crystallographic axes shown in Fig. 2.6 as
[1;0;0] x,[0;1;0] yand[0;0;1] z respectively. The (110) cut is on the plane of
the page. Alsof is the angle between the THz electric eld ardxis. The birefringence

in the crystal can be described using an index ellipsoid as [66]

2 2 22
! (2.23)
R o n
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When an arbitrary electric el& = ( Ey; Ey; E;) is applied to a zincblende crystal, the
index ellipsoid will be described by [66, 67]

X+ Y2+ 7

2
Mo

+ 2r41(Exyz+ Eyzx+ Ezxy) = 1. (2.24)

Here,r4; is the EO coef cient of the crystal. THz eld is normally incident upon the
(110) EO crystal (see Fig. 2.6). Therefore, different components of its electric eld can be
written as

E= Ern; sinf P 2, sinf P 2;cosf (2.25)
Substituting Eq. (2.25) into Eqg. (2.24), we can write the equation for the index ellipsoid as

2+ y2+ 22 2r41Eqnzsinf 2r 41E1hz Sinf
X y2 L g 5H_ZS| yz 41 5I—|_25| —
o 2 2 (2.26)
2I’41E‘|’Hz cosf Xy = 1

Now, it is more convenient to construct a lab coordina?g,ozo, o] thatxoyO is on the (110)
plane as shown in Fig. 2.6. This new lab coordinate is built by rotating ylzesystem
around thez-axis by45 . The new coordinatreoyozO is related to thexy zsystem using the

rotation matrix as follows:

23 2 | 32 3
X 1= 2 1= 2 X
§y° :g 127 =3 gé: (2.27)
z 0 0 1 z

Using this transformation we can express Eq. (2.26) in thex?g\(/)\zo system. Moreover,
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we can sek = 0, to get the equation for the index ellipsoid on the (110) plqﬁeo()lane)
[66, 67]:

1 s :
? r41Ernzcosf y02+ ?+ 2141 ETHzSinf yOZO: 1 (2.28)
0 0

The ellipse equation on (110) plane provides the two principal indices of refraction of the

ellipse as a function df. The refractive index along th€%xis shown in Fig. 2.6 will be

q

3 -
nara1E
+ O METHZ oo 14 3sirPf (2.29)

Nyoo Mo 4

Also, the refractive index along tr#%xis is [67, 68]

q

3ra1E —
MoTa1BTHz ot 4+ 1+ 3sirPf (2.30)

Noo N+
20 0 4

In the THz EO sampling, the signal level depends on the phase retardation, which itself is
directly proportional tdn= nywo nxpo After substituting the expressions for the refractive

indices along/®%andZ%xis, we have

N3ra1Ethz a

5 1+ 3sirff: (2.31)

Dn=

Knowing the refractive index difference along the principal axes of the index ellipsoid, we
can calculate the amount of phase retardation. Phase retardation is the phase difference
between the two eld polarization componeni8%ndz§ of the probe-laser eld as it
propagates through the detection crystal. The bigger this phase retardation, the more

responsive the EO material is, and the EO signal is stronger. Initially, the probe eld is set
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Figure 2.7: Angular dependence of the EO signal for THz detection.

to be circularly polarized but as it transmits through the detection crystal, its eld becomes

elliptically polarized. The phase retardation is therefore
c=——Dn; (2.32)

whereL is the thickness of the crystal. Combining Egs. (2.31) and (2.32), we can nd the
anglef dependence of the sampling signal intensity, which is proportional to the phase

retardation q

Ethz 1+ 3sirf(f)
IsamplingH 5 : (2.33)

We plot the angular dependence of the EO sighalniing in Fig. 2.7. The optimum
signal intensity is achieved once the angle between the THz polarization and the crystal
z-axisis 90 . Having a strong EO signal is quite important in obtaining measurements
with high signal-to-noise ratio (SNR). This can be achieved in the experiment by adjusting

the angle between the z-axis of the detection crystal mounted on a rotation mount and the
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THz polarization direction, so that the EO signal is optimal as given in Fig. 2.7.

The other important criteria is the electric eld evaluation to convert the voltage values
of the raw data to the actual electric eld values in units of volts per mé&tem). Let's
assume the EO signal is optimized by setting 90 . In this case, the phase retardation
is

2pL
c= llng r41E1Hz: (2.34)

The peak of the electric eld at the detection crystaty;) is calculated by relating the

modulation of the balanced photodetectors (Fig. 2.5) to the phase retardation as [29]

=C= l—n8r41ETHz: (2.35)

In our experimentng = 2:85is the refractive index of ZnTe &t = 800nm. Thickness

of the crystal id. = 200mm and the modulation of the balanced photodetectofa is
B)=(A+ B) = 0:65. Assuming the electro-optical coef cient of ZnTerig, = 4:04 pmeV
[29], we estimate the peak of the THz electric eld in our setufis; = 44:2 kV=cm.
Also, there is around5% Fresnel re ection losses. We account for it to validate our

estimation of the peak electric eld to be around 504cvh.

2.5 Experimental setup

A schematic view of the experimental setup is given in Fig. 2.8. The optical pump is a
mode-locked Ti:sapph laser with a repetition rate of 1 kHz. The laser delivers 1.2 W of

average power and has 800 nm pulses with 45 fs duration. In the probe arm, 5 percent of
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Figure 2.8: THz generation and detection setup scheme. A half-wave plate (HWP) and a
polarizing beam splitter (PBS) are used at the beginning of the setup to split the pump
and probe beams. Also, two cylindrical lenses (CLSs) are used to image the grating inside
the generation crystal. The dashed line around the THz part of the setup shows the N,
enclosure. A pair of free-standing wire-grid polarizers are used to control the intensity of
the THz beam at the location of the sample under test.

the input power is split using a polarizing beam splitter (PBS) to co-propagate with the
THz pulse in time and space inside the detection crystal (ZnTe). The polarization of the
pump laser in the generation crysthiNbO3) will be vertical. However, we convert the
polarization state of the pump to horizontal using the PBS to maximize the diffraction
ef ciency of the grating, and later on we convert it back to vertical using a half-wave plate
(HWP) right before the generation crystal. We performed a knife edge test and found the
FWHM of the beam to be 5 mm. The beam size is then used to nd the appropriate size
of the generation crystal which is found after considering the size of the pump beam and

the required magni cation of the tilted-pulse-front technique. A chopper is positioned in



CHAPTER 2. INTENSE THz GENERATION 37

front of the pump beam to allow for modulation of the THz beam and to create a good
reference signal for the Lockin ampli er. The chopping frequency is set to one-quarter of
the laser repetition rate (250 Hz). This chopping frequency is the same as measuring every
four pulse of the laser. This narrower bandwidth of the signal provides a better SNR by
removing the noise that arises after the chopped signal. We also took a triggering signal
from the laser and used it as the chopper reference signal. This is done to compensate
for the timing jitter of the mode-locked laser, resulting in a higher SNR output data. To
describe the performance of a particular TDS system, THz researchers report on the SNR
and dynamic range (DR), and they are often being used interchangeably. The SNR is given
by the ratio of the mean peak of the signal to its standard deviation, while the DR is the
ratio of the mean peak of the THz signal to the standard deviation of the noise [69]. We
estimate the DR of the THz electric eld data in our setup to be of the orderdf 10

To further improve the setup, we tweak the chirp parameter of the pump to gain higher
THz intensity. THz generation happens through a nonlinear optical process and it is more
ef cient for shorter pulses. On the other hand, the pump pulse travels for some distance and
transmits through a few dispersive optics. To compensate for the group velocity dispersion
(GVD) broadening of the pulse, we initially chirp the pulse (negatively) so that it narrows
down until it reaches the generation crystal. The ef ciency of the THz generation is shown
in Fig. 2.9 where maximum THz radiation is achieved once the pump pulse is initially
chirped to have 110 fs duration. THz voltage is measured using a pyroelectric THz detector
from Microtech instruments that is connected and synced to the lockin ampli er.

Apart from the ef ciency of the generation process, we ideally want to have a gaussian

THz beam with a smooth pro le, so that we can focus it tightly using the off-axis parabolic
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Figure 2.9: Effect of the chirp of the NIR pulse on THz yield.

mirrors (OPM's). This can be achieved by lItering out the higher diffraction orders
entering the generation crystal. Fig. 2.10 shows the effect of this spatial Itering on the
pro le of the generated THz beam. We captured the pro le of the THz beam after the
generation crystal using an uncooled bolometric camera (INO Microxcam-384i). It can be
seen from Fig. 2.10(a) that before the spatial Itering, there is a bump near the peak of the
beam pro le. This bump is later on removed when spatial Itering is applied (Fig. 2.10(b)).
Also, in both cases, THz power keeps increasing by applying an initial negative chirp to
the pump pulse until the peak level reaches its maximum at around 114 fs.

After the THz beam is generated inside thiBlbO3, off-axis parabolic mirrors are
used to direct and focus/refocus the radiation. The idea is to magnify the beam using
mirrors with different sizes and re ective focal lengths (RFL) to be able to increase the
intensity as much as possible by tightly focusing the light. Fig. 2.11(a) shows the mirror
arrangement used to focus the THz beam. Two images of the beam (side view and top
view) captured by the THz camera are shown at the focus point in Fig. 2.11(b). THz mirror

alignment is challenging due to invisibility of the THz radiation. We align the mirrors
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