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Abstract

Terahertz (THz) beam profile shaping has an essential role in an extensive spectrum of
scientific, industrial, and technological applications, among them high-resolution imaging,
spectroscopic analysis, advanced communication systems, and material processing. Classical
methods for modifying the THz beam profile, such as diffractive optical elements,
metasurfaces, and wavefront phase manipulation, have proven beneficial; nevertheless, they
tend to be associated with supplementary system complexity or losses of power. In this present
study, we suggest a novel approach for controlling the shape and the energy distribution of a
broadband THz beam by manipulating the THz source directly. In our experimental setup,
ultrashort laser pulses (800 nm, 35 fs, 2 mJ/pulse, 1 kHz) and their second harmonic deliver a
typical two — color laser filamentation process in air, which produces THz radiation. To shape
the THz beam, we use a Spatial Light Modulator (SLM) that operates at the initial laser
frequency and produces diverse laser energy distributions. By creating off-axis spherical
phases, the SLM allows the development of different laser filaments across multiple spatial
arrangements. This technique enables us to alter the classical doughnut — shaped THz beam
profile that results from a single filament, leading to additional complicated beam profiles when
two or more filaments are positioned in varied geometries. The method we developed provides
the entire electronic control of the beam profile by employing phase masks on the SLM,
resulting in dynamic and adaptable THz beam shaping. When the filaments are significantly
separated, the resulting beam profiles can be attributed to either linear interference effects or
nonlinear energy redistribution through Kerr cross — talk when the filaments are sufficiently
close to one another. This all — optical approach, recognized for its straightforwardness and
simplicity of execution, presents promising applications in THz imaging and beam engineering,
notably in the field of telecommunications. Our outcomes illustrate that by directly controlling
the laser — induced filamentation process, we can obtain flexible and efficient manipulation of
THz beam shaping, setting up potential opportunities for the development of advanced THz
technologies.
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Chapter 1

Introduction

1.1 Basics of THz Radiation
1.1.1 THz Radiation: An Overview and Key Properties

The electromagnetic spectrum encompasses a range of electromagnetic waves stretching from
gamma rays to radio waves, each characterized by different frequencies. In recent years, the
Terahertz (THz) frequency range (1 THz = 10'2 Hz) has been recognized as a particularly
intriguing area of the electromagnetic spectrum for learning about numerous scientific
phenomena. THz radiation spans electromagnetic waves with frequencies ranging from 0.1 THz
to 30 THz, which corresponds to wavelengths extending from approximately 3 mm to 10 um.
This range is commonly referred to as the "THz gap" because it is located among the well —
explored microwave and infrared (IR) parts of the electromagnetic spectrum, as shown in
Figure 1.1. Over the years, the THz gap has been nearly impossible to exploit since there are
challenges with generating and detecting THz radiation successfully. Nevertheless, as laser and
photonics technology have advanced, the THz domain has established itself as a significant
field for both research and application in everyday life [1].

THz radiation contains photon energies that vary between 0.4 and 120 meV and are
considerably weaker than the ones of visible light, ultraviolet (UV) radiation, and X — Rays.
THz radiation is categorized as non — ionizing since its photon energies are insufficient to ionize
atoms or molecules, making it fundamentally harmless compared to higher — energy radiation

types [2][3].

v ~30THz - 0.1 THz
A~ 10 um - 3mm
hv~ 120 meV - 0.4 meV
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] ] ] | | ] l 1
Radio Microwaves Terahertz IR Visible uv X-rays

Figure 1.1: The electromagnetic spectrum highlighting the THz range, showing its placement between microwaves
and infrared light, with corresponding frequency, wavelength, and photon energy ranges.



Chapter 1: Introduction 8

One of the most important characteristics of THz radiation is its non — ionizing nature, which
makes it appropriate for an extensive variety of applications requiring safety. In juxtaposition
with ionizing radiation such as UV or X — Rays that might remove electrons from atoms and
induce molecular damage, THz photons have energy that is substantially lower than the
ionization threshold for the majority of materials, usually about a few electron volts (eV) [4].
THz radiation's low energy precludes it from inflicting the cellular and genetic damage
associated with ionizing radiation, therefore rendering it a promising candidate for biomedical
imaging, security scanning, and various other non — destructive testing applications [5].

In one instance, in biomedical imaging, THz radiation is currently being studied for its
ability to detect and discriminate between various tissue categories. The interaction of THz
waves with biological tissues, which is determined by the tissue's water content and other
features, offers a non — invasive imaging approach that minimizes potential risks that arise from
ionizing radiation [6].

Strong interactions between THz radiation and water molecules result in high coefficients
of absorption in aqueous environments, which is an important feature of THz radiation. Water's
absorption spectrum in the THz range can be identified by resonances that correspond to
rotational and vibrational transitions, which lead THz waves to be rapidly absorbed in moist or
hydrated materials. This means that absorption can limit the penetration depth of THz radiation,
especially in biological tissues containing a high percentage of water [7] [8].

Notwithstanding this limitation, the remarkable sensitivity of THz radiation to water
concentration has been used in a number of applications. For instance, in pharmaceuticals, THz
spectroscopy can be utilized to monitor tablet moisture content during production, providing
critical information about product quality and standardization. In an analogous manner in
agricultural science, THz radiation is employed for estimating crop moisture level, which is
important for calculating harvest times and storage conditions [2]. Furthermore, medical
diagnostics exploit THz radiation's water absorption capabilities to recognize and visualize
tissue abnormalities. Because diseased tissues typically contain different water contents than
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Figure 1.2: An overview of THz radiation properties, including molecular rotations, hydrogen bonds, torsions, water
absorption, and material transparency. The diagram emphasizes the non — ionizing nature of THz radiation and its
interaction with water and other materials.
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healthy tissues, THz imaging can provide contrast based on these variations, suggesting a non
— invasive method for diagnosing conditions such as cancer or skin disorders [9].

THz radiation is exceptionally advantageous in studying low — energy molecular dynamics,
such as molecular rotations, hydrogen bonding, torsional oscillations, and collective vibrational
modes. These interactions develop at energy levels equivalent to the photon energies of THz
radiation, making THz spectroscopy a powerful tool for exploring these kinds of phenomena
[10]. As an example, THz time — domain spectroscopy (THz — TDS) permits direct observation
of molecular movements and interactions in a broad spectrum of materials, from simple gases
to complicated biological macromolecules. This technique has been applied to analyze the
hydration shells of proteins, where water molecules interact via hydrogen bonds, as well as the
dynamical behavior of DNA and other biomolecules [11].

In addition, THz radiation's ability to look into collective vibrational modes in materials
makes it extremely beneficial for researching phase transitions and other changes in structure.
In crystalline solids, for example, THz radiation can be employed to observe lattice phonons,
which are quantized atom vibrations within a crystal lattice. These phonons possess a
significant role in determining materials' thermal and electrical properties, which makes THz
spectroscopy an invaluable tool for material science research [12].

Transparency to certain non-polar materials, such as polymers, fabrics, ceramics, and some
dry biological tissues, is another important characteristic of THz radiation. These materials
possess poor THz absorption, letting THz waves pass through deeply, making THz radiation an
ideal choice for non — destructive testing and imaging [13]. THz imaging systems, for example,
serve in the security industry to detect concealed weapons and contraband hidden beneath
clothing. THz radiation, which may penetrate fabrics but is reflected or absorbed by metals and
other dense materials, offers a non — invasive method for screening individuals. Likewise, in
industrial applications, THz imaging can be utilized to analyze the internal structure of
composite materials, recognize imperfections or inclusions, and verify the quality of products,
among them pharmaceuticals and food items [14].

The material transparency in the THz range has additionally been used in cultural heritage
preservation, where THz imaging is utilized to examine the internal layers of artworks and
historically significant objects without damaging them. This capability has revealed novel
perspectives into the processes and materials used by artists, as well as assisting conservators
in determining the condition of aging artworks [15].

1.1.2 THz Radiation: A Spectrum of Applications

THz radiation, with frequencies ranging from 0.1 THz to 30 THz, has emerged as a potent tool
in a variety of scientific and industrial domains thanks to the distinctive characteristics detailed
above. These include its non — ionizing properties, ability to penetrate non — conductive
materials, and sensitivity to water content. The following section delves into five major
applications of THz radiation: biomedicine, security, automotive, pharmacy, and
telecommunications. Each division highlights multiple benefits of THz technology and how it
is applied in various fields.

THz radiation has significant biomedical applications, especially in medical imaging and
diagnostics. Its ability to differentiate among tissue types based on water content makes it an
important tool for noninvasive imaging. THz imaging, for instance, has been employed
effectively to detect and differentiate between malignant and benign tissues, particularly in the
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diagnosis of skin and breast cancer [1]. The contrast between malignant and healthy tissues
stems from differences in dielectric characteristics, which are affected by water concentration
and molecular composition.

In brain imaging, THz technology has been used to visualize the development of
neurological diseases like Alzheimer's. Li et al. (2020) demonstrated the use of THz imaging to
detect cognitive impairments that result from a number of factors, highlighting its sensitivity to
alterations in brain tissue composition [16]. This ability to spot small fluctuations in the level
of water and other molecular structures offers important insights into disease progression,
perhaps resulting in earlier diagnosis and improved treatment outcomes. Furthermore, THz
spectroscopy is employed for measuring tissue hydration, which is critical in wound recovery
and burn treatment. THz radiation's non — destructive nature enables continual monitoring
without causing damage to delicate tissues [3].

Moreover, THz radiation is constantly being applied in security applications, primarily for
screening and identifying concealed dangers. Its capability to pass through nonmetallic
materials, including clothing, paper, and plastics, makes it a promising candidate for the
detection of hidden weapons, explosives, and contraband. THz imaging systems may recognize
objects based on their distinctive spectral signatures, thereby permitting security personnel to
casily differentiate between innocuous and possible threats [17].

Comprehensive studies have demonstrated the efficacy of THz spectroscopy in detecting
explosives and drugs. Research has found that THz time — domain spectroscopy (THz — TDS)
could possibly identify and differentiate between diverse substances, as well as those contained
within packaging materials [ 18]. This ability is particularly beneficial in airport security, where
non — invasive and quick screening methods must take place. On top of that, the arrival of
portable THz scanners has increased the use of THz technology in field operations by law
enforcement agencies. These types of scanners can detect hidden objects on individuals or in
vehicles, strengthening public safety without the need for intrusive searches [11].

The automotive industry is yet another area where THz radiation is making an enormous
contribution. One of its principal services is non — destructive testing (NDT) of materials,
specifically composite materials used in vehicle construction. THz radiation can identify
interior complications such as delamination, voids, and cracks that may jeopardize the structural
quality of vehicle components [19]. A study found that THz imaging may assess the thickness
and consistency of paint coats, detect imperfections in structure, and guarantee the overall

Figure 1.3: (Left) a THz sensor mounted on a robot during the measurement of individual layer thicknesses of a
multilayer painting on a car body. (Right) Schematic representation of a pitch — catch terahertz transceiver
comprising an integrated displacement-measuring interferometer sensor for the compensation of vibration.
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quality of automobile parts. The aforementioned application not only improves safety but also
encourages manufacturers to maintain high production quality standards [20].

In furtherance of quality control, THz sensors are being implemented into advanced driver
assistance systems (ADAS) to increase vehicle safety. These kinds of sensors are capable of
seeing objects in low-visibility environments, such as fog or heavy rain, where common optical
systems may actually fail. This ability optimizes collision detection and avoidance systems,
resulting in safer driving experiences [21].

THz spectroscopy has proven to be a successful tool in the pharmaceutical industry, notably
for the analysis of solid dosage forms. THz imaging provides non — destructive inspection of
tablets and capsules, guaranteeing that active pharmaceutical ingredients (APIs) are evenly
dispersed and that there are no imperfections or inconsistencies [14]. One of the essential
applications of THz radiation in the pharmaceutical sector is to measure tablet coating
thickness. The coating thickness is critical for managing the drug's release rate, and THz
imaging offers a precise, real — time method for determining this during manufacture. This
application minimizes waste while ensuring that every single batch fulfills the required quality
criteria [22].

Likewise, Davies et al. (2008) discussed the use of THz spectroscopy to detect counterfeit
pharmaceuticals. The study demonstrated that THz spectroscopy could differentiate between
authentic and counterfeit drugs based on their characteristic spectral signatures, thus rendering
it an effective tool for guaranteeing drug safety and integrity [18].

As the demand for enhanced data transfer speeds increases, the telecommunications field is
exploring the use of THz frequencies in next — generation wireless communication systems.
THz waves have the potential for ultra — high — speed data transport, allowing the development
of 6G and beyond networks [23]. THz radiation's high frequency allows data transmission rates
that far exceed those possible with current microwave and millimeter — wave technologies. This
technological breakthrough has the potential to revolutionize wireless communications by
allowing for faster internet speeds, more dependable connections, and the ability to serve a
wider range of connected devices in densely populated areas [24].

1.2 THz Generation Mechanisms: An Overview

Among the most frequently applied techniques for producing THz radiation are optical
rectification and photoconductive antennas. These methods generate THz radiation by
interacting ultrafast laser pulses with materials, but their fundamental principles differ.

Photoconductive antennas (PCAs) are one of the most used methods for producing and
detecting THz radiation. The operation of a PCA is based on the stimulation of charge carriers
in semiconductor material using an ultrafast laser pulse. A femtosecond laser pulse lights a
semiconductor substrate (often low — temperature — grown gallium arsenide, LT — GaAs), which
is biased by an external electric field. Photon absorption from the laser pulse causes electrons
to move from the valence band to the conduction band, forming electron-hole pairs within the
semiconductor. The electric field across the semiconductor substrate accelerates charge carriers,
resulting in a transient current. This ultrafast current, which lasts a few picoseconds, emits
electromagnetic waves of THz frequency ranges [25]. The temporal properties of the laser pulse
are important in determining the bandwidth of the emitted THz radiation. Femtosecond pulses
of shorter duration produce broader THz spectra, but longer pulses limit THz bandwidth. In
addition, the lifetime of charge carriers in the semiconductor is necessary for the efficiency of
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the THz generating process. Materials with short carrier lifetimes, such as LT — GaAs, are
commonly used because they allow a faster current decay and hence a more efficient emission
of THz radiation. PCAs have been widely used in THz time-domain spectroscopy (THz — TDS)
systems to both generate and detect THz radiation [6].

On the contrary, optical rectification, which occurs when powerful femtosecond laser pulses
interact with nonlinear optical crystals, is another important process for THz production.
Optical rectification is a second — order nonlinear optical process in which the electric field of
an incident laser pulse induces a polarization in the crystal. This temporally change in
polarization, which oscillates at the frequency of the laser pulse, causes a nonlinear response,
resulting in the THz radiation production [26]. Unlike photoconductive antennas, which
generate and accelerate charge carriers, optical rectification uses the crystal's intrinsic nonlinear
characteristics to produce radiation. Common optical rectification materials include zinc
telluride (ZnTe), gallium phosphide (GaP), and lithium niobate (LiNbOs) [27]. Several
parameters influence optical rectification efficiency, including phase matching between laser
pulse and generated THz wave. Phase matching ensures that the resultant THz radiation is
coherent as it passes through the crystal, allowing for effective energy conversion from the
optical pulse to the THz field. The interaction length, or distance over which phase matching is
maintained, is crucial in establishing the output power and bandwidth of THz radiation [28].
Optical rectification is an efficient method for producing high — energy THz pulses, especially
in setups where phase matching may be tuned. It is commonly used in research and industrial
applications that demand intense THz radiation over a broad spectral range.

While photoconductive antennas and optical rectification are well-known ways for
producing THz, alternative methods capable of producing larger THz field strengths and
broader spectral coverage have been thoroughly studied for many years. One such technique is
to generate THz radiation through two — color laser filamentation in the air, which takes
advantage of the interaction between ultrafast laser pulses and gases. The chapter that follows
will provide an in — depth review of THz generation using two — color laser filamentation,
diving into the underlying physics such as nonlinear optical effects, plasma dynamics, and
phase matching conditions. This unique method represents a significant advancement in THz
technology, opening up novel possibilities for THz beam shape and control.
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Chapter 2

THz Emission through Laser
Filamentation

2.1 Nonlinear Propagation

A brief introduction of the fundamental nonlinear — optical phenomena that lead to femtosecond
laser filamentation and THz emission is provided in this chapter. At low light intensities, which
are typical of non-laser sources, material characteristics remain unaffected by illumination
intensity. In this regime, the superposition principle is applicable, allowing light waves to pass
through materials or be reflected from limits and interfaces without any interaction. On the
other hand, high — power laser pulses possess the ability to temporally modify a medium's
optical properties and induce non — linear polarization in materials. The waves of light are able
to interact with one another, transferring velocity and energy, while the superposition principle
no longer holds. This interaction of light waves can produce optical fields with new frequencies,
such as optical harmonics of incident radiation or sum — or difference — frequency signals [1].
The nonlinear propagation of ultrashort laser pulses controls the production of THz radiation
through laser filamentation in air. Understanding how the laser pulse evolves as it propagates
through the medium and forms stable filaments requires knowledge of the key nonlinear effects
that are involved, specifically the Optical Kerr Effect, Optical Field lonization (OFI), and laser
filamentation. Since the filaments concentrate the laser energy and establish the conditions
required for nonlinear interactions, they are necessary to the effective production of THz
radiation.

2.1.1 Optical Kerr Effect

The phenomenon known as the Kerr Effect unfolds when a material's refractive index changes
in response to an applied electric field [2]. An analogous effect appears within the field of
nonlinear optics, where laser light causes the electric field to be dynamic and oscillate rapidly.
The fundamental mechanism underpinning femtosecond laser filamentation has become known
as the optical Kerr effect. This phenomenon not only leads to filamentation but also supports a
broad variety of nonlinear optical phenomena, namely self — phase modulation, four — wave
mixing, and third — harmonic production. When a medium, such as air or any transparent
material, is exposed to a vigorous laser field, its refractive index is affected not only by the
frequency of the laser field but additionally by its intensity with respect to the spatial and
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temporal distribution. Mathematically, the intensity — dependent refractive index n(I) can be
described by the equation:

n(l) = ng + nyI(r, t) (2.1)

where no represents the linear refractive index, n; is the nonlinear refractive index, and I(r,t) is
the intensity of the laser field at a given position and time [2]. The nonlinear refractive index
coefficient n; is a significant parameter in determining the extent of the Kerr effect, and it varies
significantly among media. For gases, n, is commonly around 10" cm?W, but in amorphous
solids and liquids, it is on the order of 1071 cm?/W [3]. This considerable disparity in n» values
explains why nonlinear optical effects, such as self — focusing, are more noticeable in solids
and liquids rather than gases. This equation states that the refractive index of a laser beam as it
propagates through a nonlinear material is inextricably related to the intensity profile of the
beam itself. As an aftermath, a beam with a Gaussian intensity profile induces a corresponding
Gaussian modulation in the refractive index, consequently forming a self — induced lens. This
lens — like modulation allows the beam to focus as it propagates, a phenomenon called self —
focusing.

P. L. Kelley conducted the first systematic study of self — focusing, in which a beam can
focus itself regardless of the need for external optical components [4]. Following then, it has
been intensively studied and nonetheless remains an important topic in nonlinear optics [5].
Self — focusing is especially relevant in media with a positive nonlinear refractive index (n2>0),
where the effect can be observed even at low intensities. However, for self — focusing to
outperform natural beam diffraction, the beam's power must reach a crucial threshold known
as the critical power for self — focusing (P.r). For Gaussian beams, the critical power P can be
expressed by the equation:

3772

=70 2.2
8mngn, 22)

cr
where Ao, is the wavelength of the laser light [6]. The above equation demonstrates that the
critical power is not reliant on the intensity of the beam but rather on the wavelength and
nonlinear characteristics of the medium that it passes through. So, for instance, in the air, the
critical power for a near — infrared ultrashort laser pulse is around 3.2 GW, whereas in water,
with a greater n, value, it is around 4 MW [7].

n=ng +nyl(r,t)
_ 3.7212
 8mngn,
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Figure 2.1: The refractive index modulation due to the Kerr Effect is akin to the action of a positive lens, which
causes the laser beam to self-focus.

When the laser beam's power exceeds this critical threshold, the Kerr effect causes a focusing
behavior, condensing the beam's spatial profile and thus increasing the intensity at its very
center. As the intensity of the beam increases at its center, it is capable of ionizing the
surrounding atmospheric molecules, thereby creating a plasma channel.
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2.1.2 Optical Field Ionization

As a high — intensity laser pulse propagates through a medium, the phenomenon of self —
focusing considerably raises the laser intensity I, to the point where the laser pulse's energy is
sufficient to ionize the medium's atoms or molecules. Ionization is essential in plasma
generation, which has a major impact on the laser beam's propagation characteristics. The
primary ionization mechanisms that control this process are multiphoton ionization (MPI) and
tunnel ionization.

b) :

a)

Figure 2 2: Schematic diagrams that illustrate the processes of a) multiphoton and b) tunnel ionization.

Multiphoton ionization is a highly nonlinear optical process that takes place when an atom
or molecule absorbs multiple photons at the same moment. The total energy of these photons
surpasses the atom's ionization potential, resulting in the release of an electron. The rate of MPI
is considerably dependent on the intensity of the laser light, with a power — law relationship
written as I¥, where K stands for the number of photons necessary for ionization. Considering
only oxygen molecules, K is approximately eight for an 800 nm laser beam propagating in air
[8]. In other words, eight photons are required to ionize one oxygen molecule, underscoring the
nonlinear nature of MPI, in which the probability of ionization increases dramatically with laser
intensity. The process is also wavelength dependent; shorter wavelengths, which correspond to
greater photon energies, demand a lower number of photons for ionization, albeit the particular
value of K is additionally determined by the material's intrinsic characteristics. In other forms
of matter, such as liquids and solids, the value of K is usually lower, indicating variations in
nonlinear responses and ionization potentials. For example, an 800 nm laser wavelength ionizes
a water molecule with K=5 photons, but K in fused silica glass is roughly 6 [9]. These smaller
K values signify that MPI is more efficient in these media at analogous intensities, thus making
it easier to ionize molecules in liquids and solids than in gases.

MPI is especially important in the initial stages of laser filamentation, when the laser
intensity has not yet reached its peak. At these lower intensities, MPI is the predominant
ionization mechanism, triggering the formation of free electrons within the medium. These
released electrons, in the meantime, participate in further ionization processes, causing a
cascade effect that increases plasma density.

As the laser pulse intensity increases, tunnel ionization becomes the major ionization
mechanism. In contrast to MPI, tunnel ionization does not need the simultaneous absorption of
multiple photons. Instead, it occurs when the laser's electric field is sufficiently powerful to
disrupt the Coulomb potential of the atom, enabling an electron to tunnel through the potential
barrier and escape. Tunnel ionization differs from MPI in that it is proportional to the strength
of the electric field rather than photon energy. The Keldysh parameter (yx) describes the
transition from MPI to tunnel ionization as the dominant ionization mechanism. The Keldysh



2.1 Nonlinear Propagation 19

parameter is dimensionless and indicates which ionization process is more likely to occur under
certain laser conditions. The definition is as follows:

Y (2.3)

Yk= 2o, T T '
_ e’E? T_Zn 24
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where Uj is the ionization potential energy of the atom, Uy, is the laser ponderomotive potential
energy, t; is the ionization time and T is the laser oscillation period, ® is the angular frequency
of the laser, E is the amplitude of the electric field of the laser, m; is the electron mass, and e is
the elementary charge [9], [10]. The value of yk determines the classification of the ionization
regime: when yx is significantly higher than one (yx>>1), multiple photon absorption (MPI)
dominates the ionization process since there is insufficient electric field to cause tunneling.
When vk is less than one (yk<<1), tunnel ionization prevails due to the laser's high electric field
[11]. Tunnel ionization commonly appears at laser intensities of 10'* W/cm?, when the electric
field strength is powerful enough to deliver tunneling. This process is less dependent on laser
frequency than MPI; hence, it is the fundamental ionization mechanism in high — intensity
regimes, especially during laser filamentation.

The ionization of the medium leads to the formation of plasma, which has a significant
impact on the laser beam's propagation properties. Plasma generation causes a local drop in the
medium's refractive index, which is necessary for balancing the self-focusing effect that results
from Kerr nonlinearity. The reduction in refractive index due to plasma production can be
mathematically expressed as follows:

p(r,t)
n=ngy—

2pc

(2.5)

where p(r,t) represents the electron density of the generated plasma, and p. denotes the critical
plasma density, at which the medium becomes opaque to the laser light. The critical plasma
density, p., is given by:

EgMe W

pe = (2.6)

o2
where & is the permittivity of free space, m. and e is the electron mass and charge, and o is the
angular frequency of the laser [ 5]. The corresponding reduction in the refractive index functions
as a defocusing process, counteracting the Kerr — induced self — focusing. As seen in Figure
2.3, plasma formation due to ionization behaves as a defocusing lens, causing the beam to
diverge and preventing it from collapsing into a singularity. At this stage, the beam's intensity
profile demonstrates a central peak with ionization — induced defocusing around it. This
interplay of self — focusing, triggered by the Kerr effect, and plasma — induced defocusing
results in a dynamic equilibrium. This state of equilibrium allows the formation of a stable
filament that can propagate over long distances while maintaining a relatively homogeneous
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Figure 2.3: The refractive index modulation due to the ionization is akin to the action of a negativw lens, which
causes the laser beam to diverge.

intensity profile. The thereby produced filament is a self — guiding structure that is necessary
for the beam's stability throughout propagation [7].

To summarize, the ionization processes that occur during self — focusing — multiphoton
ionization and tunnel ionization — are critical for understanding laser filament behavior. These
processes generate plasma, which alters the medium's refractive index and maintains the
filament. Laser filament creation and propagation rely on an accurate equilibrium of self —
focusing and defocusing forces.

2.1.3 Filamentation

Filamentation is a phenomenon caused by the precise balance between multiple linear and
nonlinear effects on powerful ultrashort laser pulses as they propagate across opaque materials.
In the beginning, the laser pulse undergoes linear phenomena that include diffraction and
dispersion, which broaden the beam's spatial and temporal profile [12]. As soon as the laser
power exceeds a crucial threshold, nonlinear effects, mainly self — focusing, take dominance.
The Kerr effect induces self — focusing because the refractive index of the medium increases
with the intensity of the light, forcing the beam to converge and its intensity to rise even further,
consequently maximizing the self — focusing mechanism [13].

As the beam self — focuses, its intensity increases to levels adequate to ionize the medium
using mechanisms that include multiphoton ionization (MPI) and tunneling ionization. MPI is
the simultaneous absorption of multiple photons by an atom or molecule, which provides the
energy required to eject an electron [16]. On the contrary, tunneling ionization takes place when
the laser pulse's strong electric field distorts the atomic potential, letting an electron escape
through quantum tunneling [ 13]. The ionization process creates a plasma, which leads to a local
drop in the medium's refractive index. This plasma — induced defocusing counterbalances the
Kerr — driven self — focusing and thus stops the beam from collapsing [12].

This interplay of self — focusing and plasma — induced defocusing establishes a dynamic
equilibrium that prevents the beam from collapsing into a singularity and promotes the creation
of a stable filament. The defocusing plasma spreads the trailing part of the pulse, leading the
beam to broaden and its intensity to decrease locally. If the pulse retains sufficient power, it
may begin another cycle of self — focusing, consequently perpetuating the filamentation process
[16]. This cyclical interaction continues up until the pulse power falls underneath the threshold
necessary for self — focusing, at which point linear phenomena including diffraction and
dispersion take over, leading to the wavepacket's dispersion [12] [13].
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Figure 2.4: A schematic representation of the mechanisms that lead to filamentation. The upper graph illustrates the
Kerr effect, while the lower graph shows the ionization leading to the stabilization of the filament.

The dynamic equilibrium between self — focusing and plasma — induced defocusing
eventually leads to the creation of a filament, a stable, self — guided structure that maintains
high intensity throughout prolonged propagation lengths while exhibiting minimal diffraction
[14]. Figure 2.4 shows the refocusing cycles characteristic of filamentation. Thus, the concept
of intensity clamping arises from the direct competition between defocusing and self — focusing
mechanisms during filamentation [15]. Intensity clamping is the process of stabilizing the
beam's intensity at a maximum level that maintains constant even when the input power
increases. The balance between self-focusing and plasma-induced defocusing determines the
clamped intensity, reported as I, which can be expressed as:

K-1
2n
I, = (;pc> @2.7)

OktpPat

where n; is the nonlinear refractive index, p. is the critical plasma density, ok is the ionization
cross — section for K photons, t, is the pulse duration, and pa is the density of neutral atoms
[16].

Nevertheless, describing filamentation only using the aforementioned dynamic equilibrium
is unnecessarily simplistic. Filamentation additionally incorporates nonlinear processes such as
self — phase modulation (SPM), which comes from the nonlinear phase shift caused by the
intensity — dependent refractive index, resulting in the spectrum broadening of the pulse [16].
Self — steepening is another nonlinear effect that takes place when the leading and trailing edges
of a pulse propagate at different speeds due to intensity gradients, resulting in pulse asymmetry
[12]. On top of that, losses from multiphoton absorption and plasma absorption have a major
impact on the energy distribution inside the pulse, affecting the filamentation process [13].
Whereas these effects are secondary compared to self — focusing and defocusing, they play
substantial roles when assessing the filament's properties and stability [§].
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2.2 THz Radiation Generation through Two — Color Laser
Filamentation in Air: Four Wave Mixing and Photocurrent
Models

THz radiation generation via two-color laser filamentation in air has become a well-established
approach due to its ability to produce powerful, broadband THz pulses. The Four — Wave
Mixing (FWM) and Photocurrent models are two fundamental theoretical frameworks that
explain THz methods of production. These models explain how the interplay of laser pulses at
the fundamental (w) and second harmonic (2w) frequencies results in THz emission. Both of
these approaches emphasize the importance of phase control between laser fields in optimizing
THz output.

The Four — Wave Mixing (FWM) model is a fundamental concept in nonlinear optics that
explains the way the different frequency components in a medium interact in order to create
new frequencies. When fundamental (800 nm) and second harmonic (400 nm) laser pulses
propagate through air, they generate a nonlinear polarization that oscillates at THz frequencies.
The nonlinear polarization Py that emits THz in the FWM process can be expressed as:

Py, = eox®PE® (1) (2.8)

where g is the permittivity of free space, y® is the third — order nonlinear susceptibility of the
medium, and E the applied electric field [12]. This polarization leads to the emission of THz
radiation. Such third — order interactions are common in the optical region, particularly in gases,
such as air, where nonlinearity is weaker compared to more condensed media like liquids or
solids [16]. The nonlinear susceptibility ¥, which controls the strength of field interaction, is
a crucial factor in determining the efficiency of the FWM process. Air has a lower value of 3
compared to other nonlinear media, such as crystals or fluids. However, in the high — intensity
domain accomplished through filamentation, the medium's nonlinear response becomes
important, resulting in the generation of a detectable THz signal [12]. Furthermore, the third —
order nonlinear susceptibility can be influenced by the medium's local density, ionization
processes, and the presence of free electrons created by powerful laser pulses.

The efficiency of THz generation in the FWM model is significantly affected by phase
control between the fundamental and second harmonic waves. In ideal circumstances, the
phases of the interacting fields are aligned, guaranteeing that the THz waves generated at
multiple points within the filament sum coherently, maximizing the overall THz output. An
important issue in this process is dealing with the dispersive nature of air, which causes the
phase velocities of the fundamental and second harmonic waves to diverge, thereby
complicating phase matching [17]. Adjustments in the relative phase among the fundamental
and second harmonic pulses, in combination with the laser's optimal focusing conditions, help
in maintaining coherence and minimize phase mismatch. By carefully managing these
variables, THz emitting efficiency can be maximized [3].

The Photocurrent model provides an alternate explanation for THz generation, emphasizing
the plasma dynamics that take place during two — color laser filamentation. According to this
concept, THz radiation is generated by transient currents triggered in the plasma channel
created by the intense laser pulses. The fundamental and second harmonic pulses ionize the air,
resulting in a plasma in which free electrons are accelerated by the electrical fields of the two
— color laser pulses.
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The current density J(t) induced by the laser pulses in the plasma can be described:

—+v ] = - E (2.9)

2 . .. . . .
where v, = — - Tis the electron collision time, m. and q. is the electron mass and charge, p. is

the concentration of free electrons, and E is the electric field of the laser pulses [16]. The motion
of free electrons in the plasma, which is induced by the electric fields of the fundamental and
second harmonic waves, generates a time — varying current. This transient current, which emits
radiation within the THz frequency range, effectively acts as a powerful source of THz radiation
[18]. In this model, the phase relation between the fundamental and second harmonic fields has
an immense influence on THz generating efficiency. The relative phase controls the direction
and magnitude of transient currents, with constructive interference causing stronger THz
emission and destructive interference reducing THz output [8]. This phase — sensitive behavior
underscores the need for regulating the relative phase of the two laser pulses for optimal THz
production [19]. The plasma density is a central parameter in the photocurrent model. High
plasma densities often result in more effective photocurrents, which generate more powerful
THz radiation. On the other hand, higher plasma density adds complexity since it affects the
refractive index of the medium and modifies the relative phase between the fundamental and
second harmonic fields [20].

Both the Four — Wave Mixing and Photocurrent models provide helpful knowledge about
the mechanisms of THz generation via two-color laser filamentation. The FWM model
considers the nonlinear interaction of fundamental and second harmonic waves. The
effectiveness of THz generation is determined by the nonlinear susceptibility ¥ and the
coherence of the interacting waves. This model emphasizes the importance of phase
management in preserving coherence and optimizing THz output. Contrary to this, the
photocurrent model is based on plasma dynamics caused by dominant laser pulses. It focuses
on the transient currents generated in the plasma, with THz radiation coming from the
acceleration of free electrons in the time — varying electric fields of the two — color pulses. The
phase relationship between the fundamental and second harmonic fields plays a major role in
assessing the efficiency of THz generation in this model, as constructive interference of
photocurrents leads to increased THz emission. While the two concepts describe independent
mechanisms, they are not antagonistic. In practical experiments, both processes may contribute
to THz production, with their respective relevance determined by experimental circumstances
such as laser intensity, plasma density, and phase control [3].

2.3 Physical Mechanisms of THz Conical Emission

Laser — plasma interactions, especially with femtosecond two — color laser pulses in air, are a
well — known method for producing powerful broadband THz fields. This technique creates a
plasma filament that produces THz radiation with a characteristic conical form. Understanding
the physical mechanisms underneath this conical emission is critical to optimizing THz
generation. THz conical emission is caused by phase matching of the fundamental frequency
(o) and its second harmonic (2w) in the plasma filament. Nonetheless, the phenomenon is more
complex, including a number of different factors such as filament length, plasma density, and
plasma nonlinearities. In this chapter, we look into the physical parameters that lead to THz
conical emission based on theoretical models and experimental validations reported in the
literature.
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Focusing femtosecond laser pulses (o and 2®) in air causes ionization and formation of a
plasma filament. The plasma acts as a medium for the nonlinear interaction of the two — color
fields, resulting in broadband THz radiation. The primary mechanism behind this THz
generation is the breaking of symmetry in the electric field, which generates a photocurrent in
the plasma. This current, in turn, produces THz waves. The nonlinear polarization P(x, y, Q)
that contributes to THz radiation is proportional to the local amplitude of the electric field and
the phase difference between the two — color fields.

P(x,y,2) < A(x,y,02) sin(9 (z)) exp(ikyy,2z) (2.10)

where A(x,y,€2) is the amplitude of the THz field, 6(z) is the phase difference between ® and
2w, and kry; is the wavevector of the THz radiation [21]. In two — color filamentation, the phase
mismatch between the fundamental and second harmonic fields generates periodic modulation
of THz radiation along the filament's length. This modulation leads to the creation of THz
radiation in the off — axis direction, resulting in a conical emission pattern. The conical shape
results from constructive interference between THz waves emitted at different point sources
along the filament.

The dephasing length 14 that maintains coherent relative phase between two fields is given by:

A

- (2.11)
Z(le - nZw)

lq

where n,, and ny, are refractive indices at the fundamental and second harmonic frequencies,
respectively, and A is the wavelength of the fundamental field [19]. As soon as the filament
length surpasses the dephasing length, the natural phase matching happens off — axis, thus
producing the characteristic conical emission. The angle 6, at which THz radiation peaks can
be approximated as:

0,)=1—— 2.12
cos( p) 2L, (2.12)
The non — uniformity of the plasma along the filament further supports the off — axis phase
matching requirement. As the plasma density changes along the filament, the phase of the
emitted THz radiation also shifts, contributing to the conical far — field distribution [19].

The experimental confirmation of THz conical emission has been thoroughly investigated.
You et al. (2012) demonstrated that THz radiation from two — color laser-induced plasma
filaments produces a conical emission pattern, with the emission angle dependent on the
filament length and THz wave frequency. Their studies revealed that the THz production
increases with filament length, even after the dephasing length [19].

The conical emission can be described as an interference effect. As the laser pulses propagate
through the plasma filament, THz waves produced at multiple points along the filament interact
constructively in the off-axis direction. The angle of peak THz emission can range from 4° to
7° depending on the THz frequency [19]. Gorodetsky et al. (2014) expanded on this
understanding by considering the effects of plasma density variation along and across the
filament. Their model considers the phase variations that THz radiation undergoes as it passes
through the plasma. This phase change causes destructive interference in the forward direction,
which suppresses on — axis THz emission and creates a conical spatial profile [21]. Their study
proposed a comprehensive framework to explain the physical principles behind THz conical
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emission. Their model includes the concept of plasma opacity, which states that THz radiation
at frequencies lower than the plasma frequency cannot pass through the plasma. The equation
relates plasma frequency o, to plasma electron density N [22]:

_ |Ame2N,
0= | (2.13)

where ¢ is the electron charge and m. is the electron mass. For typical plasma densities N ~
10 to 10" cm?, the corresponding plasma frequencies range from 1 to 3 THz. The model
additionally takes into account the spatial variation of plasma density along the filament, which
has a substantial impact on phase matching conditions. The resulting THz radiation has a
conical pattern, with the cone angle determined by the plasma density and filament length.
Simulations based on this model match well with experimental data, resembling the observed
conical emission patterns [21].

The conical emission of THz radiation from two — color laser filaments is controlled by an
intricate interplay of nonlinear optical elements such as phase matching, plasma density
modulation, filament length, broadband spectral components, and the focal length of the
focusing lens. The commencement of conical emission is determined by phase matching
between the fundamental and second harmonic fields, whereas plasma density and filament
length have an impact on THz yield and emission angle. The broadband nature of THz radiation
causes angular dispersion, which further shapes the conical profile. In the Chapter 3 that
follows, we are going to look at other approaches for altering and customizing the THz beam
profile. Because the conical emission is caused by interference patterns within the filament,
altering the filament geometry allows for more control over the THz beam profile. This paves
the way for more advanced THz beam shaping techniques, which will be covered in depth in
the chapter that comes next.

2.4 Theoretical Model of THz Interference Pattern

The theoretical model provided here offers a qualitative understanding of the spatial
interference patterns produced by these sources, offering insight into the nature of THz beam
shaping during filamentation that we will discuss later in Chapter 3. This model perceives the
plasma filament as an array of 20 distinct point sources, each generating monochromatic
radiation at 4 THz.

The plasma density is assumed to follow a Gaussian distribution, which is an accepted
estimate for laser-induced filamentation in air. The density is highest in the center of the
filament and drops proportionately towards its edges, according to the following relationship:

ZZ
P(2) = Pmin + (Pmax — Pmin) €XP (‘ W) (2.14)

here, p(z) denotes the plasma density at point z, with pmin and pmax representing the minimum
and maximum densities, respectively, and Lg referring to the filament length [23]. The plasma
frequency, wp, which is determined by the local plasma density, characterizes the natural
oscillation frequency of the electrons in the plasma as expressed in Equation 2.13.

The interference patterns that result from the interaction of the emitted THz waves are
estimated using the superposition principle, which states that the total electric field at an



Chapter 2: THz Emission through Laser Filamentation 26

observation point is the sum of the electric fields produced by each source. The electric field at
an exact spot, denoted by (x, y, z), can be described as:

N
E(x,y,z) = Z %cos (iCkr; + ;) (2.15)

i=1 °

In this formulation, A; is the amplitude of the field, r; is the distance between the observation
point, k is the wavenumber (with a wavelength of about 75 um at 4 THz), and ¢; is the phase
of the i-th source. The intensity at the observation position is then determined using the square
of the magnitude of the total electric field.

The phase of the THz radiation released by the plasma filament changes as it passes through
areas with varied plasma density. The refractive index of the plasma is determined by the plasma
frequency my(z) and the frequency of THz radiation w. The refractive index, n(z), is represented
by the equation below:

(=22
niz) = |[1-|——- (2.16)
)

As the THz radiation travels through the plasma, the refractive index modulates the phase
of the waves, leading to variations in the interference pattern. The phase shift 6(z) at various
places along the filament is modified iteratively using the refractive index difference between
the fundamental THz frequency and its second harmonic:

Anja)

here, An; is the refractive index difference, o is the angular frequency, c=3x10® m/s is the speed
of light, and Az is the step size along the filament. In addition to phase modulation, the model
considers amplitude modulation of the THz radiation as a result of cumulative phase shifts
throughout the filament. The amplitude modulation is expressed as:

Modulation(z) = sin (68(z) + 6,) (2.18)

the cumulative phase at location z is denoted by 0(z), while 0, represents the initial phase. This
sinusoidal modulation controls the intensity variation as the THz radiation passes along the

3D plot THz Beam Profile

Figure 2.5: a) 3D plot of the filament and emitted THz beam profile (v = 4 THz, filament length = 1.5 mm). b)
Corresponding THz beam profile.
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filament, introducing constructive and destructive interference that determines the observed
intensity distribution. The combination of phase and amplitude modulation explains how the
THz beam transforms when it interacts with the plasma [24].

Figure 2.5 shows the theoretical interference pattern for a single THz filament at 4 THz. Part
(a) depicts the filament's three — dimensional structure as well as the projected THz radiation
pattern. The filament, shown in red, generates THz radiation, resulting in an interference pattern
as anticipated by the model. Part (b) of the picture depicts the resulting THz beam profile in the
plane perpendicular to the filament, revealing alternating rings of constructive and destructive
interference. These rings result from the superposition of the THz waves generated by the point
sources.

This theoretical model is intended to provide a qualitative understanding of the interference
patterns created by THz radiation from plasma filaments. By representing the plasma as discrete
point sources of radiation, the model simplifies the complex dynamics of plasma interactions
while keeping the fundamental physics laws underlying THz radiation behavior. The resulting
interference patterns provide vital information on the general properties of THz beam shaping.
Although the model does not aim for quantitative precision, it is mostly in line with
experimental data and serves as a valuable tool for understanding the key characteristics of THz
radiation in plasma filaments.
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Chapter 3

Beam Shaping: Experimental
Technique

3.1 Spatial Light Modulators (SLMs)

3.1.1 Liquid Crystal Light Modulators

Liquid Crystal Spatial Light Modulators (LC — SLMs) represent pivotal devices in the field of
modern optics, offering the ability to dynamically control light beams. These modulators have
been employed in a multitude of fields, including, adaptive optics, holography, and optical
communication [1]. The fundamental functionality of LC — SLMs hinges on the modulation of
light properties, such as amplitude, polarization, and phase, which is enabled by the electro —
optic characteristics of liquid crystals [2].

The fundamental structure of an LC — SLM comprises a layer of liquid crystals positioned
between a transparent electrode and a backplane, typically constructed using CMOS
(Complementary Metal — Oxide — Semiconductor) technology [3]. The CMOS backplane
provides the requisite electric field control to vary the refractive index of the liquid crystal layer.
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Figure 3.1: A schematic representation of the liquid crystal spatial light modulator [where LC is Liquid Crystal, and
CMOS is Complementary Metal — Oxide — Semiconductor].
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Figure 3.1 illustrates a schematic representation of an LC — SLM system, wherein an infrared
(IR) Gaussian beam is transformed into a plethora of output beam patterns.

The operation of an LC — SLM is based on the distinctive electro — optic properties of liquid
crystals, which exhibit characteristics of both liquids and solid crystals. The application of an
electric field results in a change in the orientation of the liquid crystal molecules, thereby
affecting the material's refractive index. This alteration in refractive index modulates the phase
of the incident light. By controlling the electric field across the pixelated backplane, a spatially
varying refractive index profile is created, enabling precise phase modulation of the light beam
[1]. The Hamamatsu LCOS — X10468 that we used in our experiment is an example of an
advanced LC — SLM. It has a high resolution and a fast response time, which makes it suitable
for real — time applications. These devices are driven by algorithms that compute the desired
phase profile, which is then translated into voltage patterns applied to the liquid crystal layer.
This process allows for dynamic and accurate control of the light beam properties [3].

In the present study, an LC — SLM was employed to modulate an IR Gaussian beam derived
from a Ti:Sapphire laser system. The laser operated at a central wavelength of 800 nm, with a
repetition rate of 1 kHz, a bandwidth of 50 nm, and a pulse energy of up to 2 mJ. The aim was
to generate two filaments in the air and manipulate their phase, spatial positioning, and
interference. The application of spherical phase masks to the SLM enables the focusing of the
input beam to specific points, thereby emulating the functionality of lenses with a focal length
of 1200 mm. When the phase mask is divided into two regions with disparate centers, it
functions as two distinct lenses, resulting in the generation of two discrete filaments. This
configuration facilitates the precise regulation of the relative positions and interactions of the
filaments [4].

The phase masks utilized in the experimental procedure were designed with the objective
of focusing the incoming infrared (IR) beam. A splitting mask is applied to create an offset
between two focal points, whereas a single-phase mask functions as a lens with a fixed focal
length. To generate and control multiple filaments, this dual-lens configuration is mandatory.
Some of the SLM phase mask designs that we used in our experiment are shown in Figure 3.2.
The generation of more than one filament process can be manipulated by modifying the focal

Figure 3.2: SLM phase masks with a) Ax=0 pum Ay=0 um f=1200 mm , b) Ax=2800 um Ay=3500 pm f1=1200 mm
12=2000 mm , ¢) Ax=2500 um Ay=-3500 um f1,2=1200 mm , d) Ax=5500 um Ay=5000 pm f1,2=1200 mm ¢l=xn
rads.
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lengths fi, f> and mask settings (Ax), (Ay), as demonstrated by the different phase mask patterns
(a), (b), (c), (d). These masks' flexibility enables exact control over the filament and beam
positions.

Figure 3.2 shows how we may change numerous parameters on the phase masks, including
the x and y axis offset, focal length, and initial phase in the center. Typically, the middle of the
mask has a phase of zero. Single phase mask (Figure 3.2a): with Ax=0 and Ay=0, the phase
mask, with a focal length =1200 mm, is focusing the IR beam on a single point, creating a
single filament. This configuration is straightforward, where the entire phase mask acts as a
single lens. Figure 3.2b, Figure 3.2¢, and Figure 3.2d show offset phase masks. By adding
offsets (Ax) and (Ay) to phase masks, we created dual filaments. For instance, in Figure 3b,
offsets of Ax=2800 pm and Ay=3500 pm with focal lengths fi=1200 mm and £,=2000 mm
resulted in two filaments with unique spatial separation. Similarly, in Figure 3.2¢c and 3. Figure
3.2d, we can see how changing the offsets and focal lengths gives you exact control over the
filament placements. The SLM's flexibility and precision were essential in attaining the
required filamentation. By carefully designing and applying phase masks, we were able to
generate complicated interference patterns and control the spatial dynamics of filaments.

The basic idea for the operation of LC — SLMs is the modulation of the phase of light waves
flowing through the liquid crystal layer. When light suffers a change in refractive index, its
phase changes according to the relationship:

2mdAn

where, A¢ is the phase change, An is the change in refractive index, d is the thickness of the
liquid crystal layer, and A is the wavelength of the incident light. Changing An with an electric
field can encode different phase profiles into the light beam.

The spatially variable phase profiles produced by the LC — SLM can be customized to
resemble optical elements such as lenses, prisms, and gratings. In our experiment, phase masks
were used to concentrate the IR beam in specified positions, resulting in lenses with the
necessary focal lengths. When the phase mask is divided into two sections with different
centers, it functions as two distinct lenses with adjustable separation, allowing the formation of
multiple filaments. The concept of utilizing phase masks to control laser beam propagation is
based on Fourier optics principles. The far — field pattern of a beam going through a phase mask
is determined by the Fourier transform of the phase mask's transmission function [5]. The
application of LC — SLMs in our experiment revealed their ability to control and shape laser
beams for THz applications. By accurately adjusting the phase of an IR Gaussian beam, we
were able to create and manipulate multiple laser filaments in the air. LC — SLMs are invaluable
tools for advanced optical experiments and applications due to their flexibility and precision

[1].
3.2 Experimental Setup

The experimental setup depicted in Figure 3.3 was devised for the purposes of this study.
Starting from the top right, the source was a Ti:Sapphire laser system, which is capable of
producing a Gaussian beam with a center wavelength at 800 nm, a bandwidth of 50 nm, a pulse
energy of up to 2 mJ, a 35 fs pulse duration, and a repetition rate of 1 kHz. The beam splitter
(BS) was positioned in such a way that only a percentage of the initial beam would be
transmitted to the spatial light modulator (SLM, Hamamatsu). This was due to the damage
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Figure 3.3: A schematic representation of the top view of the experimental setup [where BS; Beam Splitter, M;
Mirrors, PM; Parabolic Mirrors and BBO; the p — Barium Borate type crystal, producing the second harmonic].

threshold of the device. So, the incoming pulse is incident on the SLM, which has exerted a
spherical phase mask with a focal length of f = 1200 mm, exhibiting a behavior similar to that
of a lens. Subsequently, the beam is guided through optical elements to the predetermined path,
where it is focused by a lens with a focal length of f = 100 mm. The focal length of the lens was
selected to ensure that the intensity of the beam is sufficiently increased to facilitate the
generation of a substantial plasma in air at the desired location. A B — Barium Borate (BBO)
type crystal with a thickness of 50 um was positioned between the lens and the plasma in order
to facilitate the second harmonic generation (frequency 2w) of the input pulse (frequency o).
Afterwards, the entire filamentation process occurs, resulting in the generation of THz
radiation, as previously discussed in Chapter 2. A pair of off — axis parabolic mirrors was
employed to collect, collimate, and re — focus the forward THz radiation from the plasma,
thereby enabling real — time monitoring of the THz profile with a THz imager camera (Rigi S2,
THz Swiss, Detector: uncooled FPA micro — bolometer array). It should be noted that a silicon
(Si) wafer was employed to attenuate the irradiance, thus preventing damage to the optical
elements and the camera. Subsequently, the THz camera was positioned 10 mm prior to the
focal point of the THz beam. To image the filaments, a charge — coupled device (CCD) camera
and imaging optics were utilized.

3.3 Experimental Process and Results

After modulating the infrared (IR) Gaussian beam with the Liquid Crystal Spatial Light
Modulator (LC — SLM), we conducted a series of experiments to study the production of THz
radiation utilizing two — color laser filamentation in air. As mentioned, the experiment's
Ti:Sapphire laser system operated with a central wavelength of 800 nm, a bandwidth of 50 nm,
a repetition rate of 1 kHz, and a maximum pulse energy of 2 mJ. The aim of these studies was
to understand how different phase masks applied to the SLM affected the generation of laser
filaments and the corresponding THz radiation patterns. This research provides insights
concerning how to effectively control filamentation and coherent THz emission, which are vital
for applications in spectroscopy, imaging, and communication.



Chapter 3: Beam Shaping: Experimental Technique 34

3.3.1 Single versus Double Filament Generation and THz Emission

) SLM phase Lens

BBO crystal
mask S y

Plasma
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W+ 2w Two plasma channels
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Figure 3.4: The generation of the two filaments using different phase masks a) a single filament [Ax=0um Ay=0um
on SLM], and b) two filaments [Ax=200um Ay=0um on SLM] where z is the propagation axis.

In the beginning, a spherical phase mask was centered on the IR beam profile and functioned
as a converging lens with a focal length of 1200 mm. This configuration resulted in the
development of a single filament in the air. As detailed in Chapter 2, after the filament formed,
it produced THz radiation via the two — color laser filamentation process. The THz radiation
released in this setup displayed a doughnut — like beam profile, which is characteristic of the
conical emission pattern associated with a single laser — induced plasma filament [6]. Figure
3.4(a) illustrates the post — SLM setup of the experiment up to the resulting single filament,
together with the phase mask that we used.

The radial symmetry in the plasma formed by the filament accounts for the observed
doughnut — shaped THz beam profile. The central null in THz radiation intensity is the result
of the azimuthal polarization of the emitted THz waves, which is a unique characteristic of THz
radiation emitted from a single filament [6].

The experiment's next step was to modify the phase mask by splitting it vertically along its
middle and spacing the centers by exactly 200 um along the x — axis. This adjustment resulted
in the development of two separate lenses, each with a focal length of 1200 mm, yielding two
closely spaced filaments in the air. Figure 3.4(b) represents the design of this experiment,
including the phase mask that we used and the corresponding configuration of the two filaments
that were formed.

The formation of dual filaments causes complex interactions between the filaments, mostly
due to their proximity to one another, which leads to interference effects in the THz field. Each
filament is an independent source of conical THz radiation, but the THz waves emitted by these
filaments interfere with one another, changing the overall THz radiation pattern. The
interference detected in the far field THz beam profile has a two — lobe pattern, which differs
from the doughnut shape associated with a single filament. This interference pattern originates
from the phase relationship between the THz waves released by the two filaments. When
filaments are close together, the overlap of their THz emissions causes both constructive and
destructive interference, depending on the relative phase of the waves [7].
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The principles of wave interference can be used to comprehend the interference between the
THz radiation produced by two closely spaced filaments. Overlapping wavefronts interact when
two coherent sources, like laser — induced filaments, are placed close to one another. The phase
difference and relative distance between the two sources determine the interference pattern that
results [7].

Each filament in a double — filament system can be viewed as a coherent point source of
THz radiation. These sources lead to interference in the far field, which modulates the THz
intensity and forms patterns like the two — lobe structure we observed in our studies. This
pattern arises because, depending on their phase relationship, the THz waves that each filament
emits may either enhance or cancel each other out [7]. This characteristic is especially
importantfor applications that require precise control over the THz field. By adjusting the
distance between the filaments and their relative phases, it is possible to tailor the THz beam
profile to specific needs.

The experimental results demonstrate that the phase mask manipulation has a significant
impact on filamentation and THz radiation production. When a single filament is created, the
THz emission has a symmetric doughnut — shaped beam profile, which corresponds to the
plasma's radial symmetry and the emission's conical form. This result aligns with previous
models of THz generation from single filaments and emphasizes the significance of symmetry
in producing coherent and directed THz radiation [6]. On the other hand, when the phase mask
is split in order to create dual filaments, the THz emission profile alters substantially due to
interference phenomena. The two — lobe shape seen in far — field THz radiation is the direct
result of coherent interference between the THz waves released by each filament. This
interference pattern is particularly sensitive to the relative position and phase of the filaments,
which permits accurate control of THz radiation characteristics [7].

Figure 3.5 summarizes the aforementioned information by comparing the input phase masks
for the single and dual filament cases, as well as the corresponding THz beam profiles. This
comparison highlights the versatility of phase mask modification in manipulating filamentation
dynamics and adapting THz radiation features to specific applications.

a)
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Figure 3.5: THz conical emission from a) a single filament [Ax=0um Ay=0um on SLM], classical concept and b)
two filaments [Ax=800um Ay=0um on SLM].
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3.3.2 Steering the THz Beam Profile

This aspect of our study is dedicated to examining the manipulation and control of the two —
lobe THz beam profile that arises from the interaction of two laser filaments. As previously
stated, these filaments were created by splitting the spherical phase mask used on the LC —
SLM and separating the centers by 200 pm along the x — axis. This configuration enabled the
formation of two close — spaced filaments in the air, leading to the characteristic two — lobe
THz beam profile. We now look into how this beam profile can be steered, offering a way to
control the spatial orientation of the THz emission, by varying the relative position of one
filament along the y — axis. The split — phase mask generates two laser filaments, each of which
interacts nonlinearly, resulting in the two — lobe THz beam profile. By adjusting just one
filament on the y — axis, we are able to manipulate the direction of this beam profile. This
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Figure 3.6 The rotation of the beam profile can be achieved by adjusting the two filaments' respective positions a)
Ax=200 pum Ay=0 pum, b) Ax=200 pm Ay=-500 um, c) Ax=200 pm Ay==+500 pm.

movement can be accomplished by adjusting the y — offset of one side of the SLM phase mask,
which alters the corresponding position of the filaments and hence the relative orientation of
the THz beam.

Figure 3.6 shows the method of beam steering. The central image (Figure 3.6a) depicts an
initial two — lobe THz beam profile generated when filaments are aligned symmetrically at a
zero y — offset (Ay=0 um on the SLM’s phase mask). This profile is positioned vertically to
represent the symmetrical placement of the two filaments along the x — axis. When we introduce
a y — offset of Ay=—500 um to just one of the two filaments (Figure 3.6b), the beam profile
rotates counterclockwise by an angle of -40°, demonstrating that the constructive and
destructive interference areas between the filaments have shifted. Conversely, applying a
positive y — offset of Ay=+500 um (Figure 3.6¢) leads to the beam profile rotating clockwise
by +40°, indicating the beam's sensitivity to filament position.

The ability to steer the THz beam profile by adjusting the relative position of the filaments
exemplifies the level of control that phase mask modulation may provide over THz radiation.
The y — offset introduces phase differences that cause the beam profile to rotate, altering the
interference pattern between the two filaments.
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We recorded THz profiles at various y — offsets (Ay=—500 um to Ay=+500 pm) to observe
the continuous evolution of the beam profile. The profiles are shown in Figure 3.7. The top row
(Figure 3.7a) depicts the evolution of the THz beam profile when the x — offset is held constant
at Ax=0 um and the y — offset is adjusted in steps of 100 pm. This image collection demonstrates
the way the THz beam profile shifts from a -40° angle at Ay=—500 pm to a vertically aligned
configuration at Ay=0 um, and finally to a +40° angle at Ay=+500 pm. The gradual rotation
observed here reveals a smooth transition in the interference pattern when the filaments' relative
y — positions are altered.

a)

O O 0 ¢ 0 O 0 C ¢ ¢ @
b)

Figure 3.7: The evolution of the shift of the THz profile as the relative vertical distance of the two filaments is altered
a) Ax=0 um and Ay from -500 um to 500 um with step 100 um, b) a) Ax=200 um and Ay from -500 um to 500 yum
with step 100 pum.

In the bottom row (Figure 3.7b), we present the transformation of the THz beam profile
when the x-offset is fixed at Ax=200 um, with the same y-offset variation. The initial two-lobe
configuration at Ay=—500 pum rotates continuously through multiple orientations as the y-offset
is increased. This demonstrates the noteworthy dependency of the THz profile on the precise
relative placement of the filaments. The final image in the sequence, at Ay=+500 um, shows
the beam rotated in a way analogous to the top row, but with only minor modifications due to
the initial x — offset. The THz emission pattern's sensitivity to the filaments' relative positions
is demonstrated by the beam profile's gradual shift, as seen in Figure 3.7. The interference
between the THz fields produced by the two filaments varies as the y — offset is adjusted, which
causes the beam profile to continuously rotate and reshape.

The manipulation of the THz beam profile by modifying the y — offset is intrinsically linked
to the interference and nonlinear interactions between the two filaments. When two filaments
are placed close together, their resultant THz fields overlap and interact with one another,
leading to a complex interference pattern that forms the apparent beam profile. The direction
and shape of this beam profile are significantly dependent on the relative phase and amplitude
of the THz fields, which are regulated by the filament positions [7]. As one filament moves
along the y — axis, the phase difference between the THz fields changes, causing the interference
pattern to change orientation. This rotation demonstrates the phase-sensitive nature of the
interference process. The y — offset's phase shifts affect the constructive and destructive
interference areas, thereby determining the direction of THz emission. The continuous
evolution of the THz beam profile as the y-offset is varied, as illustrated in Figure 3.7, points
out the adaptability of this steering mechanism. The ability to achieve an extensive range of
beam profiles by merely adjusting the position of each of the filaments indicates the potential
of phase mask modulation to improve the performance and versatility of THz sources.
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3.3.3 A Review of the Correlation Between Theoretical Predictions and
Experimental Results

In this section of the study, it is vital to compare the experimental and theoretical results. The
theoretical ones are generated by the model detailed in Chapter 2. The theoretical model given
in previous sections serves as a framework for predicting the spatial and spectral features of
THz radiation produced by laser filament interactions. We will compare theoretical predictions
to experimental outcomes, with a focus on the agreement observed in the two situations offered,
emphasizing the importance of linear interference in accurately predicting experimental results.

It is crucial to take into account that the theoretical interference model described in this work
is mainly a qualitative tool for understanding the mechanisms that shape the THz beam profile.
While the model successfully represents the fundamental principles of linear interference and
makes predictions that closely match experimental data, it is designed to provide a general
understanding of THz radiation's spatial characteristics rather than a rigorous quantitative
analysis. The model simplifies certain aspects of the complicated interactions involved,
including plasma dynamics, which are addressed in a generalized manner. Thus, while the
model is highly beneficial for interpreting experimental results and guiding future studies, it
should be considered a qualitative framework that emphasizes the major elements influencing
THz beam profile formation.

Theoretical Description Experimental Validation

a) . b)n
c) E d)n
Figure 3.8: Comparison: THz beam profile from single filament (top) and two filaments (bottom) a) theoretical

description (frequency v=4THz, length of the filament [=1.5 mm), b) experimental data, c) theoretical description
(v=4THz, length of filaments I=1.5 mm with a separation Ax=60 um), d) experimental data.

Figure 3.8 shows a comparison of theoretical predictions and actual data for THz beam
profiles produced by a single filament (top row) and two filaments (bottom row). The
theoretical description (left column) was constructed using the already — explained interference
model, while the experimental validation (right column) was achieved via measurements. The
theoretical model predicts a concentric ring pattern for the THz beam profile produced by a
single filament, as shown in Figure 3.8a. This pattern results from the filament's radial
symmetry, which creates a doughnut — shaped beam profile resulting from the constructive and
destructive interference of THz waves radiating outward from the filament. Figure 3.8b depicts
experimental data that closely approximates the theoretical prediction, with a doughnut —
shaped profile recorded. The slight variations between the predicted and achievable profiles can
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be attributable to experimental noise and slight imperfections in the filament's alignment.
However, the general agreement between the two suggests that the model is accurate in
predicting the beam profile for a single filament.

When two filaments are separated by 60 um along the x — axis, the theoretical model predicts
a two — lobe THz beam profile, as seen in Figure 3.8c. This pattern is the consequence of linear
interference between the THz waves emitted by each filament. The constructive interference
occurs along the axis that connects the two filaments, whereas the destructive interference
occurs perpendicular to this axis, resulting in this particular two — lobe shape. The experimental
data, shown in Figure 3.8d, is in great accordance with the theoretical prediction. The
experimentally recorded two-lobe pattern demonstrates the model's ability to precisely
anticipate the consequences of linear interference between two filaments. Minor discrepancies
in the intensity distribution across the lobes can be attributed to subtle variations in filament
intensities.

This comparison highlights how the observed data closely correspond to the theoretical
predictions given by this interference model. The agreement between experiment and theory
suggests that the model accurately describes how linear interference influences the THz beam
profile.

b)

Figure 3.9: Comparison: THz beam profile rotation from two filaments a) theoretical description (v=4THz length of
the filament [=1.5 mm, Ax=60 um Ay= + 60 um) b) experimental data.

Figure 3.9 compares theoretical predictions to experimental observations for the rotation of
a THz beam profile created by two filaments. This comparison focuses on how the beam profile
changes as one filament's relative vertical location (y — offset) varies. The theoretical model
indicates that changing the y — offset from -60 pm to +60 pum causes the two — lobe THz beam
profile to rotate. At the middle position (0 um offset), the lobes are vertically aligned, but when
the offset increases or decreases, the lobes rotate due to the changing phase interaction between
the two filaments' THz waves. Figure 3.9a depicts a sequence of theoretical images showing
the expected rotation of the THz beam profile. The theory indicates that the beam profile rotates
counterclockwise when the y — offset is negative and clockwise when the y — offset is positive,
which aligns with the linear interference pattern dictated by the filaments' associated phases.
The experimental data in Figure 3.9b reveal an analogous rotation of the THz beam profile as
the y — offset of the filaments is changed. The main image (middle of the bottom row) displays
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aligned filaments (0 um y — offset) with a vertical two — lobe pattern. As the y — offset changes,
the lobes rotate with respect to theoretical predictions. The remarkable agreement between
experimental and theoretical results reveals that the THz beam profile rotates predominantly
because of the linear interference that exists between the two filaments. The experimental
results validate the model's prediction that minor changes in the relative position of the
filaments may lead to major alterations in the THz beam profile.

This comparison not only proves that the experimental data confirm the theoretical model,
but it additionally demonstrates how linear interference plays an essential role in influencing
the spatial properties of THz radiation. The observed ability to steer the THz beam by modifying
the filament positions shows the model's usefulness for applications that call for accurate
control over the THz field.

In overall terms, the comparisons between theoretical predictions and practical results in
Figure 3.8 and Figure 3.9 suggest that the interference model is an efficient tool for
understanding the behavior of THz radiation emitted by laser filaments. The level of agreement
in each case shows the model's qualitative precision in describing the role of linear interference
as a fundamental mechanism controlling the spatial distribution of THz radiation. The model is
aimed at offering an in — depth comprehension of how the experimental results correlate with
the appropriate theoretical predictions, assuming linear interference. However, in cases where
the two filaments interact nonlinearly — for example, when they are in close proximity and
create a superfilament — this model cannot effectively anticipate the subsequent THz radiation.

3.3.4 Comparison of THz Beam Profiles from Single and Double
Filamentation: Nonlinear Interference and Energy Enhancement

In the continuous research of THz radiation generated through laser filamentation, one of the
primary areas of attention is the contrast between the THz beam profiles produced by a single
filament versus the ones produced by a closely spaced two — filament system. The following
section will go over the experimental data that show the changes in energy distribution and
beam profiles between these two configurations, with a focus on the consequences of nonlinear
interference and superfilamentation. The IR Gaussian beam was controlled using an LC — SLM
loaded with a vertically split phase mask. This mask was created to separate the centers of the
spherical phase sections by 200 um across the x — axis, like we did earlier. Each side of the
phase mask functioned as a separate lens with a focal length of 1200 mm, resulting in two
closely spaced filaments in the air. This configuration was designed to look into the interference
between the two filaments and its impact on the generated THz radiation, mainly in the sense
of energy distribution and beam profile shape.

Figure 3.10 shows a direct comparison of THz beam profiles and filament configurations
for both a single filament and a two — filament system. The upper left image in Figure 3.10a
displays the THz beam profile generated by a single filament, which has the classical doughnut
— like shape, confirming conical THz emission. The bottom left image shows the comparable
filament form, which is a single, symmetrical filament. The energy of the THz radiation
produced in this case, Etu.1, has been estimated to be 8.36 pJ. The top right image in Figure
3.10b depicts the two — filament system's THz beam profile. Unlike the single filament example,
the THz beam profile has a two — lobe shape, reflecting a far more complicated interference
pattern. The corresponding filament system, seen in the bottom right figure, shows two close —
connected filaments with notable overlap, suggesting the development of a superfilament. The
THz radiation energy in this two — filament system, Etn,2, was measured to be 9.80 pJ. The
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observed energy increase (Etuz > Etnzi) suggests that the two — filament system does not just
produce additive THz radiation but rather a nonlinear interaction between the filaments. This
interaction results in the formation of a superfilament, in which the energy of the THz radiation
is greater than the sum of the individual contributions from the two separate filaments.

1 filament 2 filaments interference

b)
Ernz = 8.36 1/ n Erhz, =9.80 yf

v

Ernz1 < Erpgy

a)

——
z

Figure 3.10: Comparison of THz beam profiles, measured energy, and corresponding filaments for: a) a
homogeneous energy distribution from a single filament (Ax=0 um, Ay=0 um), and b) the energy distribution
resulting from interference between two filaments (Ax=0 um, Ay=200 um).

Figure 3.10 demonstrates that the two-filament system provides a significantly different
THz beam profile and an increased energy output than the single — filament system because of
nonlinear interference. This difference is mostly caused by the creation of a superfilament,
which develops when the two closely spaced filaments interact sufficiently strongly to merge
into a single, more powerful plasma channel. This nonlinear interaction is directly responsible
for the two — lobed THz beam profile seen in the two — filament system. The increased energy
production and altered beam shape indicate that the superfilament serves as a far more effective
source of THz radiation, with interference between the filaments contributing to energy
redistribution within the beam.

3.3.5 Nonlinear Interference between the Two Filaments

This section of our study looks into the complex interactions among multiple laser filaments
and the resultant nonlinear effects, with a specific emphasis on the formation of a superfilament,
in the context of THz radiation generation through laser filamentation in air. We will focus on
the case where we receive the characteristic two — lobe — shaped profile of the THz beam that
we discussed above. Using the LC — SLM, we split the IR Gaussian beam into two spatially
separated filaments using a phase mask that operated as two lenses, each with a focal length of
1200 mm. The phase mask was split vertically, with the centers of the spherical phase masks
spaced by 200 um across the x — axis of the SLM. This approach allowed us to gain insight into
both the independent THz emissions from each filament and the nonlinear interactions that take
place when the filaments coexist, which leads to the formation of a superfilament.

In order to examine the THz radiation emitted by each filament separately, we adjusted the
LC — SLM to deactivate one side of the phase mask at a time. This method allowed us to isolate
the contribution of every single filament, enabling us to measure and record the THz beam
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Figure 3.11: a), b) THz beam profile and the recorded energy from each separated filament. ¢) The mathematical
addition of the two images and the total energy.

profiles produced by each filament individually, as shown in Figure 3.11a and Figure 3.11b.
The THz radiation from each filament displayed a conical emission pattern, which was
analogous with the behavior seen in single — filament THz generation via two — color laser
filamentation in air [7].

A key outcome of this experiment is the sharp contrast between the interference pattern that
really occurs when both filaments coexist and the THz profile that is added mathematically.
The THz beam profile that arises from the simultaneous existence of the two filaments, leading
to the distinctive two-lobe interference pattern, was recorded with an energy of 9.80 pJ. In
comparison, the THz energies of the two separated filaments, when added, amounted to 6.00
wJ. This difference suggests a nonlinear interaction between the filaments, as the total THz field
exceeds the sum of all of its individual components. The nonlinear interaction between the two
filaments causes a superposition of the THz fields, which is the direct cause of this pattern and
cannot be fully explained by linear addition [7].

In our experiment, the superfilament forms when the two primary filaments overlap. The
high electric fields in this region cause significant nonlinear effects. The superfilament
possesses various characteristics that are distinct from the individual filaments, such as elevated
intensity, altered phase relationships, and amplified THz emission. The intensity of the electric
field within the superfilament is significantly higher compared to that of each filament
individually. This field augmentation is caused by constructive interference and nonlinear
amplification within the overlapping region of the two filaments. The increased field strength
in the superfilament region accelerates nonlinear processes, contributing to the observed
increase in THz emission.

3.3.6 Redistribution of Energy in the THz Beam Profile

In the ongoing investigation of THz beam shaping through laser filamentation, there is a strong
emphasis on the potential to control and redistribute energy effectively within the THz beam
profile. The LC — SLM phase mask was used in a similar manner to prior configurations, with
each half of the mask functioning as a separate lens with a focal length of 1200 mm. However,
in this experiment, the attention was on adjusting the y — axis position of a single side of the
SLM's phase mask while maintaining the x — axis alignment. The objective was to see how
microshifting the center of the phase mask along the y — axis would influence the energy
distribution in the THz beam. In order to accomplish this, the following configurations were
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looked at: phase masks are first centered. A single filament was created, resulting in a perfectly
even, doughnut — shaped THz beam profile when the centers of the phase masks were precisely
aligned (Ax = 0 um, Ay = 0 pm). Furthermore, adjusting the phase masks. The left side of the
THz beam profile was directed by moving the center of one half of the SLM's phase mask by
+60 um along the y — axis. On the other hand, the energy was reallocated to the right side by
moving the center along the y — axis by -60 um. In these configurations, two filaments were
produced, and the interaction between them led to the formation of a superfilament.

Figure 3.12: Controlling the distribution of energy a) to the left (Ax=0 um Ay=+60 um), b) homogeneous (Ax=0 um
Ay=0 um) c) to the right (Ax=0 um Ay=-60 um).

Figure 3.12 shows a comprehensive representation of the experimental data. The top row
(a, b, and c) displays the THz beam profiles for the three LC — SLM phase mask configurations.
The bottom row shows the longitudinal cross — sections of the laser filaments that produced the
THz beam profiles. The Figure 3.12a below displays the THz beam profile after shifting the
center of the phase mask by +60 pm alongside the y — axis. The thereby produced THz beam
profile shows a substantial redistribution of energy to the left. The corresponding filament
system (bottom row) portrays two tightly separated filaments with a clear superfilament
formation in between. The superfilament is the outcome of a nonlinear interaction between the
two filaments, which enhances THz emission in the leftward direction. Figure 3.12b shows that
aligning the phase mask centers (Ax = 0 um, Ay = 0 um) creates a single filament and a
homogeneous, doughnut-shaped THz beam profile, as we have already seen. The bottom row
represents the corresponding single filament, demonstrating that there is no major nonlinear
interaction since only one filament is present. This configuration acts as a reference point for
assessing the effects of filament separation and superfilament generation on the THz beam
profile. In a similar way, Figure 3.12¢c shows the THz beam profile when the center of the half
— phase mask is relocated -60 pm along the y — axis. Here, the energy is redirected to the right
side of the THz beam profile. The associated filament structure again demonstrates the presence
of two filaments interconnected by a superfilament. The superfilament's effect sends THz
energy to the right, showing the ability to manipulate energy distribution within the THz beam
using nonlinear interactions.

The results shown in Figure 3.12 suggest that nonlinear interference effects serve an
important role in the observed redistribution of energy within the THz beam profile, especially
when the two filaments are brought near together. The idea of the importance of
superfilamentation is vital for comprehending the nonlinear energy redistribution seen in these
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studies. The superfilament facilitates energy transfer between the two interacting filaments.
Depending on the relative phases and intensities of the filaments, this exchange may result in
either increased or decreased THz radiation. In the examples shown in (a) and (c) of Figure
3.12, superfilament creation causes a directional redistribution of THz energy, which aligns
with the way that the center of the half — phase mask is displaced on the y — axis with respect
to the other. The above pattern suggests that the observed energy steering is due to nonlinear
coupling between the filaments.

3.3.7 THz Beam Profile Manipulation: On — Axis Energy Distribution

One of the primary outcomes of exploring THz beam shaping is the ability to control the spatial
distribution of THz radiation in order to attain desired beam profiles. This section focuses on
an exceptional circumstance in which THz radiation is almost concentrated on the propagation
axis (z — axis), which is a significant achievement considering the typically conical nature of
THz emission. The conical emission characteristic of THz radiation, inherent in the two-color
laser filamentation process, always leads to off-axis radiation; therefore, the on — axis energy
concentration seen in this experiment is exceptionally noteworthy. In order to accomplish this,
the SLM phase mask was again vertically split, allowing each half to function as a separate lens
with a focal length of 1200 mm. In this configuration, the centers of the spherical phase masks
were relocated by -500 um on the x — axis and 400 um on the y — axis on the SLM. This
deliberate adjustment had been intended to figure out how such an arrangement might affect
the final THz beam profile.

Figure 3.13: The homogeneous distribution of energy (Ax=0 um Ay=0 pum) and b) almost on — axis energy
distribution (Ax=-500 um Ay=400 yum) and the corresponding filaments.

Figure 3.13 shows the outcome of this experimental configuration. The top row of the
picture depicts the THz beam profiles for two different phase mask setups, while the bottom
row depicts the laser filaments that generate these THz profiles. Figure 3.13a displays the THz
beam profile with the phase mask centers aligned (Ax = 0 pm, Ay = 0 pm). As expected, the
resulting THz beam profile has a homogenous doughnut — shaped distribution, which is typical
of conical THz emission. The corresponding filament system (bottom row) has a single
filament, which is in accordance with the symmetrical energy distribution shown in the THz
beam profile. Figure 3.13b is especially noteworthy since it shows a THz beam profile with
energy concentrated almost on the propagation axis (z — axis). Because of the conical nature of
THz emission, achieving on — axis radiation is extremely uncommon, making this result
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remarkable. The centers of the split — phase mask were moved by -500 pm on the x — axis and
400 pm on the y — axis, resulting in this totally different beam profile. The corresponding
filament system (bottom row) shows two separated filaments, which are at different heights.
By separating the spherical mask centers by 400 pm along the y — axis on the SLM, the
filaments are also separated, limiting close interaction. Because the filament image is a top
view, the xz plane is the only perspective from which to observe the filaments. However, this
beam profile is the result of the interaction between the THz radiation in the far field, which is
released separately by each filament.

The near — on — axis concentration of THz radiation becomes particularly worth mentioning
since it differs from the ordinary conical emission pattern reported in most THz — generating
configurations. This shows that the phase mask's unique design and the corresponding filament
interactions can affect the phase matching conditions, causing the THz radiation to be directed
along the propagation axis (z — axis). This finding opens up novel possibilities to control the
directionality of THz radiation, which is critical for applications that call for high accuracy.

3.3.8 Unexpected "THz Emojis'": The Fun Side of Experimental
Physics

During the course of our exploration of THz beam shaping using laser filamentation, we made
an unexpected yet humorous discovery. Several images resembling faces or emojis, common
in modern digital communication, occurred while analyzing the THz beam characteristics.
These profiles, while physically relevant and representing the nature of laser filament
interactions, presented an entertaining equivalent to known emoji emotions, adding an element
of surprise and fun to an otherwise very technical scientific process.

The top of Figure 3.14 shows a THz beam profile that is strikingly similar to the iconic devil
emoji. In the middle part of Figure 3.14, the beam profile reveals an obvious resemblance to
the “smiling sunglasses emoji”, while at the bottom part of the figure, it bears a similarity to an
alien emoji, adding a dimension of humor to our visual analysis. From a scientific standpoint,
these THz beam profiles' anthropomorphic features are simply a result of specific filament
position configurations and the interplay between their produced THz radiation fields.

In a nutshell, while the phenomenon is rooted in the physics of filament interactions, its
likeness to popular emojis connects the abstract world of physics to the pop — cultural symbols
of modern communication. It gives a reminder that even when seeking complex scientific
knowledge, unexpected joy can be found, making the learning process even more fulfilling.
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THz emojis

Figure 3.14: THz Emojis versus pop — cult emojis

Real emojis
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3.4 Conclusion

This thesis presents a unique and efficient method for shaping terahertz (THz) beams in air
through laser filamentation. A spatial light modulator (SLM) was used to modify the phase and
spatial distribution of ultrashort laser pulses, allowing the characteristics of the generated THz
radiation to be controlled dynamically. This approach has considerable advantages over
traditional technologies like diffractive optical elements and metasurfaces, which frequently
result in increased system complexity and energy losses. The all-optical technique presented
here allows for greater flexibility and precision in shaping the THz beam, making it ideal for a
wide range of THz technology applications.

The main results of this study emphasize the ability to create various THz beam profiles by
adjusting the configuration of laser filaments. The outcomes revealed that linear and nonlinear
interactions between filaments play a key part in shaping the spatial characteristics of the THz
beam. For example, the formation of two closely spaced filaments led to different interference
patterns, such as the observed two-lobe profile, which can be explained by both constructive
and destructive interference effects. Furthermore, the experiments demonstrated the possibility
for nonlinear energy enhancement, especially when the filaments were placed close together,
resulting in superfilamentation and higher THz output. The ability to manipulate the THz beam
profile through electronic phase mask control opens up new applications in THz imaging,
communication, and spectroscopy. The experimental results were consistent with theoretical
expectations, demonstrating the validity of the model utilized to characterize linear interference
and energy redistribution processes.

In conclusion, the study reported in this thesis shows that laser filamentation, when paired
with precise manipulation of phase masks, is an effective and versatile tool for shaping THz
beams. The results pave the way for future advances in THz technology, particularly in areas
requiring fine control over beam profiles. With further improvement, this approach has the
potential to deliver considerable advances in scientific research and industrial applications.
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