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Abstract

The stretch between the microwave and infrared regions of the
electromagnetic wave spectrum results in the formation of terahertz
(THz) region. The frequency of THz radiation lies in the frequency range
~10'! Hz to ~10'3 Hz. The THz radiation on an average has a time-
period,t~1.0 ps, wavelength A ~ 300 pm, wave number k ~ 33.0 cm™1,
frequency v ~ 1THz with photon energy E = hu~ 4.2 meV. The THz
radiation, therefore, interacts strongly with those systems which have
their characteristic life-time of the order of ps and energy transition of the
order of meV, like bound electrical charges, phonons, free electrons of
plasma in the pattern of CNTSs, etc. The boundary lines of THz region are
not definite and well defined but depend upon the various generation and
detection methods used for THz radiation. In the early nineties, due to a
lack of efficient generation, detection methods and due to poor research
work, the THz region is known as the “THz gap”. From the beginning of
the 21% century, THz technology has shown immense potential in many
applications related to the field of science and research. In the present
times, THz technology is wused in many fields like industry-
manufacturing, pharmaceutical-chemical industry, oncology,
dermatology, medical imaging, explosive-chemical detection, safety-
security-protection measures, oral healthcare sector, broad hand
communication, etc.,, depending upon their respective special
characteristics. To tap the maximum potential of THz technology, it is the
need of the hour to create compact, proper, portable, cost effective,
reliable, and efficient sources of THz radiation. One of the most recent

trends is to employ carbon nanotubes to produce compact, portable and
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efficient THz sources. This is because of some extraordinary properties of
CNTs like nano dimensions, high thermal and electrical conductivity. The
main purpose of the presented thesis is to explore the ways to produce
efficient and compact sources of THz generation by using some external
parameters and new information about fundamental concepts behind the
physical processes. In the present thesis, we have suggested to utilize the
array of anharmonic vertically aligned CNTs (VA-CNTs) and
horizontally aligned CNTs (HA-CNTSs) for the production of economical,
portable, and efficient THz sources. In this theoretical research work,
various mechanisms of resonant THz generation by the propagation of
laser beams through the array of vertically or horizontally aligned
anharmonic CNTs has been provided. For this, different schemes by
using different conditions and parameters are presented in the thesis. In
the thesis, various lasers like plane-polarized and amplitude modulated
lasers, etc. are used to interact with the array of CNTs to generate THz
radiation. The present thesis consists of four distinct and novel objectives.
Each objective has been explained by using the paraxial ray
approximation (PRA). Methodology and formulation of hypothesis have
been explained in the 2" chapter of the thesis. The proposed novel
terahertz generation schemes can be combined with different laser-plasma
and CNTs parameters to increase the power and efficiency of emitted
THz radiation.

In the first chapter named Introduction of the thesis, Terahertz gap, THz
radiations, special characteristics of THz waves, technological
advancements of THz science with the time, research motivation,
research objectives, literature review and unique theories of THz

generation has been explained. In the second chapter, we have provided a
Vv



detailed explanation of the research methodology and formulation of the
hypothesis used by us in the present THz generation research work. In the
third chapter of the thesis, THz radiation is generated by the propagation
of laser beams through the magnetized anharmonic CNTSs. Here the static
magnetic field is applied transverse to the longitudinal axis of CNTs and
to the direction of propagation of lasers. The anharmonicity produced in
the CNTs results in increasing the THz generation. In the fourth chapter,
we have provided two analytical models for the generation of efficient
THz radiations by employing laser filaments under the influence of
externally applied transverse static electric and magnetic fields. In the
first model, low-intensity THz radiations are generated, which are found
to be useful in medical diagnosis of the human beings. In the second
model, we provide the interaction of the amplitude-modulated and
filamented beam with an array of anharmonic VA-CNTs under the effect
of electric and magnetic fields. The anharmonicity plays a very
significant role in this scheme to enhance the efficiency and normalized
amplitude of THz generation. The fifth chapter of this thesis presents the
effect of the cross-focusing of laser beams on the array of vertically
aligned anharmonic and magnetized CNTs to generate efficient THz
radiation. In the last chapter of the thesis, the prospects and scope of the
present research work in futuristic applications have been explained. In
this chapter, several insights, and inferences obtained from the above
analysis are discussed collectively for the futuristic advancement of the
THz science and technology in various fields of the scientific research. In
the proposed research work, the unconventional and unorthodox schemes
has been developed by using CNTs to obtain the novel THz source to

generate efficient THz radiations. This novel THz source can provide
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excellent support in upgrading the THz applications. It can also provide a
helping hand in making more understanding of nonlinear effects
involving THz-matter interactions. This can also open up the doors for
many unrevealed nonlinear effects. During the laser-plasma interactions
in the array of VA-CNTs and HA-CNTSs, the generation of THz radiations
is also accompanied by some highly energetic particles and radiations.
Most of the time, these highly energetic sub-atomic particles and
radiations are electrons, neutrons, protons, positive ions, negative ions, x-
rays, y-rays, etc. By using these additionally generated particles and
radiations, we can develop a multipurpose THz pump, x-ray probe, THz
probe. These pumps and probes can be further used in many applications
of material science and strong-field physics. The highly energetic THz
radiations produced by powerful and efficient THz sources can be used to
accelerate electrons in accelerators. Such accelerators can be further used
in many investigations of particle physics. This can also help reduce the
size of high-energy particle accelerators. Researchers from the fields of
chemistry and biology are likely to use such a THz source as a unique and
powerful research tool to investigate chemo-catalysis and hydration,
respectively. THz applications in phase transition and spintronics are also
the most active research areas of modern material science. The average
energy of the THz photon (4.2 meV) is comparable to the energy of
excitons, magnons, and phonons in various systems. Thus, THz
technology acts as an anchor to control transient states of matter such as
photonics, spintronics, etc. The novel THz sources can be used in the

research work of previously inaccessible transients in materials.
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Chapter 1
Introduction

1.1. Overview and History

Terahertz (THz) waves also known as T-rays or sub-millimeter waves or far infrared waves or
T-lux or T-Light or tremendously high frequency waves lie in the region of the
electromagnetic wave spectrum with a frequency range ~10'! Hz to ~1013 Hz. These waves
were, first of all, come into an observation about 120 years ago. The THz region is defined as
a sandwich region between the high-frequency band of microwave (MW) (known as
electronics) and low-frequency band of infrared light (IR) (known as photonics). The location
of the THz radiation region is shown in figure 1.1. The THz radiation has a time-
period,t~1.0 ps, wavelength A ~ 300 um, wave number k ~ 33.0 cm™?, frequency v ~ 1THz
with average photon energy E = hu~ 4.2 meV [1-4]. THz radiation, therefore, interacts
strongly with those systems which have their characteristic lifetime of the order of ps and
energy transition of the order of meV, like bound electrical charges, phonons, free electrons of
plasma in the pattern of CNTSs, etc. The boundary lines of THz region are not definite and well
defined but depend upon the various generation and detection methods used for THz
radiation. In the early nineties, due to a lack of efficient generation, detection methods and due
to poor research work, the THz region is known as the “THz gap” [5, 6]. But in the modern
era “THz gap” (also known as the Shadow region in the electromagnetic spectrum) term is not
relevant and suitable, as the gap has been filled due to extensive research work and interesting
developments in the THz generation. Earlier in the biginning of 20" century, there are lot of
difficulties faced by researchers in producing, generating, propagating, tuning, and controlling
the THz radiations. However, due to the continuous progressive approach in the THz field,
THz technology has become the crown technology of the world. Now at present THz
technology is considered as one of the most advanced and futuristic technologies of the
modern world for numerous applications in almost every field of science [7-12]. Some of the

properties of THz waves are the same as that of other electromagnetic waves like THz waves
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can travel along a straight line, speed of THz waves is the same as that of other
electromagnetic waves in air or vacuum (3 x 101° cm/s). The THz waves also have some

special characteristics associated with them as explained below

e > 122 > < o]

(Radio) (Microwave) (THz) (IR) (Visible ) (UV) (X —ray)
- «— Frequency (v) (Hz) —
10 1010 1f12 tom lfle 11017
3

0.03 3x10™*  3x107° 3x107% 3x107°

Fﬁ

300

«—— Wavelength (1) (m)—>

1THz ~ 1 ps ~ 300 um ~ 33cm™

Figure 1.1 Location of THz gap in the electromagnetic spectrum

(i) THz wave can easily make penetration through many non-polar, optically opaque, and non-
metallic materials. As a result THz wave can pass though ceramics, paper, books, clothes,
wood, plastics, cardboard, etc. [13]. (ii) Most fundamental molecules like 0,, H,0, CO, and
chemical substances have their spectral lines, lying in the THz frequency range, which
provides chemical and structural information of chemical substances and organic molecules
[14, 15]. (iii) THz radiation can show reflection by the metal surface [16]. (iv) THz radiations
are very effectively absorbed by the polar molecules (the molecules in which one end is
positively charged and other end is negatively charged) like water. As a result, THz
spectroscopy becomes convenient for the investigation of material structures and biological
tissues. In medical science, it is well known fact that tumor cells consist of more amount of
H,0 as compared to the healthier tissues and THz radiations show different attenuation
coefficients in water, or the absorption coefficient in water lies between 100 cm™! to

1000 cm™! [17]. (v) THz radiation is non-ionizing, non-destructive, and non-invasive,
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resulting in no harm to living cells and tissues of human beings [18, 20]. (vi) The long
wavelength of THz radiations is responsible for the very small Rayleigh scattering for THz

radiation

The generation of THz radiation has been started even from the early nineties by using various
schemes and methods such as optical THz generation, quantum cascade laser, optical
rectification, and sources based on laser-plasma interactions [21-26]. The generation of THz
radiation by Solid-state electronic devices is limited to lesser than 1 THz. The THz generation
by optical rectification can be categorized into two types (i) The THz generation in non-linear
media (ii) The THz generation from accelerating electrons. When electromagnetic waves
incident in nonlinear media, there occurs non-linear frequency conversion, and it is based on
the 2" order nonlinear optical properties of the materials. Moreover, it has been proved that
many nonlinear media like GaAs, GaSe, GaP have a special ability to generate THz radiation
through optical excitation techniques [27, 28]. Two types of 2" order nonlinear processes are
involved in THz generation in nonlinear media. One of the processes is known as optical
rectification, which is limited to femtosecond laser excitation and another 2" order nonlinear
process is difference frequency generation by laser beating. In this difference frequency
generation process, two electromagnetic beams (CW) having frequency difference in the THz
region can generate THz waves (CW). THz radiation can also be generated by accelerating
electrons. The most popular device to generate THz waves based on the principle of
accelerating electrons is photoconductive antennas. The incident laser beam illuminates the
slot present between two electrodes on the photoconductive antenna and generates photo
carriers. The photo carriers can be accelerated by the D.C. bias field between two electrodes
and which further results in photocurrent. This time-varying photocurrent increases with the
increase of the intensity of laser beam and vice versa. The another important medium used to
generate THz radiation from accelerating electrons is air plasmas. There are two mechanisms
involved in air plasma THz radiation generation. One of which is the ponderomotively
induced space-charge field created by laser field gradient and the other is the asymmetric laser

field by mixing a fundamental beam and its second harmonic beam. In both cases, electric
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fields can accelerate the free electrons generated by photoionization via femtosecond laser
pulse excitation and as a result, there is the generation of THz radiations. At present, the most
powerful THz generation sources are large accelerator-based sources. In these sources, THz
generation is possible by employing ultra-relativistic electrons via various schemes CUR
(coherent undulator radiation), coherent synchrotron radiations (CSR), and free electrons laser
(FEL). FEL employs a strong D.C. magnetic wiggler. This device can produce high powers
and is tunable between ~0.10 THz to ~10.0 THz. Although, the above-mentioned schemes of
THz generation can be used to generate THz radiations of ~0.10 THz to ~10.0 THz, still
these are not efficient enough. Moreover, low damage limit, low conversion efficiency, large

size, bulky and high cost are associated with these THz sources.

After the discovery of carbon nanotubes in 1999 by lijima [29], CNTs brought a revolution in
many areas of science and technology due to their extraordinary electrical and thermal
conductivities [30-37]. In the modern physics world, the latest trend is to use CNTs for the
THz generation and detection [38-40], because of their nano-scale dimensions that is
compactness. By CNTs, we mean quasi-one-dimensional carbon macromolecule attained by
rolling a single or more layers of graphene into a cylindrical structure whose length is in
micrometers and diameter is in nanometers. Rolling is represented by two indices n; and n,.
Ifn; = 0, then CNTSs are zigzag, if n; = n,, then CNTs are armchair CNTs, If n, and n, are
not equal but greater than zero then CNTs are chiral chair CNTs. The indices n,, n, can also
decide the nature of CNTs. Metallic CNTs (MCNTSs) are formed if the condition (n; — n, =
3p), is satisfied where p is an integer. On the same pattern, semiconducting CNTs are formed
if the condition (n; —n, = 3p + 1) is satisfied. With the help of CNTs, we can produce
compact sources for THz generation with high efficiency. When a laser beam interacts with
the CNTs, the ponderomotive force will act on the electrons of CNTs to produce an
oscillatory current. This results in an efficient THz generation. In our research work, we have
effectively used the anharmonic effects on carbon nanotubes under the influence of external

static fields.



1.2. Technological Advancements and Applications of THz radiations

Based on present and past developments and recent advancements in the field of THz
radiation, there has been a huge surge in the applications of THz technology. Therefore, this
field is still young and open for some of the futuristic utilizations and applications of THz
radiation like THz-tomograpohy, THz-sensor, THz-imaging, THz-spectroscopy, THz-security
system, THz-diognostics, etc. are discussed below

1.2.1. Industrial uses

THz radiation can be used in many industrial processes like manufacturing, quality control,
maintaining the proper chemical composition and process monitoring, etc. THz radiation in
general is preferred to use in those industries in which products are packed in cardboard or
plastic packing. In 1995 first time THz time-domain spectroscopy was for producing an image
of the wrapped electronic chip [41]. In this system, a pulsed beam with a duration of 10712

seconds is utilized.
1.2.2. Security and Safety Systems

At airport terminals, railway station platforms, VIP places; it is difficult to detect explosives
with x-ray detection but distinct signatures of explosives lie in the THz region and we can use
THz for the detection of explosives. THz radiation can be reflected by the metal surfaces
therefore, can be used for detection of hidden weapons like pistol, knife and any other sharp
weapons under the clothes by the terrorists. As these radiations can pass through cardboard,
clothes, wood, ceramics, etc., hence can be used to detect letter bombs, parcel bombs, and
others. In some countries like Holland, THz security system has become active at some of the
airports. In the future, we can upgrade THz security systems to a higher level with new

advancements in technology.

1.2.3. Biological and pharmaceutical sciences



When a beam of THz radiations passes through the tissues of human beings (such as the chest,
liver, heart, kidney, breast, etc.) there occurs a notable difference between absorption and
refractive indices of THz radiations and one can detect easily that which tissue is healthy and
which one is infected. When THz beam interacts with living tissues of the human beings, the
reflection or transmission of THz pulses provides a significant insight about the molecular
structure of healthier or unhealthier biological tissues. This information is quite sufficient to
produce the images of the tissues. Nonionizing nature makes THz radiation safe for
biological sample diagnostics. In pharmaceutical industries, THz imaging is used to check the
integrity and uniform distribution of chemicals of tablets and their coating.

1.2.4. Broad Band Communication

As THz radiations can be effectively absorbed by the earth’s atmosphere therefore, the range
of THz radiation becomes very small in air. The propagation distance of THz radiation is
measured to be very small (only up to ~10.0 m). This shows that THz radiation is not suitable
for long-distance communication applications. However, within a distance of ~10.0 m, the
THz band has many applications because of high data transmission rate of the order of
10 2 Gbits/sec. As a result, THz band can be used in indoor wireless networking systems. In
2012, a team of researchers [42] proved that THz radiation can be used as the bandwidth of
data transmission in the future. They sent a signal with (~542 GHz) resulting in the transfer
of Gbits/sec. Optical communication may have problems of scattering and absorption of
signals by clouds, rain, dust, etc. But according to Rayleigh scattering, as the wavelength of
THz radiation is longer, therefore, scattering is low. As a result, THz can be used for short

distances very effectively even in the presence of clouds, smoke, dust, and rain.

The main obstacle in the progressive growth of THz technology is the non-availability of
compact, cost effective, efficient and appropriate sources of THz generation. Numerous
schemes have been provided by the researchers for the enhancement and improvement in the

power, quality, amplitude, tunability and efficiency of THz sources.

1.3. Review of Literature



Hamster et al. [43] formulated a theory in which they explained that when a laser beam of
power 1013 W interacts with gaseous and solid targets, pulsed radiation is generated whose
frequency lies in the terahertz region. These radiations are observed to be more intense when
laser incident on the solid and form plasma. The emission of these radiations is on the same
pattern as that of x-rays and electrons. In this work first time, laser-induced wakefield came
into observation. In this, non-linear force (known as ponderomotive force) is responsible for
the creation of a large density difference between ions and electrons, and charge separation
results in electromagnetic transient. To determine the magnitude of THz radiation

hydrodynamic model is used.

Hamster et al. [44] again proposed a scheme in which high-intensity ultra-short laser pulses
interact with plasmas, resulting in short-pulsed radiation generation which has a frequency in
the terahertz region. In this ponderomotive forces results in electromagnetic transient and to
find out the magnitude of THz radiation in a more accurate way, the linearized hydrodynamic

model was preferred. It results in the enhancement of THz radiation power to a few MW.

Braun et al. [45] provided the theory on filamentation action. The filamentation action of
laser pulses in the air (as a medium) was observed during 1995. Filamentation is a non-linear
optical phenomenon related to the propagation of a beam of light through the medium without
significant diffraction. This is possible in accordance with the optical Kerr effect, which
results in the change of the refractive index in the medium and proportional to the intensity of
the light beam as a result core of the light beam becomes more intense than the wings of the

beam.

Chang et al. [46] have predicted that the plasma channel formation by the laser pulse
propagates in air results in the emission of THz radiation but transverse to the axis of the
filament. This is because of radiation pressure exerted by the laser pulse that indues nonlinear
plasma oscillations in the longitudinal direction with frequency same as that of plasma
frequency. Electron density in filaments is of the order of n,~10¢ cm~3. The ponderomotive

force is responsible for the THz generation in the system. It is due to this non-linear force that
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charge separation is produced and wake is neutral as a whole. Out of many significant
properties of filaments, one of them is their potential to produce weak plasmas in the presence
of propagating laser pulse. It is also observed that filaments can be used to enlarge the plasma
strings

Hourad et al. [47] proposed a theory in which the magnitude of terahertz radiation is
enhanced by three folds when femtosecond pulse undergoing the action of filamentation in
the air was considered, in the influence of the applied electric field. The nonlinear
ponderomotive force excites the plasma oscillations. In this theoretical model, it was observed

that THz radiation shows sensitive behavior towards the external static electric field.

Pathak et al. [48] provided a novel theory for the THz generation by interacting relativistic
electron beam with a rippled density plasma with finite transverse ripple factor, When the
relativistic beam of electrons incident on the plasma with density ripple making an angle with
the direction of the beam, then THz signal provides finite oscillatory velocity to the plasma
electrons. These oscillatory electrons make coupling with the density ripple to produce
transverse current density which drives the THz signal and amplitude of THz signal increases

and so on

Bhasin and Tripathi [49] examined the effect of optical rectification of a picoseconds laser
pulse in rippled density magnetized plasma for the enhancement in the THz generation. When
D. C. magnetic field is acting perpendicular to the direction of propagation of the laser beam,
a nonlinear ponderomotive force will comes into action to provide drift velocity to plasma
electrons. This drift velocity of electrons results in density ripple to produce an oscillatory
current and this current is responsible for the THz generation. Due to the azimuthal magnetic

field, there occurs an increase in the conversion efficiency.

Sharma et al. [50] observed the enhancement in the THz generation, when circularly
polarized laser beam interacts with density ripple in the collisionless magnetized plasma. The
ponderomotive force between high power laser beam and density ripple results in a nonlinear

current at some frequency difference. In this system, the magnetic field is applied in the
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direction of the circularly polarized beam. There occurs a coupling with density ripple already
present to produce nonlinear current density and this generates the THz radiation.

Bhasin and Tripathi [51] used the filamentation action for the generation of THz radiation
under the effect of the external static electric field. When two femtosecond laser pulses with
filamentation action interact with plasma under the applied electric field perpendicular to the
direction of propagation, then laser exerts ponderomotive force as well as static
ponderomotive force on the plasma electrons, out of which static ponderomotive force cancels
out with pressure gradient force and results in transverse density ripple at zero frequency. The
beat frequency ponderomotive force is responsible for velocity oscillations as well as density
oscillations. These density oscillations produce a transverse current and this current is suitable

for the THz generation.

Malik et al. [52] put forward a new approach in which two spatial-Gaussian laser beams with
different frequencies and wavenumbers but with the same electric fields interacts in a spatially
periodic density plasma under the effect of the static magnetic field applied in the direction
perpendicular to the propagation of laser beams to increase the efficiency of THz radiation
generation. Due to applied magnetic field, ponderomotive force is resolved in to its
components and these components result in the non-linear oscillatory currents. These currents
at resonance excites the THz radiation. By optimizing the values of magnetic field amplitude

tuning of THz radiation is also possible.

Kumar and Tripathi [53] investigated the non-linear absorption and anharmonic generation,
when a short-pulse laser interacts with a gas embedded with anharmonic clusters. The
interaction of laser results in the excursions in cluster electrons and these excursions are
comparable to the cluster radius. These electron excursions are not linearly proportional to the
restoration force, as a result, plasma resonance is widened and there is a broadband absorption
and due to this harmonic generations are produced. This theory can be extended for the

efficient THz generation.



Singh et al. [54] proposed a scheme for the effective generation of terahertz radiation by
beating two cosh-Gaussian laser beams in spatially periodic density plasma. Here cosh-
Gaussian lasers are preferred because of their high efficiency as compared to Gaussian laser.
These lasers exert a non-linear force known as ponderomotive force along the direction
perpendicular in which oscillatory velocity is provided to the electrons and couples with
density ripple to produce a transient transverse current which further drives the terahertz
radiation. In this, they also discussed the importance of laser beam width parameters in
providing a notable increase in the magnitude of the THz field and its generation efficiency.

Liu et al. [55] investigated that high-intensity laser when interacting with non-uniform density
clusters, there occurs broad surface Plasmon resonance due to excursions produced in clusters.
As the clusters get heated, there occurs expansion in clusters hydro-dynamically and resulting
in enhanced X-ray emission. If we increase the non-uniformity of clusters then yield will
decrease. If we increase the intensity of the laser, the non-linearity in laser cluster interactions
may arise even before the electron heating. This theory can be applied for the efficient THz

generation.

Bakhtiari et al. [56] presented a theory in which two flat-topped laser beams with different
frequencies and wavenumbers and the same electric field amplitudes undergo beating in
spatially periodic density plasma for the THz generation. Here flat-topped laser beams are
preferred because of the steep gradient in the distribution of laser intensities and wider cross-
section as compared to others. Due to these features stronger ponderomotive force originates
to produce a stronger non-linear current and as a result stronger terahertz radiation field. If the
flatness of the beams is increased, it results in enhancement of the terahertz radiation field. It
was also observed that an increase in beat frequency can have a negative effect on the
efficiency of the THz generation but this can be neutralized by making suitable changes in the
density ripple magnitudes. Therefore it was clear that terahertz radiations show a high
sensitiveness nature towards the flatness of beams and the efficiency of terahertz generation

can be increased effectively by optimizing the values of laser and plasma parameters
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Kumar and Kumar [57] formulated a new scheme for the THz generation by passing an
ultra-short electron bunch over a planner array of carbon nanotubes across their lengths. When
an ultra-short electron beam is incident on carbon nanotubes, the repulsive force will act on
the free-electron cylinder of each nanotube to displace them with respect to the ion cylinder.
When Pulse Pass through, electron cylinders start oscillating at their natural frequency and
behave as a dipole antenna to emit THz radiation of suitable frequency.

Ahmad et al. [58] proposed a theory in which two laser beams with fundamental frequency
w,and close to second harmonic 2w, propagating along the same axis and direction undergo
self-focusing in multi-ion species of plasma to make efficient THz generation.The
ponderomotive force acting on electrons will result in non-linear effects. Due to space charge
field effects, ions of higher charged state get strong depletion from the axis, and electrons are
surrounded by the ions of lower charge state. During the self-focusing action, the power of the
laser beam becomes equal to its critical value. At the same instant, the plasma generates the
oscillatory waveguide for the weak beam, as a result, the weak beam shrinks and retraces its
path when its frequency is lower than that of its counterpart. Also, it retraces its path when its
frequency is more than its counterpart. The non-linear effects will be produced when both
beams are equally strong. The cross-coupling of the beams will result in a nonlinear current
resulting in the generation of terahertz radiation at w = w;_ w, . The Phase matching is
provided with an axial density ripple to provide better conversion efficiency in the generation

of terahertz radiation.

Sharma and Vijay [59] formulated a theory for the THz generation by using an anharmonic
CNTs matrix well embedded in the silica surface. When two collinear laser beams interact
with the CNTs matrix, there occur large diplacements by the electrons of CNTs to produce
non-linear force at beat frequency w = (w; — w,). This non-linear force is responsible for

the non-linear current and hence this non-linear current generates the THz radiation.

Sharma and Vijay [60] formulated a theory for the THz generation by using CNTs

embedded on the metal surface. When two laser beams incident on the metal surface at some
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angle, due to the non-linear mixing of lasers, a ponderomotive force comes into action on the
various electrons of CNTs (arranged in the array) at the beat frequency w = w,_ w,. It further
results in nonlinear current as a result CNTs will behave as an array on antennae generating
THz radiation at the beat frequency. The THz field is resonantly enhanced at plasmon

resonance. The collisions are not significant in this theory.

Vij et al. [61] proposed a theory in which vertically aligned CNTs can behave as emitters for
the THz radiations .when they beat two laser beams and incident on the VA-CNTSs under the
influence of the applied magnetic field, then the power of THz radiation is enhanced. The
normalized power of the THz radiation dpends on the dimensions of the CNTSs.

Afanas’ev et al. [62] studied that CNTs can behave as dipole antennae which can emit THz
radiations in the phase when one or two counter-propagating laser beams incident on an array
of CNTs, phase matching condition is obtained. Due to this condition Plasmon waves of THz

range can be generated along the CNTSs.

Singh et al. [63] explained THz generation in density ripple plasma by using Cosh-Gaussian
laser beams. These incident laser beams exert ponderomotive force on the free electrons of the
plasma and impart finite oscillatory velocity. The coupling with density ripple results in a

stronger nonlinear transient current.

Thakur et al. [64] provided a theoretical analysis of harmonic generation by interacting laser
beam with anharmonic CNTs grown over the silica surface. The laser beam displaces the
electrons of CNTs and results in the restoration force. The restoration force of the electrons of
CNTs does not vary linearly with the corresponding displacement. As a result, there occurs

broad resonance peak to enhance the power conversion efficiency of harmonic generation.

Gurjar et al. [65] explained the THz generation by copropagating two laser pulses through
the electron-hole plasma. These laser pulses exert a nonlinear ponderomotive force on
electrons and holes of the plasma to provide finite oscillatory velocities at the laser beat

frequency. The laser beat wave makes interaction with the plasma density perturbation to
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produce a nonlinear transverse current density, which is further responsible for the coherent

THz radiation.

1.4. Laser plasma Intereaction

Plasma (the fourth state of matter) is defined as the ionized gas, consisting of approximately
equals number of electrons an ions and exhibits collective behavior. The plasma was
discovered by William Crooks in 1879, with the help of an electrical discharge tube known as
‘Crooks tube’. The name ‘plasma’ was later provided by the Nobel Laureate Irving Langmuir,
in 1928. The plasma is known as the conducting medium due to the presence of free electrons
and ions. The properties of plasma are not affected by propagation of low intensity
electromagnetic waves. However, the interaction of intense laser pulses with plasma attracts
great attention since nonlinear effects lead to several interesting phenomena(66, 67). In order
to understand nonlinear laser-plasma interaction, consider the electric and magnetic fields of

an intense linearly polarized laser field,

E= RE,(r,z,t) cos(kz — wt), (1.4.2)
E= 37% Eq(r,z,t) cos(kz — wt) (1.4.2)

where, Egkand w are known as the amplitude of electric field, wave number and angular
frequency of the incident laser beam respectively. The beam is propagating along the z-
direction in pre-ionized plasma having ambient electron density nocm™=3. As the ions of the
plasma are massive as compared to the electrons of the plasma therefore, ions form immobile
background. The propagation of laser beam through the plasma can be explained by the
equation given as

(v2-12)E=22 (1.4.3)

c2 gt2 c2 ot’

where J is known as the current density vector and given by the relation J = nyev, here v is the

velocity of the plasma electrons. This velocity can be derived by using the basic relations of
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Lorentz force and continuity equations. If the plasma frequency is lesser than the frequency of
electromagnetic field of incident laser beam then the plasma is known as underdense plasma
otherwise it is known as overdense. The electromagnetic fields can not propagate though the
overdense plasma because in this case propagation constant becomes imaginary. The critical
plasma density condition determines whether the electromagnetic fields can propagate in the
plasma or not. One can obtain the refractive index of the medium by using linear dispersion

equation and it is given as e = /1 - (u)p/u))z, where w, is known as plasma frequency. From

this relation it is clear that for underdense plasma is always lesser than one.
1.5. Unique Schemes for THz generation

From the beginning of the 21% century, researchers are making efforts to produce efficient
THz sources. Numerous schemes have been proposed and devised to achieve highly energetic
and efficient THz sources. The common methods to generate THz radiations include lasers,
nonlinear optics, and electronics. These common methods can be further divided into some
familiar schemes like quantum cascade lasers (QCL), gas lasers (GL), and high-frequency
oscillators (HFQO). These are furthermore based on electron accelerators, laser-plasma
interaction, optical rectification, optical THz generation, and solid-state electronic devices. By
using these schemes, THz radiations of various frequencies can be generated. Moreover, these
generated THz radiations may be in the pulse form or continuous waveform. The material
breakdown, large size, and low conversion efficiency are the unwanted features associated
with these familiar methods. To achieve high efficiency, laser-plasma interaction can be used
because plasma doesn't have any damage limit. CNTs are used to achieve compactness in the
THz sources. Overall, there are two basic schemes to generate THz waves based on the
nonlinear laser-plasma interaction [68, 69]. These schemes are known as wakefield and beat

wave THz schemes.
1.5.1. Wakefield THz Schemes

In this scheme of THz generation, there occurs interaction between intense laser beam with
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plasma and accelerator used is known as laser wakefield accelerator (LWFA). The wakefield
excitation has been explained by several research workers by employing different means,
where the enhanced amplitude of THz radiation is required in the applications. The
wakefield can be explained as a conical emission in the forward direction by laser pulse
induced oscillating electrons. The configuration for this scheme was first of all provided by
Tajima and Dawson. The incident laser exerts ponderomotive force and the tip of the laser
pulse knocks away the electrons of the plasma. As a result, there occurs charge separation in
the plasma and this further results in the density oscillation of electrons. This charge
oscillation results in the formation of wake or plasma wave. In the most basic scheme, the
electron bunch is produced through self-trapping of background plasma electrons in the

wake.
1.5.2. Beat Wave Scheme

In Recent few years, numerous experiments based on laser beating in a corrugated plasma
have been reported with efficient THz generation. Out of these numerous schemes based on
laser plasma interaction, THz generation by beating of two laser beams of nearly same
frequencies and wave numbers in plasmas has shown tremendous potential in terms of making
enhancement in the amplitude, intensity, and efficiency of THz wave. For particular
applications, THz sources based on beating scheme mechanism can be used to enhance the
peak power of emitted THz wave. The fundamental mechanism to generate THz radiation by
beating of two co-propagating laser beams can be explained in the following manner. In this
scheme, THz radiations are generated by beating of two laser beams of slightly different
angular frequencies (w;, w,) and wavenumbers (k,, k,) in the plasma such that the
difference in the angular frequencies lies in the THz region. Most of the experimental work
performed by this scheme reported efficient generation of THz radiations [70-77]. The
researchers have used various laser profiles to enhance the amplitude, power, and efficiency
of THz radiation in beat wave schemes. In the present research work, we have preferred this

scheme in the plasma (in the form of CNTs) to achieve our research objectives by using
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various laser profiles. We have also used the anharmonic behavior of the CNTSs present in the

array.
1.6. Motivation & Objectives of the Research Work

The field of the THz generation has a great impact on the research and development of
modern times. It has proved its utilization in almost every field of science and technology.
The penetration power of THz radiations is more than the other electromagnetic waves. So,
THz technology can be used in the safety-protection and defense sector, This technology
provides us the information about concealed weapons and illicit drugs. THz radiations are not
harmful to the people because of non-ionizing nature. The rotational and vibrational spectra of
explosive materials and banned drugs lie in the THz region. In oral health care, THz
technology can bring a medical revolution by taking 3D pictures of the teeth. At present we
are using X-rays for this purpose but X-rays can detect oral diseases only at a later stage,
when the only remedy left is filling and drilling whereas, with THz technology, we can detect
these diseases even at the initial stage. 3D THz imaging and material spectroscopy can be
employed to conserve cultural heritage. THz technology can also be used in higher altitude
communication systems for example to send a signal from aeroplane to satellite. On the basis
of the above explanation, THz generation is the state-of-the-art field of research. However,
there are still some obstacles present in the development of THz technology. The main
concern and challenging task is to produce compact, efficient, light-weighted, cheap, and
powerful THz sources. These are the novel ideas, which require proper research work to
familiarize the THz technology. So in the present work, new schemes of THz generation are
discussed by using the array of VA-CNTs and HA-CNTs under the combined influence of

externally applied static magnetic and electric fields.
1.6.1. Research Objectives of the purposed work

The main motive of the proposed theoretical research work is to step up the level of

understanding and control of THz generation sources for their proper development and
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appropriate growth. For this, the following objectives have been achieved in the purposed

research work by using various improved schemes.

I.  Resonant excitation of Terahertz radiation by the interaction of a filamented laser
beam with an array of aligned CNTs in the presence of D.C. electric field.
II. Resonant excitation of terahertz generation in anharmonic CNTs by using the
amplitude-modulated laser.
1. To study the effect of external magnetic field on terahertz generation in anharmonic
CNTs.
IV.  To study the effect of cross focusing on Terahertz generation in anharmonic CNTSs.

1.7. Thesis Summary of Research Work

In the present research work, laser-plasma interaction in the array of CNTs, VA-CNTs and
HA-CNTs is used for the THz generation. The nonlinear mixing of lasers with anharmonicity
plays a key role when external static electric and magnetic fields are applied. In this proposed
work, the effects of several phenomena used laser-plasma-CNT parameters and some

additional nonlinear processes are discussed. This thesis consists of six chapters
Chapter 1: Introduction

This chapter includes the basic and essential facts about the present research work. The
motivation and objectives of the research work by using laser-plasma interactions in CNTs are
clearly stated. In this chapter generation of THz radiations by using semiconductors, electro-
optic crystals, CNTs, metallic CNTs, semiconductor CNTSs etc. is explained in a well-ordered

manner. This chapter also throws light on the potential applications of THz technology.
Chapter 2: Research Methodology

In this chapter, we have provided details of the research methodology used in every novel

scheme for the THz generation.
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Chapter 3: THz generation by the interaction of laser beams with magnetized
anharmonic CNTs array

In this chapter, a theoretical analysis of resonant THz generation in the magnetized array of
anharmonic CNTs array is presented. Two lasers with frequencies (o;, ®,) and wavenumbers
(kq, k;) propagate through the array of anharmonic VA-CNTSs in the presence of the applied
static magnetic field. It provides different displacements to the various electrons of CNTSs.
Due to this, restoration force varies nonlinearly with the displacements of electrons and hence,
results in anharmonicity. This anharmonicity plays a significant role in the enhancement of
absorption of lasers by the electrons of CNTs. The nonlinear restoration force produces a
current which is responsible for the THz generation.

Chapter 4: THz generation by using laser filaments under the influence of static electric

field in magnetized collisional plasma and anharmonic magnetized CNTs

In this, chapter, we have proposed and compared two models for the THz generation. In the
first model, we put forward a new scheme of THz generation by employing laser filaments in
the plasma under the influence of externally applied static electric and magnetic fields. In this
scheme, two femtosecond laser pulses are co-propagating in the magnetized collisional
plasma. THz wave is generated due to the nonlinear coupling between nonlinear velocity and
electron density in magnetized collisional plasma. We have obtained the expression of a
dielectric tensor with anisotropic nature and it is found to be very useful in the study of THz
generation. The applied magnetic field also aids to enhance the transverse components of

nonlinear current. This nonlinear current is responsible to generate enhanced terahertz waves.

In the second model, we put forward an alternative scheme for THz generation by using the
rectangular array of horizontally aligned hollow anharmonic CNTs embedded on the base of
the dielectric surface. Two filamented laser beams interact with this array of CNTs under the
influence of externally applied static D.C. electric and magnetic fields acting mutually

transverse to each other as well as to the propagation direction. The presence of non-uniform
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electron density in CNTSs, the restoration force on the different electrons is different and this
results in anharmonicity. This anharmonicity broadens the resonance peak. The lasers also,
exert space periodic ponderomotive force and beat frequency ponderomotive force on the
electrons of CNTs. The space periodic ponderomotive force is well neutarlized by the
pressure gradient force so that a transverse density ripple can be formed. Nonlinear coupling
between D.C. drift velocity of electrons and density of plasma electrons in the array of CNTs
results in the enhancement of THz generation.

Chapter 5: THz generation by cross-focusing of Gaussian beams in the array of
vertically aligned anharmonic and magnetized CNTSs.

In this novel scheme of terahertz (THz) generation, the effect of cross-focusing of Gaussian
laser beams in the array of vertically aligned anharmonic carbon nanotubes (CNTSs) has been
studied. The static magnetic field is applied transverse to the axis of CNTs to magnetize the
CNTs. The nonlinearity in the system arises due to the ponderomotive force exerted by the
laser beams on the electrons of CNTs. The plasma in the CNTSs rearranges itself due to this
ponderomotive nonlinearity, which gives rise to the cross-focusing of both laser beams. The
nonlinear current at THz frequency appears in the array of CNTs on account of the
ponderomotive nonlinearity and anharmonicity of the system. The anharmonicity plays a
pivotal role in the enhancement of THz generation. The normalized amplitude of THz
radiation shows a notable enhancement with the increase of the externally applied static
magnetic field (90 kG to 330 kG), dimensions of CNTs, and inter-tube separation. The cross-
focusing of two laser beams in the magnetized collisional plasma makes a significant

enhancement in the THz generation with the help of anharmonicity.
Chapter 6: Future scope

This chapter throws light on the futuristic aspects of the present thesis work. With the help of
important results and conclusions, we explained the future scope of the presented research

work in various fields of science and technology.
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Chapter 2
Research Methodology

2.1. Hypothesis Formulation

The main aim of the present theoretical research work is to make advancements in the field of
THz science and technology by developing highly efficient and compact sources of THz
generation. To achieve this, single-walled CNTs are employed because of their extraordinary
electrical and thermal conductivities. The hypothesis is based on the interaction of a high-
power laser beam with an array of anharmonic VA-CNTs and HA-CNTSs in the presence of
the externally applied static magnetic field, electric field, or both. This is in accordance with
the experimental, theoretical, and simulation work performed by the researchers in the THz
field.

2.2. Numerical Methods
2.2.1. Paraxial Ray Approximation (PRA) Method

The paraxial ray approximation is assumed when intense finite radius pulse propagates in the
plasma. The divergence angle of the laser beam is considered to be very small and beam width
is much greater than the wave length. Till the beam width remains larger than the radiation
wavelength, the wave equation with paraxial approximation gives quite accurate picture of the
beam near the axis throughout the propagation. The various nonlinear processes occur during
the interaction of laser with the VA-CNTs and HA-CNTSs. For the analysis of these nonlinear
processes, one can use Paraxial Ray Approximation (PRA), Moment Theory, and Variational
Method. Out of these three methods, PRA or ‘near axis method’ is the simplest and most
accurate one. This method was provided by Akhmanov et al. [1] in 1968 and shows close
agreement with experimental results. Sodha et al.[2] also used PRA in their theoretical study
of the propagation of electromagnetic waves in various media. Therefore, in the present

research work, the PRA approach is preferred to explain the nonlinear processes. The
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fundamentals of electrostatic-electromagnetic wave coupling along with ponderomotive force

and wave propagation equation are explained below.
2.2.2. Linearization Method

The Linearization is a process to simplify the complexities, which arise due to the presence of
nonlinear terms. The system of nonlinear equations is much difficult to solve and not too
much mathematical techniques exist to solve and to investigate it qualitatively. So it is
difficult to study nonlinear cases in general formulation. The linear case can be studied in
general formulation, but is limited by small amplitudes of perturbations (where linear
approach is valid). As the plasmas are unstable, therefore different types of instabilities are
associated with it. They can be discerned in its initial phase. At this stage it is easily to
understand the parameters that govern that instability for example plasma-beam densities and
plasma velocity, magnetic field strength, etc. This is possible by linearizing the corresponding

equations

The oscillations produced by the electrons of plasma are much faster than the ions because

ions are heavier than electrons and assumed as stationary.

V.E = é(n0 —ng). (2.2.1)
Ze 4+ V. (neve) = 0. (2.2.2)
nemea(,)—vte + neme(\_/’eﬁ) (V,) = —en,E. (2.2.3)

The equation (2.2.2) represents the equation of continuity for the electron density of plasma
and equation (2.2.3) is the momentum equation for the electrons of plasma. To simplify these
equations one can use linearization method. With this linearization method, we take
equilibrium solution (d/dt — 0) to the above equations and this equilibrium value is known

as zeroth order solution. From there onwards, we assume some perturbation in the equilibrium
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solution and this is known as first order quantity. We put this first order quantity in the above
equations and neglect the second or higher order terms to get the linearized equations.

2.3. Nonlinear Ponderomotive Force

It is defined as a nonlinear force experienced by the electrons and positive ions in an
inhomogeneous oscillating electromagnetic field. In a homogenous electromagnetic field,
charged particle makes oscillations around a fixed point whereas, in an inhomogeneous field
particle is pushed towards the region of weaker field strength. Consider that a laser beam is
propagating along the z-direction in the plasma present in the form of CNTs. The electric field
profile of this laser beam is represented by the equation E = E,e~i{(®t-k2)  where E, denotes
the amplitude of laser field, w is the angular frequency and k is the wavenumber of the laser

beam. The equation of motion for the plasma electrons of CNTs under the influence of the

electric and magnetic fields ( E and ﬁ) of the wave can be described as
m Z—T +(7—V7)] = —eE—e (VX B)/c. (2.3.1)

By considering the wave amplitude very small and using the linearization approximation, two

nonlinear terms, m (v.Vv) and e (v X §)/c can be neglected. If wave amplitude is large, then

both nonlinear terms become significant and ponderomotive force is given by the

relation 1—5p = —mWV.W)- e(V X §)/c, where ¥ and B represents real parts of complex

expressions. Hence, one can write the time average ponderomotive force as

F, = —R. (m#.V9)- R, (erB), (2.3.2)

where, R, represents the real part of each complex expression. By using standard complex

number identity, the ponderomotive force can be written as

Fp= -2 R [F.VV+ V.W) -~ R[(¥xB + VxB)]. (2.3.3)
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By neglecting the nonlinear terms from equation (2.3.1) and linearizing it, we get the
oscillatory velocity of plasma electrons of CNTs as eE/miw. By Substituting this value of

oscillatory velocity in equation (2.3.3) and using Maxwell’s 3" equation V x E = — 9B/t
the expression for nonlinear ponderomotive force can be modified as
eZ

By == L REDE+ B7) (B +F x @xE) +Ex (7xE)] (2.3.4)

p 2mw?

If we consider un-magnetized plasma, then corresponding ponderomotive force acting on the
plasma electrons of CNTs can be expressed by the relation ﬁp = eVd¢p, Where ¢p is known as

ponderomotive potential and given by the relation ¢p = — e/4mw? V |E|2. Such expression
for the nonlinear ponderomotive force has been interpreted by many researchers, using
identical and different approaches [3-6]. This nonlinear force modifies the plasma density of
CNTs, which further results in the modification of the refractive index.

2.4. THz wave propagation equation

For the discussion of THz generation through CNTSs, the THz wave propagation equation is
very useful. This equation can be derived by using Maxwell’s four equations of

electromagnetic theory.

Maxwell 1% equation: First equation can be yielded from Gauss’s law in electrostatics (with
due consideration to dielectric polarization). This equation also represents Laplace or Poisson

equation
V.D = 4mp, (2.4.1)

where, D and p are known as electric displacement vector and current density of charge

carriers.

Maxwell 2" equation: Second equation is represented by Gauss’s law in magnetism and

shows that the divergence of the curl of a vector is always zero.
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V.B=0, (2.4.2)
where, B is known as the magnetic induction vector

Maxwell 3" equation: Third equation can be obtained by using Faraday’s law and Lenz’s

law of electromagnetic induction.

= = 10B
VXE=—-—,
c ot

(2.4.3)

where, the term E is known as an electric field vector. The speed of electromagnetic waves in

air or vacuum is denoted by c.

Maxwell 4" equation: Fourth equation can be obtained from Ampere’s law and Maxwell’s

modification of displacement current.

VxH=2]+222 (2.4.9)

where, H is the magnetic vector and T is known as current density in the medium. The relation
between E and D is given as D = €E, here e is known as lattice dielectric constant in
semiconductors and dielectric constant in gaseous plasma. The relation between Hand B is

given as B= uﬁ, here u is known as magnetic permeability of the medium. By taking curl on

both sides of Maxwell’s 3" equation (2.4.3), we can write

Curl(V x E) = curl (- lﬁ) (2.4.5)

c ot

With the help of standard vector identities and Maxwell’s 4" equation, the above equation

(2.4.5) can be written as

(2.4.6)
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Simplifying the above equation, the THz wave propagation equation can be obtained as

VZE — V(V.E) = 22 4 dma OF (2.4.7)

c? ot cz at2’
2.5. Carbon nanotubes (CNTs)

After the discovery of Carbon Nano Tubes in 1999 [7] by lijima, CNTs brought a revolution
in many areas of science and technology due to their extraordinary electrical and thermal
conductivities. The large value of electrical conductivity helps to enhance the nonlinear
current density and the large value of thermal conductivity helps to hold the plasma with in
the CNTs. CNTs are formed by rolling up the sheets of graphene. A single-walled carbon
nanotube (SWCNT) can be formed by rolling a single sheet of graphene into the closed
cylinder. The multi-walled carbon nanotube (MWCNT) can be formed by rolling up several

graphene sheets concentrically and coaxially.

([ s | am—
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Figure 2.5.1 Representation of SWCNTs and MWCNTSs by rolling up the graphene sheets.

Both SWCNT and MWCNT have been shown in figure 2.5.1. In the modern physics world,
the Latest trend is due to use the carbon nanotubes for the generation and detection of THz
radiation, because of their nano scale dimensions that is compactness (CNTs are cylindrical
molecules with 10° m diameter and 10 m length) [8] and high efficiency. A metallic nano
structure surface was used by welsh and wyne [9] to generate ultrafast THz radiation with the
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help of excitation of plasma. More over carbon nano tubes have electron plasma frequencies
in the THz range and as a result, CNTs appear as a favorable medium for terahertz radiation
generation via nonlinear coupling with lasers. As a result, CNTs are the frontrunners for the
next generation THz sources. Several methods have been developed for the synthesis of CNTs
like arc methods, laser methods, chemical vapor deposition method (CVD), etc. In our
research work, we have preferred the CVD method because it is cost-effective and the
dimensions of CNTs can be easily varied according to the requirements

2.6. Anharmonicity

To understand the concept of anharmonicity, we will define the anharmonic oscillator. An
anharmonic oscillator is that oscillator which is not oscillating in harmonic motion and the
anharmonicity can be calculated by using numerical techniques like perturbation theory. In
this, there occurs deviation in the frequency w from the actual frequency w, of harmonic
oscillation. As a result change in frequency will occur and it is given by the relation Aw =

w — wgy. The amplitude of oscillations can be written as
A? x (0 — wg). (2.6.1)

Anharmonicity modifies the energy profile of the resonance curve resulting in super harmonic
resonance. In CNTSs, anharmonicity comes into action, when laser beam interacts with the
array of VA-CNTs or HA-CNTSs. Laser beam ionizes the atoms of CNTs by displacing the
electrons from the positive ions. The restoration force will act on the electrons of CNTs to
bring back the electrons to their original positions. This restoration force is different for
different electrons. It means some of the electrons of CNTs will experience weak restoration
force, whereas; remaining other electrons will experience strong restoration force. This
nonlinearity in the electrons results in the anharmonicity and CNTs behave as anharmonic
CNTs. In the present research work, we have used anharmonic CNTs in various schemes. The
anharmonicity of CNTs in two of the schemes of the presented work depends on the

anharmonicity factor a and characteristic parameter (3. The characteristic parameter is given as
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__ 2loge(b/a)
B= ey (2.6.2)

The anharmonicity factor is given by the relation

a=4/(b+a), (2.6.3)
where aand b are known as inner and outer radii of CNTs. The numerical values of both g
and o (represented by the equations (2.6.2) & (2.6.3)) depend on the dimensions of CNTSs.
Both g and o plays very significant role in our research work to determine the anharmonicity
up to second order. This anharmonicity in the behavior of CNTs has been used to enhance the
THz generation.
2.6.1. Derivation of anharmonicity factor a and characteristic parameter 8
The incident laser beams interact either with VA-CNTs or HA-CNTSs to ionize the atoms of
CNTs in the respective array and provide finite oscillatory velocity to the free electrons of
CNTs. As a result the electrons of CNTs get knocked out from the ion cylinder to cover a

displacement of A. The space-charge electric field is created with each CNT if the

displacement of the electrons Ais perpendicular to the axis of CNT. This field is represented

by the overlapped region of the electron and ion cylinders in figure 2.6.1. The net space
charge electric field ﬁs can be calculated as the vector sum of the space-charge electric field
due to ion and electron cylinders (Eele,ﬁion ) and given as

Es = Eion + Ecte. (2.6.4)

The interior space-charge electric field at a point (r, ¢,z) as shown in figure 2.6.1 due to ion

cylinder can be calculated as

= nge(r?-a?) r
Bion = 221 (265)
where e is the electronic charge and € = €,¢, is known as the electric permittivity of the

medium. The interior space-charge electric field at a point (r, ¢, z) due to the electron cylinder

shifted by displacement A with the respect to the ion cylinder is given by the relation
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Fig.2.6.1. Shifting of the electron cylinder by distance A with respect to the ion cylinder

Eee = 22°[|f — & Z—a]lr l (2.6.6)

2¢ |f-’ Z
Substituting Eq. (2.6.4) and (2.6.5) in Eq. (2.6.6), the net space charge electric field at the
point (r, ¢,z) would be

B, ZMi_m“F_zf _az] F-}'Zl, (2.6.7)

2¢€ r2 2¢€g |F—A|

It is observed that the displacement of the electrons along the axis of CNTs or parallel to the

CNT axis is zero. The displacement of the electrons of CNTs is non-zero along the
perpendicular direction (x-axis) and it is represnted in the figure 2.6.1. Therefore, one has to

calculate the x-component of space charge electric field and it can be derived from Eq. (2.6.7),

Eoe = 20 [(145) &, + (300 4 200 (520 co50) 2], (2.6.8)

r r3

Correspondlng to the x-component of space charge electric field, the restoring force for each

electron along the x-axis can be obtained by using the relation, Fg, = —eE,,

Foo = _nzoge [(1 + )A + (SCOS(P 4 deos’e _ (07) cos(P) A;Zc]' (269)

r r3

Due to anharmonicity, the restoration force is not the same for all the electrons. Some of the
electrons experience a weak restoration force, whereas others experience a strong restoration

force. Hence, we need to calculate the  (average) and the r (average) of restoration force to

obtain its linear (Fis) and nonlinear components( Fyp.sx)-
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b a2
nge? I (1+r—2)2nr.dr

2e f: 2nr.dr

2 2 2_ .2
AX and <FNLsx> _ _ Dee (1 ) f027r (5 cos @ n 4cos”p (r I«321 )COS(p) d(p A)Z(

2¢ 2n r r

(FLex) = —
Solving these, net average restoration force is given by

(Fuoe) + (Frise) = 2288, [1+ {210ge(V/a) /(0?/27 = D} + 4/ + )8, (26.10)
where, wp = [noez/meo]l/Z is the plasma frequency and m is the electronic rest mass and e is

the electronic cherge. From the equation (2.6.10), 2 loge(b/a) /(b?/a®> —1) =B and 4/(b +

a) = a are known as characteristic parameter and anharmonicity factor respectively. Both the
terms are responsible for nonlinear mixing in the response. We have calculated anharmonicity
up to second order in our neoteric schemes of THz generation.

2.7. Effect of Laser-Plasma Parameters on THz generation

The various laser-plasma parameters affect the THz generation in a very significant manner
and it is evident from our research work. The effect of some of the relevant parameters is

explained as
2.7.1 Magnetized Plasma

It is the plasma in which the ambient magnetic field is so strong that it can affect the
trajectories of the charged particles in a significant manner. It has been used by various
researchers in many applications like accelerating charged particles, in generating THz
radiations [10, 12]. As magnetized plasmas show different responses to the forces which are
parallel, oblique and perpendicular to the applied magnetic field, as a result, magnetized
plasmas are anisotropic in nature. If plasma is considered to be in the frame of rest, the

electric field will be zero. If magnetized plasma is in the frame of motion, moving with
velocity v under the influence of the externally applied magnetic field B, then Lorentz force
will come into action and it is given by the relation F= q(V xﬁ). As a result, charged

particles will move in circular paths known as gyro-orbits, in the direction perpendicular to B.
The gyro radius of charged particles under the influence of the magnetic field can be written
as r = mv/qgB and corresponding gyro frequency is v. = qB/m. This gyro radius is different
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for different species, ions, electrons, and neutrals. If the temperature of each species is
comparable to each other then one can write r, = (m./m;)?r;. The magnetization parameters
can affect the trajectories of charged particles in a significant manner. The external static
magnetic field is considered to be very supportive in increasing the amplitude of THz
generation. Thus, we have applied static magnetic field in our every research objective.

2.7.2 Rippled density Plasma

For the THz generation, we have considered laser-plasma interaction in the array of VA-CNTs
or HA-CNTs. The THz generation cannot be directly excited by the beating of two incident
lasers (w1, Kk, and wz,Ez) having frequency difference (w = w; — w,) in the THz region
because k # El - Ez ; this phase matching condition can be attained by providing some extra
momentum to the system. The corrugated plasma with density ripples equal to mismatch in

phase may turn the process into a resonant process. There is number of ways in which ripple

can be produced in plasma. The best and simplest way to generate ripple is machining.
2.7.3 Laser intensity (Optical power per unit area)

With the advancement in laser technology, we have availability of a broad range of laser
intensities (10'® Wem™2 to 1023 Wem™2). The intensity of incident beam of the order of
10 Wcem™2 is known as the ionization threshold. The laser intensity more than, this
ionization threshold is responsible for the ionization of the material. Laser intensity more than
10'® Wem™2 is known as the relativistic threshold and results in the relativistic motion of the
electrons. In the laser-plasma interactions, the intensity of the incident laser beam plays a very
significant role. The highly intense laser beam results in a higher degree of ionization in
plasma. It also increases the nonlinearities of the system, which is responsible for the increase
in anharmonicity of the system. Because of this, more intense THz radiations are produced.

So, the laser intensity of incident beam is directly proportional to the output THz yield.

2.7.4 Laser Polarization
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The state of polarization is one of the most significant features of the laser beam and it plays
an important role during the laser-plasma interaction in array of anharmonic CNTs. The
polarization state of the laser beam identifies the direction, which is always at right angles to
the direction of propagation of the incident laser beam, in which the electric field vector is
oscillating. This vibration of the electric field vector can be simple, having one direction along
the beam propagation. In this case, the laser beam is known as linearly polarized. In the
present research work, we have used linearly polarized incident laser beams for the detailed

analysis of various THz generation schemes.
2.7.5 Self-focusing and Cross-focusing of laser beams

Both self-focusing and cross-focusing are nonlinear optical phenomenon, which comes into
existence due to the interaction of laser beams with plasma [1, 2, 13, &14]. Primarily, three
nonlinearities are found to be responsible for these, named as (i) Thermal
nonlinearity (ii) Relativistic nonlinearity (iii) Ponderomotive nonlinearity. Thermal
nonlinearity is due to collisional heating of the plasma when laser beams incident on it. The
collisions between the plasma electrons of CNTSs results in the increase of temperature. This
rise in temperature induces hydrodynamic expansion in the plasma of CNTs, which further
leads to rise in refractive index. Relativistic nonlinearity is due to the increase in the mass of
plasma electrons of CNTSs, traveling at a speed approaching the speed of light. This results in
the rise of the refractive index of the medium. Ponderomotive nonlinearity is caused by
ponderomotive force, which knocks the plasma electrons away from the region where the
laser beam is more strong and intense. This again results in the rise of the refractive index of
the medium. In the cross-focusing phenomenon, there is a simultaneous propagation of two
laser beams in such a way that the self-focusing of one beam is affected by the other and vice-
versa. The nonlinearity introduced in the medium depends on the intensities of both the laser
beams. Both self-focusing and cross-focusing phenomenon are found to be very beneficial in

the enhancement of THz generation.

2.7.6 Amplitude Modulation wave
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In communication systems, the information message can be transmitted via carrier wave of
radio frequency using amplitude modulation technique. In this, the information message can
be transmitted to the other end by modulating the strength of the signal. Furthermore, the
pulse can be amplitude modulated with the help of THz signal by employing the electro-optic
modulator technique. In one of the proposed schemes of the research work, we have used an
amplitude-modulated Gaussian laser beam to generate THz radiation.

2.7.7 Gaussian Laser Beam Profile

The Gaussian laser beam is a highly monochromatic electromagnetic radiation whose
amplitude envelope is in the transverse plane. The amplitude envelope is represented by the
Gaussian function. This Gaussian mode describes the output of most of the lasers because
such a beam can be focused into the most concentrated spot. The Gaussian beam remains
Gaussian if the paraxial nature of the wave is maintained. As per the requirement in various
schemes, one can generate many profiles from Gaussian laser beams by using appropriate
methods [13, 15-19]. In the present research work, we have used a Gaussian profile to achieve

one of the objectives.
2.7.8 Plasma Density

In the proposed work, the plasma density term plays a major role in the efficient THz
generation. It can be defined as the concentration of electrons present in the given volume of
plasma. Plasma density determines the plasma state, electron density, and ionized state in
fully or ionized gases. The characteristics of plasma can be varied with plasma density. The
plasma which has low plasma density is known as cold plasma and the plasma which has high
plasma density is known as hot plasma. The other important term in plasma study is the
critical density of the plasma. On the basis of the value of critical density, we can make a
distinction between underdense and over-dense plasma. The plasma is known as underdense
plasma if the electron density of plasma is less than its critical density. The over-dense plasma
is that in which the electron density of plasma is more than its critical density. Because of this

high electron density, the laser beam cannot propagate through the overdense plasma with
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proper ease. In the present research work, we have preferred underdense plasma for the ease
of THz wave propagation. The mathematical relation for the plasma density term is given as

w, = (4mne?/m)*/? (in CGS system) and w, = (ne?/mey)/? (in SI system), here the

terms n, e, and m represent the number density, charge, and mass of electrons respectively.
2.7.9 Filamentation and Filaments

Filamentation is defined as the nonlinear propagation of the laser beam, in a nonlinear
medium, when the balance is achieved between optical Kerr effect-induced self-focusing and
defocusing effects such as diffraction and plasma defocusing. Laser filament is the
propagation zone of the beam, in which there is intensity clamping. Filamentation can be used
in various applications like long-distance propagation of ultra-short pulses, generation of
harmonics, and THz generation [20-22]. In our present work, we have also employed

filamentation in achieving one of the research objectives.
2.8 Research Design

The research design of our proposed research work is based on solving the simple and

differential coupled equations by using some standard numerical methods.
2.9 Software used

MATHEMATICA and MATLAB are the software used for analyzing our results, obtained by
using standard numerical methods. ORIGIN software is preferred for graphical analysis by
plotting the results obtained in various schemes. Origin software is used because of its

accuracy in plotting the graphs.
2.10 Tools used
Laptop, printer, and scanner are the tools used in our research work.

2.11 Sources of Data
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In our present research work, we have collected the data through various research papers on
the related THz generation field. Finally, to obtain the authenticity of our analytical,
numerical, and theoretical results, the comparison is made with experimental and simulation

work.
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Chapter 3

THz generation through magnetized anharmonic CNTs array

3.1. Introduction

In this modern world, THz technology has attained great importance due to compact and
highly efficient THz sources for various applications in many fields like security—protection
[1], medical sciences [2-4], broadband communication [5], etc. The various researchers have
proposed a number of schemes for THz wave generation to provide compact, efficient, and
reliable THz sources. For this purpose, they have used different mechanisms to enhance the
amplitude of THz radiation. Some of these are; by beating of two chirped-pulse lasers in
spatially periodic density plasma [6], by the interaction of laser filaments in the presence of a
static electric field in a magnetized collisional plasma [7], laser coupling to an anharmonic
CNTs array [8], nonlinear mixing of lasers [9], by applying a magnetic field on an array of
CNTs [10-12]. The CNTs are considered very reliable and effective sources for THz
generation, due to their compact size, large current density, high electrical conductivity, and
excellent combination of transverse-longitudinal dimensions. The CNTs are considered a
more favorable medium for the efficient generation of terahertz radiation [13]. Moreover,
CNTs are also helpful in the strong absorption of the laser beam [14] due to which generated
THz amplitude is enhanced. Titova et al. [15] have proposed the generation of THz radiation
by using single-walled CNTSs, excited by femtosecond lasers. Batrakov et al. [16] and Portnoi
et al. [17] have explained and reviewed THz generation processes in CNTs to increase the
efficiency of THz generation. Wang and Wu [18] studied the properties of THz radiation
experimentally, emitted by CNTs antenna. Dragoman and Dragoman [19] have studied the
characteristics of metallic single-walled CNTs as a THz antenna. Dagher et al. [20] have
studied the amplification of THz radiation in metallic CNTs under the influence of the D.C.

magnetic field and observed enhancement in the normalized amplitude of THz radiation.

3.2. Proposed Model for THz generation through anharmonic magnetized CNTSs
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In the present chapter, we propose a new scheme for THz generation by irradiating two co-
propagating lasers of nearly equal frequencies on vertically aligned hollow anharmonic CNTs
in the presence of an external static magnetic field. In this, we are using an array of CNTSs to
ease the propagation of THz radiation. A single-walled carbon nanotube is generally modeled
as a hollow cylinder [21] to calculate electrical and optical conductivity. But the response of
these nanotubes towards the transverse electric and magnetic fields is assumed as solid
cylindrical tubes [22-24]. This assumption is reasonable because the diameter of CNTSs is very
small and the density of atoms is very high. The array of anharmonic CNTs is grown over the
glass dielectric surface. Here restoration force of electrons of CNTs is a non-linear function of
electron displacements in CNTs. Consider an array of vertically aligned anharmonic CNTSs
grown over the dielectric surface of glass (e, = 2.5). This arrangement of CNTs can be
obtained by the chemical vapor deposition (CVD) process. It is because, in the CVD process,
radius, length, wall number, and alignment of CNTs can be easily controlled [25, 26]. There
are n. number of CNTs per unit area, given by n. = 1/d?, where d is known as inter-tube
separation. The term n, is the number density of free electrons of CNTs. The inner and outer
radius of each CNT is denoted by a and b respectively. The length of CNT is represented by

L, parallel to the y-axis, and perpendicular to the x-z plane as shown in figure 3.2.1. The
external magnetic field B is applied along the y-axis, parallel to the axis of CNTs. The lasers
with nearly equal angular frequencies (»;, ®,) and wavenumbers (k,, k,) propagate through
an array of anharmonic CNTs with electric field profiles,

E; = 2ae” 0k j = 1,2, (3.2.1)
The laser beams ionize the atoms of CNTs and impart finite oscillatory velocity to the free
electrons of CNTs. The electrons of CNTs get separated from the ion cylinder with a
displacement of A . When the displacement Ais perpendicular to the axis of CNT, the space-
charge electric field is created. This field is represented by the overlapped region of the
electron cylinder and ion cylinder in figure 2.6.1. The net space charge electric field E is the

vector sum of the space-charge electric field due to ion cylinder Eion and electron

cylinder Eele.
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/ Dielectric Surface ::

Fig.3.2.1. Schematic of THz generation by the interaction of lasers with vertically aligned anharmonic

carbon nanotube array in the presence of an external magnetic field.

E)s = E)ion + Eele- (3.2.2)
By using Eq. (2.6.8) one can write the corresponding x-component of space charge electric
field as

__ nge a? 5cos 4cos? (r2-a?)
Esx = % [(1 + r_z) Ax + ( r =+ r : - 3 COS(P) Ai]- (3.2.3)

Corresponding to the x-component of space charge electric field, the restoring force for each

electron along the x-axis can be obtained by using the relation, F, = —eEj,

Fsx = _nziez [(1 + i—i) Ay + (SCOS(p 4 deose (=) cos(P) A>2<] (3:24)

r r r3

Due to anharmonicity, the restoration force is not the same for all the electrons. Some of the
electrons experience a weak restoration force, whereas others experience a strong restoration
force. Hence, we need to calculate the ¢ (average) and the r (average) of restoration force to
obtain its linear (Fis) and nonlinear components( Fypsx). By using Eq. (2.6.10) net average

restoration force is given by
—mo3
<FLSX) + <FNLSX) = IZnTrPAx[l + B + an], (325)

where, wp = [noez/m€0]1/2 is the plasma frequency and m is the electronic rest mass. p =
2 loge(b/a) /(%/a? —1) anda = 4/(b+a) are known as characteristic parameter and
anharmonicity factor respectively. Both the terms are responsible for nonlinear mixing in the
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response. The numerical values of both g and o depend upon the inner and outer radii of
CNTs. As the static magnetic field B is applied along the y-axis, therefore, magnetic force
Fg = e(V x ﬁ)/c can be resolved into their x and z components, Fg, = —ev,B/c and Fg, =
evyB/c respectively. Under the effect of electric fields of the interacting laser beams,

externally applied static magnetic field B and space charge electric field, the displacement of
electrons in CNTs is directed by the following equations motion

d?Ax | o3 FBx dAy _ —eEy

F+Z(1+B+QAX)AX+F+DF_ — (3.2.6)
d*A; | Fpz dA; _ —eE,

2 +--+v el (3.2.7)

where, v represents electron collision frequency which is lesser than .

Simplifying equations (3.2.6) and (3.2.7) we get

2 —
—02 Ay + 22 (1 + B + aA) A, + io0 A, —iovA, = :"f (3.2.8)
—0%A, — i00 A, — VOA, = _:fz, (3.2.9)

where, o, = eB/mc is known as the cyclotron frequency of plasma electrons.

By solving equations (3.2.8) and (3.2.9) we get

A, =~

m

1 [eEZ—immchX]' (3,2,10)

®2+ive

By Substituting A, in equation (3.2.9), and ignoring the anharmonicity, we can calculate A,

2 woc [ieEz—1mmoocAx —eEx
—02 A+ 25 (L+ B+ aA)A + 22 e (3.2.11)
inocEz
Ey+ooctz
AX — e[ +032+lUUJ:| (3.2.12)

, 9% 0202 .
m[m —2—q(1+B)—m+lUw
As explained above the displacement of electrons in CNTSs is finite for the field perpendicular

to the CNT axis and zero for the field along the axis. Therefore, the term E, is taken as zero.

Ex
A, = o (3.2.13)
m[mz—i(1+ﬁ)—m+ivw

The anharmonicity factor « is responsible for nonlinear mixing in the electron response
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towards the incident lasers. If we neglect the nonlinear terms, then electron displacement due
to lasers is given as,

eE]-

22
m[lz 2er \1 ) (0? +1)0)) le]]

A = (3.2.14)

With the help of equations (3.2.6) and (3.2.12), the non-linear term provide electron

displacement A, at frequency o = (w; — ®,) and becomes responsible for THz generation.

2 2 *
2 _ Wp _ , _ __awpAjA;
[(D 2¢r (1 + B) (0% +ivw) + lD(D] AX - 4ey (3215)
Ax = o 2l | (3.2.16)
s

Due to this displacement (A,) of electrons, plasma electrons start oscillating with THz
oscillatory velocity given byv,, = —ioA, . The THz oscillatory velocity is further
responsible for the generation of non-linear THz current density J'~ -

JNL = —en,v,,. (3.2.17)
The nonlinear current density ]'g)]; is non zero over the cross-section m(b? — a?) and zero over

the area d2. Thus, the average nonlinear THz current density due to the array of CNTs is

o = —mengng(b? — a?)vyy. (3.2.18)
The standard equation for the generation of THz waves is

—4m
V2E,x + K?E x = Cz“’ NL. (3.2.19)

Along the x-axis above equation, we can write as:

0%E,, —4mo

Zhon 1 2R,y = 2N, (3.2.20)
2 2

where, k2 =2 |e, — n(b? — a®)n, —F

c2

CL)ZCL)Z
[ 2_(14p)2 . ]

2er 02+ivo

On solving Eqg. (3.2.20), we get a terahertz electric field E, given below

2 2 2
_ 2 _ A2 npe eAzAl Op 031
me - [TE(b a )n ] m €g wz] m wyC 0312> 2o ‘”%‘”(2:
1 —02+(1+p)5 -—iv 2+l —w1+(1+[3)——w(n1+ 7,
r o7 +ivoq
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: o7 | e - | (3.2.21)
_“’%+(1+B)j—i+iuw2+0é)i—;;2 [k3—(k1+kz)?]c(b+a)w;

The normalized THz electric field equation is

-1
Eox _ 2 .2 1| nge? [eAz][_m_z (1+B _'(ﬂ (l m%/m%] [ LV
A, [ﬁ(b a )HC] [ [m comf] m w,C o3 t Zcr) ' U)p) mp) t 1+iv/o 1+ lml

-1 -1
(%) ((ZB )) B 11%5331] [1 B ioalz B (Z—E) ((ZB )) B 101%30%2] [[ké—(k1+§:)/20ﬁ(b+a)/®z]. (3.2.22)

3.3. Graphical Analysis and Observations

Numerical simulations are performed with the following set of lasers and CNTs parameters.
The carbon dioxide lasers of frequencies ®; = 2 x 10 rad/s and w, = 1.85 x 10%* rad/s
have been chosen in such a way that frequency difference lies in the region of THz. The
corresponding wavelengths of lasers are A; = 9.45 um and 2, = 10.20 pm. The intensities
of both lasers are 1~103W/cm? and e A,/m w,c =eA,/m w,c = 0.03. The length of
CNT is 1 um with an inner radius of 20.0 nm, an outer radius of 40.0 nm. Corresponding to
these dimensions of CNTs, characteristic parameter 3 = 0.4622 and anharmonicity factor a =
0.06 nm~1. The relative permittivity of a dielectric surface is 2.5 and the applied static
magnetic field lies in the range 170 KG to 235 kG. In figure 3.3.1., we have plotted the graph
between normalized THz amplitude and normalized frequency for different values of external
static magnetic field B = 170 kG, 195 KG, and 235 kG. From figure 3.3.1, it is observed that
each curve shows an increase in normalized THz amplitude with the increase of normalized
THz frequency and attains its maximum value. After attaining the maximum value,

normalized THz amplitude shows a decrease with the increase of normalized frequency. The

curve shows the maxima at frequency, o = wpy/(1+B)/2¢, + (02/03). This is the
frequency where surface plasmon resonance occurs. At this resonance frequency, absorption
of lasers by the electrons of CNT becomes maximum and hence, THz wave of maximum
amplitude is produced. Also, the external magnetic field is used to enhance the normalized

THz amplitude. It is due to the reason that, the applied magnetic field increases the
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nonlinearity of the system. Similar results were shown by Jain et al. [11] where they have
applied a magnetic field on an array of CNTs embedded on the metal surface. It is further
observed from this figure that, with the increase of the external magnetic field, the surface
plasmon resonance point gets shifted towards the higher value of normalized frequency. This
is due to the dependence of surface plasmon resonance frequency on the external magnetic
field. Hence it is observed that surface plasmon resonance condition does not only depend
upon dimensions of CNTSs but also depends upon the external magnetic field. The inset figure
of figure 3.3.1 is plotted in the absence of a static magnetic field; other parameters are the
same as in figure 3.3.1. We observe an increase in the normalized THz amplitude, in the
presence of a static magnetic field as compared to the absence of a magnetic field. This also
shows the significance of a external magnetic field in our proposed theory.

To study the effect of dimensions of CNTs on the normalized THz amplitude, we have plotted
a graph between normalized THz amplitude with normalized frequency as shown in figure
3.3.2. In the first case, external and internal radii of CNTs are 40.0 nm and 20.0 nm whereas
in the second case these are 36.0 nm and 12.0 nm. Corresponding to the first case b/a = 2.0,
B=0.4622, a=0.06 nm~! whereas, corresponding to second case b/a = 4.0, p = 0.1848, 0. =
0.08 nm~! . The value of normalized THz amplitude is observed to decrease with the
increase in the value of b/a. THz amplitude is more for b/a = 2.0 (first case) as compared to
b/a = 4.0 (second case). The physical mechanism of this observation is as follows: with a
lesser value of b/a for CNTs, there is more absorption of lasers by CNTs. A similar
observation was made by Vij et al. [10] where they observed direct dependence of THz
amplitude on the radii of CNTs. Watanabe et al. [27] have also shown the direct dependence
of the THz electric field on the radii of CNTs in their experiment, in which they generated
intense THz pulse excitons by using CNTs. Also, a shift in the surface plasmon resonance
point is observed towards the lower side of THz frequency at the lower value of b/a. This
shift can be well explained from the expression of surface plasmon resonance condition.

In figure 3.3.3, we have shown a variation of normalized THz amplitude with normalized
frequency at different values of inter-tube separation d = 60.0 nm,75.0 nm,90.0 nm.

Whereas, other parameters are the same as that of figure 3.3.1.
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Fig.3.3.1 Variation of normalized terahertz amplitude with normalized THz frequency at different values
of external magnetic field B = 170 kG, 195 kG, 235 kG for f =0.4622 and a = 0.06 nm™1. Inset graph;
plot similar to figure, in the absence of static magnetic field.
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Fig.3.3.2 Variation of normalized terahertz amplitude with normalized THz frequency for different values
of characteristic parameter f§ and anharmonicity factor o at the optimized value of external magnetic field

B =235kG.

From the three curves of figure 3.3.3, it is observed that the normalized THz amplitude shows
maxima at the lower value of inter-tube separation 60.0 nm. This is because at the lower value

of inter-tube separation, the number density of CNTs increases, and hence nonlinearity of the
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array of CNTs behaving as plasma increases. The same observation was made by Kumar et al.
[28]. From the graph, it is also observed that the surface plasmon resonance shifts towards the
left with the decrease in the inter-tube separation. In figure 3.3.4., we have shown the effect
on normalized THz amplitude by considering the anharmonicity and without considering the
anharmonicity in the CNTs. From the curves, it is clear that by considering the anharmonicity,

there is a significant increase in the normalized amplitude of THz radiation. From figure 3.3.4,
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Fig.3.3.3 Variation of normalized terahertz amplitude with normalized THz frequency at different values

of inter-tube separation at the optimized value of external magnetic field B = 235 kG for characteristic

parameter f =1.064 and @ = 0.06 nm™1,
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Fig.3.3.4 Variation of normalized terahertz amplitude with normalized THz frequency, with and without
anharmonicity at the optimized value of external magnetic field B = 235 kG and other parameters are the

same as that of fig.3.3.
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it is observed that normalized THz amplitude shows a nearly 2.0 times increase in anharmonic
CNTs as compared to the case where anharmonicity is not considered. Hence the THz
amplitude is enhanced significantly by considering anharmonicity as compared to considering
the ponderomotive nonlinearity only. One more very important observation which we have
made from this figure is that the surface plasmon resonance is broadened. It is very useful
when we are using this THz source for communication purposes because, with the broadening

of surface plasmon resonance frequency, bandwidth is increased.

3.4. Conclusion

The surface plasmon resonance peaks expand and broaden due to the anharmonic behavior of
an array of CNTs in the presence of a static magnetic field. It also results in the enhancement
of normalized THz amplitude. Under the influence of electric fields exerted by lasers,
electrons of CNTs experience restoration force to induce the nonlinear current. This nonlinear
current is further responsible for the generation of THz radiations. The normalized THz field

gets resonantly enhanced at the surface plasmon resonance frequency. One can tailor this

resonance condition o = (op\/(l + B)/2¢, + (02 /w?) for the enhancement of normalized THz

amplitude by changing the values of characteristic parameter f and external magnetic field B.
It is also observed that the normalized THz amplitude shows a significant variation with the
change of values of the applied external magnetic field, inter-tube separation, dimensions, and

the density of CNTSs, by considering the anharmonicity.
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Chapter 4
Terahertz generation by using laser filaments under the influence
of static electric field in magnetized collisional plasma and

magnetized anharmonic CNTs

4.1. Introduction

In modern days compact and efficient THz sources have great importance in the field of
science and technology because of their numerous applications in industrial manufacturing
and packaging units [1], security and safety [2], broad band communication [3], biological
and pharmaceutical sciences [4-6], remote sensing [7]. Due to this, various researchers have
studied the schemes of THz wave generation by using different mechanisms to enhance the
normalized THz amplitude like optical rectification [8], cross-focusing [9], optical mixing
[10], and filamentation [11,13], etc. Among them, the mechanism of THz generation by laser
filamentation produces THz pulses of very high-order energy. Femtosecond laser
filamentation is a distinctive, dynamical, and unique phenomenon in which laser beam breaks
up in transverse direction by maintaining the balance between an optical Kerr effect induced
self-focusing and plasma de-focusing. In this laser, intensity is stabilized along the
propagation distance and this is known as intensity clamping. The filamentary propagation of
laser pulses in the air was observed in 1995 [14] which led to a lot of research in the emission
of electromagnetic waves. Houard et al. [15] noticed three orders of magnitude enhancement
of the terahertz energy beamed by a femtosecond pulse undergoing filamentation through the
air in the presence of the static electric field. Loffler et al. [16] observed enhancement in the
efficiency of THz radiation generation by using a static electric field. Bhasin et al. [17]
proposed 30 times increase in the magnitude of normalized terahertz amplitude by applying a
D.C. electric field in plasma 50kV/cm. Mclaughlin et al. [18] have shown an enhancement in

THz field energy by applying an external magnetic field up to 8T in plasma.
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In the present work, we develop a comprehensive theoretical model for the generation of
terahertz waves by using two filamented femtosecond laser pulses in the presence of an
applied static electric field in the magnetized collisional plasma. In this analysis, we have
taken two femtosecond lasers of slightly different frequencies so that their difference in
frequency may lie in the terahertz region. Also for two lasers of nearly equal frequencies, the
symmetry of +ve and —ve half cycles of fundamental laser are broken. As a result, the
ionization causes drift currents in the same direction in every cycle. Therefore terahertz

generation becomes more efficient [19].

To explain and understand the basic theory of THz generation by using filamented laser
beams we have provided two analytical models in this chapter. In the first model, we have
generated THz radiations by using laser filaments under the effect of externally applied static
electric field in the magnetized collisional plasma whereas, in second theoretical model same
has been explained with anharmonic magnetized CNTs. The externally applied both static
electric and magnetic fields play vital roles in the enhancement of the normalized THz
amplitude and power. In the second model, we have also considered the anharmonicity in the

CNTs. The HA-CNTSs helps to form compact and highly efficient sources of THz generation.

4.2. Proposed Model for THz generation by using laser filaments under the influence of

static electric field in a magnetized collisional plasma

In this, we have considered two transversely amplitude-modulated femtosecond laser beams

having electric fields, El(wl,kl) and Ez (w2,k;). These laser beams are propagating along Z-
direction, polarizing along Y-direction, and amplitude modulated along the x-direction. To
produce magnetized plasma, a static magnetic field is applied over the plasma along the y-
direction. This static magnetic field can be applied by using a current-carrying coil having a
finite number of turns and a magnetic core with an air gap. The static D.C. electric field is
applied along X- direction. This D.C. electric field can be applied with the help of two
metallic plates, keeping one plate at positive potential and the other at negative potential as

shown in figure 4.2.1. The applied electric and magnetic fields aid in the enhancement of the
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normalized amplitude of the terahertz wave. The laser fields impart oscillatory velocity to the
plasma electrons. Whereas, externally applied static D.C. electric field is responsible for the
D.C. drift to electrons in the opposite direction. The lasers also exert a beat ponderomotive

force f%m as well as static ponderomotive force ﬁy}m on the electrons of magnetized
collisional plasma. In steady-state, the static ponderomotive force is well poised by pressure
gradient force. It results in transverse density ripple at zero frequency and wave number
which can be represented by nyg. The ponderomotive force gives rise to velocity oscillations

Vo and density oscillations njj ;. The density oscillation beats with D.C. drift to produce a

transverse current density ]y which is responsible for THz generation. In most of the

research works on THz generation, collisions have been ignored because of the extraction of
energy from the electrons of plasma. In reality, these collisions are the inherent part of every
nonlinear system hence, it becomes important to consider the effect of collisions in our

analysis to get more accurate results.

We irradiate two transversely amplitude-modulated femtosecond laser pulses in the

magnetized collisional plasma with density n,. The field profile of lasers can be given as
E]- =V [1 + ujcosBOX] Djoe"i(‘”it" kjz), (4.2.1)

Wherej = 1,2, i is the modulation depth of the beam and 3, is the periodicity parameter.

The frequency difference of femtosecond lasers (o = ;- ®,) lies in THz range. The
significant gain in the oscillatory velocities of plasma electrons is observed due to the laser
filaments and are provided as
. —e

Vj - me(imj— De) )

(4.2.2)

Due to externally applied static D.C. electric field along X-axis, plasma electrons will get

D.C. drift and is given as

Vpe = 2, (4.2.3)
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Where -e, m,, v, represent the electronic charge, mass, and collisional frequency

respectively. The term Ep, . represents the applied D.C. electric field. The plasma electrons
drift in the opposite direction of D.C. electric field and get accumulated near the edge of the
filament. It results in the complete screening of D.C. electric field in the plasma but at the
same time, there occurs a transient process of redistribution of charges. It is due to
instantaneous ionization in the plasma. Now electric current is directed along the direction of
the external D.C. electric field and it exhibits oscillations at plasma frequency. These
oscillations decay due to collisions between the electrons of plasma. The temporal electric
current directed along the external D.C. electric field and perpendicular to the laser filament
plays a significant role in the generation of THz waves.

The femtosecond lasers beat together in the presence of D.C. electric field and static applied
magnetic field to exert a ponderomotive force FNL , which is equivalent to the vector sum of

static ponderomotive force ﬁ% and beat frequency ponderomotive force FNL .
Ry = Fhip, + Fhho - (4.2.4)

where, ﬁygm =e V(I)PM(D and ﬁgﬁﬁo =e W’PMBO . The beat frequency ponderomotive

potential is provided as

Opmo = oo ViV3 (4.2.5)

where, v, & v, represent the velocity of plasma electrons. By putting the value of v, and V;
and using the standard relation cosp x = (e + e7%%*)/2 , we can calculate the
ponderomotive potential. In the expression, we have two terms e~%#o* and e®®o*, Out of these
two terms one term e®o is responsible for exciting THz radiation at resonance condition. We

can neglect the second term e~*fo%, because it moves out of resonance.
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The static ponderomotive potential is given by
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Figure 4.2.1: Schematic of THz generation by irradiating amplitude-modulated lasers in magnetized

collisional plasma in the presence of D.C. electric field.

The static ponderomotive force is responsible for ambipolar diffusion of plasma along the

direction of the applied D.C. electric field. To obtain the sustainability and balancing

condition within the plasma the static ponderomotive force is neutralized by pressure gradient

force and results in the zero frequency transverse density ripples in the plasma. By using the

equation of motion for electrons in the steady-state, we can obtain the relation between the

density of the transverse ripple and the equilibrium temperature of electrons. One can write

n0BO =

en, ¢PMBO/Te [18], where T, is the equilibrium temperature of electrons in the

plasma nyg is the density of the ripple. By using the static ponderomotive potential, nyg

attains the following form
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2 2 2 .
noﬁo I ( 1, D70 + 1,D20 )elBOX. (4.2.8)

4meTe \(img—ve)? (iwz—ve)?

The beat frequency ponderomotive force and magnetic field force will provide oscillatory
velocity to plasma electrons. By using the equations of motion, the oscillatory velocity of

electrons can be calculated as

FNL  _NL R
T —Fpu—e (VomxB), (4.2.9)
>NL 1 —NL _ NL =
VPMT m(v—iw) [FPM € (VPMXB)] ! (4210)
—NL _’_ 1 S>NL  — NL —= N
veMXxB= T [FPMXB —e (VPMXB) XB] , (4.2.11)

j— - =4 —>NL 2
= mo-io) [FPMXB +e Vpm B ] , (4.2.12)
SNL 1 SNL e SNL ZNL 2
VpM = m(v—in) [FPM m(v—io) (FPMXB +e Ve B )] ' (4.2.13)
ENL ENL | )
TN = e e e VP (4.2.14)

Me(ve—i0) Me(e—i0)2  (ve—iw)2 FM’

here o, = eB/m is cyclotron frequency of electrons. Due to the applied magnetic field along

y-axis, we resolve the velocity of electrons along the x-axis and z-axis as

NL — e2D10D20 . i » t_k _
VPMX = 3202 (i —ve) (i o0 {(ve —iw)B, + ock Ji(p, +p,)e i(ot—kz—Byx) |
Zrode”70), (42.15)

e2D,oD ] . otk .
VyI\I/J[Z = 4mgm(2,(i(x)1i?)e)2(0iw2+l)e) [{(Ue - l(l))k - (DCBO }l(“l + “2) e l( t—kz BOX) + Zl(l)e _

io)k ei@t-ka)], (4.2.16)

where [(v, — i®)? + ®3] = w?2. With the help of velocity perturbations provided by Eq.

o,

(4.2.15) and (4.2.16), density perturbations nN% ngkﬂ}o in the presence of static electric and

magnetic fields can be calculated by using the equation of continuity as
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.2 ,
NL _ noe2D10D20[lk ](coc+ne—w)) e—i(cot—kz), (4.2.17)

Dok = 2m o (io; —ve) (ing+ve)
NL _ Dpe (H1+H2)(D10D20) 1[(ue—Lm)2(k +BO) 02 BE+ock ] —l(o)t kz—B X)
n("'k"'Bo m2(io; —ve) (imy +ve) 0o ° (4'2' 18)

One can write nonlinear current density as the vector sum of three terms J;, 1, and 33, where
the first term J, arises due to coupling between equilibrium plasma density n, and nonlinear
velocity v}j‘; , the second term J, arises due to coupling between nonlinear density perturbation
n\% and D.C. drift of electrons V. The third term T3 arises due to coupling between zero

frequency transverse density ripple nyg and nonlinear velocity VE%( Therefore, the total

. . >NL - - -
nonlinear current density J, = J;+ J,+ J3,

Jox = —Tg Vg — My eVpe = Ny e Voup - (4.2.19)

On resolving the total current density in its x and z components, we get Jlfm « and mek as

JNL —noc*DjgDyoli] {szD.C[(Uc_iw"’wc)] _eBoly+iy) ( 1, Do 1D ) (v, —

xok = 2m3 2 (io] —ve) (iwg+ve) OV 8T, (im—ve)? (iog+ve)?
(DC)} e~ i(ot=k0) (4.2.20)
Jz ok =

, 2 2

—noe*DyoDyoli] ek(u;—1y) { 1,Dio 1,D3g ,

Sy : —— + — > (e —io + o) +
mZ g (io]—ve) (imy+ve) 8T, (io1—ve) (iog+ve)

mek(ve—im+mc)} o—i(ot—kz) (4.2.21)

€

Due to the presence of an external magnetic field along the Y-direction in collisional plasma,

the dielectric constant will behave as an anisotropic tensor
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Exx &y €xz

€= [€vyx €&y €yz|, (4.2.22)
€x &y €2z

The components of the dielectric anisotropic tensor are

€yz = €y = €yx = &y = 0, &yy = 1 — 0p/io(0, —10) , exx =1 —

(D%(Ue - iw)/iw[(ve - i(’))z + O)g] = €z .,€2x = —iwcﬁ)g/@[(% - im)z + (D%] = —&z -

Due to collisions some of the components of dielectric tensor become imaginary which are
responsible for the resistivity in plasma. The wave equation for the generation of THz
radiation is given by

4mco -’NL o? =

+26E. (4.2.23)

c2

~V’E+V.(V.E) =

With the use of components of dielectric constant, Eq. (4.2.23) is modified as

2 2 +4mco

- c_2 EzzEz - c_2 szEx J (4224)
., " 0By 2 w? €2 __ +4mo (NL €,x tNL
—2ik e + (k _C_Z(EXX +;)> Ex = c_2(JX +;Jz ) . (4225)

Where k' = k; —k, + B, is the wave number with which current density oscillates at
frequency . The wave number p of transverse density ripple is responsible for phase

matching condition by providing extra momentum. By using phase matching condition

2 2 G%x
K2 =% (ent2) =0, (4.2.26)
2.2 /2
— =2 _ o0p
kl k2 + B0 T e { WO <(U ) wa%—w%(ve—iw)>} ) (4227)
By using the above condition, Eq. (4.2.25) provides the electric field of THz radiation.
—-2n® [
E(n)x = K2 {Jywk + = szk} (4228)

Using Jxmk and Jmk , the THz electric field can be derived as
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Using the above equation, the normalized amplitude of the electric field component of THz

radiations can be written as

eEx m’z’DVIODVZOi k(z)Eb_C(U’e—im#mé) ' , ! ' ko e
= o 7, ; T +(Ue—wo—oac)——,, — | —
me®pC 4k (Do(l(Dpl —De)(LCOp2+De) o Ve 8 \in mz—(ue—lm)

. ;2 ;2 ,
+ D D C
B (y '“2) '“1 10' o+ 'Hz 20, oy . m’ —||. (4.2.30)
8 Vin (iop1—ve) (iwpp+ve) oo —(De—lm)

The different parameters are normalized as,

Dy = eDlO/mmpc,Déo = eDyp/mayc,®’ = o/w,,z’ = 0,z/c,0, = 0;/0p, 0y, =
®,/®,,0, =0/, Epc = eEpc/moyc.ky = ck/o,,k = ck /0,0, = 0./0,,q" =

B,/ @y, vy = Vg/cC

4.3. Graphical Analysis and Observations

In the present research work, we provide numerical treatment and graphical analysis of THz
generation in magnetized collisional plasma with the following set of parameters. CO>
femtosecond lasers with frequencies w, = 2 x 10'*rad /s and ©, = 1.85 x 10" rad/s are
chosen. The corresponding wavelengths of CO. femtosecond lasers are A,=10.20 um &
A= 9.440 um with a peak value of intensity of ~10'* W/cm?2. The graph between normalized
THz amplitude and normalized THz frequency is represented in figure 4.3.1, for values of
static magnetic field ranging from 10 kG to 50 kG at the optimized value of D.C. electric field
of 10 kV/ecm. From the graph, it is concluded that normalized THz amplitude increases with
the decrease of normalized THz frequency and vice versa. It is observed that the THz
amplitude acquires maximum value when o/, approaches 1. One can notice from Fig.4.3.1
that the normalized THz amplitude is maximum corresponding to the magnetic field of 50 kG.
It is due to the fact that the external magnetic field modifies the plasma dielectric anisotropic
tensor and excites nonlinear current strongly. It results in the enhancement of the normalized
THz amplitude with the external magnetic field. Similar results are observed by Mehta et al.
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[20] with a magnetic field range from 54 kG to 322 kG but in the present work magnetic field

is applied in the range 10 kG to 50 kG which is very much cost-effective feasible.
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Figure 4.3.1 Plot of the normalized amplitude of THz radiation with normalized THz frequency o/, at

the various value of magnetic fields ranging from 10 kG to 50 kG.
In nonlinear system v, is comparable with ,. If v, is very large as compared to w,, then
plasma is strongly coupled plasma otherwise plasma is weakly coupled plasma. In most of the
expressions v, appears together with o, and laser frequency . The figure 4.3.2 shows an
increase of normalized THz amplitude with the decrease of normalized collision frequency
v./w,.. Due to the decrease of collisions in the plasma, the magnitude of the ponderomotive
force and hence nonlinear current shows an increase. This increases the normalized THz

amplitude. From figure 4.3.2 one can observe clearly that an external magnetic field is useful

to decrease the effect of collisions on the normalized THz amplitude
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Figure 4.3.2 Plot of the normalized amplitude of THz radiation with normalized collision frequency v./w, ,
at electric field 10 kV/cm.

To check the effect of applied D.C. electric field on the normalized THz amplitude we have

drawn a graph between normalized THz amplitude and normalized D.C. electric field at the

optimized value of magnetic field B = 30 kG, as shown in figure 4.3.3. Due to the applied

D.C. electric field Ep ¢ (ranging from 10 kV/cm to 30 kV/cm , drift force |e En.c| act on

the plasma electrons which increases the nonlinearity of the system and hence helps in the
enhancement of normalized THz amplitude. Similar results were observed by Bhasin et al.
[17] when they applied static electric field up to 50 kV/cm and obtained the maximum value
of normalized THz amplitude up to 4.280 x 10~°. However, In the present work, we have
obtained better results by applying D.C. electric and static magnetic field and obtaining the
maximum value of normalized THz amplitude up to 0.4650 x 1073, for the static electric field

of 30 kV/cm.
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Figure 4.3.3 Plot of the normalized amplitude of THz radiation with the normalized electric field, at the
magnetic field of 30kG.s
4.4. Proposed Model for THz Generation by propagating amplitude-modulated lasers
through the anharmonic CNTs under the combined influence of D.C. electric and

magnetic fields

This is the second theoretical model, in which we proposed a new alternative scheme for the
efficient generation of THz radiations by using filamented beams interacting with an array of
horizontally aligned anharmonic CNTs (embedded on the base of the dielectric surface) under
the influence of externally applied static electric and magnetic fields. Two transversely
amplitude-modulated filamented laser beams interact with this array of CNTs in the presence
of static D.C. electric and magnetic fields acting mutually perpendicular to each other as well
as to the direction of propagation of the laser beam. Due to the non-uniform density of
electrons in CNTSs, the restoration force on the different electrons is different and this results
in anharmonicity. This anharmonicity broadens the resonance peak. The lasers also, exert
space periodic ponderomotive force and beat frequency ponderomotive force on the electrons
of CNTs. The space periodic ponderomotive force is well balanced by the pressure gradient
force to form a transverse density ripple. Nonlinear coupling between D.C. drift velocity of
electrons and electron density in the plasma of CNTSs results in enhancement in the generation

of THz radiation. We have found that the normalized THz amplitude increases significantly
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with the increase of applied electric field from 10kV/cm to 30kV/cm and magnetic field
from 11.5 kG to 24.5 kG. These optimized values of applied static electric and magnetic fields
can easily be attained in any modern laboratory. The terahertz generation is one of the fast-
developing areas for the last few decades with a variety of applications in Spectroscopy [21],
medical Science [22] photovoltaic manufacturing [23], etc. Creating a Compact, reliable,
proper, and efficient source of THz generation is one of the most formidable tasks of modern
physics. For this purpose, metallic nano particles and carbon nanotubes are employed to
produce THz radiations. The metallic or semiconductor CNTs provide both compactness and
efficiency in THz sources [24]. Moreover, CNTs have electron plasma frequencies in the THz
range and hence, appear to be a favorable medium for THz generation [25]. Several Schemes
for the generation of efficient THz radiations have been proposed by various researchers.
Some of which includes THz generation via laser coupling to anharmonic CNTs [26], optical
rectification in CNTs to generate THz radiations [27], THz generation from macroscopic
arrays of aligned SWCNTs excited by femtosecond optical pulses [28], THz generation
through vertical aligned CNTs by using wiggler magnetic field [29]. Dragoman and
Dragoman have achieved considerable gain at THz frequencies by using the Gunn effect in
semiconductor array biased with D.C. electric field [30]. Welsh and Wyne [31] explained the
incoherent rectification in the metallic nanostructure surfaces to generate highly efficient THz
radiations with the help of surface plasma excitation. Portnoi et al. [32] have shown that CNTs
under the influence of static electric fields can emit THz radiations. They also find that
armchair CNTs can be used to form THz detectors and THz emitters. Batrakev et al. [33] have
provided a review on THz generation and application of CNTs to the THz optoelectronics.
Haurd et al. [15] observed enhancement in the normalized THz amplitude energy due to
filamentation of a femtosecond laser pulse in the air in the presence of the static electric field,
by using amplitude-modulated laser beams. Kumar et al. [34] also investigated the
enhancement in the THz generation by using laser filaments in the presence of a static electric
field in magnetized collision plasma. In this chapter, we develop an analytical formulism for

the THz generation by the interaction of amplitude-modulated laser beams with the
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rectangular array of HA-CNTSs in the presence of D.C. electric and magnetic fields as CNTs
can support both transverse magnetic and electric plasmon modes with in THz regime [35].

Consider a rectangular array of single-walled CNTs nested in dielectric surface (glass) as
shown in Fig. 4.4.1. For this arrangement of CNTSs, the microwave plasma-enhanced chemical
vapor deposition (MPECVD) technique can be preferred over others [36, 37]. It is because, in
CNT structure, wall number, inner radius, outer radius, length, thickness and alignment of
CNTs can be easily controlled by the CVD technique [38, 39]. There are n. CNTSs per unit
volume, and n, is the free electron density of each CNT. Each CNT is characterized by the
radius b and length L in the array. As electrons are non-uniformly distributed in each CNT,
therefore, the variation of n, with r isn = ny(1 — by r/b), where b, is known as the non-
uniformity parameter. Each SWCNT is generally modeled as a hollow cylinder of nanometer
thickness and micrometer length to determine the polarization and electrical conductivity [40].
As far as the response of SWCNTSs is concerned to the transverse electric and magnetic fields,
we assume these nanotubes as solid cylindrical tubes [41, 42]. The amplitude-modulated laser
beams co-propagating along the z-axis, polarized along the y-axis, and amplitude modulated
along the x-axis. The laser beams impinge on the rectangular array of anharmonic CNTs with

the electric and magnetic profile.

E]- = VA [1 + 1 cos Box] e~ i(ojt-kyz). j=12 (4.4.1)
and
§] — ijXEj 1 (442)

©j

where, i is the modulation depth of laser, B is the periodicity parameter and ka =

co]?/c2 (1—@12,/03]-2) represents the dispersion relation of beating lasers. The frequency

difference of two laser beams (0, — w,) lies in the THz region of the spectrum.
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The lasers exert ponderomotive force Fp, as well as static ponderomotive force Fpp, On the

electrons of CNTSs. In the steady-state, static ponderomotive force is well balanced by pressure
gradient force. It results in the formation of transverse density ripple at zero frequency. The
beat frequency ponderomotive force is responsible for velocity and density perturbation in
CNTs. The laser filaments are also responsible to provide oscillatory velocities to the plasma
electrons present in CNTs arranged in the array.

— eE]

b= m(ioj—v)’ (4.4.3)
where, —e, m, and v represent electronic charge, mass, and collision frequency respectively.
The electron collision frequency of plasma electrons in CNTs is v, which is lesser than o.
The static D.C. electric field ED_C. is applied parallel to the x-axis and perpendicular to the
applied magnetic field. This D.C. electric field imparts a D.C. drift to electrons of CNTs.

Une =0k (4.4.4)

mv

The plasma electrons present in CNTs drift in the opposite direction of the applied D.C.
electric field and get accumulated near the edge of the filament. It results in the complete
screening of applied electric field in the plasma but at the same time, there occurs a transient
process of redistribution of charges. It is due to instantaneous ionization in the plasma. Now
electric current is directed along the direction of the external D.C. electric field and it exhibits
oscillations at plasma frequency. These oscillations decay due to collisions between the
electrons of plasma present in CNTs. The temporal electric current directed along the external
D.C. electric field and perpendicular to the laser filament plays a significant role in the

generation of THz wave.
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Figure 4.4.1 Schematic representation of THz generation from an array of HA-CNTS nested in the glass
plates under the combined influence of magnetic and electric fields.

The amplitude modulated filamented lasers will also exert static ponderomotive force ﬁpﬁ =

—eV@pBO and beat frequency ponderomotive force Fp,, = —eVep,,_ on the electrons of CNTs.

_ & Afwy Adu, ] iB,x — —eA1A; [ (hatio) ip x]
Here, Prp, = am [(iml—v)2+(iwz+v)z etotand gy, = 2m(ioq—v) (iny +v) L+ e

The static ponderomotive force causes ambipolar diffusion of plasma along the x-axis in
CNTs. In the steady-state, the static ponderomotive force is balanced by the pressure gradient

force. It results in the formation of transverse density ripple in the system.

Nog, = Ng (1 — by %) e% =n, (1 — by %) il [ Aty + Aziy ] ethox) (4.4.5)

Te 4mTe L(io;-v)2  (ioy+v)?
where, T, is the equilibrium electron temperature.

The incident amplitude modulated laser beams (co-propagating) interact with the CNTs, to

displace electron cylinder from the ion cylinder. As a result, electron cylinder gets separated

from the ion cylinder by A as shown in Fig.2.6.1. The space charge field in the overlap region
is not uniform. Hence, the restoration force on the different electrons is different which results
in anharmonicity in the system. The electrons are distributed non-uniformly in CNTs with
density profile, n = ny(1 — by r/b). The space charge field exerted by the ion cylinder of

CNT is given as
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_ efg no(l—bO%)anLdr "

Efion - 2nrLe ) (446)
en 2bor) -
= (1 - ﬁ) T (4.4.7)
The space charge field exerted by the electron cylinder of CNT is given as
= n b
Eae = — 22 (1 - 22|z - &]) (¢ - 2). (4.4.8)

Now, the total space-charge field is calculated as the vector sum of the space charge field due

to the electron and ion cylinders (Eqje, Eion ) and is given as

E)s = E)ion + Eele- (4.4.9)
By using Eq. (4.4.7), (4.4.8), and (4.4.9) total space-charge field is,

= 2b 2b

B =22 (1-52) ¢ - (1- 5217 - 4]) (¢ - B)| (4.4.10)

As anharmonicity is along the x-axis, therefore x-component of the electric field is,

Ey, = eng [(1 __2bor _ 2ber cos2 G)A +

- o _ 2% ” cos 0. (4.4.11)

The restoration force is different for different electrons with respect to the ion cylinder. We
take the average over 0 such that the average value of cos?0 = 1/2 and the average value of

cosO = 0.

Fo = 2% (1201 (4.4.12)

2€r b

where, op = (nye?/me,)?, is known as the plasma frequency of CNTs.

The equation of motion executing the shift of the electrons of CNT, under the influence of the

electric field of laser, applied magnetic field and space charge restoration force is given as

-

e - _’__Fﬂ
W+ S+ +;v><B = - (4.4.13)
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Corresponding to the above equation (4.4.13), one can write the x and z components of the

equation of motion as

d?Ax , Fsx day | e _ _ Fpox

F+;+UE+;(_BVZ) = ' (4.4.14)
2 b . . Fpox

[oozAX - ;—{‘: (1 - f) + lU(DAX] — loocA,= ==, (4.4.15)

and

d?A, dA, e _

dt2 +v dt + ;(BVX) - O' (4416)

0%A, + ivoh, + ion A= 0, (4.4.17)

where o. = eB/mc represents cyclotron frequency of plasma electrons in CNTSs.

On simplifying the equations (4.4.16) and (4.4.17), one can easily obtain the x and z

components for the displacement of CNT electrons

__ —lochAx
27 (otiv) (4.4.18)
i(Bo+K) (1, +11,)e2Aq Aye” H@E—KZ=FoX)
Dy ktpy = A — T (4.4.19)
4mZ2 (ivg—v)(iog+v) wz—z—q (1—%)+iuw—(m+icv)}
and
ikeZAlAze_i("’t_kZ)
AX,m,k: w% bor 002 | (4420)
2m2(ioq—-v)(ioy+v) (1)2—2—€r (1—%)+ivw—(w+icv)}

The x-component of the displacement A, s and Ay, has different values for different
electrons, depending on their positions with respect to ion cylinder. In the electron cylinder
(within a CNT) of radius r, thickness dr, and length L, the number of electrons is 2znyrLdr

and hence, the average value of Dy ok, and Ay, is givenas
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—i(ot—kz— bgr
(A ) = i(Bo +K) (g try)e*AsAze Hot=kz=fox) zanno(l—%)dr (4.4.21)
x,0,k+B, 4m2(io, —v) (i, +v)N 2 w%(l bor)+. 0o ' Y
O\ T STV T ori
0
and
R
. bgr

keZ A, A, e—i(ot—kz) 2nrLng(1--2-)dr

(Do) = aio sy Y z(r > . (4.4.22)
W, —_ P . (010
! : <‘”2 Zep\ L A (m+icu)>
0

b
where N = fo 2nrLng (1 — by r/b)dr.
We can write equations (4.4.21) and (4.4.22) as,

_ i(BO+k)(u1+u2)eZA1AZe—i((ut—kZ—ﬁOX) _ iBOMeZA1Aze_i(wt_kZ)
<AX:®'k+Bo )= 4m?2(iog—v) (iog +V)N Iy and (Agx ) = 2m2(io;—v)(io+v)N 1’

b
bgr
anLno(l—%)dr
where I, = o e e
© Zer\l b )+ww (o+iv)
0

Now average velocity of electrons of CNTSs is given by

_ w(By+K) (ny +u,)e2A Ay e~ H(OtKZ=BoX)
Vxokep, ) = 4m? (i1 —v) (iog +0)N I, (4.4.23)
and

ke2A- A —i(ot—Kkz)
(Vg o ) = a2 (4.4.24)

2m?2 (iv,-v)(io,+v)N 1’

Corresponding to these average velocities of electrons at ((n, k + BO) and (o,k), average

density perturbations of the electrons of CNTs (nw.k+B0) and (nw,k) can be determined with

the help of the equation of continuity,
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nO(1_b0r/b)(65+k2)(|,l1+|,l2)ezA1A2e_i(“’t_kz_ﬁox)

n(”'k+Bo = 4m? (iw1—v)(ioy+v)N Il’ (4425)
and

_ 2,2 —i(wt—k2z)
n(o,k — ng(1-bor/b)k“pe“A{Aze 11. (4426)

2m2(ing -v)(iny+v)N

In our system of CNTSs, the corresponding current density at w,k arises due to coupling
between the various nonlinear terms explained as (i) CNTs per unit volume (n.) with
corresponding nonlinear average velocity (v, 1 ) of the electrons of CNTs (ii) The zero-
frequency transverse density ripple n;;,ﬁo with corresponding nonlinear average velocity

(vX,m,kJrB0 ) of the electrons of CNTs and (iii) nonlinear density perturbation n,, with D.C.

electron drift velocity v, ¢ of the electrons of CNTs

]X,(D,k = _ncNe<Vx,m,k ) - nS,BONe (Vx,w,k+[30) nc(anL) - rlcNenm,kVD.C (an L) (4427)

]X,(D,k = Jx1 +Jx2 +xs- (4-4-28)
__ oknge3A; Aye”0t-K2) _ o(k+By)nce®A1A;nd? (1-2bo/3)mb?L [ Afu,

Where J; = 2m2 (io-v)(io+v) o Jx2 = 8m3Te (io—v) (in+v) [(im—v)

Ag“z] —i(ot-kz)
Goro)) € I, and

—nyp nce4(1—2b0/3)nb2Lk2A1 AZ ED.C.

—i(ot-kz)
2m3 (io—-v)(io+v)v € L.

Jxz =

Now, the net nonlinear current density present in the rectangular array of horizontally aligned

anharmonic CNTSs is given as

_ __ oelAjApne _ nb2Le? [ Afp, Ay, _
Jxok = 2m2 (io—v) (io+v) [k +1,(1 2b°/3)(k + BO) 16mT, [(iw—u) (iw+v)]
2 _ 2 .
Rord LA=2B0/DI e g-ifot-ka)], (4.4.29)

The standard THz wave propagation equation obtained by using Maxwell’s equations can be

described as
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—4
V2 Ex,w,k + k(zo Ex,co,k = - s ]xm k- (4430)

We can write the above equation along the x-axis as

0% Exmk

927 + kz X(ok Ixcok (4431)

Simplifying the above equation (4.4.31), we get a terahertz electric field E , x as

—in?e3A1Azn, [k+ no(l _ 2b0/3)(k+ Bo)nszeZ[ A%p_1 n A%uz ]_

E =
x0K 7 3m2eqc2 [kZ—k?] (io—v) (io+v) 16mTe L(iog—v) ' (iwz+v)

nonsz(1—2b0/3)kzeED.c] 1. (4.4.32)

mvw

b
. . anLnO(l—%)dr .
By solving the integral term [; = — , equation (4.4.32) can be
<m2 mpfl bor)+ivm " >
2er\ b (0+iv)
0
modified as
_ —2L’nszngmze?’AlAznccr [ _ nh2Le? [ Ay, A3,
Exox = m2bgeqc2o’ [k3-k2] (io—v) (io+v) k+mno(1 2b0/3)(k + Bo) 16mTe | (iv1—v) + (iop+v)

ndnb2L(1-2by/3)k?eEp ¢ 1
mvw

1-0? 26,02 +iv/0-02/o(o+iv)
P

)(1 03 /2602 +iv/0-0 2/o(o+iv))(1- bo(up/Zcr(u +iv/o-0?2 /u)(u)+1v))l
2 (1+(b0—l)mlzp/Z(rmZ+iu/m—m%/m(m+iu))

bo(cop/Zcr(uz)

].
(4.4.33)

The normalized THz electric field equation is given as

moc mo,c

- L "2 L —
() (2" (142 (22" (1-2) ) (1489 - (29| [0
b_o) (1—w123/2(rw2+i‘u/w—w%/w(w+i‘u))(1—bw%/2(rw2+iv/m—m%/m(m+iv))
b (0} /er202)’

k= = 2 abne [ [t 1+ 2] [ 2B 1+ oo (1-

(1—w|2)/2£ru)2+iv/w—w%/m(m+iv))
(1+(bo—1) 03 /26,02 +iv/0—02 /o (0+iv))

|
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(4.4.33)
4.5 Graphical Analysis and Observations

We deal with numerical treatment and graphical analysis with the following set of parameters.
In our calculations, we have used Nd: YAG lasers with frequencies w; = 17.80 x 10'* rad/s
and o, = 17.77 x 10 rad/s, corresponding wavelengths are; A; = 1.058 um and i, =
1.064 um. The intensities of beating lasers are  I;~I,~10* W/cm?2. The values of
eA;/mo;c and eA,/mm,c are of the order of 0.02 and 0.03 respectively. Each CNT in the
rectangular array is 2pum long with a radius of 15 nm and inter-tube separation is 25nm. The
value of relative permittivity of glass, in which CNTSs are nested, is 2.5. The non-uniformity
parameter b, has the values of 0.30, 0.20 and 0.15. The applied static magnetic field lies in
the range 11.5 kG to 24.5 kG with applied static D.C. electric field 10 kV/cm to 30 kV/cm.
Moreover, these fields are practically feasible and can be achieved in laboratories [40, 43-45].

In fig. 4.5.1, we have shown the variation of normalized THz amplitude with normalized
frequency for the above-given parameters corresponding to a magnetic field strength of

11.5 kG to 24.5 kG. The resonant enhancement in normalized THz amplitude is observed

when o approaches towards the resonance; o = mPJ(l—bo)/Z & + (0f/0f). At this

frequency, surface plasmon resonance occurs. The enhancement in the normalized THz
amplitude is due to this plasmon resonance. At the resonance frequency, absorption of lasers
by the electrons of CNTs in the array increases, and hence, nonlinearities increase, and hence,
the normalized THz amplitude is enhanced. There is a sharp reduction in the normalized THz
amplitude, as one moves away from the resonance point on both sides. Similar results have
been shown by Jain et al. [46] where they have applied a magnetic field of 100 kG on an array
of CNTs mounted on a metallic base. In our research work, we have obtained the better results
by applying lesser values of the static magnetic field. Vij et al. [47] also showed that the THz
generation efficiency enhances with the increase of the wiggler magnetic field. Also,

according to Yao and Belyanin [48], high order increase of nonlinearities in SWNTSs under the
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effect of the magnetic field of few kG is observed which shows enhancement in the generation

of THz radiation. This also supports our observations.

Fig. 4.5.2 shows the variation of normalized THz amplitude with normalized THz frequency

at various values of non-uniformity parameter b, = 0.30,0.20,and 015. The normalized THz

amplitude peaks at the surface plasmon resonance frequency. The width of the absorption

peak increases with the non-uniformity parameter b,. The tallness of each peak falls and shifts

to a higher frequency side. This shift in the resonance point can be explained by the surface

plasmon resonance condition, which depends upon ‘b,’. With the increase of non-uniformity

in CNTs, anharmonicity increases which further enhances the
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Figure 4.5.1 Variation of normalized THz amplitude with normalized THz frequency at different values of
external magnetic field B = 11.5 kG, 17.5 kG, 24.5 kG for by = 0.30, d =25 nm, b = 15 nm and Static D.C.

electric field of 10 kV/cm.
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Figure 4.5.2 Variation of normalized THz amplitude with normalized frequency at different values of non-
uniformity factor b, = 0.30, 0.20, and 0.15 at optimized value of external magnetic field. The other

parameters are the same as given in figure 4.5.1.

normalized THz amplitude. Sharma and Vijay [26] have also shown that anharmonicity in
CNTs broadens the surface Plasmon resonance peaks. In Fig. 4.5.3, we have plotted the
variation of normalized THz amplitude with normalized THz frequency for various values of
the radius of CNT, b = 25 nm, 30 nm, and 35 nm. The other parameters are kept the same as
that of figure 4.5.1. From the curves of figure 4.5.3, it is clear that the normalized THz
amplitude attains the peak value at a lower value of CNT radius 15nm. This is because the
nonlinearity of the array of CNTs behaving as plasma increases. A similar observation was
made by Kumar et al. [49]. They found that deccrease in the radius of CNT leads to
enhancement of normalized THz amplitude. It is also observed that there is no change in the

plasmon resonance point for all three curves.
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Fig. 4.5.3 Variation of normalized THz amplitude with normalized THz frequency for different values of

CNTs radii b =25 nm, 20 nm, 15 nm at b, = 0.30 and optimized value of the external magnetic field. The

other parameters are the same as given in figure 4.5.1.
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Figure 4.5.4 Variation of normalized THz amplitude with normalized THz frequency at different values of
inter-tube separation d = 45 nm, 35 nm, 25 nm for b, = 0.30 at the optimized value of the magnetic field.

The other parameters are the same as that of figure 4.5.1.

The reason behind this is that the plasmon resonance condition is independent of the radii of

CNTs. Vij et.al [47] have shown direct dependence of THz power on CNTSs radius, under the

effect of external magnetic field 200 kG.
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In figure 4.5.4, we have shown the variation of normalized THz amplitude with normalized
frequency at different values of inter-tube separation between the CNTs d=
45 nm, 35 nm, 25 nm. The values of other parameters are kept same as that of figure 4.5.1. It
is observed that the normalized THz amplitude increases with the decrease of the inter-tube
separation (decreases with the increase of inter-tube separation) and the surface plasmon
resonance point shifts towards a higher value of the normalized frequency because more
absorption of lasers by the CNTs occurs due to the increase of nonlinearity in CNTSs. In figure
4.5.6, we have shown the variation of normalized THz amplitude with normalized THz
frequency at various values of static electric field E = 10 kV/cm, 20 kV/cm, and 30 kV/cm.
From the graph, it is observed that normalized THz amplitude increases with the static D.C.
electric field. This is because of the increase in

Normalized THz amplitude (eE_/mac)—
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Figure 4.5.5 Variation of normalized THz amplitude with normalized THz frequency at different values of
static D.C electric field for by = 0.30 at the optimized value of the magnetic field. The other parameters are

the same as that in figure 4.5.1.

anharmonicity due to an increase in the mobility of electrons in CNTs. Dragoman et al. [50]
have shown that the mobility of electrons in CNTs could even attain the value of 1.2 X
10° cm?V~1s71at a moderate static electric field of 10 kV/cm. Kibis et al. [51] have
demonstrated that under the applied voltage of 0.16 V, all the SWCNTs will emit THz
radiation in a similar fashion. The SWCNTSs can be used to create such a THz source, whose

frequency is well controlled by the applied voltage. In our case, it can be controlled by a
79



static D.C. electric field. In figure 4.5.6, we plot normalized THz amplitude as a function of
normalized D.C. electric field at the surface plasmon resonance frequency. It shows the
increase in normalized THz amplitude with the normalized D.C. electric field and vice versa.
This explains the graph shown in figure 4.5.5., is an accurate description of the effect of static

D.C. electric field on the normalized THz amplitude
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Figure 4.5.6 Variation of normalized THz amplitude with normalized THz frequency at different values of
static D.C electric field for b, = 0.30 at the optimized value of the magnetic field. The other parameters are
the same as that of figure 4.5.6.

4.6 Conclusion

In this chapter, we have studied the numerical and graphical analysis of two theoretical
models for the efficient THz generation. In the first model, we deal with THz generation by
the interaction of filamented laser beams in the collisional plasma under the influence of
externally applied static electric and magnetic fields. In the second model, THz radiations are
generated by the propagation of filamented laser beams through the array of anharmonic HA-
CNTs under the influence of external electric and magnetic fields. The externally applied both
static electric and magnetic fields have their own importance and significance in the
enhancement of normalized amplitude of emitted THz radiation. The interaction of amplitude-
modulated laser beams with the rectangular array of anharmonic CNTs nested in silica glass,
under the effect of external static magnetic and electric fields, offers a viable scheme for the
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efficient THz generation. The non-uniformity in the density distribution inside the array of
CNTs significantly broadens the resonance curve. The height of the resonance peak decreases
with the nonuniformity parameter and the width increases. Further, it results in anharmonicity
in the response of CNTSs. It broadens the resonance peak significantly. The generated THz
radiation shows enhancement at surface plasmon resonance. The laser breakdown of the glass
dielectric surface is a limiting mechanism for the proposed theory. The Threshold intensity for
the dielectric breakdown of the glass surface with Nd: YAG laser is 7 x 10* W/cm?, hence,

this theory is applicable for intensity < 7 x 10** W/cm?2. By exploiting this condition of

resonance o = mp\[(l —by)/2¢ + (0%/w3) for values of non-uniformity parameter and

magnetic field, one can enhance the normalized THz amplitude. In our analysis, we have also
analyzed the variation of THz amplitude with the inter-tube separation of CNTSs, radii of
CNTs, density of CNTs, and static D.C. electric field. Thus, our results show that CNTs can

be very helpful in providing highly efficient and compact sources of THz generation.
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Chapter 5
Resonant THz generation by cross-focusing of Gaussian beams in

the array of vertically aligned anharmonic and magnetized CNTs.

5.1. Introduction

In the contemporary technical world, terahertz technology has explored many new research
opportunities in various potential fields like imaging [1, 2], medicine [3] biological chemical
sensing [4], communication [5], and explosive detection [6]. The numerous schemes for THz
generation have been introduced by the researchers to provide packed, compact, highly
efficient, and reliable THz sources. To attain this, they have used different mechanisms,
techniques, and theories. Some of these are; by applying external static and wiggler magnetic
fields on the array of CNTs [7, 8], by nonlinear mixing of lasers [9], by using filamentation
under the influence of external magnetic and electric fields applied at the right angle to each
other [10], by using laser coupling to anharmonic CNTs array [11] and by using a thin
semiconductor slab under the influence of the external magnetic field [12]. The CNTs have
extraordinary thermal and electrical conductivity with the advantage of compact size, which
makes these nanotubes effective and reliable THz sources. Titova et al. [13] have shown the
THz generation by using single-walled carbon nanotubes (SWCNTSs) with femtosecond lasers.
Ahmad et al. [14] generated THz radiation from multi-ion plasmas by using two-color laser
self-focusing. The study of the cross-focusing in collisional plasma in the presence of a static
external electric field has a significant impact on the THz generation [15]. The intense laser
beams can undergo cross-focusing in the plasma by the various nonlinear interaction
mechanisms. Akhmanov et al. [16] and Sodha et al. [17] have provided the theoretical models
to study the self-focusing of intense laser beams in the plasma by applying an external
magnetic field and without applying the magnetic field. Sharma [18] has studied the self-
focusing and filamentation of the laser beam in plasma under the effect of the external static

magnetic field. The effect of external magnetic field on the cross focusing of two co-
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propagating Gaussian laser beams in plasma has been studied and it was observed that the
focusing of one beam affects the other and vice versa [19-22].

In this chapter, we have proposed a theoretical model for THz generation by irradiating two
cross-focused and co-propagating Gaussian laser beams on vertically aligned hollow
anharmonic CNTs in the presence of an external static magnetic field (shown in Fig.5.5.1).
The array of CNTs is embedded on the glass dielectric surface, having a refractive index of
2.5. This array is synthesized by using the plasma-enhanced chemical vapor deposition
(PECVD) method. The CNTs are coated with non-conductive polymer to suppress the mutual
interactions of CNTs and to enhance the THz generation. The mutual interactions between
laser beams, THz radiations, and CNTs in the form of plasma can decrease the efficiency of
output THz radiations. Therefore THz efficiency has been calculated by using optimized CNT
and Gaussian laser beam parameters including the mutual effects. Each CNT is characterized
by inner radius a, outer radius b, length L, and free-electron density n, corresponding to the
plasma frequency o, = (nge?/mey)*/?, where e and m represent electronic charge and rest
mass respectively. In the array, there are n. number of CNTs per unit area given by n, =
1/d%, where d is the inter-tube distance. A single-walled CNT is used as a hollow cylinder in
most of the experimental works [23] but as far as the response of this CNT towards the
electric and magnetic fields of laser is concerned, it behaves like a solid cylindrical tube [24].
The static magnetic field is applied mutually perpendicular to the direction of co-propagation
and polarization of laser beams. The ponderomotive force acts on the electrons of CNTs to
produce nonlinearity and the plasma of CNTs gets rearranged along the direction of the
applied static magnetic field. This nonlinearity carries the main responsibility to produce the

cross-focusing of laser beams in the magnetized collisional plasma.

5.2. Proposed Model for THz generation by cross-focusing of Gaussian beams in the
array of vertically aligned anharmonic and magnetized CNTs.

In the proposed scheme, we consider two Gaussian laser beams with slightly different
frequencies (w;, ®,) and wavenumbers (k;, k,), polarized along x-direction and co-

propagating along z-direction. The static magnetic field B is applied along the y-direction that
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is mutually perpendicular to the direction of propagation of lasers and the axis of CNTs. The
electric field profiles of laser beams are provided as

E = §ijoe—i(ka—wjt); j=1,2. (5.2.1)

where, E;q represent the amplitude of the electric fields of the laser beams. k; = ;,/¢;/c is
the wavenumber of each beam, ¢; is the dielectric function of plasma and c is the speed of
light in free space. X is the unit vector along the x-axis. j represents the running index of the
Gaussian laser beam. One can easily describe the propagation of Gaussian laser beam in the
CNTs (in the form of plasma) by the dielectric function given as €; = € — (mp/mj)z, here € is

known as the relative permittivity of the lattice. The oscillatory velocities induced by the

Gaussian laser beams in the electrons of CNTs can be written as

_ e[i(w]-+iv)ij—u)cEjZ]

e[i(wj+iv)Ej;+wEjx]
ij - N2
m| (wp+iv) —0f|

and vj, =

m[(a)j+iv)2—w§] ,

where, o. = eB/m and v represent the cyclotron frequency and collision frequency
respectively. The collision frequency v of electrons is lesser than o; and o.. ij and EJ-Z are the

electric field components of laser beams along the x-axis and z-axis.

The electric permittivity shows anisotropic behavior under the dominion of static magnetic

field and hence, acts as an anisotropic tensor. It can be represented by the following equation

ijx ijy ijz
v Gy Gzl (5.2.2)
QU QW QH

Ej:

The various components of this anisotropic tensor are as:

oy = €y = €y = Gy TG =0, € =€ =1

(0123((0]- + iv)/(o]- [(u)]- + iv)2 - mg] and €, = —€j,x = — ioocool%/ooj [(ooj + iv)2 - wg]
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Both the Gaussian lasers exert static ponderomotive force as well as beat frequency
ponderomotive force on the electrons of CNTs. The beat frequency ponderomotive force
carries the responsibility to generate THz radiation. The static ponderomotive force acting on
the electrons of CNTs along the direction of the static magnetic field (y-direction) can be

written as

_eZ 0 * * W * *
Fpy = Xj=12 ma_y (ijij + Ej,Ej, + o (ijEjz — Ej.Ep > (5.2.3)
j c

To obtain the equilibrium in the system, the pressure gradient force and static ponderomotive
force cancels out each other’s effect. Hence, there occurs change in the electron density of the

plasma present in the form of CNTs. This change in the electron density is given by the
relation n = npe” Z=12%xEx . The term g, can be obtained by using the relation  E;, =

—(€p/ €22 ) Ex Tor extraordinary mode and can be written as:

_ 2 ] [1 <&>2 w§+2u)l2;[(u>j+iv)2—w(2:—w12>(1+iv/u)j)] ' (524)

q; = 2 p
) 4mKB(Te+Ti)[(wj+W) ~w? ©j [(u)j+iv)2—u>(2:—u)lzp(1+iv/u)]-)]

where, T, and T, are the equilibrium electronic and ionic temperatures respectively. Kg is
known as the Boltzmann constant. By using Ampere’s and Faraday’s law for non-absorbing
and non-conducting medium, the wave propagation equation in magnetized collisional plasma

can be written as
2—) — (,ojz -

One can make expansion in the dielectric tensor g; with in the PRA regime and this expansion
- - _ _ 2 - -
Is given as € = € — e;x”, Where €y and ,; represent the linear and nonlinear parts of the

dielectric function. By considering the x-component of equation (5) one can write
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62 By, €0 0By
Jx x4 ) ” J e x2E., =
TRt e e (e — €%*)Ejx =0, (5.2.6)

Where, €jxxo = €jzz0 = 1 — a)p(a) + w)/a) [(a) + lv) C], €ixz0 = —€jzx0 =
- i(,l)c(,l)g/(,l)j I:((,L)J + lV) - (,l)g B EjZZO $ EjXZO - EjOi, and €0+€0_/(€0+ + €0_)2 - 6_] In these
relations, + and — signs used in the subscripts have their significance. The + sign in the

subscript represents the extraordinary mode of the laser beams whereas, — sign in the
subscript represents ordinary mode of laser beams. By assuming the solution of equation

(5.2.6) as E;, = A;(x,z)e™" and neglecting the term 92A,, /02 (as A, varies slowly) one can

reduce the wave propagation equation as

2 2
Zlk = 28; le —(:—;ezszAj. (5.2.7)

One can solve the above equation (5.2.7) by using the Akhmanov et al. [16] approach as
extended by Sodha et al. [17] and expressing the complex amplitude A;(x,z) as A;(x,z) =
Aje“kisi("'z). Where A(x,z) and S;(x,z) are the real function of space. By replacing the

expression for A; in equation (5.2.7) and separating the real and imaginary parts, one can

write
0S; 2 S azAjo u)jzezj
2( ) + 29, (ax) T A ¢ K (5.2.8)
A} as;\ (0A% a sJ
2423, (a—)( N 1A =0, (5.2.9)

By using Gaussian ansatz for Ajzo, one can write the intensity profile of Gaussian laser beams
as

2
Aj20 _ @e—(xz/rfosz), (5.2.10)
J

where, f; is known as the normalized dimensionless beam width parameter as a function of the

distance of propagation z in the paraxial regime. It is used to determine the beam width profile
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and spot size of laser beams when propagating through the plasma of CNTs. The term rj,
represents the radii of Gaussian laser beams. The electric field amplitude is represented

as Ejzxoo and the amplitude of eikonal S;

i (in paraxial ray approximation) is given as S; =

(x? /2)[3j (z) + ¢j (z), where <|>J. (z) is the phase factor and BJ. (z) is known as the wavefront of
the laser beam. The value of Bj(z) is represented by the relations Bj(z) = (1/25;f) 0f/0z.
One can obtain the following equation for the dimensionless beam width parameter f; by

substituting the values of Ajzo and S; in equation (5.2.9).

a4’ 1
=4 - ke, (5.2.11)

where, {=z/k; rj20 is known as normalized distance. Equation (5.2.11) represents the
convergence or divergence character of laser beams in the collisional plasma of CNTs when
the magnetic field is applied along the y-direction. The values of €; and €,; can be obtained by

using the relation ¢ = €); — e5x.

. 2 2 i 2
o (. . €jo+ wp ((u)]+w)+u)c)£j0_ _
EO] - 26](€]0+ + 610_) +2 (€j0++€jo—) <a)j((a)j+iv)+wc)> <1 + ((u)j+iv)—u)c) 2 (1

o+

e_(hE%XOO/fl_QZE%XOO/fZ)' (5.2.12)

2 .
62j=2< €jo+ ) ( ( wd )(1 + ((wj+’v)+°)c)€jzo—> (qlE%xoo+QzE%xoo> e~1E3x00/f1-42E3x00/f2 (5.2.13)
j

o+ 6jo- (wj+iv) +oc) (+iv)-oc)ehy )\ dofi — Bof3
The electrons of CNTs in the presence of static magnetic field experience a non-linear
ponderomotive force at beat frequency o = ®; — w, and corresponding wave number k =
k; —k,. One can calculate the ponderomotive force at this beat wave frequency and it is

given as

il

2y(E,E, 5 ]
o = — e ( 1 2) . ElE; — (1 _ ElXZOEZXZO) EleE;XOe_l(kz_Mt)' (5214)

2m(iwg+v) (—iwy+v) ’ €1220€2220
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As the static magnetic field is applied along the y-axis, therefore x and z component of the

beat frequency ponderomotive force (Fpy, and Fpyy,) can be expressed as:

—x2< 1 1 ) ,

2 * —| =+ |-i(kz—wt)

e“E E € € X X 2 21 2 2

Fppy = : 1x002%00 (1 __ €1xz0 fxz())( X 2) e 2 \rfofi riofs . (5215)
2m(iw+v)(—iwy+v)y/f1f; €1220€22207 \I1of1  T20f3

e?E1x00E2x00 ( _€1xzo€§xzo) {(Lﬂ L&)_ 2( 1 dfy 1 ﬂ)_l_

F = ha
PMz ™ om(iw +v) (—iw,+v){Eif; 122065220/ \\2f; dz ' 2f, dz 12,82 9z | r2,f dz

X

2 1 1 .
. e_7<m+m)_l(kz_wo. (5.2.16)

Cross-focusing of lasers

& ——»

Array of CNTs

o

Dielectric Surface ‘

Fig.5.2.1 Schematic of THz generation by the interaction of Gaussian laser beams with vertically aligned

Z

anharmonic carbon nanotube array in the presence of an external static magnetic field.

These incident lasers (cross-focusing) interact with the array to ionize the atoms of CNTs and

provide oscillatory velocities to the free electrons of CNTs. The electrons of the plasma (in

the form of CNTSs) get shifted away from the ion cylinder with a displacement of A . When
the displacement of the electrons is perpendicular to the axis of CNTSs, there is a creation of
space charge electric field. The upper cross-sectional view of this field is shown in figure

2.6.1, as the overlapped region of the electron and ion cylinders. The net space charge electric
field ES is calculated as the vector sum of the space charge electric field due to ion and
electron cylinders (ﬁion and Eele) and given by the relation ES = Eion +Ee1e- Following

Kumar et al. [25] one can calculate this net space charge electric field at the point (r, ¢,z) as
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where € is the electric permittivity of the lattice. The displacement of the electrons parallel to
the CNT axis is zero but non-zero along the perpendicular direction (x-axis). Therefore, the

expression of x-component of space charge electric field can be derived from Eq. (5.2.17),

Ey = = [(1 + )A + (SCOSqJ + 4C°:'2q’ — (rzr_;z) COS(p) Af] (5.2.18)

2¢

Corresponding to the x-component of space charge electric field, the restoring force for the
electrons of the CNTs along the x-axis can be written as

= ) () ) 5219

2¢€

Due to the presence of anharmonicity in the CNTs, the restoration force for the electrons of
CNTs is not equal. Some of the electrons of CNTs experience a weak restoration force,
whereas others experience a strong restoration force. Hence, by using standard integration
procedure one can easily calculate the average value of restoration force for various electrons
over @ and r to obtain its corresponding linear (Fi¢y) and nonlinear components ( Fypsx)-
With the help of equation (2.6.10) the net average restoration force of the electrons of CNTSs is

given by
—mwz
(FLsx) + (Fawse) = 5~ A1+ B +0d,], (5.2.20)

where, B = 2log,(°/3) /(b?/a2 — 1) is known as a characteristic parameter and a = 4/(b +

a) is known as anharmonicity factor. Both the a and 3 are responsible for nonlinear mixing in
the response of electrons of CNTs. The numerical values of both o and 8 depend upon the
chosen dimensions of CNTs. The equations governing the displacement of the electrons of
CNTs in the presence of space charge restoration force, Ponderomotive force, and the
magnetic force is given as

d A eB dAZ _ Fpmx

m dt m

“’P ~(1+ B+ adJA+v (5.2.21)

d2A, 4y + eBdA, _  Fpum
2

(5.2.22)

mdt m
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On solving equations (5.2.23) and (5.2.24), one can find the value of A, and A, as

2
<u)2 —;)Tp(l-l-ﬁ) +iUm>FpMZ—mmc FPMX
T

s - - (5.2.23)
m(u)2+iuu))<w2—2—:(1+8)+ium—ﬁ>

A = (w*+ivw)Fpyx +iwwe Fpmy (5.2.24)
* m(u)z+iuu))<u)2—;—§(1+B)+iuw—(:2)i?§w)>

As the plasma electrons of the CNTs show displacements along the x-direction and z-direction
(A, and A,), therefore they start oscillating with THz oscillatory velocity, vy, = —iwA
andv, = —iwA,.

(u)z +ivu)) Fpmxtiowwe Fpumy

v, = —iw

2er (wz +iuw)

i — (5.2.25)
m(w2+ivw)<wz—ﬂ(1+8)+iuw— @ o )

<w2—§(1+8)+ivw>FPMz_wa Fpux
- ) (5.2.26)

,
(wz +iuw)

v, = —iw

2
m(w?+ivw) <u)2 —;)TP(I+B)+iuoo—
T

The nonlinear current density corresponding to the oscillatory velocity of CNT electrons can
be expressed by using the relation Nt = —en,v, where ny = nqoe‘iqz, Ngo IS known as the
amplitude and g as the wavenumber of the ripple density. This current density has a finite
value over the CNT cross-section m(b? — a2) whereas, over the aread® (d is known as the
intertube-separation distance between the consective CNTs arranged in the array) nonlinear
current density becomes zero. Therefore, one has to calculate the average value of THz

nonlinear current density over the array. This average nonlinear current density is given by the

relation
N = —nenqonc(b2 — az)v. (5.2.27)

By using the above relation (5.2.27), x and z components of nonlinear current density are,
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The above calculated nonlinear current density JY- provides its contribution to the THz
generation. It is obvious from the following standard wave propagation equation (derived

from Maxwell’s equations)

0

= = 4m 8 (NL 1 0%
VEm — V(V.Em) = P (J ) c—szTH, (5.2.30)
where, Eqy is the THz field produced by the THz radiations. It varies as
Ery = KBy (x, )e 10770, (5.2.31)

On solving the above equation (5.2.30), by neglecting the term V(V. ETH), one can write the

following equation of THz electric field

ik OETHxo [k ~ w2 {1 w3 ( o(w(w+ iv) — w3) )}] _

2|7 0 \(o+ ) (oo +iv) — wi) — ww?

-1

() ) D) (-0 - )

ng / \w+iv ec? w? 2w2e w?+ivw)

{0?(0+iv)(w+iv)2-wd)-owd ((0+iv)2—iwd)}Fppx+

2
iw? ooc((u)+iv)Z—mg)—mcmf,{m(m+iv)+<m2 —:)TP(1+B)+L'U(D>}]FPMZ
T

o((0+iv)2-02)-wi(w+iv)

(5.2.32)

The phase-matching condition demands that

k= \/9{ —“’—‘2’( o (o) wp) 2)} (5.2.33)

c 0?2 \(0+iv)(0(w+iv)-wd)-ww?
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Finally, the normalized equation for the electric field amplitude of THz radiation is obtained
as

. 2/ 2
9 ETon) 1 (k_l) 2 |2 _ w? 1— wp ((Hl”/‘”)_‘”"/‘” ) -1 2 _ 42 1
6((E2x00 + 2i \k rm[ 2 w? (1+iu/m)((1+iu/m)—mf,/m2)—m§/m2 4i (n(b aine)(1 +
) a)-1 (P2 (@B (1 _ @B W 0B/ \7 (elan0) (@) (& 1 _
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, (5.2.34)

S\ 2 2 2 ;
Ds = [(1+E) _%]_%(1*'%), X1 = x/Ty9, ad X, = X/T2.

As the efficiency of the generated terahertz radiation plays a very significant role in many of
the THz applications. So, we have to calculate the efficiency of emitted THz radiation. The
efficiency of THz radiation is defined as the ratio of the energy of generated THz radiation
(Wqp,) to the energy of the incident Gaussian laser beams (W) . The average energy per unit

volume associated with electromagnetic radiations is given as

- 8T dw;

W = =2 [ (1= (22) )]z, (5235

By using equation (5.2.35) we can calculate the efficiency of THz radiation. The efficiency n

of the THz radiation is given by the relation

n = Wrnx _ €|ETux|? (5.2.36)

2 z
wy €1E7x00t€2E2x00
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When the energy transferred from the Gaussian laser beams to the THz radiation is of a small
order then the above-mentioned equation (5.2.36) is correct. This means equation (5.2.36) is
valid for the THz generation with small efficiency (n « 1). Following Bakhtiari et al. [26], if
the THz generation efficiency is not small, we have to use a self-consistent method by
considering the mutual interaction between the incident laser beams, generated THz radiation,
and CNTs in the form of plasma. With the help of equation (5.2.36), the energy density of
THz radiation emitted in the plasma is given by the relation Wry, = nWy. This is known as
first-order density reduction of Gaussian laser beams due to the THz generation. As a result of
this reduction, one can write the energy density of Gaussian laser beams and THz radiation by
using first-order correction, and is given as Wp; = (1 — )W, and Wryy = MWL
respectively. Here, n; =n(1— 1) is known as THz radiation efficiency with first-order
correction. Similarly, the energy density of Gaussian laser beams and THz radiation up to
second-order corrections are given as Wy, = (1 — )Wy, and Wy, = n,W, respectively.
Here, n, = n(1 — n,) is the efficiency up to second-order correction. Continuing in this way,
we can obtain Wyyyx, = naWe, here n, = n(1 — n,_,). This recursion formula results in a
series, which converges to the given relation ' = /(1 + 1) . By using this relation, for the
specified parameters of laser-plasma, CNTs, and the optimized value of the normalized
density ripple (nq0 /ng ):0.3, the conversion efficiency is of the order of 2.36 x 1072,
Here, the mutual interactions between lasers, THz radiations, and CNTSs in the form of plasma
have been included. If we calculate the THz generation efficiency by neglecting these
interactions then for the specified parameters of laser-plasma and CNTSs, the conversion
efficiency increases slightly and becomes of the order of 2.4 x 10~2. Hamster et al. [27] and
Kim et al. [28] have provided the efficiency of 107> in their model of THz generation as
compared to the efficiency of 0.0236 provided in our case. On the basis of conversion
efficiency, we can say that the present analysis of cross-focusing of two Gaussian laser beams

in the array VA-CNTSs provides a better alternate scheme for the efficient THz generation.
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5.3. Graphical Analysis and Observations

One can solve the equation (11) numerically by using Runge-Kutta (RK) method. For this

purpose, the following initial conditions are employed (i) fi.=o = f|c=o = 1. (ii) % =
=0

af,
T P

= 0. To investigate the quantitative mathematical analysis, we have preferred the
following specified parameters of laser-plasma and CNTSs: o; = 2.40 x 10'*rads™!, o, =
2.10 x 10"rads™®, A, =0.800 pm, A, = 0.700 um, the intensity of both laser beams
I,~I, = 10" Wem™2, radii of both laser beams r;y = 20 um and r,, = 40 um. The inner and
outer radii of CNTs are 40 nm and 80 nm respectively. The inter-tube separation between the
CNTs isd = 60nm in the array. The variation of dimensionless beam width parameters f;

and f, of two laser beams (characterized by qlEf o = 04 and qZEj o = 0:60) with

normalized distance { is depicted in Fig. 3. From the curves, it is observed that at the start of
the journey, the laser beams tend to converge. After covering a small distance, in the direction
of propagation, laser beams tend to diverge. This is because of the energy attenuation due to
the collisions and anharmonicity between the plasma electrons of CNTs. As a result of this
energy attenuation, the laser beams are unable to propagate longer distances in the CNTs
From fig. 5.3.1, we also observe that both laser beams when propagating through the
magnetized CNTSs, the focusing of one laser beam is guided by the other and vice versa.
Hence, the mutual guidance between the two lasers results in the phenomenon of cross
focusing of the lasers. A similar observation was also made by Sodha et al. [29] in their work
of cross-focusing of Gaussian lasers in the collisional magnetoplasma. It is also observed that
the focusing of both the Gaussian laser beams increases with the increase of the static
magnetic field. The same behavior has been observed by Singh and Sharma [30] in their study

of THz generation by using two cross-focused Gaussian lasers.
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The variation of normalized THz field amplitude with normalized distance ¢ at the optimized
value of static magnetic field 330 kG is shown in Fig. 5.3.2. From the graph, it is quite evident
that normalized THz amplitude shows an oscillatory behavior and exhibits maxima and
minima with the normalized distance of propagation ¢. The normalized THz amplitude shows
maxima at the point where the laser beams are cross-focused. Therefore, a very important role
is played by the cross focusing of the lasers in the enhancement of the THz amplitude. The
normalized THz field obtained in the present scheme is more as compared to some other
schemes [31, 32].
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Fig. 5.3.1 Variation of the beam width parameter f; and f, with normalized distance , when both laser
beams are present at the optimized value of static magnetic field 330 kG.
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Figure 5.3.2 Variation of normalized THz field amplitude with normalized distance , at the optimized

value of the static magnetic field.

Figs. 5.3.3(a) and 5.3.3(b) depict the three-dimensional variation of normalized THz field
amplitude in the radial x/r;, and axial direction {, at the optimized value of static magnetic
field 330kG, with and without (i.e., f;({) = 1,£,({) = 1) cross focusing respectively. From
the plot, it is evident that the normalized THz amplitude attains maximum value along the
direction of co-propagating laser beams and decreases along with the radial distance. The
normalized THz amplitude shows oscillatory behavior with the normalized distance of
propagation ¢. From the Figs. 5.3.3(a) and 5.3.3(b), it is clear that normalized THz amplitude
increases by approximately 4.6 times with cross focusing as compared to, without cross
focusing. This is because, with the focusing of the beam, the intensity of the beam increases
and results in the enhancement of the normalized THz amplitude. A similar result has also
been observed by Sharma and Singh [15] due to cross-focusing in collisional plasma. Thakur
et al. [20] has also shown such amplitude enhancement of THz radiation in carbon
nanoparticles, in the presence of cross focusing. In Fig. 5.3.3(a), the peak at { = 4.7 is
observed to have a maximum normalized amplitude as compared to other peaks. At the
normalized distance of propagation { = 4.7, both the laser beams are cross-focused, because
of which their intensities increase. This results in a significant enhancement in the normalized

THz amplitude. A similar result has been

() T = (b)

Normalized THz amplitude
Normalized THz amplitude

(x/r49) -

(x/ry0)

Figure 5.3.3 Variation of normalized THz field amplitude with normalized distance ¢ and x/r;, at the

optimized value of static magnetic field (a) with cross focusing (b) without cross focusing
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shown by Singh and Sharma [31] by using the cross-focusing of two laser beams in the THz
generation. Figs. 5.3.4(a), 5.3.4(b), and 5.3.4(c) illustrate the variation of normalized THz
amplitude with x/r;, and C, at various values of applied static magnetic field (B =
330 kG, 240 kG,and140 kG). The variation of normalized THz amplitude has also been
shown by the 2D graph in figure 5.3.4(d). The values of other corresponding parameters are
kept the same as that of Fig. 5.3.3(a). From these three graphs, it is observed that the
normalized THz amplitude increases with the increase of the magnetic field. This is because
of the increase in the ponderomotive nonlinearity in the direction of the applied static
magnetic field. The normalized THz amplitude attains its peak value in Fig. 5.3.4(a), at the

frequency w = wpy/ (1 + B)/2¢€, + (w2/w?). This is known as the resonance point
condition. The optimized value of static magnetic field corresponding to this resonance point
is 330 kG. It is because of the significant increase in the ponderomotive nonlinearity in the
system. Similar results have been shown by Sharma and Singh [33] in their study of THz

generation by the cross-focused lasers in magnetized plasma.
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Fig. 5.3.4 Variation of normalized THz field amplitude with normalized distance { and x/r;, at various
values of static magnetic field (a) 330 kG (b) 240 kG (c) 140 kG and (d) shows 2D variation.

The variation of normalized THz field amplitude with normalized distance T and x/r;, at the
optimized value of applied static magnetic field 330 kG, for various values of CNTs outer
radii (b = 60 nm,70 nm, and 80 nm) has been illustrated in Figs. 5.3.5(a), 5.3.5(b), and
5.3.5(c). The same variation has been shown by the 2D graph in 5.3.5(d). The inner radius of
each CNT in the array is kept constant (a = 40 nm). The values of other corresponding
parameters are kept the same as that of Fig. 5.3.3(a). Corresponding to these dimensions of
CNTs, respective characteristic parameters, and anharmonicity factors are given as: (B =
0.648,a = 0.04 nm™1),(B = 0.542,a = 0.036 nm™1), (B = 0.462,a =

0.031 nm™1) and (B = 0.398,a = 0.0296 nm™1). From the graphs, it is clear that
normalized THz amplitude rises with the increase of the value of the characteristic parameter
(o) and anharmonicity factor (). Therefore, normalized THz amplitude attains maximum
value in Fig. 5.3.5(a).
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Fig. 5.3.5 Variation of normalized THz field amplitude with normalized distance ¢ and x/r;, at the
optimized value of static magnetic field 330 kG for various values of CNT radii (a) 60 nm (b) 70 nm (c)
80 nm and (d) shows 2D variation.
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The physics behind this can be explained as with the increase in the value of a and 3, there is
more absorption of laser beams by the electrons of CNTs and hence, an increase in the
nonlinearities of the system. This results in a significant enhancement in the THz amplitude of
the radiation. Such dependence of normalized THz amplitude on the dimensions of CNTSs has
been shown by Vij et al. [7] in resonant THz generation through CNTs by applying a wiggler
magnetic field. In their experimental work, Watanabe et al. [34] has also shown the
dependence of the THz electric field on the radii of CNTSs. In this experiment, they generated

intense THz pulse excitons by using CNTSs.

The variation of normalized THz amplitude with normalized distance ¢ and x/r;, at the
optimized value of applied static magnetic field 330 kG, for various values of inter-tube
separation (d = 60 nm, 70 nm, and 80 nm) is illustrated in Figs. 5.3.6(a), 5.3.6(b), and 5.3.6(c).
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Fig. 5.3.6 Variation of normalized THz field amplitude with normalized distance ¢ and x/r;, at the
optimized value of magnetic field 330 KG for various values of inter-tube separation distance (a) 60 nm
(b) 70 nm (c) 80 nm and (d) shows 2D variation.
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[1]

[2]

[3]

The same has been shown by the 2D graph in 5.3.6(d). The values of other corresponding
parameters are kept the same as that of Fig. 5.3.3(a). From Fig. 5.3.6, it is clear that the
normalized THz amplitude shows maxima at the lower value of inter-tube separation. The
normalized amplitude attains maximum value in the case of Fig. 5.3.6(a). This is because at
the lower value of inter-tube separation, the number density of CNTSs increases. This increases
the nonlinearities of the array of CNTs behaving as plasma. Parashar and Sharma [35] have
shown similar results in their theoretical study of THz generation through CNTs by using

optical rectification.

5.4 Conclusion

In this proposed scheme, the THz generation is well enhanced by the cross focusing of two
Gaussian laser beams in the vertical array of CNTSs, under the influence of the static magnetic
field. The nonlinear coupled differential equations have been derived by using PR and WKB
approximation, to discuss the beam width parameters of laser beams. The focusing of each
beam depends upon the applied static magnetic field and intensity of each laser beam. The
normalized THz amplitude shows significant enhancement with the increase of cross-focusing
as compare to the case without cross-focusing. It is also observed that the normalized THz
amplitude shows significant variation with the change of the values of the magnetic field, radii
of CNTSs, inter-tube separation, and density of CNTs in the array, by considering the

anharmonicity.
References:-

J.B. Jackson et al, “A survey of terahertz applications in cultural heritage
conservation science,” IEEE Trans. Terahertz Sci. Technol. 1(1), 220-231 (2011).

J.B. Jackson et al., “Terahertz imaging for non-destructive evaluation of mural
paintings,” Opt. Commun. 281(4), 527-532 (2008).

B. Ferguson and X.C. Zhang, “Materials for terahertz science and technology,” Nat.

Mater. 1(1), 26-33 (2002).
104



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

P.H. Siegel, “Terahertz technology in biology and medicine,” IEEE Trans. Micro
Theory Tech. 52(10), 2438-2447 (2004).

J. Federici and L.J. Moeller, ‘“Review of terahertz and subterahertz wireless
communications,” Appl. Phys. 107(11), 111101 (2010).

M. Tonouchi, “Cutting-edge terahertz technology,” Nat. photon. 1(1), 97-105 (2007).

S. Vij, N. Kant and V. Thakur, “Resonant enhancement of THz radiation through
vertically aligned carbon nanotubes array by applying wiggler magnetic field,”
Plasmonics. 14(1), 1051-1056 (2019).

S. Jain, J. Parashar and R. Kurchania, “Effect of magnetic field on terahertz generation
via laser interaction with a carbon nanotube array,” Int. Nano Lett. 3(1), 5326 (2013).

S. Sharma and A. Vijay, “Terahertz generation via laser coupling to anharmonic carbon
nanotube array,” Phys. Plasmas. 25(2), 023114 (2018).

S. Kumar, S. Vij, N. Kant, A. Mehta and V. Thakur, “Resonant terahertz generation
from laser filaments in the presence of static electric field in a magnetized collisional
plasma,” Euro. Phys. J. Plus 136(1), 148 (2021).

S. Sharma and A. Vijay, “Nonlinear mixing of lasers and terahertz generation on CNT
embedded metal surface,” Optik 199(1), 163381 (2019).

N. Ahmad and A.M. Alshehri, “Terahertz eigenmodes of a magnetized semiconductor
slab and their excitation by beating of laser beams,” J. Phys. Chem. Solid 130(1), 270-
275 (2019).

L.V. Titova et al., “Generation of terahertz Radiation by optical excitation of aligned
carbon nanotubes,” Nano Lett. 15(5), 3267-3272 (2015).

N. Ahmad, T. S. Mahmoud, G. Purohit and F. Khan, “Two color laser self-focusing and
terahertz generation in multi-ion species plasma,” Optik 158(1), 1533-1542 (2018)

R.P. Sharma and R.K. Singh, “Terahertz generation by two cross focused laser beams in
collisional plasmas,” Phys. Plasmas 21(7), 073101 (2014).

S.A. Akhmanov, A.P. Sukhorukov and R.V. Khokhlov, “Self-focusing and diffraction of
light in a nonlinear medium,” Sov. Phys. Uspekhi 10(5), 609 (1968).

105


javascript:;
javascript:;
https://scholar.google.ae/citations?view_op=view_citation&hl=en&user=4VoTWdIAAAAJ&citation_for_view=4VoTWdIAAAAJ:2P1L_qKh6hAC
https://scholar.google.ae/citations?view_op=view_citation&hl=en&user=4VoTWdIAAAAJ&citation_for_view=4VoTWdIAAAAJ:2P1L_qKh6hAC
https://scholar.google.ae/citations?view_op=view_citation&hl=en&user=4VoTWdIAAAAJ&citation_for_view=4VoTWdIAAAAJ:35N4QoGY0k4C
https://scholar.google.ae/citations?view_op=view_citation&hl=en&user=4VoTWdIAAAAJ&citation_for_view=4VoTWdIAAAAJ:35N4QoGY0k4C

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

M.S. Sodha, R.K. Khanna and V.K. Tripathi, “The self-focusing of electromagnetic
beams in a strongly ionized magnetoplasma,” J. Phys. D: Appl. Phys. 7(16), 2188
(1974).

A.K. Sharma, “Transverse self-focusing and filamentation of a laser beam in a
magnetoplasma,” J. Appl. Phys. 49(4), 2396 (1978).

M.M.S. Govind and R.P. Sharma, “Cross-focusing of two co-axial Gaussian
electromagnetic beams in a magnetoplasma and plasma wave generation,” Plasma Phys.
21(1), 13 (1979).

V. Thakur, N. Kant and S. Vij, “Effect of cross-focusing of two laser beams on THz
radiation in graphite nanoparticles with density ripple,” Phys. Scr. 95(4), 045602 (2020).
V. Thakur and N. Kant, “Influence of linear absorption and density ramp on self-
focusing of the Hermite-Gaussian chirped pulse laser in plasma,” Opt. Quantum
Electron. 53(1), 1-10 (2021)

N. Kant et al., “Relativistic self-focusing of Hermite-cosh-Gaussian laser beam in
magnetoplasma with exponential plasma density ramp,” Commun. Theor. Phys 71(12),
1469 (2019).

S. Reich, C. Thomson and J. Maultzsch, “Carbon Nanotubes: Basic concepts and
physical properties,” Wiley VCH 54-78 (2004).

W. Lu, D. Wang and L. Chen, “Near-static dielectric polarization of individual carbon
nanotubes,” Nano Lett. 7(9), 2729-2733 (2007).

S. Kumar, S. Vij, N. Kant and V. Thakur , “Resonant terahertz generation by the
interaction of laser beams with magnetized anharmonic carbon nanotube array,”
Plasmonics 17(1), 381-388 (2022).

F. Bakhtiari, M. Esmaeilzadeh and B. Ghafary, “Terahertz radiation with high power and
high efficiency in a magnetized plasma,” Phys. Plasmas 24(7), 073112 (2017)

H. Hamster, A. Sullivan, S. Gordon, W. White and R. W. Facone, “Sub-picosecond,
electromagnetic pulses from intense laser-plasma interaction,” Phys. Rev. Lett 71(11),
2725 (1993).

106


https://link.springer.com/article/10.1007/s11082-020-02641-w
https://link.springer.com/article/10.1007/s11082-020-02641-w
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=4Fs8OKUAAAAJ&cstart=20&pagesize=80&citation_for_view=4Fs8OKUAAAAJ:aqlVkmm33-oC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=4Fs8OKUAAAAJ&cstart=20&pagesize=80&citation_for_view=4Fs8OKUAAAAJ:aqlVkmm33-oC
javascript:;
javascript:;

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

K. Kim, A. J. Taylor, T. H. Glownia and G. Rodriguez, “Coherent control of terahertz
super-continuum generation in ultrafast laser-gas interactions Nat. Photon 2(1), 605-609
(2008).
M.S. Sodha, S.K. Mishra and S.K. Aggarwal, “Self-focusing and cross-focusing of
Gaussian electromagnetic beams in fully ionized collisional magnetoplasma,” Phys.
Plasmas 14(11), 112302 (2007).
R. K. Singh and R. P. Sharma, “Terahertz generation by two cross focused Gaussian laser
beams in magnetized plasma,” Phys. Plasmas 21(11), 113109 (2014)
T. Bartel, P. Gaal, K. Reimann, M. Woerner and T. Elsacsser, “Generation of single-cycle
THz transients with high electric-field amplitudes,” Opt. Lett. 30(20), 2805-2807 (2005)
D. You, R. Jones, P. Bucksbaum and. D.R. Dykaar, “Generation of high-power sub-
single-cycle 500-fs electromagnetic pulses,” Opt. Lett. 18(4), 290-292 (1993)
M. Singh and R. P. Sharma, “THz generation by cross-focusing of two laser beams in a
rippled density plasma,” EPL 101(2), 25001 (2013).
S. Watanabe, N. Minami and R. Shimano, “Intense terahertz pulse induced exciton
generation in carbon nanotubes,” Opt. Express 19(2), 1528-1538 (2011).
P. Parashar and H. Sharma, “Optical rectification in a carbon nanotube array and terahertz

radiation generation,” Physica E 44(10), 2069 (2012).

107



Chapter 6
Future Prospective and Scope

6.1. Future prospective and Scope

To enhance the efficiency of terahertz radiation along with its intensity, amplitude, power,
directionality, compactness, and tunability, we have provided the various neoteric schemes in
the proposed research work analysis. We have introduced anharmonicity in the CNTs along
with laser and plasma interactions to obtain an appreciable gain in the THz yield. Also, we
have optimized the various parameters of the laser, plasma, and CNTSs such as plasma density,
polarization, modulation index, beam width parameter, initial laser intensity, the inner radius
of CNTSs, outer radius of CNTs, number density of CNTs, and inter-tube separation between
the consective CNTSs in the array, etc. to obtain enhanced efficiency of THz output. THz wave
propagation equation, equation of continuity, the ponderomotive force equation has been
derived along with nonlinear current density. Also, the role of transverse density ripple,
anharmonicity, externally applied static magnetic and electric fields has been elaborated in
different schemes of the present thesis. The conclusion of the significant results obtained from
the presented schemes has already been explained in the last section of the particular chapter.
The results obtained from our present theoretical work provide a mathematical guideline for
generating compact, efficient, and cost-effective sources of THz radiation. Thus THz sources
developed in our research work will have a significant effect on the wide-ranging potential
utilizations in various fields of scientific research and technology. In this way, this research
work can be successful in attracting inter-disciplinary and cross-disciplinary researches. With
this, THz science and technology can make great advancements in every field. So, the
proposed work in the thesis is expected to have significant impacts on the THz high field
community, condensed matter researchers, and other multiple research communities that will
take advantage of the capabilities of this new source of THz radiations. The proposed novel

unprecedented THz source opens up the following new opportunities:-

6.2. THz Community
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In the proposed research work, an unconventional and unorthodox scheme is developed by
using CNTs to obtain the novel THz source to generate efficient THz radiations. This novel
THz source can provide excellent support in upgrading the THz applications. It can also
provide a helping hand in making more understanding of nonlinear effects involving THz-
matter interactions. This can also open up the doors for many unrevealed nonlinear effects.

6.3. Ultra intense THz-Plasma interactions

The generation of THz radiations from relativistic laser-plasma interactions is one of the
emerging research areas of high-energy-density physics. The extreme THz pulses offer a new
long-wavelength pump light source capable of driving strong-field physics, opening a door for

a new branch of research known as ultra-intense THz-plasma interactions.
6.4. Modern Condensed Matter Physics

It is defined as the branch of physics that deals with the various physical properties of solid
and liquid phases. These properties are due to the presence of electromagnetic forces between
the atoms of the solid and liquid phases. THz applications in phase transition and spintronics
are also the most active research areas of modern material science. The average energy of the
THz photon (4.2 meV) is comparable to the energy of excitons, magnons, and phonons in
various systems. Thus, THz technology acts as an anchor to control transient states of matter
such as photonics, spintronics, etc. The novel THz sources can be used in the research work of

previously inaccessible transients in materials.
6.5. Material Science and Strong Field Physics

During the laser-plasma interactions in the array of VA-CNTs or HA-CNTSs, the generation of
THz radiations is also accompanied by some highly energetic particles and radiations. Most of
the time, these highly energetic particles and radiations are electrons, neutrons, positive ions,
negative ions, x-rays, y-rays, etc. By using these additional particles and radiations, we can
develop a multipurpose THz pump, x-ray probe, THz probe. These pumps and probes can be

further used in many applications of material science and strong-field physics.
109



6.6. Particle Physics

The highly energetic THz radiations produced by powerful and efficient THz sources can be
used to accelerate electrons in accelerators. Such accelerators can be further used in many
investigations of particle physics. This can also help reduce the size of high-energy particle

accelerators.
6.7. THz Astronomy

THz observations of interstellar atoms, molecules, and dust serve as powerful probes of the
conditions within the interstellar medium that spreads all our the galaxy, providing insights
into the origins of far away stars, planets, galaxies, and the Universe. By using THz radiation,
one can make a cross-disciplinary approach to the subject. THz Astronomy can help in

exploring the new rapidly evolving fields.

Researchers from the fields of chemistry and biology are likely to use such a THz source as a

unique and powerful research tool to investigate chemo-catalysis and hydration, respectively.
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Abstract A new scheme of terahertz (THz) generation from laser filaments in plasma in
the presence of static electric and magnetic fields is proposed. Two femtosecond laser pulses
of different frequencies (w;, wp) and wave numbers (kj, k») are co-propagating under the
action of filamentation in a magnetized collisional plasma. THz wave is generated due to the
nonlinear coupling between nonlinear velocity and electron density in magnetized collisional
plasma. For suitable laser and plasma parameters, the nonlinear coupling results in enhanced
nonlinear current density which leads to resonant THz waves. The external D.C. electric and
magnetic fields are applied perpendicular to each other and mutually perpendicular to the
direction of co-propagating lasers. We have obtained the expression of a dielectric tensor
with anisotropic nature, and it is found very useful in the study of THz generation. The
applied magnetic field also aids to enhance the transverse components of nonlinear current.
This nonlinear current is responsible to generate enhanced terahertz waves at frequency
(w) — w2). We have found that the normalized THz amplitude increases significantly with
the increase in applied D.C. electric field from 10 to 30 kV/cm and magnetic field from 10 to
50kG. Our scheme with numerical analysis may open the door for efficient and cost-effective
way to generate THz radiation.

1 Introduction

In modern days, compact and efficient THz sources have great importance in the field of
science and technology because of their numerous applications in industrial manufacturing
and packaging units [1], security and safety [2], broad band communication [3], biological
and pharmaceutical sciences [4-6], remote sensing [7]. Due to this, various researchers have
studied the schemes of THz wave generation by using different mechanisms to enhance the
normalized THz amplitude like optical rectification [8], cross-focusing [9], optical mixing
[10] and filamentation [ 11-13], etc. Among them, the mechanism of THz generation by laser
filamentation produces THz pulses of very high order energy. Femtosecond laser filamen-
tation is a distinctive, dynamical and unique phenomenon in which laser beam breaks up

4 e-mail: vishal20india@yahoo.co.in (corresponding author)

Published online: 28 January 2021 &\ Springer
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in transverse direction by maintaining the balance between an optical Kerr effect induced
self-focusing and plasma de-focusing. In this laser intensity is stabilized along the propaga-
tion distance and this is known as intensity clamping. The filamentary propagation of laser
pulses in air was observed in 1995 [14] which led to lot of research in the emission of elec-
tromagnetic waves. Houard et al. [15] noticed three orders of magnitude enhancement of the
terahertz energy beamed by a femtosecond pulse undergoing filamentation through air in the
presence of static electric field. Loffler et al. [16] observed enhancement in the efficiency of
THz radiation generation by using static electric field. Bhasin et al. [17] proposed 30 times
increase in magnitude of normalized terahertz amplitude by applying a D.C. electric field in
plasma 50 kV/cm. Mclaughlin et al. [18] have shown an enhancement in THz field energy
by applying external magnetic field up to 8 T in plasma.

In the present work, we develop a comprehensive theoretical model for the generation of
terahertz waves by using two filamented femtosecond laser pulses in the presence of applied
static electric field in magnetized collisional plasma. In this analysis, we have taken two
femtosecond lasers of slightly different frequencies so that their difference in frequency may
lie in terahertz region. Also for two lasers of nearly equal frequencies, the symmetry of + ve
and —ve half cycles of fundamental laser is broken. As a result, the ionization causes drift
currents in the same direction in every cycle. Therefore, terahertz generation becomes more
efficient [19].

We have considered two transversely amplitude modulated femtosecond laser beams hav-
ing electric fields, Ey (w1, ki) and E(w2. k). These laser beams are propagating along Z-
direction, polarizing along Y-direction and amplitude modulated along X-direction. To pro-
duce magnetized plasma, static magnetic field is applied over the plasma along Y -direction.
This static magnetic field can be applied by using current carrying coil having finite number
of turns and magnetic core with an air gap. The static D.C. electric field is applied along
X-direction. This D.C. electric field can be applied with the help of two metallic plates,
keeping one plate at positive potential and the other at negative potential as shown in Fig. 1.
The applied electric and magnetic fields aid in the enhancement of the normalized ampli-
tude of terahertz wave. The laser fields impart oscillatory velocity to the plasma electrons.
Whereas, externally applied static D.C. electric field is responsible for the D.C. drift to elec-
trons in the opposite direction. The lasers also exert a beat ponderomotive force F I‘X"; » as
well as static ponderomotive force F 1{’\:'5/5 on the electrons of magnetized collisional plasma.
In steady-state, the static ponderomotive force is well poised by pressure gradient force. It
results in transverse density ripple at zero frequency and wave number 8 which can be repre-
sented by n¢,g. The ponderomotive force gives rise to velocity oscillations ?Zli and density
oscillations n™V %, The density oscillation beats with D.C. drift to produce transverse current

w.k*
density Jﬁ ,1: which is responsible for THz generation. In most of the research works on THz

generation, collisions have been ignored because of extraction of energy from the electrons
of plasma. In reality, these collisions are the inherent part of every nonlinear system; hence,
it becomes important to consider the effect of collisions in our analysis to get more accurate
results.

The present paper is organized as, in second segment of the paper we provide calculations
for nonlinear velocity components under the effect of D.C. electric and magnetic fields at
THz frequency.

® = w) — wy and wave numbers k = k; — k» and k' = k; — k2 + B. In this segment
of the paper, the role of nonlinear coupling factor is discussed and calculations for various
components of nonlinear current density are given. In third segment, proper mathematical
treatment is given to find out the elements of anisotropic dielectric constant in the presence
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Fig. 1 Schematic of THz generation by irradiating amplitude-modulated lasers in magnetized collisional
plasma in the presence of D.C. electric field

of external magnetic field. THz wave generation dynamics is also present in this segment of
paper. The graphs and results are provided in last segment of paper with detailed discussions
and conclusion. In this segment, whole analysis is included.

2 Analytical formulism for nonlinear velocities and nonlinear current density

We irradiate two transversely amplitude modulated femtosecond laser pulses in the magne-
tized collisional plasma with density n(l’,. The field profile of lasers can be given as

E; = 3[1 +u; cos Bx] Djoe @it =kiz), 8

wherej = 1,2, j1; is the modulation depth of the beam and B is the periodicity parameter.
Frequency difference of femtosecond lasers (@ = w| —w>) lies in THz range. The significant
gain in the oscillatory velocities of plasma electrons is observed due to the laser filaments
and are provided as
. —¢E;
e — @
me(iwj — v,)
Due to externally applied static D.C. electric field along X-axis, plasma electrons will get
D.C. drift and is given as
Upec=——""") (3)
MeUe

where —e, m., v, represent the electronic charge, mass and collisional frequency, respec-
tively. The term Ep ¢ represents the applied D.C. electric field. The plasma electrons drift
in opposite direction of D.C. electric field and get accumulated near the edge of filament.
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here, w. = eB/m is cyclotron frequency of electrons. Due to applied magnetic field along
Y-axis, we resolve the velocity of electrons along the X-axis and Z-axis as

2
NL e“DyoD>o

UpMx = Am2wl (o) — ve) (s + ve)
X [{(ue — 1) + ek} L(py + po)eWITk—BD) +2w)“ke_‘(“"_k:)]. (15)

2
NL e“DyoDag
Vpmz =

AmZwl (lw) — ve) (tws + v,)
- [(/1-1 +M2)ie—l(wl—k:—ﬂx)l(uf — )k — we B+ 2i(ve — la))ke_t(w'_k:)]‘
(16)

where [(ve —w) ¥ wf] = w?2. With the help of velocity perturbations provided by Eq. (15)

and (16), density perturbations n c’;’ IE~" Q;l IK +p in the presence of static electric and magnetic

fields can be calculated by using the equation of continuity as

n?,elengg[tkz](w(- + U, — ()

NL _ —t(wt—kz)
Hi s = e ¢ 17
wk 2m2wl (1w — ve) (lwa + v,) an
N n$e? (1 + 112)(D10D20) 1 (ve — 1w)* (k2 + p?) — w2 p? +wfk2]e—:(wl—k:—ﬂx).
@.k+p Am2 1wy — ve) (tw2 + v,) w2
(18)

One can write non_[inear current density as the vector sum of three terms .7., .72 and .I-;
where the first term J; arises due to coupling between equilibrium plasma density n‘,’J and

: s BNL
nonlinear velocity v, .

perturbation n Zﬁ and D.C. drift of electrons vp_c. The third term .73 arises due to coupling

the second term J> arises due to coupling between nonlinear density

between zero frequency transverse density ripple ngg and nonlinear velocity 5(1;”,: Therefore,
the total nonlinear current density J—w’v ,{‘ =N+ b+,

FNL _ _,0 =NL _ . NL = * =NL
Jk = —Npev, g —n, (evp.c — Ny gely, ¥, p- (19)

On resolving the total current density in its x and z components, we get J_‘f\,'u{‘k and J:ﬁ {'k as

JNL _ —n(,),t"l)]ol)zottl
xw.k T

2m2w2;(tw| — Ug)(tw2 + vg)
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3 Anisotropic dielectric constant and THz wave dynamics

Due to the presence of external magnetic field along the Y-direction in collisional plasma,
the dielectric constant will behave as anisotropic tensor.

€XX €XY €XZ
€ = | €yx €yy €yz |, (22)
€7X €7y €77

The components of dielectric anisotropic tensor are €yz = €zy = e€yx = e€xy = 0,
eyy =1 — wi/tw(ue —w),exxy =1 — wf,(ve - tw)/tw[(ve — ta))2 +a)§] =€77,.€7x =
—twcwf’/w[(ve —w)? +w§] = —€xz.

Due to collisions, some of the components of dielectric tensor become imaginary which
are responsible for the resistivity in plasma.

The wave equation for the generation of THz radiation is given by

dTiw -y, @ =
> Ik +—(?2—6E (23)

—VZE+V-(V-E):

With the use of components of dielectric constant, Eq. (23) is modified in the following
form
2 2}

w”~ w” +4iw
—F_ZG:ZES = (_—zfszx = 2 Jévtf;‘k. (24)
IEx w? €z, +4iw &5
_Zlk/a—; * (klz T2 (E"" * e_‘))E' =53 (J\I\Z‘A * e;‘JJYULL) (25)

where k" = ky — kp + f8 is the wave number with which current density oscillates at frequency
w.

The wave number g of transverse density ripple is responsible for phase matching condi-
tion by providing extra momentum. By using phase matching condition

2 2
' Fope
K2 - “’—,(e,‘,\. + —~£) -0, (26)
¢ Ezz
1

2 ) h

TR e L TR (SR i e @)
¢ lww? twwl — wp (Ve — tw)
By using above condition, Eq. (25) provides the electric field of THz radiation.
. _ 2ol Ny Ex N

Ey = k' c2 {‘wa.k + s_ﬁz‘lz.w‘k Z. (28)
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Using J{YULL and J:‘[:)Ijk. the THz electric field can be derived as
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ke \ 2miwl (o) — ve) (tws + ve)

%, 2 2
X (k'E[)_C(U,» —lw+ ) _ ef(y + p2) NlDl() o ILZDz() )(Ue o

WU, 8T, (w1 —ve)®  (twn + )
wew?, ek(ui +p2) [ 1Dy, LM Di;
Lk — b (Ve — o) 8T, (o) —ve)? (1w +ve)?
K
X (Ve —tw+w()+m‘—(v(, —w+w) (29)
e

Using the above equation, the normalized amplitude of electric field component of THz
radiations can be written as
eEy @'’ Dy Dyt

Mewpc - ak" i (twpr — VL) (twpa + V)

K E) (v, — 10" + ) ; y v ko wl. B
~|:0 Ll - +(u‘,—tw—wc){§ T ]

w'v,

(mi+w) (DR u2 D3 ),
: =7 ¥ == | ¥ — - - (30)
th (ta)pl - U(,) (la)pg + U(,) lww” = (Uc e )

The different parameters are normalized as,

Djy = eDig/mwpc, Dyy = eDyy/mwpc, ' = ofw,, 2 = wpz/c, wp) = w1 /op,
wp = w2 /wp, v(’, = Ve/wp, E’D.C =e¢Epc/mwpc, ko = ckjwp, K= ck'/a)p,

o, = w./op.q" = cBloy, V), = Vi /c.

4 Results and discussion

In the present work, we provide numerical treatment and graphical analysis of THz generation
in magnetized collisional plasma with the following set of parameters. CO; femtosecond
lasers with frequencies w; = 2 x 10'* rad /s and w» = 1.85 x 10" rad/s are chosen.
The corresponding wavelengths of lasers are A; = 10.2 pm and X;= 9.44 pwm with peak
intensity of 10'*W/cm?. The graph between normalized THz amplitude and normalized THz
frequency is represented in figure 2, for values of static magnetic field ranging from 10 to
50 kG at optimized value of D.C. electric field of 10 kV/cm. From the graph, it is concluded
that normalized THz amplitude increases with the decrease in normalized THz frequency
and vice versa. It is observed that the THz amplitude acquires maximum value when w/w),
approaches 1. One can notice from Fig. 2 that the normalized THz amplitude is maximum
corresponding to the magnetic field of 50 kG. It is due to the fact that the external magnetic
field modifies the plasma dielectric anisotropic tensor and excites nonlinear current strongly.
It results in the enhancement of the normalized THz amplitude with the external magnetic
field. Similar results are observed by Mehta et al. [20] with magnetic field range from 54 to
322 kG, but in the present work magnetic field is applied in the range 10 kG to 50 kG which
is very much cost-effective feasible.
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Fig. 2 Plot of normalized amplitude of THz radiation with normalized THz frequency w/w), at various value
of magnetic field ranging from 10 to SOkG
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Fig. 3 Plot of normalized amplitude of THz radiation with normalized collision frequency v, /., at electric
field 10 kV/em

In nonlinear system, v, is comparable with w,. If v, is very large as compared to w,.
then plasma is strongly coupled plasma; otherwise, plasma is weakly coupled plasma. In
most of the expressions, Ve appears together with @), and laser frequency w. Figure 3 shows
increase in normalized THz amplitude with the decrease in normalized collision frequency
v, /@.. Due to decrease in collisions in the plasma, the magnitude of the ponderomotive force
and hence nonlinear current shows increase. This results in the increase in the normalized
THz amplitude. From Fig. 3, one can observe clearly that external magnetic field is useful to
decrease the effect of collisions on the normalized THz amplitude.
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Fig. 4 Plot of normalized amplitude of THz radiation with normalized electric field, at magnetic field of 30kG

To check the effect of applied D.C. electric field on the normalized THz ampli-
tude, we have drawn graph between normalized THz amplitude and normalized D.C.
electric field at optimized value of magnetic field B = 30 kG, as shown in Fig. 4.
Due to the applied D.C. electric field _E)D,C (ranging from 10 KV/cm to 30 KV/cm),
drift force |e E p.¢| acts on the plasma electrons which increases the nonlinearity of
the system and hence helps in the enhancement of normalized THz amplitude. The
similar results were observed by Bhasin et al. [17], when they applied static elec-
tric field up to 50 kV/cm and obtained the maximum value of normalized THz ampli-
tude up to 4.28 x 107, However, in the present work, we have obtained the better
results by applying D.C. electric and static magnetic field and obtain the maximum
value of normalized THz amplitude up to 0.465 x 1073, for the static electric field of
30 kV/em.

5 Conclusion

We have proposed a new scheme of THz generation on the basis of filamentation action
between the femtosecond laser under the effect of static D.C. electric and magnetic fields
in collisional plasma. In this scheme, we have also considered the collisions in magnetized
plasma which is important in the nonlinear systems. Due to decrease in the electron-neutral
collisions, an increase in the normalized THz amplitude is noticed. The applied D.C. electric
field provides drift force to plasma electrons in addition with the ponderomotive force (static
and beat frequency type). Both static electric and magnetic fields help to generate THz
radiation according to our requirement by varying the values of these fields. On the basis of
above results, our scheme provides efficient and cost-effective way to generate THz radiation.
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Abstract

In this paper, we develop an analytical formalism for THz generation from Laser filaments in the
presence of static electric field in the magnetized collisional plasma. Two femtosecond laser pulses
with different frequencies undergo filamentation in magnetized collisional plasma to have non-linear
coupling in the presence of transverse static electric field. This results in balancing action of static
ponderomotive force with pressure gradient force and forms transverse density ripple and non-linear
ponderomotive force couple with density ripple to provide strong non-linear transverse current which
results in excitation of THz Radiations at resonance. This coupling is further enhanced by electric

static field.
Keywords: THz Radiations, magnetized collisional plasma, non-linear ponderomotive force
I. Introduction

In modern era THz radiation has become an important research tool due to its scientific and
commercial applications such as Topography, remote sensing [1], medical imaging [2],
communication [3], explosives detection [4], spectroscopy [5]. More over THz radiations can also be

used to produce second harmonic generation and third harmonic generation[6],which further can be
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used in various applications like particle accelerators [7,8] . Out of various schemes proposed in the

literature, THz pulse energy achieved from laser filament is very High [9].

Filamentation denotes a peculiar Phenomenon related to propagation of a beam of light through a
medium without apparent diffraction. Counter acting the natural spreading of the beam is possible
with intense laser pulses owing to optical Kerr effect, which causes a change of refractive index in the
medium proportional to the beam intensity. The core of beam is more intense than the wings results
in self focusing of beam. One of the main feature of filaments is their ability to generate plasmas in
the wave of propagating pulse which in turn modifies narrow band pulse laser into broadband pulse.
[10,11] Houard et al. [12] studied and observed 3 order of magnitude enhancement of THz energy
due to filamentation of femtosecond laser pulse in air in presence of a static Transverse electric field

approximate10kv/cm [13,14]. The Laser intensity was approximate 9x10'® W/cm?2.

Wu et al. [15-17] studied significant enhancement in the efficiency of THz generation, where

Transverse magnetic field is applied.

In this paper we provide Theoretical treatment for THz generation from Laser filaments in the

presence of static (D.C. biased) electric field in magnetized collisional plasma.

Consider Two Transversely amplitude modulated laser beams with electric fields propagating along z-
axis, polarized along y-axis and amplitude modulated along x-axis. To produce magnetized plasma,
mag. field is applied along y-axis D.C. electric field is applied across x-axis, which can provide d.c

drift to electrons.

The laser exerts a Ponderomotive force F,,, as well as ponderomotive static force Fp, on electron. In
the steady state, the static Ponderomotive force is balanced by pressure gradient force. It results in

Transverse density ripple at zero frequency and wave vector that is(noq).

The beat frequency Ponderomotive force is responsible for velocity and density oscillations.
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The density oscillations beats with D.C. drift to produce a Transverse current J,, , which is responsible

for THz generation. In section Il we obtain the expressions for non linear velocity perturbation at THz

frequency w = (w1 — wz) and wave vectors k = k1 — k2, k + g and non linear density perturbation at

THz frequency and wave vectors k, k + q by choosing non linear coupling of suitable factors an

expression for non linear current density at frequency w and wave vectors k is obtained. In section IlI

we determine THz wave generation and determine normalized amplitude. In section IV there is a

discussion of results. Most of the researchers have not considered the collisions between electrons

and neutrals in plasmas but in reality collisions are present in every non linear system. In this paper

we will also discuss the resonance condition and the effect of collisions on it.

I1. Production of Non-Linear Current

Consider a magnetized collisional plasma of electrons density n% having a D.C. electric field applied

along X-axis. Due to the Eq.c electrons will acquire drift velocity

Vd,c

Where -e = charge of electron

m = mass of electron

v, = collisional frequency of electron

—eEq .

mu,

(1

We incident two transversely amplitude modulated (by filamentation) lasers in to the plasma which is

magnetized collisional plasma.
The electric fields of lasers are

E; = 9 Ajp[1 + pjcosqx] e @1t~ 45%) where j = 1,2

wj = index of modulation.

(2

Frequency difference of lasers w = w1 - w2 lies in THz range.

The laser filaments import oscillatory velocities to plasma electrons.

7=

e,

m(uuj s U)

(3)
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(Scheme of THz generation irradiating Lasers in magnetized Plasma in the presence of D.C.electric field)
(Figure: 1)
They also exert static Ponderomotive force

Fyg=e V Ppq and beat frequency ponderomotive force

B =ebe
=2 e A10lz0 Hitio qu} —t(wt=kyx)
Ppw = 2m (iwy—ve)(iwy—ve) {1 + ( 2 )e & !
)
- O Afols Adoms } qx
Pro = 4mT, {(tw,—u,,) (twy=ve)? €
(6)

T, , the equilibrium temperature of electrons

The beat frequency ponderomotive force, collisional force and magnetic field force will provide
oscillatory velocity to electrons.
By using equations of motion,
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- F, , ,

NL P P c {4 7NL
Vp Vp

= m—w) m-—w)? (@—w)?

®@. = eBy/mis cyclotron frequency of electrons

v —ww) (KX + EZ2) wFx — w.F2

L
> T+ tnlv— ) + ]

T m@ - w)? + w?

1)

x®

The components of velocity along X and Z axis

VL = (L — Ww)Fy We .
* m —w)? + w2 mu-1w)2+w? *

And

SNL _ (L — wWw)F, We

= - F
% m —w)? +w? m-w)?+w? *

Put [(v — w)? + w?f] = w2

oy W—w)F %

PINL
% mwg mws ke
_. (v — w)F, w,

NL = Z (4
v mw? mw? F

2 s 2
V;‘NL _ (v l;U) e?A10Az0 (1 + 12) e-i(@t-kz-ax) (jg)2
mwz \4m(w, — v,)(w, +v,)

+

W e?A104z0

mwé \2m(w, — v,)(w, + v,)
W, e?Ay0A20 (s + p13)
mwg \4m(tw; — v,)(w, + v,)
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[(v — w)q & + wck 2] 2 Awt-kz
_ —(wt-kz-qx)
ety ~o) (e Fud (e AoAzo (g + #2))'3
wck 2

+
2w2(twy — ) (w, + v,)

(€2A19Az)e (@D

L — v —w) < e?A10Az0(ik)2 )e_L(m_kz)
& mw?z \2m(w; —v,)(w, + v,)

v —w) ( e2A10Az0 (g + 1) (ik)

mw?z \4m(w, —v,)(w, + v,)

W (ezAloAzo(!h + 12)(iq)

mwz \4m(w; — v,) (w, + v,)

) e—t(wc—kz—qx) (iq)z”

) e—t(wt—kz—qx)(iq)jc\
(14)

[(v — w)k 2 — weq R) , s
- = —kz-qx)
4m? wf 1wy — v,) (1w, + v,) (e Arohzo (s + “2))9

(v —w)k z

2w (lw, — v,) (lw, + v,)

(€2A19Az0)e @tk

Along X-axis

0,2 1.2
SNL nge?AsgAglik?lw,

n, = e—l(wl—kz)
Wk T 2m2ww2 (1w, — ve) (lwy + V)

#NL =

n9eX(Aioda) Gy +112) il = 10)?q2 + @ck?]
Mwk+q = - e

4m? (1w, — V) (lw, + v,) wwi

1s5)
Along Z-axis
vn . M0etAiphylik] (v — w)

n, = e—-t(mt—kz)
Wk T 2m2ww2 (w, — v)(w, + v)

_ nge?(AioAzo) (1 + Hz) R w)*k?* + w2q?*] - i(@t-kz-qx)
4m2 (1w, — v)(w, + v) ww?
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Non linear current density at ¢, k erases due to coupling between
(i) Equilibrium plasma density n§ and non linear velocity fiyi
(ii) Non linear density perturbation fiw‘k and dc electrons velocity Vae

(iii) ~ Zero frequency transverse density ripple n, 4 and non linear velocity 1 "E,Eﬂk

et YNL 0, UNL _=
Jmk = nolqevmha-noeva-n e Vye

. TNL
—ngqe V By

w,k+q
—_— -
—noe 1ok Adou, Zigx(,2 i[(v — w)qx + w.kz] b ez
A0A + (wt-kz—qx)
~ 4mT, {(tml - u,_,)2 (tw, + ve)z} g (e 10420 (s “2)) Am?2wZ (1w, —v,) (lw, +v,) €

_"oe Afota Adou,

s i[(v— w)kZ + w.qx]
= amT, {(Lwl —0,)? (sz T Ue)z}e T (e2A10Az0(11 + 112))

4m?wZ (w, — v,) (lw, + v,)
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—ne

4mTe

2 2
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2 mk[(v - w) + w[]} e-i(wt-k2)
e

(18)
111. Generation of THz radiations
The wave equation governing the propagation of THz waves can be written as:-

V% 4 7.(V.F) = 20w sE’

In the presence of magnetic field along Y-axis in collisional plasma, dielectric constant assumes the
form of anisotropic Tensor €

X and Z components of THz field are

w? w? +4mw
—_zezzEz = _zeszx = 2 EIL

c c c
And

w? 2
w +4miw
2 - SNL

—Zlk' + k'%E, — e,,Ez = — €xxEx = = x

OE, w? €2 +4mw €
BT 2 _ zx _ oL Ezx vy,
2ik' — T (k (e“ + En)) Ey p (}, + P Tz )

By using phase matching condition

w? €?
k'z‘c—z exx+§ =0

zz

g2 @) _@bv-w) (cwlwp)
Tt ww? w?w}
1 w?(v = w)
WwwE

1.

w3 2,2 2
wiw}

Ko~k = {1 W, ((u = waé—wﬁ(v—lw))}
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By Using above Phase matching condition electric field component along the X-axis

—2nw €
Ex = {]‘WL ZX .NL ]Z

Toez Yrokt 5, 7ok
E = —2nwz —nge*AygAz(l) K2Eg (v = 1w + o) _eq(u + 1) Aoty Aokt
T ke \2mPwd(wy — ve) (1w + ) Wy, 8T, (1w —v,)?  (w, +v,)?
2 2 2
WeWp ‘ek(ﬂx +u2) [ Afots Aolz
) o ww? — wi(v - uu)l 8T, (lwy — v,)? i (tw; + v,)? (=it #d0c)

mK
+?(v—-tm+wc)

(19)
The normalized THz amplitude
eE, w'z'VipVyot KZEy (v — 10’ + w))
mwpC 4k w2 (twpy — vg) (wp; +v4) ®'vg
' '
+ Ko Wt _ r q_’ () ":Fz) V]ozﬂl’ i Vzomz’ Wl =10’ — wl)
8 \w'w" — (v, —w") 8 Vin (lwpy = V)% (wpy +v3)?
w; st
% (m) = “’=)}
(20)

Where Vy, = eA10/mwpC , Vi35 = eA20/mwpC , o' = w/wp ,Zz = wpZ/c, wpl =
wl/w2 . wp2 = w2/wp

v, = ve/wp, Ej. = eEj. /mwpC. K* = CK/wp, K" = CK'/wp , w. = wc/wp, q
= Cq/ wp

Vin = Ven / C

W, = 24x10" rad/s, m2=2.1x 10" rad/s, Ej.=0.053 , wp = 2.0 x10"® rad/s, p; -2 = 0.3, ¢'=0.3
w'=20-50V{y = V3 = 0.005-0.01, wp=12,0p=105v,=15x10"rad/s ,B=5T

w. = 0.879x 10" rad/s, w),=0.04,v’,=0.75,K;=0.8x 10°m, K> =0.7x 10° m, K°= 1.5

q'=03, q=02x10°m K’ =12 x105,K" = 1.8, 2" = 100, V{, = 0.0067
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Abstract

In this novel scheme, a theonetical analysis of msonant eraherte (THz) generation in the arrgy of magnetized anharmonic car-
bon nanotubes (CNTs) is presenied. Two laser beams with frequencies (o9, @2;) and wavenumbers (k; . k;) propagate through
the array of verdcally aligned anharmonic CNTs in the presence of an applied static magnetic field. It provides different
displacements to the various electrons of CNT=. Due to this, restoration force varies nonlinearly with the displacements of
clectrons and hence results in anharmonicity. This anharmonicity plays a significant role in the enhancement of absorption
of laser beams by the electrons of CNTs. The nonlinear restoration force produces the current which iz responsible for the
THz generation. Itis observed that the applied magnetic field (170 to 235 k() helps in the enhancement of the THz genera-
tion by increasing the nonlinearity of the system. The impact of dimensions, inter-tube separation, and density of CNTs on

the THx amplitude has also been analyzed.

Keywords Carbon nanotube - Nonlinear restoration force - Anharmonicity - Inker-tube separation - Magnetic field

Introduction

In this modern world, THz technology has attained great
importance due to compact and highly efficient THz sources
for various applications in many ficlds like security protec-
ton [ 1], medical sciences [2—4), and broadband communi-
cation [3]. The various researchers have proposed several
schemes for THz wave generation to provide compact,
efficient, and m:liable THz sources. For this purpose, they
have used different mechanisms to enhance the amplitude of
THz radiation. Some of these are by beating of two chirped-
pulse laser beams in spatially periodic density plasma [6].
the ineraction of laser filaments in the presence of a static
clectric ficld in a magnetized collision plasma [7], laser cou-
pling to an anharmonic CNT array [B], nonlinear mixing
of laser beams [9], and by applying a magnetic ficld on an
array of CNTs [10-12]. The CNTs ar considered very reli-
able and effective sources for THz gencration, due to their
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compact size, large current density, high electrical conduoc-
tivity, and excellent combination of transverse-longitudinal
dimensions. The CNTs are considersd a more favorable
medium for the efficient generation of terahertz radiation
[13]. Moreover, CNTs are also helpful in the strong absorp-
von of the laser beam [14] due to which generated THz
amplitude is enhanced. Titova et al. [13] have proposed the
generation of THz radiation by using single-walled CNTz,
excited by femtoscoond laser beams. Batrakow ot al. [16]
and Portnoi et al. [17] have explained and reviewed THz
generation processes in CNTs to increase the efficiency of
THz generation. Wang and Wu [ 18] studied the propertics
of THz radiation ex perimentally, emitied by CNT antenna.
Dragoman and Dragoman [ 19] have studied the character-
istics of metallics, single-walled CNTs as a THz antenna.
Dagher et al. [20] have studied the amplification of THz
radiation in metallic CNTs under the influence of the DUC.
magnetic ficld and observed enhancement in the normalized
amplitude of THz radiation.

In the present paper, we propose a new scheme for THz
generation by immadiating two co-propagating laser beams
of nearly equal frequencies on vertically aligned hollow
anharmonic CNTs in the presence of an external static
magnetic field. In this, we are using an array of CNTs to
ecase the propagation of THz radiation. A single-walled
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carbon nanotube is generally modeled as a hollow cylinder
[21] to caleulate electrical and optical conductivity. But
the response of these nanotubes towards the transverse
electric and magnetic fields is assumed as solid cylindrical
tubes [22-24]. This assumption is reasonable because the
diameter of CNTs is very small and the density of atoms
is very high. The array of anharmonic CNTs is grown
over the glass diekectric surface. Here, restoration force
of electrons of CNTs is a non-lincar function of electron
dizplacements in CNT=. In the 2nd segment of the paper,
we derive nonlinear current density by using the concept
of resonance absorption. In the 3rd segment, THz wave
dynamics is provided by using standard equations of wave
propagation. In the last ssgment, a discussion of resulis
with the conclusion is provided.

Monlinear Current Density

Consider an array of vertically aligned anharmonic CNTs
grown over the diclectric surface of glass (g, = 2.5). This
arrangement of CNTs can be obtained by the chemical
vapor deposition (CVDY) process. Itis because, in the CVD
process, radius, length, wall number, and alignment of
CINTs can be easily controlled [23, 26]. There are n, num-
ber of CNTs per unit area given byn_= 1/d%, where d is
known as inter-tube separation. The term g is the number
density of free electrons of CNTs. The inner and outer
radii of each CNT are denoted by a and b respectively. The
length of CNT is represented by L, parallel to the y-axis,
and perpendicular to the x—z plane as shown in Fig. 1.
The external magnetic field Fis applied along the y-axis,
parallel to the axis of CNTs. The laser beams with nearly

equal angular frequencies (m|,m::| and wavenumbers

Lasers

-

Dialectric Surisce

Fig. 1 Schematic of THz generation by the ineraction of laser beams
with vertically aligned anharmonic carbon nanotube armay in the pres-
ence of 2n external magnetic neld

&) Springer

(k],kz} propagate through an array of anharmonic CNTs
with eleciric field profiles,

E;=adpe 5= 12 (1

The laser beams ionize the atoms of CNTs and impart
finite oscillatory velocity to the free electrons of CNT's. The
electrons of CNTs get separated from the ion cylinder with
a displacement of A. When the displacement & is perpen-
dicular to the axis of CNT, a space-charge electric field is
created. This ficld is mepresented by the overlapped region
of the electron cylinder and ion cylinder in Fig. 2. The net
space charge electric field E is the vector sum of the space-
charge electric field due to ion cylinder Eim and eleciron
cylinder E, ..

E=F, +F. (2

The inerior space-charge electric field due to ion cylinder
at a point (r, @, 7} is
— me(r—a®) 7
o = D { ) = 3
2e r
where, ¢ is the electronic charge and £ = e, is known as
the electric permittivity of the medium. The interior space-
charge electric field due to the electron cylinder shifted by
displaccmanE with the respect to the ion cylinder is given
as,

Substituting Egs. (3) and (4) in Eq. (2), the net space
charge clectric ficld at the point (r. g, ) would be

E,= _"':'e“F—Er—a?] “

2e

Electron cylnder

Owerlapped region

lon cylinder

Fig. 2 Shifting of the electron cylinder by distance A with mspect to
the ion cylinder
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charge electric field, the displacement of electrons in

o ﬂOE[l"Z—u'Z]-i_ E[F’—Er—ﬂz] F_A & CNTs is governed by the following equations:
- Ze ER | g B
- ﬁk dA, @ Fa. g, —el,
e + 2*__,[] + 8 +ab, A, Ho U= — (%)
The displacement of the electrons parallel to the CNT
axis is zeTo but non-zero along the p_-crpcnd.lcula: dimc- &A, dA. ek,
tion (x-axis). Therefore, the expression of x-component — et —t—=— (10
of space charge electric field can be derived from Eq. (3). dt m dt m
. 2 Scosp  dcoslg (P —d')
e (e B (B2 0 )

Corresponding to the x-component of space charge
electric field, the restoring force for each electron along
the: x-axis can be obtained by using the relation, F, = —<E,

where, v represents electron collision frequency, which is
kesser than @.

Simplifying Eqgs. (9) and (10), we get

g 5 g2
F,= ;‘i_ [(] +:_;)a‘+(5l-':3¢'+4¢‘-:—72'?’_ [ 5 }cmrp).'!f':| {7)
Due to anharmonicity, the restoration force is not the a)ﬁ el
same for all the electrons. Some of the clectrons experi- —olAyg + e (14 F+ad,)A, +ive A, —jovd, = m -
ence aweak mstoration force, whereas others experience a " (n
strong restoration force. Hence, we need to calculate the ¢
(average) and the r {(average) of restoration force to obtain —w A, — resen A, — i, = —E, (17

its lincar (F; ) and nonlincar components (Fyp, ).

et fol 1+ 5 ) 2erar
2

nget (1

Foy—_
(Fuad f:’l.u'r.dr 2e

A, and (Fy) = ———(5-

;Ij’z'(jcasqa_'_d-cr?rjqa {J'J—ﬂl)

o r r i

casqa)drp&f

Solving these, net average restoration force is given by

(Fi) + (Fr) = A1 +8 +ah,] ®

where, wp = |n0c2,l’mq:,] Vs the plasma frequency and
m is the electronic rest mass. § = 2og, (b/a)/ (5 /a® — 1)
and @ = 4/(k + a) are known as characteristic parameters
and anharmonicity factors respectively. Both the terms
are msponsible for nonlinear mixing in the response. The
numerical values of both f and @ depend wpon the inner
and ocuter radii of CNTs.

As the static magnetic field Bisa plied along the
y-axis, therefore, magnetic force Fg = E’F-!" * E},fc can be
mesolved into their x and 7 components, F:B = —ev B/ and
Fg, = ev, B/ c respectively.

Under the influence of electric fields of the lasers
beams, an external static magnetic field E, and space

where e, = e {me is known as the cyclotron frequency of
plasma electrons.

By solving Eqs. (11) and (12}, we get
A= | [eE,— momm A,

z
- m

(13)

o 4 e

By substituting A, in Eq. (11}, and ignoring the anhar-
monicity, we can calculate A

ar, ey
—— +f(1 +h+al A, + —=

m

1ell | — i A _— —eE, a9
[ o’ + im ] - T m
E[E, + :::m]
A, = - — (15)
2 _ oy ey
m[m— 2‘7(] + M Py +im]
&) Springer
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As explained above, the displacement of electrons in
CNTs is finite for the field perpendicular to the CNT axis
and 0 for the field along the axis. Therefore, the term E,
is taken as 0.

el
4, = o v
m |t — I“.+§]— m+:w]

(&)

The anharmonicity factor a is responsible for nonlinear
mixing in the electron response towards the incident laser
beams. If we neglect the nonlinear terms, then electron
dizplacement due to laser beams is given as,

A = '

7 3 ol
m mf - E‘:-{l + fiv— _—ff;.ulm} +1r.=n:j;]

(7

With the help of Egs. (9) and (16), the non-lincar
term provides electron displacement A, at frequency

w=|w; —an) and becomes responsible for THz
generation.

) 2 &
2 @ o’ aopd AS
P e — P

[m 2*',{ = [ + ruew ) M e
(18)

—acAAl

A, = . —
45,[_m3+;;_ff1 ) — e+ ?«%]

Due to this displacement (A, ) of electrons, plasmaelec-
troms start oscillating with THz oscillatory velocity given
by v, = —wwd . The THz oscillatory velocity is further
mesponsible for the generation of non-linear THz current
density Jr::'l‘

(19)

KL
Im = —en,vm

(20}

The nonlinear current density 1 7 NL g non-zero over the
cross-section o {bz —a )md 0 over thc area d4°. Thus, the
average nonlinear THz current density due to the armay of

CNTs is

Jﬂ' = —men_n_ [b] - aljvm 21}
THz Wave Dynamics

The standard equation for the generation of THz waves is
VI, + K, = T @2)
€1 springer

From the above Eq. (22), we can write the x-component
as

C?zE —-'Lu 1)
¥ 23
ar - 23)

wh.crc,.p:%r’—)z[bz—a‘t:lﬂ[ = I
o (I-u!]

On solving Eq. (23), we get a terahertz cl.cl:'l:nc ficld E_,
given below

=
3

. ] 1 1| age?
oA Y oy L . L
et |»[ :

slad
— —m:“-—-:

st wd

Finiy -a_..l_ _m -al']+,BJ_L-uum-+_.._
T A iy

a4+ (1 ;.m,L

C:lz,‘rr:ﬂg
[j‘i— (% +kﬂ3]db +alfmy

(24)
The normalized THz electric field equation is
e ed
ns.l 2 "o 2
A, [ (& —a®)n ]_,[mq;,mf] [mzf]
w® 1+ 5 @ v “’E-"'“-':!u o
(5 -@)E)
e {l+.8}) o fer)
a Wf 2¢, T+mfay + 1wy ey (25)
e (u )_ wifen |
ey 2e, I+ moyf ey

Discussion and Conclusion

Numerical simulations are performed with the following
set of laser beams and CINT parameters. The carbon diox-
ide laser beams of frequencies ey = 2w 10" rad's and
oy = LESx 10" radls have been chosen in such a way that
frequency difference lies in the region of THe. The cor-
responding wavelengths of laser beams are i) = 9.45um
and d; = 10.20um. The intensities of both laser beams am
I~ 10"W fecm® and = Ag/m anc = ¢ Ag/m e = 0.03. The
length of CINT is | gom with an inner radius of 2000 nm, and
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Fig.3 Variation of normal-

ized erzhertz amplitude with
normalized THz frequency
at ditferent values of external

magnetic teld B=1T0kG. 195
kG, 235 &G for §=0.4622 and
a =006 nm~. Inset graph: plot
similar to figure, in the absence
of a static magnetic tield

Normalized THz amplitude (E /A ) —=

outer radius of 40.0 nm. Corresponding to these dimensions
of CNTs, characteristic parameter f=0.4622 and anharmo-
nicity factor @ = 0.06 nm~'. The relative permittivity of a
diclectric surface is 2.5 and the applied static magnetic field

lies in the range 170 to 235 kG.
InFig. 3, we have plotted the graph between normalized
THz amplitude and normalized fre y for different val-

ues of external static magnetic field B =140 kG, 200 kG,

T AJ \J T
1020 1.025 1.030 1.035
Normmalized frequency (w/m_ ) —

and 230 kG. From Fig. 3, it is observed that each curve
shows an increase in normalized THz amplitude with the
increase of normalized THz frequency and attains its max-
imum value. After attaining the maximum value, normal-
ized THz amplitude shows a decrease with the increase of

normalized frequency. The curve shows the maxima at
frequency, @ = w,\;(l + 0/ 2 + (arE/ai,z,). This is the

Fig.4 Variation of normal- 040 -
ized erzhertz amplitude with I —a—bhla=20
normalized THz frequency for 1
different values of characteristic 035 —e—b/la=40
parameter § and anharmonic- -
ity factor a at the optimized < .
value of externzal magnetic field 3 030 -
B=235kG g
% 4
025 +
£
g_ i
1 0.20
g 0.15 4
T .
N
'g 010
o
Z 005 4
000 T T T v T . T T 4
0.99 1.00 1.01 1.02 103 1.04
Normalized frequency (0/®_) —
&) springer
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frequency where surface plasmon resonance occurs. At
this resonance frequency. absorption of lasers by the elec-
troms of CNT becomes maximum: and hence, THz wave
of maximum amplitude is produced. Also, the external
magnetic field is used to enhance the normalized TH=
amplitude. It is due to the reason that the applied magnetic
field increases the nonlinearity of the system. Similar
resulis were shown by Jain et al. [11] where they have
applied a magnetic field on an array of CNTs embedded
on the metal surface. It is further observed from this figure
that with the increase of the external magnetic field, the
surface plasmon resonance point gets shifted towards the
higher value of normalized frequency. This is due to the
dependence of surface plasmon resonance frequency on
the external magnetic field. Hence, it is observed that sur-
face plasmon rezonance condition does not only depend
upon dimensions of CNTs but also depends upon the exter-
nal magnetic ficld. The inset figure of Fig. 3 is plotied in
the absence of a static magnetic ficld; other parameters are
the same as in Fig. 3. We observe an increase in the nor-
malized THz amplitude, in the presence of a static mag-
netic field as compared to the absence of a magnetic field.
This also shows the significance of a static external mag-
netic field in our proposed theory.

To study the effect of dimensions of CNTs on the nor-
malized THz amplitude, we have plotied a graph betwesn
normalized THz amplitude and normalized frequency as
shown in Fig. 4. In the first case, external and internal radii

of CNTs are 40.0 nm and 200 nm, whereas in the second
case these are 36.0 nm and 12.0 nm. Comesponding to the
first case bfa= 20, f=0.4622, a=0.06 nm~ !, whereas,
cormesponding to the second case bfa =40, f=0.1848,
@ =0.08nm~'. The value of normalized THz amplitude is
observed to dectease with the increase in the value of Bfa.
THz amplitude is mome for bfa= 2.0 (first case) as com-
pared to bfa = 40 (second case). The physical mechanism
of this observation is as follows: with the lesser value of bfa
for CNTs, there is more absorption of laser beams by CNTs.
A similar observation was made by Vij et al. [10] where they
observed direct dependence of THz amplitude on the radii
of CNTs. Watanabe et al. [27] have also shown the direct
dependence of the THz electric field on the radii of CNTs
in their experiment, in which they generated intense THz
pulse excitons by using CNTs. Also, a shift in the surface
plasmon resonance point is observed towards the lower side
of THz frequency at the lower value of bfa. Thizs shift can
be well explained from the expression of surface plasmon
resonance conditons.

InFig. 5, we have shown avariation of normalized TH=
amplitude with normalized frequency at different values
of inter-tube separation d = 600 nm, 75.0 nm, %00 nm,
whemnzas other parameters are the same as those of Fig. 3.
From the three curves of Fig. 5, it is observed that the nor-
malized THz amplitude shows maxima at the lower value
of inter-tube separation 60.0 nm. This is becanse at the
lower value of inter-tube separation, the number density

Fig. 5 Wariation of normak-
wed ershertr amplitade with 040 | ——d =60 nm
normalized THz frequency at " d=75nm
different values of iner-tubs -~
separation at the optimized - 035 {]| ——d =90 nm
valug of external magnetic f
field §=235 kG for character ]
istic parameter = 1 D64 and w030+
a = 006 nm-! @

2 025

=

E 0.20 -

L] 4

I

= 015

-

&

= 0.10

2 005

000 — e PPTe TS L1 T i jlirIrrray: ’
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Fig. & ‘Variation of normal
ized ersherte amplitade with 0.40 « | —m— With anharmanicity
normalized THz frequency. with 4| —*— Without anharmaonicity
and without anharmonicity at
the optimired value of external — 0.35 -
magnetic ield B=235 kG and < i
other parameters am the same ]
as those of Fig. 3 E 0.30 -
@O -
s
2 0.25 4
=% 4
E 020 4
L] 1
I
= 015
k-]
-g -
= 010
2 s
4 - T \‘-"—i -
u nu 1 1 I I i I I 1
1005 1010 1015 1.020 1.025 1030 1035 1040 1.045

of CNTs increases, and hence nonlinearity of the array of
CNTs behaving as plasma increases. The same observation
was made by Kumar et al. [28]. From the graph, it is also
observed that the surface plasmon resonance shifis towards
the left with the decrease in the inter-tube separation.

In Fig. 6, we have shown the effect on normalized THz
amplitude by considering the anharmonicity and withouwt
considering the anharmonicity in the CNTs. From the
curves, it is clear that by considering the anharmonicity,
there i= a significant increase in the normalized amplitude of
THz radiation. From Fig. 6, it is observed that normalized
THz amplitude shows a nearly 2.0 times increase in anhar-
maonic CNTs as compared to the case where anharmonicity
is not considered. Hence, the THz amplitude is enhanced
significantly by considering anharmonicity as compared to
considering the ponderomotive nonlineanty only. One more
very important observation which we have made from this
figure is that the surface plasmon resonance is broadened. Tt
is very useful when we are using this THz source for com-
munication purposes because with the broadening of sur-
face plasmon resonance frequency, bandwidth is increased.

Conclusion

The surface plasmon resonance peaks expand and broaden
duoe to the anharmonic behavior of an armmay of CNTs in the
presence of a static magnetic field. It also results in the
enhancement of normalized THz amplitude. Under the

Normalized frequency (o/o_) —=

infloence of eleciric fields exerted by laser beams, elecirons
of CNTs experience restoration force to induce the nonlinear
currznt. This nonlinear current is further responsible for the
generation of THz radiations. The normalized THz ficld gets
resonantly enhanced at the surface plasmon esonance fre-
quency. One can tailor this resonance condition
w = apyf (1 + £ /2, + '[mlf_,l'm;‘.l for the enhancement of
normalized THz amplitude by changing the values of charac-
teristic parameter # and external magnetic feld B. It is also
observed that the normalized THz amplitude shows a signifi-
cant variation with the change of values of the applied exier-
nal magnetic field, inter-tube separation, dimensions, and the
density of CINTs, by considering the anharmonicity.
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Abstract

In this novel scheme of terzhertz (THz) generation, the effect of cross-focusing of
Gaussian laser beams in the array of vertically aligned anharmenic carbon
nanotubes {CNTE} has been studied. The static magnetic field is applied transverse
to the axis of CNTs to magnetize the CNT5. The nonlinearity in the system arises
due to the ponderomeotive force exerted by the laser beams on the electrons of
CNTs. The plasma in the CNTs rearranges itzelf due to this ponderomotive
nonlinearity, which gives rise to the cross-focusing of both laser beams. The
nonlinear current at THz frequency appears in the array of CNTs on account of the
ponderomotive nonlinearity and anharmonicity of the system. The anharmonicity
plays a pivotal role in the enhancement of THz generation. The normalized
amplitude of THz radiation shows a notable enhancement with the increase of the
externally applied static magnetic field (30 kGio 330 kG), dimensions of CNT,
and inter-tube separation. The cross-focusing of two laser beams in the magnetized
collisional plasma makes a si.gn_i_ﬁn::ant enhancement in the THz generation with the
help of anharmonicity.
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Introduction

In the contemporary techmical world, terzhertz technology has explored many new
research opportunities in various potential fields like imaging [1], [2], medicine [3]
biclogical chemiczl sensing [4], commmmunicabion [5]_. and explosive detection [G] The
numercus schemes for THz generation have been introduced by the researchers to
provide packed, compact, highly efficient, and reliable THz sources. To attain this,
they have uszed different mechanisms, techniques, and theories. Some of these are;
by applying external static and wiggler magnetic fields on the array of CNTs [7], [8],
by nonlinear mixing of lasers [9], by using filamentation under the influence of
external magnetic and electric fields applied at the right angle to each other [10], by
using laser coupling to anharmonic CNTs array [11] 2and by using 2 thin
semiconductor slab with density ripple under the influence of external magnetic
field [12]. The CNTs have extraordinary thermal and electrical conductivity with the
advantage of compact size, which malkes these nanotubes effective and relizble THz
sources. Titova et al. [13] have shown the THz generation by using single walled
carbon nanotubes (SWCNTs) with femtosecond lasers. Ahmad et al. [14] generated
THz radiation from multi-ion plasma by using two-color laser self-focusing, The
study of the cross-focusing in collisionzl plasma in the presence of a static external
electric field has a significant impact on the THz generation [15]. The intense laser
beams can undergo cross-focusing in the plasma by the various nonlinear
interaction mechanisms. Akhmanov et al. [16] and Sodha et al. [17] have provided the
theoretical models to study the self-focusing of intense laser beams in the plasma
by applying an external magnetic field and without applying the magnetic field.
Sharma [18] has studied the self-focusing and filamentation of the laser beam in
plasma under the effect of the external static magnetic field. The effzct of external
magnetic field on the cross focusing of two co-propagating Gaussian laser beams in
plasma has been studied and it was observed that the focusing of one beam affects
the other and vice versa [19], [20], [21], [22].

In this manuscript, we have proposed a theoretical model for THz generation by
irradiating two cross-focused and co-propagating Ganssian laser beams on vertically
aligned hollow anharmenic CNTs in the presence of an external static magnetic
field (shown in Fg, 1). The array of CNTs is embedded on the silicon carbide glass
dielectric surface, having a refractive index of 2.5. This array is synthesized by using
the plasma-enhanced chemical vapor deposition (PECVD) method. The CNTs are
coated with non-conductive polymer to suppress the mutnal interachons of CNTs
and to enhance the THz generation. The mutual interactions between laser beams,
THz radiations, and CNTs in the form of plasma can decrease the efficiency of
output THz radiations. Therefore THz efficiency has been caleulated by using
optimized CNT and Gaussian laser beam parameters including the mutual effects.
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:E;n:h CNT is characterized by inner Iadi.u; a, outer radius b, le:lgﬂl L, and fres-

electron density ng corresponding to the plasma frequency wp = [:m].«e.2 Jm En) 1..r31
where e and m represent electronic charge and rest mass respectively. In the array,
there are . number of CNTs per unit area given by N, = 1/d?, where d iz the inter-
tube distance. A single-walled CNT is used as a hollow cylinder in most of the
experimental works [23] but as far as the response of this CNT towards the electric
and magnetic fields of laser is concerned, it behaves like 2 solid cylindrical tube [24].
The static magnetic field is applied mutually perpendicular to the direction of co-
propagation and pelarization of laser beams. In the present scheme, we have used
preformed plasma {array of CNTs in the form of plasma). The laser beam interacts
with the array of CNTs and energy 1s absorbed by the inner wall of each CNT to
lonize its atoms to form plasma. The ponderomotive force acts on the electrons of
CNTs to produce nonlineasrity and the plasma of CIN'Ts gets rearranged zlong the
direction of the applied static magnetic field. This ponderomotive nonlinearity
carries the main responsibility to produce the cross-focusing of laser beams in the
magnetized collisional plasma. In the 2nd section of the paper, we explain the cross-
focusing phenomenon of two Gaussian laser beams. In the 3rd secton, we have
provided the theoretical model for the generation of THz radiation. In the 4th

section of this paper, the discussion is summarized, and the conclusion is provided.

Section snippets

Cross focusing of lasers beams

In the proposed scheme, we consider two Ganssian laser beams wath slightly
different frequencies (wy,ws) and wavenumbers (k;, k), polarized along s-direction
and co-propagating along the z-direction as showmn in Fig, 1. The static magnetic
field B is applied zlong the y-direction that is mmtually perpendicular to the
direction of propagation of lasers and the axis of CINTs. The electric field profiles of

lzser beams are provided as _E>j = ¥y pe ==t 5 — 1 2 where, By represent
the amplitude of the ...

Terahertz generation

The electrons of CNTs in the presence of static magnetic field experience a non-
linear ponderomotive force at beat frequency w = wy — iy and wave number

k =k; — k3. The ponderomotive force at beat wave frequency is given as

3 e?{ﬁ.i;]
FoM = = aifen it )
magnetic field is applied along the y-ams, therefore x and z-components of the beat

By Ef = [:1 — 22080 ) g Bl e =4, As the static

o 0FE
frequency ponderomotive force (Femy and Fey: ) can be expressed as:
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Results and discussion

Ome cam solve the Eq. |:ll:l numerically by using Runge—Tutta iR,I{:I method. For this

purpose, the following initizl condibions are employed (i) fi|,_o = faf, o = 1. (i)

i _ dfy
4 ly=p 4L l¢=o

used the specific set of laser-plasma and CNT parameters:wy; — 2.4 x 10" rad /s,

wa = 2.1 % 10" rad /s, Ay = 0,80 pm, Ay = 0.70  um, the intensity of laser beams
Iy ~ Iy = 10" W/em?, radii of the laser beams vy = 20 um and rzg — 40  pm- The

immer and outer radii of CNTs are 40 nm and. ..

= (. To carry out the numerical computation and analysis, we have

Conclusion

In this proposed scheme, the THz generation is well enhanced by the cross focusing
of two Gaussian laser beams in the vertical array of CNTs, under the influence of the
static magmetic field. The nonlinear coupled differential equations have been
derived by using PR and WKB approximation, to discuss the beam width
parameters of laser beams. The focusing of each beam depends upon the applied
static magmetic field and intensity of each laser beam. The normalized TH=
amplitude shows significant ..
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