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ABSTRACT

Terahertz radiation can provide novel information in various fields of science for
example, in manufacturing as quality control and monitoring. The main key
performance factors are the peak THz energy (or electric field strength), conversion
efficiency and the bandwidth of THz. In order to meet the demanding applications the
areas such as, collimation (directionality) of radiation, radiation source tunability and
proper power of the source, are where new concepts and efforts are needed.
Therefore, in the present work, we have proposed some new schemes based on the
interaction of high power lasers with plasmas by exploring the interesting physics
involve in the process. On the basis of these schemes, we have been able to control
the direction of emission and to tune the frequency as well as power of emitted
terahertz radiation. Our main goal of the studies presented here is to explore the
physics of laser plasma interaction up to terahertz frequency range by introducing
some external parameters, on the way of using various exceptional capabilities of
plasma, to understand new information about fundamental concept behind the
physical processes. Four distinct objectives are depicted in this thesis, each
underpinned by the laser plasma interaction using the technique of paraxial ray
approximation. Methodology and basic formulation is given in Chapter-2. Present
method is very powerful and adapted one to achieve efficient THz radiation and
allows us to gauge the electric field and amplitude of the THz radiation in the form of
coupled equation. Furthermore, the method of terahertz generation can be combined
with different laser and plasma parameters which additionally make the process

resonant and efficient one.

In the first objective (Chapter-3) a scheme is presented to produce THz radiation
using intense electromagnetic beam having Gaussian profile. The beam is beating in a
hot collision less plasma having surface density ripple, parallel to z-axis. These p-
polarised lasers propagate in x-z plane, incident obliquely to the density ripple on
plasma surface, and exert a ponderomotive force to the electrons. The plasma
electrons start oscillating since; the neutrality of the plasma get disturbed by the

nonlinearity arises due to the ponderomotive force. This oscillatory velocity beats
with the density ripple; as a result an irrotational current density J"" arises at beating



frequency @, —w, (With VxJ"" =0). This nonlinear current density urges a wave

whose frequency is in THz range. Our results show that, for a set of laser and plasma
parameters, the power of emitted THz radiation scales as the square of density ripple
amplitude as well as the amplitude of emitted THz wave decreases with the THz
frequency and increases with the incidence angle up to an optimum value. Our second
and third research objectives are reported in Chapter-4, in part one a model described
the combined influence of the chirp characterstics of the pump pulses and spatially
periodic density (density ripple) plasma on terahertz (THz) radiation generation by
beating of two chirped pulses has been invrstigated. The beating lasers exert a
nonlinear ponderomotive force along the z-direction, transverse to the field’s of
incident lasers. A self consistent field is generated due to the nonlinear oscillations of
plasma electrons, as a result of these liner and nonlinear forces the plasma electrons
attain an oscillatory velocity that couples with the density ripple to generate a stronger
transient transverse current, driving THz radiation. The importance of chirp
parameter, amplitude and periodicity of density structure are discussed for emitted
THz radiation. Our numerical simulations disclose that the variation of chirp
frequency parameter and ripple amplitude has a considerable role in improving the
nonlinear oscillating current. By optimizing the chirp parameter and amplitude of
density ripple, a notable change in the magnitude of terahertz field amplitude is found.
Present investigation maybe useful for broadband THz pulses and they can be used
for plasma diagnostics and time-domain spectroscopy.

On the other hand, the second model explores the effect of frequency chirp on the
generated terahertz (THz) wave produced by the interaction between intense laser
pulses and under dense plasma in the presence of transverse magnetic field. An
expression for the electron Lorentz factor coupling cyclotron motion nonlinearity is
derived for static magnetic field perpendicular to the laser propagation axis. The
influence of the external magnetic field on the optimization process of THz field
amplitude is investigated numerically. A linear frequency chirp increases the duration
of nonlinear interaction of laser pulse with plasma electrons and hence, enforces the
interaction for longer duration. The presence of magnetic field further provides the

additional momentum to the THz photon to obtain a significant gain in output yield.



Our numerical simulations reveal that there is a significant enhancement in the THz
field strength for optimized value of chirp parameter and magnetic field. After
describing first three schemes we move to our fourth objective (Chapter-5). Here, we
generate terahertz wave by self-focusing of an intense amplitude modulated Super-
Gaussian laser pulse propagating through a plasma. Further, we observe a novel
proposal for THz generation by the self focusing of an amplitude-modulated super-
Gaussian laser beam in the preformed rippled density plasma. The ripples of suitable
wave number help to provide exact phase matching. As a result an enhancement in the
THz field amplitude is observed also, we can tune the output radiation by varying

modulation index.

The last chapter is devoted to the summary and future scope. In Chapter-6, several
insights and inferences obtained from the above analysis discussed collectively.
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DEFINITIONS

Abbreviations
e EM wave: Electromagnetic wave
e THz: Terahertz
e GHz: Gigahertz
e TDS: Time-Domain Spectroscopy
o fs: Femtosecond
e ps: Picoseconds
e um: Micrometer
e CPA: Chirp Pulse Amplification
¢ PRA: Paraxial Ray Approximation
Symbols
Other symbols are used in the text, but following are assumed throughout.
e E: Electric field
e H: Magnetic field

c: Speed of light in vacuum

k: Wave-vector

m: Mass of electrons

e vy Thermal velocity of electrons
e w: Angular frequency
e wp: Angular plasma frequency

e u: Permeability

[ ]
L]

: Permittivity

[ ]
ml

: Permittivity tensor

e no: Ripple Amplitude

e I7: Operator

e A:Wavelength

e p: Density or Volume mass density
e . conductivity

e (: Potential

Xi



e x: Susceptibility
e -: Dot Product

e x: Complex Conjugate

Xii
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CHAPTER-1

INTRODUCTION & OVERVIEW

1.1. INTRODUCTION & PERIOR RESEARCH

The universe is bathed in terahertz energy; most of it going unnoticed and undetected
due to lack of suitable sources and detectors. Terahertz frequency is sandwiched
between highly investigated, infra-red (photonics) and traditional microwave
(electronics), regions of electromagnetic spectrum. It was difficult to approach THz
radiations directly by using microwave engineering because frequencies are too high
to approach while too low to be generated by any laser until 1990s. Therefore, this

spectral range is known as the terahertz gap [1-3].
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Fig.1.1. Electromagnetic spectrum and its range
(URL: http://www.iiserpune.ac.in/~pankaj/ Dated 04/05/2020)

THz radiation is a part of electromagnetic spectrum, generally refers to far-infrared or
submillimeter radiations also known as sub metric linear unit radiation, T-lux, T-light,
T-waves, rate waves, high frequency T-rays or terahertz. The frequency range of 0.1-
10 THz usually represents the terahertz wave, whereas, in terms of wavelength,

1
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1THz=10"Hz=1000GHz corresponding to 0.3 mm in free space or the photon energy
corresponding to 1THz is 4.1 milli-electron-volt and temperature, T= 4.8 to 478K.
Crystalline phonon vibrations, molecular rotations, rotations of low frequency bond,

H-bond stretches and torsions are the main sources of THz radiation [4-11].

electlronics . | THz gap : phptonics
101 10° 10t |\ 102 10? 10% 10°
wavenumber / cm™!
| | | | | | 1
10° 10* 103 102 10! 104 10771
wavelength / pm
| | | | | | _-\ |
102 101 100 10! 102 103 JH{(M ||| || 10%
energy / meV
L | | | | | 1‘ | |
1073 102 101 10° 10 102 10° 104
frequency / THz
L | | | | | 1 ‘ | |
103 10° 10} 109 101 102 10-3 10~4

single cycle duration / ps

Fig.1.2. THz gap in the electromagnetic radiation spectrum © Martin Saraceno
(URL.: http://resolv-blog.de/tag/thz/ Dated: 04/05/2020)

Since, T-rays have too low photon energy for the ionization of materials as compared
to X-rays. Therefore, they do not produce harmful free radicals for living cells which
means much less likely to cause cancer and genetic mutations. Thus it has an
advantage over most other ionising imaging modalities that are commonly used today
such as MRI, PET, planar X-rays and X-ray CT-scans due to its non ionising property
[6]. Also, terahertz has the ability to penetrate many millimetres therefore it is
appropriate for diagnosis of burn and cancerous cells. T-rays can also penetrate non-
conducting materials (such as plastic, papers, textiles and foams) so can be used in
material characterization, security screening purpose, non-destructive industrial
quality checks, and for the identification of concealed explosives, weapons and drugs
[3, 4, 7]. However, molecules of air (including water vapour) strongly absorb T-waves
at various frequencies but fast data transmission is still possible at least over short

distances like couple of meters. On the other hand, T-waves can be useful for
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communication at high altitude such as satellite to satellite, aircraft to satellite etc

because it has line of sight propagation [8].

THz frequencies are useful for spectroscopy in various areas such as the investigation
of rotational state of molecules, superconductor’s investigation, plasmonic effects in
conducting materials. This is because the rotational and vibrational spectra of many
fundamental molecules (such as: H,O, O, and CO) and chemical substances falls
under THz region [3, 8-10]. It is clear, that THz radiations can be utilized in many
fields such as remote sensing, communication technology [12, 13], Spectroscopy,
environmental monitoring, and biological imaging etc [14, 15]. Previously,
complications in efficiently producing and controlling THz waves served as an
obstruction for the region. However, due to continuous development in this area, from
the past two decades, terahertz portion of the electromagnetic spectrum surfaces out
as a resourceful tool owing to its versatile and wide range of applications in different

aspect of science and technology [11-19].

The primary challenges in the progress of THz generation till date are ascertaining
high conversion efficiencies with their scaling to achieve higher energies. Various
schemes and methods have been devised for the improvement in the quality as well as
efficiency of THz radiation [20-23]. One of which is the application of external
magnetic field and suitable frequency chirp. Hamazaki et al. [23] have investigated
the influence of frequency chirp on THz pulse spectra generated due to optical
rectification. They observed that to ensure the smooth and single peaked THz spectra,
the pre compensation for dispersion of GaP is required. Also, the excessive amount of
frequency chirp causes distortions in the THz spectra. Frederike et al. [24] have
experimentally generated THz wave generation employing periodically poled lithium
niobate (PPLN) using dual frequency chirped, moderately delayed laser pulses from
Ti: sapphire laser and the internal conversion efficiencies up to 0.13% with a multi-
cycle THZ energy of 40uJ have been reported. They further concluded that frequency
chirp with delay pumping of PPLN is highly crucial to establish narrowband THz
(~mJ level) for future applications. On the similar lines, a noteworthy efficiency of of
> 10 and a remarkable bandwidth in excess of 75 THz has been realized by Kim et

al. [25] , in which they have explained the THz generation mechanism due to transient



nonlinear electron current produced by two-colour photo-ionization in gases. Wang et
al. [26] have analysed that chirped laser pulses facilitates the generation of strong
THz pulses having amplitudes varying linearly with laser amplitude. These THz
pulses have amplitude 10-100 times greater than that from the well-known two-color
laser scheme, hence, facilitating one to achieve THz field up to 10MV/cm with initial

laser intensity of about 10*°W/cm?.

Furthermore, a range of solid state materials like lithium tantalite, lithium niobate,
gallium arsenide and zinc telluride have been employed in order to produce THz
radiations by nonlinear phenomenon [27]. The breakdown and damage threshold of
these optical crystals due to short pulse laser limits the reliability of these materials
for THz generation. Recently, an experiment was conducted at FLASH, the Free-
electron LASer in Hamburg, at Deutsches Elektronen-SYnchrotron (DESY) utilizing
the THz radiation, where; Azima et al. [28] employed a single-shot THz streak-
camera for measuring the duration and spectral phase of the intense XUV pulses.
Although, for THz applications in case of photoconductive antennas and
semiconductors etc, low conversion efficiency and the material breakdown efficiency
serves as major shortcoming. Hence, the alternative to avoid this issue is to employ a
non linear medium which can endure high peak ultra-short laser powers. In order to
overcome these concerns, plasma acts as an appropriate medium which overcomes the
material damage related problems in case of THz generation. Also, one of the
promising techniques for generating terahertz radiation is utilizing a short laser pulse.
In contrast with photoconductive antennas or optical rectification, laser coupling with
the plasma gives an intense and broadband THz pulse. Researchers experimentally as
well as theoretically proposed several techniques [29-72] for efficient THz generation

by considering plasma as a medium.

At first, Hamster et al. [29] demonstrated that the main source of THz radiation is the
self consistent current driven by ponderomotive force of a short pulse laser in plasma.
Plasma waves driven by the ponderomotive force of the laser have been extensively
employed for frequency up conversion, particle and photon acceleration etc. For these
applications, the typical plasma oscillation frequency lies is in the terahertz (THz)

scale. Sheng et al. [30] have revealed that THz waves (GV/m) can be produced



around the plasma oscillation frequency due to linear mode conversion of the laser
wake field. Although, THz frequency pulses produced due to accelerator-based
sources are limited by the bandwidth and laser peak intensity. Liu et al. [31] have
simulated THz generation in the two-color laser field based on the transient
photocurrent model along with the physical mechanisms of THz generation at low and

high laser intensities via THz spectrum investigation.

Kwon et al. [32] have reported highly energetic, short duration bursts of coherent
THz radiation from an embedded plasma dipole. Plasma dipole oscillations are
produced due to trapping of electrons in the potential wells generated due to
ponderomotive force arising from two laser pulses (moderately detuned), due to
which a quasi-monochromatic radiation is produced. Tripathi et al. [33] have
investigated the THz radiation generation due to an amplitude modulated laser beam
in the presence of density ripple. They concluded that the THz amplitude varies
linearly with the modulation index and square of laser amplitude and inversely varies
with electron collision frequency. The density ripple provides the phase matching-
condition and give rise to high power efficiency. Also a scheme to generate terahertz
(THz) radiation by electromagnetic Gaussian beams beating in hot collision less
density rippled plasma has been investigated [34]. It has been concluded that the
power of emitted THz radiation is proportional to the square of the density ripple
amplitude. The THz wave amplitude decreases with the THz frequency and increases
with the incidence angle up to an optimum value. Recently, Mehta et al. [35] have
investigated the effect of frequency-chirped laser pulses on terahertz radiation
generation in magnetized plasma. A suitable frequency chirp enhances the laser and
electron interaction duration and applied magnetic field further imparts a significant
momentum to THz photon. Hence, the combined effect of the frequency chirp and

applied magnetic field results in a significant enhancement in the THz field strength.

On the basis of fluid model, the coherent terahertz radiations generated by the
interaction of bunched relativistic electron beam with helical wiggler pump [36]. By
numerical analysis they showed that the presence of the ion-channel can play a vital
role for the THz power enhancement and the maximum power can be tune with ion

channel density. Malik et al. [37] proposed a mechanism to tune the frequency and
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power of THz radiation. They applied an external DC magnetic field and fixed the
focus of emitted radiation by employing triangular lasers for the space-periodically
beating in modulated plasma density. Bakhtiari et al. [38] analytically investigated
the effects of laser and plasma parameters on THz generation by beating two dark
hollow laser beams in collisional plasma. Kumar and Tripathi [39] put forward a
numerical scheme of terahertz generation by optical mixing of two collinear laser
pulses in rippled density plasma. The linearly polarised lasers propagate trough
plasma having density ripple at an angle to the direction of propagation of laser beam.
As a result the phase matched THz wave generation rises for a density ripple of
suitable wave number. By increasing the ripple angle the phase matching condition
also obtained, so that the required ripple wave number produce more resonant THz

wave.

A resonant THz generation observed by Bhasin and Tripathi [40] by optical
rectification of picoseconds laser in a rippled density magneto-plasma. They showed
in their results that the magnetic field enhances the power of emitted THz wave.
Tyagi et al. [41] recently investigated the generation of THz radiation field inside the
plasma channel assisted by an ion acoustic wave. The involvement of the ion acoustic
wave is to provide proper phase matching for the momentum conservation. Kumar et
al. [42] suggested an analytical formalism of generating THz radiation in hot plasma
having step density profile. Resonant terahertz radiation achieved due to coupling
between Langmuir wave and electromagnetic wave. Recently they also proposed a
mathematical model for efficient power conversion of radiated THz wave (about
0.15GW) by nonlinear mixing of two p-polarised lasers in plasma with density hill
[43].

A scheme was proposed to employ a laser spark produced under Axicon focusing of
an optical radiation in order to generate terahertz radiation. Axicon is a conical shaped
optical lens which is employed to generate efficient Bessel beams. Axicon optical
elements are employed to generate radially polarized beams, and the generated the
fields are referred as Axicon fields. Axicon optical lens is a conical shaped lens and
can be employed in atomic traps and for generating plasma in wake-field accelerators

and direction acceleration [44, 45] in laser-plasma interactions. By regulating the apex



angle of the Axicon lens and the diameter of the incident Gaussian beam; a focused
Bessel beam can be generated, which is striking for THz imaging based applications.
Recently, terahertz Bessel beams has attracted attention from researchers and
scientists because of their attractive properties. Beams having Bessel-like profile
employed in terahertz imaging applications, as a result the focus depth is improved

considerably.

Akhmedzhanov et al. [46] have experimentally generated terahertz radiation in the
gas breakdown due to high power Axicon-focused quasi-monochromatic laser pulses.
The generation of THz radiation is a characteristic of oscillations produced in excited
plasma column. The angular pattern in case of generated terahertz wave has been
observed of a pronounced conical shape with an angle equal to the focusing angle of
Axicon optical element. Wei et al. [47] have also experimental demonstrated the
generation of an arbitrary order Bessel beams due to 3D printed helical Axicon optical
elements at THz frequency range. These helical Axicon elements contain thickness
gradients in both radial and azimuthal direction and transform an incident Gaussian
beam into a higher order tightly focused Bessel beam. Semenova et al. [48] have
shown a simulation-based study of the broadband terahertz Gauss-Bessel beams
produced due to the Axicon lens. Their results reveal that for an optimum set of the
Axicon lens parameters, the Gauss-Bessel beam of frequency range from 0.1 to 3 THz
can be achieved. Recently, Kulya et al. [49] have studied the spatio-temporal and the
spatio-spectral evolution of THz Gauss-Bessel beam. The temporal and spectral
structure of the beam’s profile depicts the scheme that the wave front of the Gauss-
Bessel beam from the Axicon can be defragmented into radial segments for which the
wave vectors cross during propagation, demonstrating a strong spatio-temporal
coupling. Bystrov et al.[50] have investigated THz radiation from excited plasma
oscillations due to optical (Axicon) breakdown of a gas in the presence of external
fields. They analyzed that the intensity and spectra of plasma oscillations and
generated THz radiation strongly relies on the characteristic of the spatiotemporal
evolved plasma. Busch et al. [51] have utilized Axicon to generate broadband "focus-

free" imaging in case of transmission and reflection in the terahertz range.



Sprangle et al. [52] have presented their theoretical and simulation based observations
for Terahertz wave generation. They presented that the plasma current (with Fourier
components) in a density modulated filament can emit a THz wave similar to
Cherenkov radiation. In the presence of transverse electric field, due to filamentation
of a femtosecond laser in air, orders of magnitude enhancement of THz energy has
been achieved [53]. Malik et al. [54] have explored a scheme for generating terahertz
wave due to the relativistic density modulated beam of electron utilizing density
ripples in plasma, at an optimum angle. The dispersion relation of the wave radiation
is modified by the non-linear interaction of the beam to the plasma. They have also
investigated that, the requisite wavelength of ripple decreases with increasing the
value of ripple angle and grow to be steeper for resonant terahertz emission. On the
pathway of ripped density plasma, Kumar et al. [55] have scrutinized the THz
radiation due to amplitude-modulated self-focused Gaussian laser in plasma. In the
presence of density ripple, they have observed a strong transient current due to
transverse component of ponderomotive force; which is responsible for the radiation
at the modulated frequency (THz range). They have reported a significant
enhancement in the THz yield due to self-focusing effect as compared to in its
absence. Singh and Sharma [56] have presented theoretical analysis of efficient
terahertz generation by self-focusing of amplitude modulated Gaussian x-mode laser
in magnetized ripple density plasma. Here, they have analyzed that resonant
enhancement in the THz yield can be accomplished by the help of externally applied
magnetic field.

Mehta et al. [57] have also investigated the combined influence of the frequency chirp
pulses and spatially periodic density plasma, on THz radiation generation, due to
beating of two chirped pulses. It was reported that application of frequency chirp and
ripple plays a vital role in progressing the nonlinear oscillating current. Kumar et al.
[58] have investigated a strong terahertz generation by optical rectification of a super-
Gaussian laser beam. They have observed a stronger THz generation due to super-
Gaussian intensity profile than that of Gaussian intensity profile. They have also
reported the enhancement in the intensity of terahertz as the value of collision

frequency parameter decreases. On the similar lines, Singh et al. [59] have observed a



novel proposal for THz generation by the optical rectification of the super-Gaussian
amplitude-modulated beam in the preformed magnetized plasma. Their findings
include enhancement in the THz field amplitude due to index of modulation as well as

order of super-Gaussian laser.

1.2. SCHEMES FOR THz RADIATION GENERATION

Researchers from all over the world are working in to produce efficient THz sources
from the past three decades. A number of methods are proposed to achieve high
power THz sources. Basically it is generated by lasers, non-linear optics (Fig.1.3) and
electronics (Fig.1.4). These methods are further divided into some other sub-schemes
such as quantum cascade or semiconductor laser, gas lasers, high frequency
oscillators, sources based on accelerators, laser-matter interaction, optical
rectification, optical terahertz generation and solid state electronic devices (see
section 1.1). The radiation produced using these techniques are of various
wavelengths either pulsed or continuous wave (CW). A range of solid state materials
like lithium tantalite, lithium niobate, gallium arsenide and zinc telluride have been
employed in order to produce THz radiations by nonlinear phenomenon [27]. The
breakdown and damage threshold of these optical crystals due to short pulse laser
limits the reliability of these materials for THz generation. However, the efficiency of
THz pulses produced by most of the above methods is not enough due to their lower

damage limit.
THz Pulse Generation

Nonlinear
Crystal fs laser THz pulse

THz pulse /’

fs laser
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Fig.1.3. THz generation using nonlinear optics
(URL:http://phome.postech.ac.kr/user/indexSub.action?codyMenuSeq=2853646 &siteld=nbtp&menuU
IType=top Dated: 07/08/2020
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Fig.1.4. THz generation using electronics
(URL: https://www.opli.net/opli_magazine/eo/2017/new-record-achieved-in-terahertz-pulse-

generation-feb-news/ Dated: 07/08/2020)

Although, for THz applications in case of photoconductive antennas and
semiconductors etc, low conversion efficiency and the material breakdown efficiency
serves as major shortcoming. Thus the interaction of energetic electron beam and
strong laser pulse with plasma is the key to overcome this limitation. In contrast with
photoconductive antennas or optical rectification, laser coupling with the plasma
gives an intense and broadband THz pulse [60-66]. Due to the incessant development
in the field of ultra intense lasers, tuneable terahertz sources with high efficiency can
be produced with the help of laser plasma interaction. Since plasma can easily handle
very high power radiation and provide a very high dipole moment which added an
advantage of not having damage limit. There are two routes to generate the T-waves
by laser plasma interaction named as; Laser beat-wave (LBW) and Laser wake-field
(LWF) schemes. Both the above mentioned schemes take place via the excitation of

plasma wave, in which a large phase velocity plasma wave is excited by the laser.

1.3. MOTIVATION OF THE STUDY

The interest of researchers in THz technology is strongly motivated by a burgeoning
range of promising applications in science and industry [18]. For example, given the
fact that the THz waves can stimulate molecular and electronic motions in many

materials and yet be non-ionizing, THz radiation can be used to not only identify
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hidden explosives and screen for skin cancer, but also engineer transient states of
matter like superconductivity [20]. High-power THz sources are highly desired for the
development of THz science. Thanks to advances in ultrafast techniques particularly
the laser technology, THz sources have witnessed a tremendous development in
recent decades. Currently, the two most prominent THz sources, based upon large-
scale accelerators or high-power laser-pumped crystals, can produce hundreds-of-
micro-joules THz pulses [11]. Work presented in here further greatly advanced the
relevant research of high power laser-driven THz radiation. In terms of THz
generation, laser-solid interaction shows an apparent advantage over other approaches
in the THz yield. On one hand, using plasma as the THz generation medium
circumvents the limitation of optical damage that is confronted by the crystal-based
sources. On the other hand, unlike larger conventional accelerators, a laser plasma
source can achieve ultra-short electron bunches of high charge within millimetre-scale
distances. However, considerable deficiency exists in terms of energy efficiency
compared to crystal-based sources. In addition, due to the THz radiation generated
having a large divergence angle the actual THz energy readily collected with a finite-
size lens is only a few millijoules. Hence, our primary goal is to achieve a step change
in the laser-to-THz generation efficiency and then push the practically available THz

energy to its extreme.

1.4. RESEARCH OBJECTIVES

The overall aim of the proposed thesis is to significantly increase our understanding
and control of laser plasma based THz sources to enable new and novel high-field
studies utilizing these unique ultra-bright pulses. This will be achieved through the

following objectives:
» Resonant THz generation in plasma by obliquely incident lasers.

> Investigate the effect of frequency chirp pulses on THz radiation in ripple-density

plasma.
» Terahertz generation by chirped pulse laser in magnetised plasma.

» Effect of self-focusing of lasers on THz radiation in plasma.
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1.5 THESIS CONTRIBUTION

The work presented in this thesis is based on theoretical approach to deal with the
generation of THz radiation by the interaction of lasers with under-dense plasmas. As
per our first approach in rippled density hot collision less plasma, the nonlinear
mixing of lasers plays an important role when the incident lasers travel at an angle
normal to the plasma surface. The transverse intensity gradient of the electromagnetic
wave contributes significantly to the plasma wave generation. The generated plasma
wave interacts with the electromagnetic wave and leads to the generation of a
radiation whose frequency lies in THz range. Furthermore, the density ripple of
suitable wave number provides the phase matching which further helps in the
efficiency enhancement. Here, we choose hot plasma for the propagation of

electromagnetic wave because in the cold plasma only damped oscillations exist.

The investigation, given in our second model, deals with the influence of frequency
chirp on the generated terahertz (THz) wave due to interaction between intense laser
pulses and rippled density plasma in part one and further, in magnetized plasma in
second part. For achieving a significant enhancement in THz efficiency and field
strength, the frequency chirped laser, density ripple wave number and magnetic field
parameters are optimized. A significant increment in THz efficiency is obtained due
with the help of density ripple of suitable wave number. The external magnetic field
also plays a crucial role in enhancing the efficiency of THz wave. Tuneable and
coherent THz radiation through electrostatic to electromagnetic field conversion due
to an ionization front can be produced in a uniform electrostatic field. Our third
approach is based on the self focusing of amplitude modulated super-Gaussian wave
propagating in plasma. We consider rippled density plasma to satisfy the exact phase

matching.

1.6 THESIS OUTLINES

The thesis is organised as follows: the methodology is given in Chapter-2, along with
the hypothesis and the theoretical consideration of basic equations used in our
analysis. The models with the detailed numerical analysis and observation of our
results are discussed in Chapter-3, 4 and 5. Summary and future scope of the work

accomplished in this thesis is discussed in the Chapter-6.
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CHAPTER-2

RESEARCH METHODOLOGY

2.1. RESEARCH HYPOTHESIS

The long-term goal of our research is to develop ultra-intense THz sources and
advancing the field of extreme THz science. To achieve this goal, the objective of the
present work is to significantly improve the performance of laser-driven THz sources.
Our specific hypothesis is that high power laser-plasma interactions provide an ideal
platform to deliver an intense THz source. This hypothesis is based on the previous
results of different experimental, theoretical as well as simulation work carried out by
researchers in the field of electromagnetic radiation and high harmonic generation

(see section 1.1).

2.2. THEORETICAL FORMALISM: PARAXIAL RAY
APPROXIMATION

There are various methods to study the nonlinear phenomena occurs during the laser
plasma interaction for example: Paraxial Ray Approximation (PRA), Variational
Method and Moment Theory. It is clear from the literature survey that in 1968 the
Paraxial Ray Approximation (near axis) method, suggested by Akhmanov et al. [46]
is not only the simplest one but also qualitatively agrees well with experimental
results. According to this approach the one will only consider the behaviour of rays
close to the axis (or say paraxial). To study the electromagnetic wave propagation in
semiconductors, dielectrics as well as gaseous plasmas Sodha et al. [75] employed the
PRA approach. Also in the years 1974 and 1976, to describe the phenomena of self
focusing using PRA approach, an elementary monograph and a review article had
been published, respectively [76,77]. Therefore, on the basis of above theory we have
considered the PRA approach throughout the thesis. Out of the a variety of schemes,
on the basis of interaction of laser to the plasma, for the T-wave generation caused by
lasers beating in plasma demonstrated remarkable potential in the field of amplitude,

tunability, efficiency and directionality. The high peak power can also be scaled by
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sources of THz based on beating scheme. The basic mechanism of electrostatic-
electromagnetic wave coupling along with ponderomotive force and wave governing

equation are given in the following sections of this chapter.

2.3. ORIGIN OF PONDEROMOTIVE FORCE

When high power electromagnetic wave interacts with plasma; the electrons of
plasma starts oscillating due to a nonlinear ponderomotive force. The drift velocity of
plasma electrons, in collision less plasma, can be calculated using equation given as
follows [78];

(m§+ mvﬁjv = —eE —e(VxB)/c—N_'V(Nk,T,), (2.3.1)

The expression on right hand side corresponds to the force on an electron. Here, 1%
and 2" term denotes the force on the account of electric and magnetic fields,
respectively, whereas the third term signifies the force attributable to the gradient of
partial pressure. Rewriting Eq. (2.3.1), we have

N = _ -
m== F, —eE — N 'V(N.k,T), (2.3.2)

here, F, =—e(VxB)/c—m(V-V)V, is usually termed as the ponderomotive force. It
may be readily seen that this force arises on the account of the interaction of drift

velocity of electrons (which is due to electric vector of the wave) with the magnetic

vector B of the wave and from the gradient of the drift velocity. The magnitude of
pr and the last term in Eq. (2.3.2) is very small as compared to the force (—eE) on

the account of the electric field. Thus to the 0" order of approximation the steady state

solution of the Eq. (2.3.1) calculated as;
V=———. (2.3.3)

The magnetic induction vector B of the wave may be evaluated using Maxwell’s 3"

equation as
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B=—"CcurlE. (2.3.4)
lw

Using Eq. (2.3.3) & (2.3.4) the time independent part of pr (Which is relevant to self

focusing) can be written as

e2

F =— V(E-E"). 2.35
p4mwz() (2.3.5)

The same expression for the ponderomotive force has been derived by many
researchers [79-81] using different approach. Hence from Eg. (2.3.5) the
ponderomotive force can be defined as a non linear force experienced by an
electrically charged particle in an oscillating inhomogeneous electromagnetic field

that pushes the particles toward the area having weaker field strength.

2.4. ANALYSIS FOR WAVE GOVERNING EQUATION

For a discussion of propagation of electromagnetic waves in conducting media it is
very helpful to introduce the concept of effective dielectric constant from
consideration of Maxwell's equations and other auxiliary relations, valid for

conducting media. Maxwell's equations are [82]

V-D =4zp, (2.4.1)

V-B=0, (2.4.2)

UxE=_1%8 (2.4.3)
c ot

6xﬁ:fﬁj+1@9, (2.4.4)
c c ot

here, E and D are the electric and displacement vectors (D = gLE, for conducting

media), H and B are the magnetic and magnetic induction vectors (B = uH ), J 3nq
o represents the current density and the charge density free carrier charge,

respectively and are related through the equation of continuity. Also, &_stand as the
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lattice dielectric constant in the case of semiconductors and the dielectric constant of

the gas in the case of gaseous plasmas. u, the magnetic permeability, is

approximately equal to unity for plasmas and nonmagnetic media. By taking curl of
the Eq. (2.4.3), we have

Curl(?x E):Curl [—%%Bj (2.4.5)

Using vector identity for Eq. (2.4.5) as; Curl (ax5)=§x(ax5)= a(vV-b)—(v-a)b,
Left Hand Side (LHS) of above equation takes the form
Curl (VxE)=Vx(VxE)=V(V-E)-V’E,where as the Right Hand Side (RHS)

gives;
Curl (—1§] =-1ﬁ(ﬁx B), (2.4.6)

Now substituting the value of from Eq. (2.4.4) in Eq. (2.4.6) and putting the values of
LHS and RHS of Eq.(2.4.5), we obtain

V(V-E)-vE-_19[4m 7, ek (2.4.7)
cotl ¢ c ot
) .

VE_V(v.E)=2r O 4me OF (2.4.8)

ccat ¢t at?’

The above Eqg. (2.4.8) is the wave governing equation. In the case of non- conducting

medium J =0.

2.5. ROLE OF DIFFERENT LASER & PLASMA PARAMETERS

During our analysis we see the effect of following laser and plasma parameters on

Terahertz radiation generation:
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2.5.1. LASER POLARIZATION

The optical parameters of a medium were supposed to be independent of the
propagating lights’ intensity before the invention of lasers. The reason behind this is
that the electric field strength of such light sources is of the order of 10° V/cm, which
is too small to affect the mediums’ interatomic fields (around ~10"to 10°V /cm). At
these low fields, the perturbation of the medium is not sufficient to generate a

measurable nonlinear effect and the electric polarization is simply assumed to vary
linearly with the electric field strength E as; P=g,7E; where ¢, is free space
permittivity, y is the susceptibility of the medium. The behaviour of atoms in the
presence of intense laser fields is very different. Intensities of the order of
10"W /cm® correspond to electric field strengths which is sufficient to perturb
electrons of the interacting medium and cause a nonlinear response. So the interesting
nonlinear effects are observed once the perturbation to the interatomic field becomes

significant. With sufficiently intense laser radiation the induced electric polarization

becomes [83]

P=g,(xYE+7PE* + 9B +——) (2.5.1)

Where, 7%, 79, #® ——— are first, second and third order non-linear susceptibilities.

At low fields, as in the case of ordinary light sources, only first term of Eg. (2.5.1) can
be retained, which corresponds to linear optics. Higher the value of electric field,
more significant becomes the higher order terms. Also, the other optical

characteristics of a medium such as refractive index and dielectric permittivity etc.

become functions of the field strength E . Hence it is clear that the laser polarization
plays an important role during laser plasma interaction and hence we have considered
different laser polarisation in our analysis, discussed Chapter-wise. In general, an
electromagnetic wave consists of mutually perpendicular electric and magnetic fields;
so that the polarization can be refers to the direction of electric field. This can be

further categorised into three categories (fig.2.5.1.) and described as follows:
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Linear Circular Elliptical

Fig.2.5.1. Different Laser Polarizations

(URL.: http://hyperphysics.phy-astr.gsu.edu/hbase/phyopt/polclas.html, Dated: 04/05/2020)

2.5.1.1 Linear Polarization
The light is said to be linearly polarised if the fields oscillate in a single direction, i.e.,
(plane wave in space) is said to be linearly polarized. This is further dived into two

sub categories s- and p-polarization, defined in section 2.5.1.4.

2.5.1.2 Circular Polarization

Two mutually perpendicular plane waves having same amplitude and differ by 90°
phase angle, are called circular polarized. The circular polarized light is further
categorised as left and right handed on the basis of the direction of the rotation of their
electric field vector, i.e., clockwise for the former and counter clockwise for the later.
One can also convert a linearly polarised light into circular by using the quarter-wave

plate. The plates should be at the angle of 45° to the plates’ optic axis.

2.5.1.3 Elliptical Polarization
Two mutually perpendicular plane waves having unequal amplitude and are differ in

phase by 90° are called elliptically polarised.
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2.5.1.4 s- and p-Polarization

This is also known as parallel polarized light both are basically linearly polarised. The
axis of the propagation of light and the line normal of a sample surface creates a
plane, so, a linearly polarized light that runs perpendicularly to the plane is known as
s-polarized however, the light that runs in this plane is called p-polarized (Fig. 2.5.2.).

P-palarized light

Incident light S-polarized light

Fig.2.5.2. Digram for s- and p-polarized light

(URL.: https://www5.epsondevice.com/en/information/technical_info/glossary/alpha_p.html,
Dated:04/05/2020)

2.5.2. SELF-FOCUSING OF LASER

The nonlinearities responsible for focusing in plasmas are: collisional, relativistic and
ponderomotive. We also considered the self focusing effect when ponderomotive
nonlinearity is operative. When a highly intense beam of laser propagates through the
plasma, the plasma electrons the plasma pushes out from the strong power region due
to the ponderomotive force. Further, the plasma dielectric function shows a growth
due to the decrement of the density of local electrons. As a result, self focusing of
laser takes place, whereas, the laser diverge due to the diffraction (Fig.2.5.3). Under
the competition among ponderomotive nonlinearity and diffraction, periodic self-
focusing and defocusing arises and the density-modulated filament is produced. The
detailed study of the self focusing due to ponderomotive nonlinearity is discussed in
Chapter-5.
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Fig.2.5.3. Diagram for self focusing of laser in nonlinear medium
URL :https://www.researchgate.net/publication/306008209 The quest_for_ultimate super_resolution/f
igures?lo=1
Dated: 07/05/2020)

2.5.3. RIPPLE DENSITY PLASMA

We have considered the effect density ripples in our analysis. The plasma density
ripple can be produced by using various schemes involving machining beam, Axicon
grating, patterned mask and transmission ring grating. Where by adjusting the period
and the mask size and by changing groove structure, groove period and the duty cycle
of such grating one can control the ripple parameters [33, 34, 40]. The resonance
condition is satisfied with the help of density ripple of appropriate wave number. The
proper matching of the ripple wave number with the beat wave number provides the
maximum transfer of energy and momentum under the resonance condition. The
ripple helps THz generation in following two ways: first it makes the nonlinear
current irrotational and second by providing the phase matching. So, it is clear from
the analysis given in all the chapters that the maximum momentum is transfer to the
electrons at resonace condition. On the other hand, the role of amplitude of density
ripple is to enhance the THz wave field. Since, higher the amplitude of density ripple,
more the number of electrons take part in the excitation of radiation. Therefore, one
can tune the frequency of the emitted resonant signal [67] with the help of appropriate

value of ripple amplitude.
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2.4.4. APPLIED MAGNETIC FIELD

Plasma’s dielectric function displays the anisotropic behaviour in the presence of
externally applied magnetic field and so, takes the tensor form [35-37]. Further, leads
to two discrete modes of the propagation, namely the extraordinary and the ordinary
modes. A number of methods to study the nonlinear processes have been made in the
context of magnetized plasma (see section 1.1). A charged particle undergoes a
circular orbit in the plane perpendicular to the direction of the field when placed in a
magnetic field. due to the combined influence of magnetic field and ponderomotive
force, charged particle executes the spiral trajectory. The externally applied magnetic
field not only enhance the strength of ponderomotive force, but also provide an
additional momentum to the plasma electrons and retains the energy to longer
distance. One can use either static magnetic field, azimuthal magnetic field or wiggler

magnetic field.

The effect of static magnetic field has also been considered in objective 3 and 4. In
the presence of external magnetic field the electrons stars moving in a circle due to
the Lorentz force. This circular motion is superimposed with the electric field of laser

pulse results a cycloid of angular frequency e, . Further, the main role of externally

applied magnetic field is to provide the additional momentum to the THz photon get

the resonant THz-wave. The external applied static magnetic field enhances the

strength of (Vx E§) force, creates the bending effect on the plasma electron. As the

static magnetic field also introduces an additional motion to the electrons; this gives
an extra nonlinear current term which can be seen from current density equation. Also
the applied magnetic field provides the additional transverse component of nonlinear

current density, results the significant gain in amplitude of THz wave.

2.5.5. FREQUENCY CHIRP

A frequency chirp is defined as the frequency increases or decreases with time.
Chirped Pulse Amplification (CPA) is a remarkable procedure to amplify an
ultrashort pulse into a higher energy level. This method enables the construction of
table top amplifiers, which can generate femtosecond pulses of peak powers upto
several terawatts. This method was introduced in 1960 in order to amplify existing
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power in RADAR. CPA has bridge the gap between multi terawatt and petawatt
systems in research facilities. An expanded pulse has its frequency changing with
time is referred as a chirped pulse. Researchers used different type of chirp as per
their requirements. We have considered the effect of linear frequency chirp in
Chapter-4 and it shows that a linear frequency chirp increases the duration of
nonlinear interaction of laser pulse with plasma electrons and hence, enforces the
interaction for longer duration. One can generate highly efficient chirped laser pulse
by using two counter propagating lasers induced plasma Braggs grating (PBG) [74].
To control femtosecond laser pulses the plasma grating can be a novel because it has a
much higher damage threshold than ordinary dielectric/ metal optical elements.

Let, ®, & w(z,t) represented the fundamental frequency and chirped frequency of

laser pulse, tand z stands for time and propagation distance, respectively. Speed of
light denoted by Cin vacuum and b represents chirp parameter. Since the chirp
parameter b is inversely proportional to Group Delay Dispersion (GDD) so that the
increase of b naturally implies the decreased GDD. Obviously, the decreased GDD
means less-chirp. Hence, by choosing a suitable value of chirp parameter one can tune
the output radiation. In the work presented in this thesis, we only considered a linear

frequency chirp. A linear chirp is further divided into two sub categories such as;

(a) Positive or up frequency chirp (b) Negative or down frequency chirp

Fig. 2.5.3 Schematic for linear Frequency Chirp
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2.5.5.1. Linear Positive Frequency Chirp

In the case of positive frequency chirp the frequency of the laser pulse increases with

time linearly (Fig.2.5.3 (a)). The angular frequency of a positive chirp is as follows;

(2,t) = a, +baf(t—2z/c).

2.5.5.2. Linear Negative Frequency Chirp

In the case of negative frequency chirp the frequency of the laser pulse decreases with
time linearly (Fig.2.5.3 (b)). The angular frequency of a negative chirp can be written

as; o(z,t) =, —ba](t-2z/c).

2.5.6. LASER PROFILE

An electromagnetic monochromatic beam having an amplitude envelope in a plane
(transverse) denoted with a Gaussian function is known as Gaussian beam. Many
different profiles can be generated from this Gaussian beam by using appropriate
lenses to refocus and alter the dependence of beams’ transverse phase. There are
various laser profiles such as, Cosh-Gaussian, Hermite-Cosh-Gaussian, Super
Gaussian, Hollow-Gaussian and many more [35-38, 55-59]. They all have their own
characteristics and used by various researchers to study nonlinear physics. Since, the
detail study of plasma physics and nonlinear phenomena are difficult to compile in a
single document. In this thesis, we study a small portion of electromagnetic wave.
Thus, we have used only Gaussian and super Gaussian profile to accomplish our
objectives. In the presence of a Gaussian laser beam, the plasma gets depleted from
the high field region to the low field region on account of the ponderomotive force.
Due to which plasma electrons starts oscillating with a nonlinear velocity that drives

resultant nonlinear current for generating terahertz radiation.

2.5.7. INTENSITY OF INCIDENT LASER

The intensity of incident laser has an important role in the laser plasma processes (see
section 2.5.1). The increment in the incident beam intensity results the enhancement
in the initial ionization of plasma and nonlinearity in the system due to the strength of
ponderomotive force. As a result, greater will be the free electron density which

produces more intense THz wave. Thus, strength of output wave can be controlled by
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overseeing the intensity of incident laser pulses. We have shown the relationship
between lasers intensity versus output yield in the work presented in this thesis. There
is a direct relationship between THz amplitude and incident lasers’ intensity. The
physical reason behind this is that with the enrichment of the intensity of laser, the
strength of ponderomotive force and therefore, the initial ionization of the plasma
enhanced. Consequently, with the increase of free electron density, the nonlinearity

increases. As THz generation is a nonlinear phenomenon, it enhances more and more.

2.5.8. AMPLITUDE MODULATION WAVE

Basically, in communication electronics the information signals are transmitted via
carrier wave of radio frequency using a scheme of amplitude modulation (AM). In
this technique, the information signal can be send to the observer by varying the
transmitted signal strength as per the requirement. With the help of this technique the
information can be send to the receiver more precisely. Further, pulse can be
amplitude modulated with the help of terahertz signal by means of electro-optic
modulator technique (Fig.5.5.4). In this process, one EM signal to be propagates
through the electro optic modulator is identical in phase to the other EM signal. In
Chapter-5, we proposed a model to generate THz wave using amplitude modulated

super Gaussian pulse. The effect of self focusing is also considered.
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Fig.2.5.4 Schematic for Amplitude modulated wave generation
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2.5.9. PLASMA FREQUENCY

As we are well aware of the electron density that it is the density of electrons in the
plasma. There is one more type of density, called the critical density of the plasma.
The value of this critical density distinguishes the regime of underdense as well as
overdense plasma. The idea behind the theory, the laser frequency should be greater
than the frequency of plasma to propagate a laser through the plasma. Hence, in the
case of underdense plasma the electron density is less than the critical density.
Whereas, in the case of overdense plasma the incident beam is prevented to propagate
through the plasma by the high density of electrons as the frequency of incident laser
is less than the frequency of plasma wave. In our analysis we have considered the

under dense plasma. As mention above, it should be noted that the frequency of

incident lasers should be much greater than the plasma frequency (@, ) for efficient
THz generation because in this limit ions are treated as stationary. The formula for the
plasma density is given as @, =+/4zne*/m, here, N represents the density of

electron.

2.6. RESEARCH DESIGN & TOOLS

We have solved the coupled equations numerically and further analysed our results
using Mathematica software. ORIGIN software can be used to plot the observed

results.

2.7. SOURCES OF DATA

Finally, the analytical & theoretical results are compared with experimental as well as

simulations work to justify the present work.
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CHAPTER-3

TERAHERTZ GENERATION BY
BEATING OF OBLIQUELY INCIDENT
LASERS

3.1. INTRODUCTION

Undoubtedly, the investigation of nonlinear phenomena in plasma has demonstrated
as complicated as well as demanding area of research in the course of the last few
decades. The contributions in the areas of formation of coherent structures, plasma
science, cosmology, solar plasma and astrophysics not only advanced our prospective
of plasma behaviour but also helped us in making more development in laser plasma
based terahertz sources. The interaction of an intense laser beam with plasma offers
various wide ranging prospective applications of THz in science and technology.
These potential outcomes of utilizing THz radiation in environmental monitoring,
security, communications technology, food and material sciences, THz imaging and
spectroscopy, remote identification of explosive and dangerous chemicals, etc. are
actively studied by various researchers [1-8]. The non ionizing THz radiation can be
broadly used in biological and medical applications. Radiation reflected and
transmitted through biological objects carries important information for analysis [6,
15]. The main aim of the researchers nowadays is to develop efficient and tuneable
terahertz sources. Thus, the purpose of our first theoretical approach is to generate
efficient THz radiation by the interaction of lasers with the rippled density hot
collision less plasma. The nonlinear mixing of lasers plays an important role when the
incident lasers travel at an angle normal to the plasma surface. When the intense laser
beam interacts with plasma the plasma the electrons of plasma starts oscillating due to
which nonlinearity is generated in the plasma; results a non linear ponderomotive

force. This force exerts a nonlinear velocity to the plasma electrons. This velocity
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beats with the density ripple to generate the current density; responsible for THz
generation. The transverse intensity gradient of the electromagnetic wave contributes
significantly to the plasma wave generation. The generated plasma wave interacts
with the electromagnetic wave and leads to the generation of a radiation whose
frequency lies in THz range. Furthermore, the density ripple of suitable wave number
provides the phase matching which further helps in the efficiency enhancement. Here,
we choose hot plasma for the propagation of electromagnetic wave because in the
cold plasma only damped oscillations exist. The paper is organised as follows: the
theoretical considerations of linear and nonlinear current density in this work are
presented in Sec. 3.2. The THz radiation generation formalism is given in Sec. 3.3.
Observations are discussed in the 3.4 section and the last section is devoted to the

conclusion of present analysis.

3.2. PROPOSED MODEL

3.2.1. Generation of THz Radiation by p-Polarised Lasers Beating in Hot Plasma
Consider the propagation of two p-polarised laser beams, having two different
frequencies (@, and @, ), in a hot plasma of electron temperature T, having density
ripple on its surface. The plasma density ripple can be produced by using various
schemes involving machining beam, patterned mask and transmission ring grating.
Where by adjusting the period and the mask size, and by changing groove structure,
groove period and the duty cycle of such grating one can control the ripple parameters
[34, 40]. It should be noted that the frequency of incident lasers should be much

greater than the plasma frequency () for efficient THz generation because in this

limit ions are treated as stationary. These lasers are incident obliquely at an angle @
(angle of incidence) on the plasma surface (at x=0). The rippled density profile of

plasma electrons can be written as,

n=n,+n,, (3.1)
where, n,is electron plasma density, n, (= nge‘qz) is the amplitude or periodicity of
density ripple, q=2z/4, is the ripple wave vector in z-direction and A is the

wavelength of ripple (fig.3.1).
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Fig.3.1. Schematic for THz wave generation in rippled density hot plasma

The electric and magnetic components associated with the laser field within the
plasma are:

—k; (zsin9+xcos0))

E. =(2c0s@ - Ksin 9)Aje_i(“’jt
, (3.2)
(

where, j=12, k; =(o,/c)|1-0}/0}, o} =4me*/m. Under the influence of these
fields, plasma electrons start oscillating. The oscillatory velocity of plasma electrons

due to these fields is v, =eE, /miw,. Beating lasers couple nonlinearly at difference

frequency (e, —,) with wave vector (k, —k,), which exert a nonlinear ponderomotive

force on plasma electrons given as, pr(wlwz):—;(e(v.xé

substituting the values of I§j and v, in the above expression, the second part on the

right hand side becomes zero. Hence, the ponderomotive force comes out

_ ez(lzl — EZ)El ) E;
2miow, '

E

(3.3)

p(o-,)
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Where frequency (e, —w,) lies in the range of THz, e and m are the electronic

charge and mass respectively and * represents the complex conjugate. This nonlinear
ponderomotive force disturbs the plasma neutrality as a result plasma electrons start
oscillating in x-z plane inside the plasma to produce a nonlinear velocity. The
nonlinear velocity due to this ponderomotive force can be written as,

F. e’ k -k, = =
gV pla-e)  _ 1 ™ E.EX 3.4
(r-0,) mi(a)l—a)z) 2m*w,o, (a)l—a)z) e (34)

The divergence of this velocity is finite, i.e., V-Vt

Voo, =0, hence, it gives rise to

nonlinear density perturbation nj" at(w -a,) and (k, —k,). By solving the

equation of continuity, én,,",, /6t +V- (novjlﬁ% ): 0, we obtain,

Ny (k —k,)(Zsin@+Rcosh) -V,", @) (k —k,)’

p
(0 - ) (@~ @,)" 87Tma,0,

NL
» -0y

E-E. (3.5)

This density perturbation produces a self-consistent space charge field ES :—Wﬁs

naLa—wz = (k; - kZ)ZZe¢S 478, Here,

which also causes a density perturbation as,

:—a)/ coz is the free electron plasma susceptibility. Now using the

NL

. . . 2 _ L . .
Poisson’s equation, V@ = 47ze(n or-oy, T Nop o, ) we obtain the self-consistent space

charge potential,
ew?(E, -E;
¢S:_ p( 1 2) —. (36)

2may, (0, - w,)* - @)

Hence, the net electron velocity due to the ponderomotive force and the self-

consistent field is written as,

v = NL EES _ ez()zkx + 2\kz) (a)l B a)z)
Vﬂh—“’z Va)l —w;

= E,-E,, 3.7
mi(w, — w,) 2m2a)1a)2 ((a)l—a)z)z—a)i) P (3.7)
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—

where V =i(k, —k, {2sin@+ %cosd). The net velocity Voo, is large, when (o —,)

is near tow . Velocity Voo and density ripple beats together to generate a nonlinear

current-density at(w, - w,),k; here k =k, —k, +§, which is responsible for the

generation of terahertz radiation. The nonlinear current density in x—zplane is as

follows,
3,0,i0z ~ A
- e e’n.e™(w, — o gk + 7k -
(g’ll_*a)z) :__nqva’l*a)z - : 2( - 2) ( - 2 Z) 2 (El ) EZ) (38)
2 Moo, ((0-0,) -o,)

If one includes collisions,((a)l—a)z)z—a)ﬁ) in equation (3.8) is replaced by

(o, — ,) (@, — o, +1V) —a)ﬁ], where v is the frequency of electron collision. Since

it does not much alter our result so here we are not taking it into consideration. This
nonlinear current density would excite p-polarised T-wave and couples to a wave
associated with space-charge field. Suppose this composite wave has a self-consistent

electric field as:

By, = A(x)e lometote] (3.9)

where, k, =k,, —k,,. The plasma electrons start oscillating under the influence of

this self-consistent field. The drift velocity of plasma electrons at THz wave

frequency (e, = -,) due to this self-consistent field can be derived by solving

equation of motion and Poisson’s equations simultaneously as;

v

= 2
eE (-0, B Vin€o *(* = )

= . E
mi(w, —w,) nyie(w, —w,) (@-@,) (3.10)

L
[ )

1/2

where, v, = (T, /m)~* is the thermal velocity of electron. Here, v,, << @, /k , SO we

ignore the Kinetic effect. The linear current density due to oscillatory motion of

plasma electrons is,
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-
- n.e‘E
L — _noadl 0
J oy = T8V,

2
(0-w,) Vinbo (o E
=— + V(V.E
) . - (0-0,) | - (3.11)
o mi(o, - w,) (o -w,) ( o )

The wave equation for THz generation, using Maxwell’s equations can be written as:

S o v 1 - (o -0, -
VZE—V(V'E{ —CLZ“}C—Z((@—@Z)Z—wﬁ)E:—éz—ngaﬁE%. (3.12)
0

This equation provides two well defined solutions in the absence of nonlinear sources:

first withV-E =0, is an electromagnetic wave and the second withVxE =0, is a

Langmuir wave, with corresponding dispersion relations
ke = (@ - @,)? — 0} - kfcz)uz/c and k, =((@, - @,)? — w? —k32)"* v, , are given in
equation (3.13) and (3.14) respectively:

= kmx KX 4 =
— g _ 5 mX n i |(@—@ )t_kzz]

m
)
z

_ K ).
E — 'A‘S )’Z_i__zz‘ e'ksxxe_l[(wl_CUZ)t_kzZ]. (314)

S
SX

The isothermal approximation is inferred for the electron response in this deduction.
One can have it valid in the adiabatic approximation by suitably multiplying the
electron temperature by the ratio of specific heat at constant pressure and volume. In

the presence of nonlinear source, a particular solution obtained from the wave
equation (3.12) by puttingV x E = 0:

(o, - ,) TNL

E,=- e 3.15
" ‘90[(501 _a)z)z _a)§ - kzvtﬁ L (319

Here, we have VxE, =0 and VxE, =0, therefore, no magnetic field is associated
with both these components. Hence, the only electromagnetic wave field Emis

responsible for the associated magnetic field I:|m . Therefore,
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; - 2 2
H =ka—Em:§/Am K +K;
m
ﬂo(a)l _wz) ﬂokz(a)l _wz)
Only outgoing part of electromagnetic wave exists for x <0 (in vacuum region), so
that

eikmxxe_i[(a)l_wz )t_kzz]

(3.16)

= o Koo ) ik —i[(@—, )t—k,z]
E, = X+ 27 e e ham T
r Ar( kz j

- 2 2 ) ) (3.17)
H o= 9Ar kx + kz e—'kxxe*'[(a’l*wz)t*kzz] .

/Uokz (0)1 — @, )
At x =0, three boundary conditions can be obtained. For first and second boundary

conditions E, and H, must be continuous atx=0, therefore, the first boundary

condition (E,, +E, +E,, =E,) and the second boundary condition(H,, =H, ),

simultaneously give:

k2 (@, —,)k, )
—Z =Ak +AKk_ + G )
A Ko A Al 50[(a)1_a)2)2_0)§_k2\/t2h ' (318)
k2 k2
A, = A —2 (3.19)

T k2 o+ k2
Now taking the z-component of wave equation (3.12) and integrating it over x
between the limits 0~ to0™ to deduce the third boundary condition as;

(@, - w,)k, k)5, Vi 1 C°

xz2Y 7(wy -0,

2
A+ = AT+ (A + AKD ¢

& l(o, - w,)" - o) —k?vg (3.20)
By solving equation (3.18), (3.19) and (3.20) we get;
I kk,@Q+k,, /k (0, — @,)IN
ATHz =— X z( sX x) 1 2 (w-w,) (321)

- & (kxksx + k22 + kmxksx) [(601 _a)Z)Z _a)é - k2Vt2h .

This is the expression for amplitude of the reflected terahertz wave (here A is

replaced by A_,,.).
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3.3. ANALYSIS & OBSERVATIONS

Equation (3.21) is solved numerically for a set of suitable laser and plasma

parameters. The values of the chosen parameters for computation are as follows: the
normalised laser intensities, a, =eA,/mao,c =0.22, a, =eA,/mw,c =0.24 (A,is the
amplitude of incident laser beam corresponding to laser intensity, I ~ 7%10**W/cm?), two
different wavelengths, A4, =9.57m, A, =10.57m(for CO; laser), o, =1.973x10"
, , =1.783x10", electron thermal velocity v, =0.03¢c and 0.1c—0.18c corresponding

to electron temperature T, = 0.5keV, 5keV (0.2c corresponds to 20keV) for

0 =15" -55°,

[ Atn =0.2n, v_=0.03
| q 0" th

Fig.3.2. Variation of normalised terahertz amplitude (eA,,,, / may,,C) with normalised THz frequency
(@, / w,) for different values of @ at T, = 0.5keV, e, =1.973x10", w, =1.783x10" and

n, =0.2n,
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In fig.3.2, we have plotted normalised THz amplitude eA,,,/mac with normalised

THz frequency wr,, /@, (Wherew,,, = w, —w,) of THz wave for different values of

incidence angled. It can be observed from this figure that the amplitude decreases

with increasing THz frequency. This amplitude is maximum when e,,,, is comparable

with o, (due to resonance). It also observed that with increasing the value of ¢ from
15°-55" the normalised amplitude increases from0.002-0.058 at n,=0.2n,. We
obtained the highest values at n =03n, but it is difficult to create 30% ripple

experimentally so we plotted our results corresponds to 20% density ripple.

00141 Atv, =0.1c and 6 =30° —8—1n =0.1n,
1 —— nq:O.Zn0
0.012 nq:0.3n0

0.010-

/m o C

z

I
e

eA

10 12 14 18 18 20
(DTHz/mp

Fig.3.3. Variation of normalised THz amplitude with normalised THz frequency for different values of
density ripple, at constant angle of incidence & = 30°at T, = 5keV Frequency of incidence laser

beams are same as that of fig.3.2.
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The variation of normalised THz amplitude is plotted with the increasing value of
THz normalised frequency for different wvalues of density ripple (

n, = 0.1n,,0.2n,,0.3n,) shown in Fig.3.3, ate = 30°. The ripple helps THz generation
in following two ways: first it makes the nonlinear current irrotational, and second by

providing the phase matching (when ripple wave vector § equaIsIZTHZ—IZIHZZ,

where k; and k, are the laser wave vector and K, is THz wave vector). So, it is clear

from this graph that the maximum momentum is transfer to the electrons at resonace

condition. On the other hand, the effect of amplitude of density ripple n_ is to

enhance the THz wave field. Since, higher the amplitude of density ripple, more the
number of electrons take part in the excitation of radiation. Fig. 3.3, also infers that
frequency distribution of reflected THz wave is closely related to the incidence angle
and coupling. Therefore, it could play an important role in the generation of THz

wave of higher intensity.

For fig.3.4, we calculate the normalised amplitude for different intensity range and

finally plotted the graph between normalised amplitude of emitted terahertz wave and

amplitude of incident laser (A)) at 6=30", n,=03n,0.2n,,0.In;, and

oy, |0, =1.08. For fig.3.4, we calculate the normalised amplitude for different
intensity range and finally plotted the graph between normalised amplitude of emitted

terahertz wave and amplitude of incident laser (A,) at 6=30°

n, =0.3n,,0.2n,,0.1n;, and @, / @, =1.08. This exhibits a variation, which displays

the linear relationship of THz amplitude with the intensity of incident lasers. The
physical reason is that, with the enhancement of the laser intensity, the strength of
ponderomotive force and hence the initial ionization of the plasma increases. Thus
with the increase of free electron density, the nonlinearity increases. As THz
generation is a nonlinear phenomenon, it enhances more and more. The highest value
of the normalised amplitude corresponding to incident laser beam intensity
~7x10"W /cm?® achieved is 0.038 in our scheme. We neglect the effect of

collisions in our analysis.
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Fig.3.4. Spectrum of the normalised amplitude of emitted THz wave versus normalised amplitude of

incident laser beams at v, =0.1c corresponding to T, =5keV, @y, /a)p =1.08, n, =0.3n; and

6 =30°. All other parameters are same as that of fig.3.2.

It can be seen [37] that in the presence of collisions, the term o is replaced by
@(®+10) in equation (7). Since the imaginary term leads to resistivity and extracts

energy from the electrons in collisions, consequently the efficiency decreases.

Fig.3.5 shows the variation of normalized amplitude of the THz wave with

normalized velocity for different values of ripple density nq= 0.1, 0.2 and 0.3 at 8 =

30°, together with numerical calculations. It is clear from Fig.3.5 that initially at Ng=

0.1no, the THz wave of small amplitude is generated, it starts increasing up to 0.16, as

ripple increases to 30%, similar results were observed by Kumar et al. [42]. We

observe that the normalised THz amplitude peaks at around 0.016 at thermal velocity
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~0.19c corresponding to electron temperature ~20keV. It is very high electron
temperature, so in our analysis the thermal velocity is valid up to 0.19¢ beyond which

it will not be valid.

0.016

—a— nq:0.3n0
1 —e— nq:0.2no
0.014 n.=0.1n,

0.0121

0.0104

0.0084

e'A\THz/m CoTHzC

0.006+

0004 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
002 004 006 008 010 012 014 016 0.18
Vm/C

Fig.3.5. Variation of normalised amplitude of terahertz yield (eAer /ma)THZC) with normalised velocity

(v, /c) for different values of density ripple at & = 30° and @, =1.08.
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Fig.3.6. Variation of normalised terahertz amplitude (eATHZ /ma)THzc) with the specular angle ¢ for

different values of density ripple at @, =1.08

Fig.3.6 shows the variation of normalised amplitude of THz wave with the specular
angle at different values of ripple density. The THz wave amplitude increases linearly

with density ripple and specular angle from 0 to 55° and shows a maximum at 55°.

3.4 CONCLUSION

The generation of THz radiation via nonlinear mixing of two laser pulses in hot
plasma is a fetching alternative. We have mathematically investigated the laser beat
wave excitation of the terahertz radiation in hot collision less plasma with density
ripple on its surface. In the presence of a Gaussian laser beam, the plasma gets
depleted from the high field region to the low field region on account of the

ponderomotive force. From the above analysis it can be concluded that, the efficiency
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and the amplitude of reflected THz field are sensitive not only to the density ripple
but to the angle of incidence and the frequency of beating lasers. It increases with the
plasma density and angle of incidence #. Frequency of the emission of the resonant
signal is tunable with the ripple density amplitude [67]. Here, we ignored the kinetic

damping which is justified when v,, << @y, /k;,, . We have also not considered the
Landau damping of the electrostatic part of the «,,,, frequency wave associated with

the electromagnetic THz wave. For the THz frequency substantially greater than the

maximum plasma frequency (( oy, — @,) greater than the Landau damping rate), this

effect may not alter the results significantly. Also we have neglected the effect of
beam size, so the terahertz emission occurs if and only if @ # 0. On the other hand, at

0 =0 the nonlinear current density has no transverse component as a result
electromagnetic radiation does not take place [68,69]. Therefore, the laser spot size
must be bigger than the THz wavelength is the necessary condition for the validation
of present scheme. On account of nonlinear coupling between the electromagnetic
wave and plasma wave, the power associated with the plasma wave and generated
THz yield are also accordingly modified. Wu et al. [70] examined a strong THz
emission from the non-uniform plasma slab in contrast to the uniform one, and the
numerically evaluated conversion efficiency is fairly good agreement with their PIC
simulation results. This shows a great plausibility of developing a tunable THz source

having power to use in medical applications.
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CHAPTER-4

EFFECT OF FREQUENCY CHIRP ON
GENERATED THz WAVE IN PLASMA

4.1. INTRODUCTION

THz radiation generation has currently captured huge interest in the present era due to
its diverse and vast applications in various fields; few of them are THz spectroscopy
and THz imaging, medical imaging, environmental monitoring, remote identification
of explosive and dangerous chemicals and food and material technology etc [1-8]. In
order to produce an efficient THz radiation for communications and other
applications, the diffraction angle in the propagation channel must be minimized so as
to avoid the frequency shift from THz range. This study becomes crucial in case of
broadband-based THz applications [23-25], as here a wide range of different
wavelengths persists. To understand the theory behind the origin of terahertz (THz)
field caused by beating of two lasers in a nonlinear medium (plasma for present

scheme) we provide two analytical models here.

In this chapter, we develop an analytical formalism for terahertz generation from
chirped lasers beating in the rippled density plasma. The density ripple is applied on
the chirped laser pulses in order to adjust and control the yield of the THz wave. The
density ripple plays a vital role in establishing the phase-matching condition. The
resonance condition results a resonant excitation of THz radiation [34, 57]. The THz
amplitude enhances considerably in the presence of density ripple. Further, in the
second model we studied the influence of frequency chirp on the generated terahertz
(THz) wave due to interaction between intense laser pulses and under dense plasma in
the presence of transverse magnetic field. For achieving a significant enhancement in
THz efficiency and field strength, the frequency chirped laser and magnetic field

parameters are optimized. The external magnetic field also plays a crucial role in
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enhancing the efficiency of THz wave. Tuneable and coherent THz radiation through
electrostatic to electromagnetic field conversion due to an ionization front can be
produced in a uniform electrostatic field. The application of frequency chirp extends
the laser-plasma interaction time and thus facilitates the resonance condition for

longer duration, which can be useful in the broadband THz radiation generation.

Recently, Hamazaki et al. [23] have experimentally investigated the impact of the
frequency chirp of the laser pump pulse in broadband terahertz (THz) pulse
generation by optical rectification (OR) in Gallium Phosphate (GaP) by measuring the
TDS (Time Domain Spectroscopy) signals. They also reported the significance of
accurate control over the frequency chirp of the laser pulse for producing the
broadband THz pulses by optical rectification. The chapter is organised as follows:
Section 4.2 & 4.3 formulates the problem for THz wave excitation due to frequency
chirped laser with the expressions of ponderomotive force and nonlinear current
density in rippled density & magneto-plasma respectively. A brief discussion &
observations are given in the sub-sections of 4.2 & 4.3. Finally the conclusion is
presented in section 4.4.

4.2. PROPOSED MODEL FOR RIPPLE DENSITY PLASMA

4.2.1. THz Generation by Beating of Two Chirped Pulse Lasers in Spatially
Periodic Density Plasma

The mechanism of THz generation is as follows: we consider two Gaussian lasers
with electric fields E (k) andE,(k,,@,), polarized along§, propagating in
Z direction (fig.4.2.1). The lasers have a linear frequency chirp and the frequency
@, = @, (1+ba,(t—z/c))and o, =, (1+bw,(t—z/c)-e; | w,) can be chosen as the
difference (@, —®, =w;) lies in THz range. The theory of generation of THz

radiation due to the beating of two chirped laser pulses in plasma is explained and the
analytical calculations are presented below. We consider plasma of electron

densityn,. The electric field profile of laser pulses (with two slightly different

frequencies @, andw,) is considered as; E; = JAe" ™" here, j=1,2.
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Fig.4.2.1. Schematic of THz generation via frequency chirped laser pulses in rippled density plasma

The laser imparts oscillatory velocity to the plasma electrons: Vv, =el§j Imioya;
where, o, =1+bay(2t-z/c) and @, =, —((@, —®,)/ @,). A nonlinear ponderomotive
force exerted due to the variation of amplitude of the laser’s field beating at

(o, — @,) written as:

F, = 2’ _wht B (g gy, (4.2.1)
2mio,ca,a,

where, f, =[ck, [ @, —ck, | @, - 2ib ya, |,
B, =(o,-m,)l o[ c(k,~k,)/ (04 - @,)+ck,/ @, +ibl ayz, | and e, m ,c and * represent the

electronic charge, mass, speed of light in vacuum and complex conjugate respectively.

Here it is clear that the variables «,,c,,f,and p,are the function of chirp

parameterb . Due to the nonlinear motion of plasma electrons a linear (n;) and
nonlinear (ng') density perturbation is also observed which can be calculated by
solving the equation of motion such as: nj=n0(k1—k2)Fp/m(a)l—a)2)2 and

N =(k —k,)? 7.4 / 4ze, where, 7,=-0'/(n-w,) is the free electron plasma
susceptibility. The refractive index (u) of a material is related to the susceptibility by
the relation; y =4-1 ; and for plasma medium in present case;
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yzs%z(l—wﬁlaﬁ)%, here, ¢ is the permittivity of the medium and we

12

choose @, w, > @, where, o, = (42n,e> Im)’? is the plasma frequency. Now by

employing Poisson’s equation, V’¢ =4ze(n” +n.), the electrostatic potential g, of
this  self-consistent ~ space  charge  field can be  written  as:
¢=—4ren] | 1+ z,)(k —k,)*. Thus, the nonlinear velocity under the influence of the
ponderomotive force along with self consistent field is;

F +eV F i’
VA AR SR S | P R— (4.2.2)
mi(o-w,) mio-0) (@-0,) -0

Here, we introduce a density perturbation n=n0+nqeiqZ where, n, represents the

ripple amplitude and G is density ripple wave number. This nonlinear velocity beats
with the density ripple to drive a nonlinear current density in the transverse direction:
e e (BB @B+ B) (0 ,) - @) (L+1))

JW=—Znv"=-2 . 4.2.3
N 2 0 167N w,mca,a, (@, — ,) ((a)1 -w,)’ - a)i) (#2.3)

This non-linear current further couple to the wave associated to the self consistent
space charge field and drives a THz wave. Now employing Maxwell’s III and IV
equations, we have derived the wave equation depending on the non-linear current

density term. This wave equation can be given as:

2 2

v2 Em _V(V-E)— Z); (1_60_2] E’(u _ 472(::01— jSL . (4.2.4)
w7

The exact phase matching condition and resonant excitation of THz generation can be

achieved by introducing the suitable value of density ripple wave numberq.
Hencek, =k, —k, +§, and k?-w,%s/c* =0, where k. is the THz wave vector and
q~olc(z-1). The electric field of THz varies as, E, = §A, (z,t)e“"*? . By assuming

the fast variation of the THz field in order to neglect the higher order derivatives and
using the phase matching condition, the z-component of above equation gives the
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required THz field, 6E,, / 6z = 2zwd)\- / ¢’k . Now by putting the value of nonlinear

current from Eq. (4.2.3), we obtain the final equation for the field of THz radiation:

2 Ea)z — enqow; E; (alﬁ]_ + 132)((()]? - 0)5 (1+ i))
oz\ E, 8n,Maw,C°K; (@f — 7))

, (4.2.5)

where, E_, / E, is the normalised field of THz wave. The efficiency of generated THz

radiation is the ratio of the energy per unit area of the THz wave to the energy per unit

area of the pump lasers, i.e.,n=W,, /W where the average electromagnetic

pump *
energy stored per unit volume is given by the formula;

w, gg{w (1—§—Eﬂ<|ar>- @28)

Thus using Eq. (4.2.6), one can obtain the efficiency of generated THz radiation. The
features of THz electric field’s amplitude have been studied by solving Eq. (4.2.5) for

an optimised set of laser and plasma parameters.

4.2.2. ANALYSIS & OBSERVATIONS

The proper matching of the ripple wave number with the beat wave number provides
the maximum transfer of energy and momentum under the resonance condition. In the
present scheme, we consider a non-relativistic regime to see the combined effect of
chirp characteristics and density ripple on the THz emission due to frequency chirped
pulse lasers.

Since the chirp parameter b is inversely proportional to Group Delay Dispersion
(GDD) so that the increase of b naturally implies the decreased GDD. Obviously, the
decreased GDD means less-chirp. For a suitable choice of the pulse intensity, density
ripple amplitude and chirp parameter, a significant gain in THz amplitude is observed.
The following set of laser and plasma parameters throughout the manuscript are

considered: The incident laser pulse of intensity 1 ~3x10" W/cm? (femtosecond

laser),  angular  frequency w, = 2.355x10% rad/sec. = The  plasma

frequency, w, = 37 THz corresponding to electron density n, =2-8x10°cm™.
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The variation of normalised THz amplitude as a function of normalised frequency of

THz wave for different values of density ripple amplitude (n, =0.1n;,0.2n,,0.3n,), at

fixed value of frequency chirp parameter b=0.0099 is plotted in fig.4.2.2. From this
graph, it is analysed that the higher values of the THz amplitude is obtained near the

resonance condition @~ ), and decreases as  departs fromw, . So we analysed from

fig.4.2.2 that there is an enhancement in the THz amplitude by increasing the value

ofn, and the effect of n, on THz amplitude remains much significant near the

resonance condition.
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Fig.4.2.2. Variation of normalised THz amplitude as function of normalised THz frequency for

different values of density ripple at fixed value of chirp parameter b=0.0099.
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Fig.4.2.3. Plot of normalised THz amplitude versus frequency chirp parameter (b). Rest of the

parameters are similar as that of fig.4.2.2.

Fig.4.2.3, displays the variation of normalised THz amplitude with frequency chirp

parameter (b) ranges 0.00003 to 0.0099, for varying density ripple amplitude (n,).It is

clear from the graph the amplitude of THz wave gradually increases with increasing
the value of chirp parameter. As seen from the graph the amplitude shows a sharp
increase upto b=0.0099. The present scheme is only valid for maximum chirp
parameter 0.0099, beyond this value a negligible chirp appears and hard to see chirp
effect. Therefore, we choose it as the optimized value of chirp parameter for present
scheme. It is further observed, from the above figure, that the THz field amplitude
varies with the chirp parameter. Also the higher value of density ripple enhances the
effect of chirp on the output yield. This also infers that the output gain is closely
related to the amplitude of ripples for different values of chirp parameter. So, the

output of THz wave can be tuned by choosing suitable values of chirp parameter and
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density ripple of suitable wave number. Thus it can be concluded from the graph that

both ripple and frequency chirp together play a vital role in high intensity THz

generation.
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Fig.4.2.4. Spectrum of normalised THz amplitude corresponding to the incident lasers amplitude at
b=0.0099 for different value of ripple density.

Fig.4.2.4. shows the spectrum of normalised THz corresponding to the amplitude of
incident lasers for distinct values of density ripple at fixedb=0.0099. It can be
concluded from the graph that the amplitude the laser and THz wave, are connected
by a linear relationship. The increment in the incident pulse intensity results the
enhancement in the initial ionization of plasma and nonlinearity in the system due to
the strength of ponderomotive force. As a result, greater will be the free electron
density which produces more intense THz wave. Thus, strength of output wave can be

controlled by overseeing the intensity of incident laser pulses.
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4.3. PROPOSED MODEL FOR MAGNETIZED PLASMA
4.3.1. Effect of Frequency Chirped Laser Pulses on THz Radiation Generation in

Magnetized Plasma

To validate the theory behind the generation of THz radiation caused by beating of
two laser pulses in plasma we provide the analytical calculations. We consider plasma

of electron density n,. The electric field for laser pulses is assumed to be polarised in

-i(jt-k;2))

x-direction as Ej = XAe { ; where, j =12, k; = (w; /c), external magnetic field

is applied perpendicular to it, i.e., in the y-direction asB, =B,y . Two lasers of

slightly different frequencies o, and «, propagate through the plasma.

Transverse
(Wi, ki) Terahertzwave x magnetic field
(w, k) B,y
Frequency @
Chirped
Laser Pulses Plasma Plasma z
(wy, ky)

Fig.4.3.1. Schematic for frequency chirp driven THz generation

Let us suppose the frequency of incident laser is positively chirped [Fig.4.3.1] as
follows; @ =[a@, +baf (t—2z/c)], where wy is the frequency of incident laser beam in
the absence of chirp, b is the frequency chirp parameter, c is the velocity of light, and
the frequency w, is chosen as the difference, @, — ®, = w, lies in the range of THz.
One can generate highly efficient chirped laser pulse by using two counter
propagating lasers induced plasma Braggs grating (PBG) [26]. To control
femtosecond laser pulses the plasma grating can be a novel because it has a much

higher damage threshold than ordinary dielectric/metal optical elements. Thus the

electric field of these two waves can be represented as,
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(4.3.1)

El — Mefi(wlt—aqzlc)
Ez — )zAze—i(a)zt—a)zZ/c)

and the magnetic field of incident lasers inside the plasma can be expressed as:

5 _CK<E) (4.3.2)
j ,

here, j=1,2. The lasers impart an oscillatory velocity to the plasma electrons,
V, = eE, / mia,[1+ba, (2t —z/c)]and V, =eE, / mia,[1+baw,(2t—2/¢)—w/ w,] along
with the nonlinear terahertz ponderomotive force as,

26 a)(E1~Ez)[(f|.+ba)0(2t—z/(:))(1+ba)0(2t—z/C)—a)/a)u)+iba)0 (1+ba)0(2t—Z/C)—a)/2a)o)/a)J (4.3.3)

2 2

mic)c(1+be,(2t—z/c)) (L+bw,(2t-2/¢) -/ w,)

=P _
Flu -

where, —eand m are the electronic charge and mass respectively and * represents the
complex conjugate. In the presence of external magnetic field the electrons stars

moving in a circle due to the Lorentz force. This circular motion is superimposed with

the electric field of laser pulse results a cycloid of angular frequency @, . The response
of electrons to the ponderomotive force along with the cyclotron motion can be
obtained by solving the equation of motion, V" /6t = —F? / m—V" x &, as;

pf\ - p/\

g o F,/X—loF] 2
o 2 2
m(e® — o?)

(4.3.4)

We choose @, w, >> w,,®, Where, o, = \J4mn,e® /m is the plasma frequency and

@, =eB, /mc is the cyclotron frequency. The nonlinear current density can be

calculated by solving the equation;

=nl

Jo-=—enV) | 2=—’ (0 R —iw2)F} | 87e(w® — w]). This nonlinear current

drives a wave whose frequency lies in THz range. Now using Maxwell’s III and IV
equations the wave equation governing the propagation of THz wave, with the

inclusion of nonlinear current density given as,

2 -
~ - - = I 4] -
—VZEw +V(V- Ew) = i)—zg = CZCO J:) , (4.3.5)
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where, £ is the permittivity tensor at the THz frequency, one may write the solution

of above equation as E, = A (x)e“** and taking the divergence of Eq.
(4.3.5), the z component

nl
Ea)z = _8& wa - iz 0 =
& ok,e,, O '

XX

(4.3.6)

2 2 2 H 2 2 2
where, &, =¢, =1-w; /(0" -@;)and ¢,, =-¢, =-lw.0, |/ o(o”-;)). Now put
the value of E_, from Eq. (4.3.6) into the wave equation, we obtain the equation
governing E_, of the THz wave,

2 &2 4 £
—szwari)—z{gxergzx E =— Czw Jhoy e gn | (4.3.7)

Solving Eq. (4.3.7) by substituting the values of nonlinear current density, we obtain
the final amplitude of THz wave such as:

A - aiaszwza);(a)CHa)gXZ/gzz)[ia)G +ba, (1+bay(2t—z/c) -0/ 2w, )] 138
" 2ikG’ (0 - )K'C” -0 (6, + €5 | £,)] (439

Here, a, =eA /maw,c, a, =eA, / mo,cand G =(1+ba,(2t-z/c))(1+ba,(2t-z/c) -0l a,).

4.3.2. ANALYSIS & OBSERVATIONS

As the static magnetic field also introduces an additional motion to the electrons, this
gives an extra nonlinear current term which can be seen from current density
equation. In non relativistic regime the effect of the external magnetic field strength in
the presence of chirped laser beams shows that for a suitable choice of the pulse
intensity and external magnetic field strength, chirp parameter has the significant gain
in THz amplitude. A suitable set of laser and plasma parameters is chosen for

computations such as: femtosecond laser pulses having wavelength 800nm (Ti-

Sapphire Laser), angular frequency a, =2.3545x10" rad/sec. Here,w, = 37 THz

corresponding to electron density n, =2-8x10*°cm™. For our numerical simulation

we consider the normalised amplitude of incident lasers  as:
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a, =a, =eA, /mw,c=0.1, where A, is the amplitude of the incident laser beam

corresponding to the laser intensity 1 ~3x10™ W/cm?.

The graph between normalised THz amplitude (A, ) versus normalised frequency of
terahertz wave (@/ w,) plotted in fig.4.3.2 for different values of magnetic field (54

kG-322 kG), corresponds  to normalised value of  cyclotron

frequency, w, / w, =0.1-0.6, at fixed value of frequency chirp parameter b=0.0099.

From this graph, it can be analysed that the THz amplitude decreases with increasing
THz frequency and amplitude is maximum when the ratio of the frequency of THz to

the plasma wave tends to unity.
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Fig.4.3.2. Plot of the normalised amplitude of THz wave (A, ) with normalised frequency (@ /@)
for frequency of incident laser @, = 2.3545x 10" rad/sec at normalised laser intensity 0.1

corresponding to the laser intensity | ~ 3x10" wicm?.
Inset graph: Plot similar to fig.4.3.2, at different chirp parameter without magnetic field.
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The physical reason behind this is that at this particular point, o/w, ~1.07 is in

proximity to the normalised value of upper hybrid frequency @, / @, ; in the present

analysis @y, = Ja)f +a)§ =1.077w, . This is the upper hybrid resonance condition. So

when the beating frequency is close to the upper hybrid frequency, an efficient
increase in terahertz amplitude is observed as the region near resonance frequency
excites the THz radiation by achieving resonance condition. The resonance condition

in collision less unmagnetized plasma isw=w,. Also the applied magnetic field

provides the additional transverse component of nonlinear current density, results the
significant gain in amplitude of THz wave. The inset figure in fig.4.3.2 is plotted for
different values of chirp parameter in the absence of magnetic field; other parameters
are same as in fig.4.3.2. We observe a dip in normalised frequency at ~1.36 due to
destructive interference. As we apply the external magnetic field this dip disappears

due to resonance.
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Fig.4.3.3. Plot of the normalised THz amplitude (Amx) as a function of the frequency chirp parameter

(b). Rest of the parameters are same as those in fig.4.3.2.
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Fig.4.3.3, displays the variation of normalised THz amplitude (A, ) with frequency
chirp parameter (b) for varying electron cyclotron frequency o,/e,=0.1-06,

corresponds to magnetic field strength 54 kG to 322 kG. It can be clear from the
graph the amplitude of THz wave gradually increases with increasing the chirp. There
is a noticeable increase in amplitude after b=0.005. Also the higher value of magnetic
field enhances the effect of chirp on the output yield and our result here shows the

maximum amplitude about A, ~0.35 for b=0.0099 at @, /@, =0.6 corresponding

to magnetic field 322kG. This also infers that the output gain is closely related to the

strength of magnetic field for different values of chirp parameter
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Fig.4.3.4. Plot of the normalised THz amplitude (A, ) as a function of the normalised intensity of

incident lasers (A;) at b=0.0099 for different values of normalised cyclotron frequency (@, / @, ) .

Fig.4.3.4 shows the amplitude profile of terahertz wave (A, ) as a function of the

intensity of incident laser pulses (A, =./a,a, ) for distinct values of magnetic field
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strength at fixed b=0.0099. A, and A, are connected by a linear relationship in this

graph. The increment in the incident beam intensity results the enhancement in the
initial ionization of plasma and nonlinearity in the system due to the strength of
ponderomotive force. As a result, greater will be the free electron density which
produces more intense THz wave. Thus, strength of output wave can be controlled by

overseeing the intensity of incident laser pulses.
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Fig.4.3.5. Plot of the normalised amplitude (A ) of THz wave with normalised cyclotron frequency

WX

(a)C /cop) corresponding to static magnetic field 54 kG to 322 kG for different values of frequency
chirp parameter (b).
Normalised THz amplitude (A,,) as a function of normalised cyclotron frequency
o, lw, is plotted in fig.4.3.5 with varying frequency chirp parameter (b). As seen
from the graph the amplitude shows a sharp increase after o, =0.3w, for all values

of chirp parameter. So the output of THz wave can be tuned by choosing suitable

54



values of chirp parameter and magnetic field strength. Thus it can be concluded from
the graph that both applied magnetic field and frequency chirp together play a vital

role in high intensity THz generation.

4.4. CONCLUSION

The first numerical method given in this chapter is developed for the investigation of
the generation of THz radiation by beating of two chirped pulse lasers in plasma by
introducing density ripples having spatial variation. The sensitiveness of THz field to
the chirp characteristics of lasers is also noticed. The effect of collisions is neglected
in the present model. We have numerically solved the equations for nonlinear current
density and THz field. The resonance condition is satisfied with the help of density
ripple of appropriate wave number. Also, the chirp keeps the interaction for longer
period and thus the THz radiation of sufficiently high yield can be achieved. The
optimized density ripple amplitude, chirp parameter and the intensity of laser pulses
play a significant role in the enhancement of THz radiation. Results of this model
provide a mathematical guideline for smooth and broadband THz emission which has

a paramount importance in the THz time-domain spectroscopy [71-73].

In the second model, we numerically studied the sensitiveness of chirping of laser on
THz generation by beating of the lasers in magnetized plasma. In this analysis we also
found that THz spectra can be distorted by the onset of the spectral dip structures at

ol w, ~1.36 due to destructive interference of chirped laser pulses [Inset Fig-4.3.2]

similar to Hamazaki et al., [23]. In conclusion, the frequency chirping of incident
lasers with a transverse magnetic field plays a crucial role to maintain the resonance
condition during the interaction region. The increasing frequency of the laser pulse
allows the electron to stay within the laser pulse longer and also increases the
transverse momentum. As a result efficient gain in the output THz yield is observed.
Also it becomes important to examine how the frequency chirp in the pump pulse
affects the resultant THz spectra to properly understand the impacts of the
propagation effects on the THz spectra. Therefore, our results provide a numerical
guideline for broadband THz pulse generation using ultrashort pump pulse sources in

plasmas.
55



CHAPTER-5

SELF-FOCUSING &NUMERICAL
FORMALISM OF THz RADIATION
FIELD IN PLASMA

5.1. INTRODUCTION

With the advent of laser technology, the laser-plasma interaction has been an active
area of research on account of its various applications in the areas like self-focusing,
harmonic generation, particle acceleration, terahertz (THz) generation and inertial
confinement fusion etc. Out of these, rapid improvement and advancement in THz
sources prove out to be a captivating field of interest due to its paramount applications
in the fields of security, medicine, remote sensing, characterisation of different
materials etc. To qualify a wave for a THz category, typically, a range of frequencies
is 0.1-10 THz and now extending up to 40-50 THz [4-11]. Numerous techniques and
methods have been employed for the generation of THz radiations in various
platforms like in semiconductors, quantum cascade lasers, dielectric, electro-optic
lasers [12-25] etc in order to achieve an intense, efficient and tunable THz radiation.
Till date, one of the main techniques is filamentation [8, 10] (phenomena of periodic
self-focusing and defocusing) for tabletop set to generate terahertz radiation. THz
production can be realized due to the lasers beating in ripple density plasma, by a self
focused pulse in plasma having ponderomotive, collisional, as well as relativistic
nonlinearities. Jaffari et al. [84] have reported THz wave generation by non-linear
coupling of two color Gaussian lasers. They have compared the non linear effects in
multiply ionized plasma and a singly ionized one, and observed that the excitation is
stronger in multiply ionized plasma. The presence of higher charge ion species not
only enhances the cross focusing of beams but THz field amplitude too. THz
radiations can be excited at the modulated frequency due to the modulated laser beam

propagation in periodic structure plasma [55]. In this work, they have reported that the
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missing process of resonance can achieved due to density ripple and so, it satisfy the
phase matching conditions and enhancement in power conversion efficiency can be
achieved. Also, the excitation of THz waves can be realized as a result of self

focusing of amplitude modulated pulse in rippled density plasma.

Nonlinear self-focusing is initiated by the nonlinear response of material to its
refractive index which has a significant role in beam propagation (Fig.5.1). This will
happen when the on-axis refraction index is increased. Beam tendency to spread
balance the self-focusing. Every nonlinearity like ponderomotive, collisional, and
relativistic make high-power laser beam become self-focused. Among many
analytical methods, paraxial ray approximation (PRA) and Wentzel-Krammers-
Brillouin (WKB) approximation are the best schemes for analyzing self-focusing. The
main thrust is toward the development of efficient sources with minimum

complexities—a true table-top setup.
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Fig.5.1 Self-focusing of laser beam
URL: http://www.mpg.mpg.de/lpg/research/selffoc/selffocl.frm.gif Dated: 07/08/2020

Thus in this chapter, we proposed a scheme for excitation of THz waves which can be

realized due to self focusing of amplitude modulated pulse in plasma. The process of
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resonance can be satisfied by introducing the ripple of suitable wave number as a
result improvement in power conversion efficiency can be achieved. The space
periodic density variation of appropriate wave number can be obtained using different
mechanism involving a machining beam, a pattern mask, transmission ring grating or
using an assembly of circular Axicon grating to line focus the incident pulse [33, 34].
This chapter is organised as follows: our proposed model is given in section 5.2 along
with all the numerical equations the sub-section 5.2.1, 5.2.2 and 5.2.3. In section 5.3,
observations and analysis of the model is discussed, the last section i.e., 5.3 is devoted

to the conclusion.

5.2 PROPOSED MODEL

5.2.1. SELF FOCUSING & THz GENERATION BY AMPLITUDE MODULATED
PULSE

The electric field profile of super Gaussian laser is given as:

E, = XE,(r, z,t)e" ) (5.1)
- o) (Y
Here, (E, -E.)|,_o= EZ (1+,ucoth)2 e {“J e (Tj , (5.2)
and also for z >0, one may write,
) _sz [tozhvg :
\Ea\z:%(lwcoss}(t—z/vg))ze [r‘)f] e[ o J , (5.3)

Here, Q, u, ryand p represents the modulation frequency, modulation index, initial

pulse width and order of the incident laser pulse, respectively. The nonlinear
interaction of incident laser pulse and plasma leads to a nonlinear force, this

ponderomotive force can be obtaind using following equation;

_ g2 Lo
F :—4mew§V(Ea-Ea), (5.4)

5.2.2. PODEROMOTIVE NONLINEARITY
Force obtained from Eq. (5.4) drives a finite intensity gradient on the electrons of the
plasma and their redistribution along with variation of plasma density-distribution. As

a results, the concentration of electrons get modified. The modiefied concentration of
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elcetron obtained as [75-77]: n = n, el *EE)) Here, o =e?/8mew?k,T,. In case
of ponderomotive nonlinearity plasmas’ effective dielectric constant can be written as,
g=go+(p(I§a-E;), (5.5)

where, &, =1-w} | wy, a)§ =4zn; I m, are dielectric constant and plasma frequency,

respectively. The nonlinear term of equation (5.5) can be defined as,
o . -
o(E.-E)=—5[1-exp(-<E,-E])]| , (5.6a)

For E,-E; <1since the mass of the electron is very small comparative to ion mass,

i.e., m< M thus ¢ shows a quadratic relation such as;
- = a)2 -
o(E, E))=—L2a(E, E), (5.6b)
Wy

and hence the modified dielectric constant calculated by using equation (5.6b) in

equation (5.5) as

0 o ~ -
e=1-—+—(ak, -E)), (5.7)
b W

5.2.3. SELF-FOCUSING
On solving Maxwell’s equations (3) & (4) in the absence of nonlinear source, we

obtain
VIE, -V (VE,)+ L (E,)=0, 9)
c
Let the solution of the above equation is in the form;
E,(r,2.t)=RA(r,z,t)exp[ i (@t —k,2) ], (5.9)
Here A(r,z,t)is complex amplitude. Substituting Eq. (5.9) into Eq. (5.8) and by

assuming variation of Aversus z to be slow, we get following equation;

2 H 2_2
OALOA iy, 0721006 OR_ 5T % p_ (5.10)
or: ror oz cc ot ryc
here, A(r,z,t)=A,(r,z,t)exp(-ik,S(r,zt)), (5.11)
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2 2 2 2
o, A\;[ﬁ+1§]+%§+i%:o, 512

oz o ror) or or v, ot
2 2 2 7
and 2§+£d—8+£§j = 21 [a '°2\>+}5Ao]_r_2m. (5.13)
oz v, dt (or keA L or® ror ) 15 e(2)

Here v, =k,c/m, represents the group velocity of incident pulse in plasma. Now

introducing a new set of variables (z,t)as (z'=z,t'=t—z/v,) and rewrite the Eq.

(5.12) and (5.13) as

2 2 2
i +§8A°+AO2 a§+£§ =0 (5.14)
o' or or orc ror
2 2 1oy 2
and Za_§+(§J __Daldt) 1 (A 104 (5.15)
oz’ \ or r? g,(2',t') kZA, L ar® ot or

using PRA and expanding eikonal up to r?as; S(r,z',t')=S,(z't")+fS,(Z.t"),
here B=r?/t} with S,=r7/2f (of /6z"), we obtain the solution of Eqg. (5.14) as

follows:
Ez fa
A= f—°2°(1+ ucosQt)e \° (5.16)

i 12 H H H
Here, t'=t—z/v,,v, = ce''?. Using the value of eikonal and Eq. (5.16) in Eq. (5.13)

and comparing the coefficient of r?on both sides of the resulting equation, we get

For Gaussian profile: p=2, —+ e =0,

*f fte 4
o't rle, kKl

(5.17)

2
For super Gaussian profile: p=4, ﬂ+i‘9—z+i =0

, 5.18
o' rle, Kkl f® (5.18)

5.2.4. AMPLITUDE MODULATED WAVE ASSITED THZ FIELD
We have considered a ripplesd density plasma channel where n=n,+n., as
0,iqz

n, =n,e™ where n,is the electron plasma density without ripples (Fig.5.2). At

modulation frequency the ponderomotive force on plasma electrons can be calculated
as:
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2 2 _

p
B -2
S € v %(ﬂycosﬁt')ze [r‘]f] (5.19)

Eo -
amw?

p

The ponderomotive force in component form cab be written as:

_ e'Equ (B)(LJ ez vl

S 2me? r \rf ) f2

e2 Eozoﬂ a eiQt' _%2 72(% f)p (520)
pz — >~ 2 ¢ °¢ i
dmawS oz f

pr

: THz wave
Amplitude Modulated Laser Beam Riopl density plasme

Fig.5.2. Schematic for THz generation via amplitude modulate wave in pre formed rippled density

plasma

The oscillatory velocity acquired by plasma electrons due to this fore given as
follows:

. p 2 p
v = For _ ie*Ego st (Ej{%j e—iQt’e_t%éefz(%f) (5.21)

miQ  2m2wiQf 2\ r ),

5.22
mQ  miQ| 4me?oz f° (.22)

vt o sz __ M { ezEjo éefim' et%gez(%’f)p]

Hence, the nonlinear current density at modulated frequency is given as:

. p 2 p
JNE— w—‘z’ Ng | e (Ej r e‘im'e_%ge_z(%’fJ (5.23a)
o w? |\ n, J167mQf 2 r )\ 1, f
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wi \ n, )32zmiQ oz | f?

2 n H 2 —iQt ,'[I2 , - r p
Jo; =+[w—2]{—q] o i[e e Vig Vil J (5.23b)

This nonlinear current give rise to THz wave at frequency Qand wave number

q+€Q/v,, and can be calculated using the following wave governing equation;

VZEO—V(V-E)+C—25’EO——C—2 - (5.24a)
By rewriting above equation after neglecting the second term, we obtain:

O’E 0°E 10E & 0E  4rxal)t

e 5.24b
oz*  or* rot* c? ot? c® ot ( )

Eq (5.24b) has component along the fand Z direction. The x- component of this
equation is obtained using E, = E,Cos¢ and taking E,to be independent of ¢
Hence, taking the r - component of Eq. (24b), we get,

O°E, +eaZE, +15E, ¢ 0°E,  Amal)y

_° — 5.25
0z or® roat? ¢® ot? c? ot (5:25)

O°E, O°E, 10E, &' CE, i(at—ar
ittt a g (5.26)

2\ o 2 o) % ..,
Here, G =| 2 | Mo | €Ewl [Bj " e ) e /s A _ (5.27)
@, \ Ny J4mc for A rf 7,0 —

and g':(l—a)ﬁlﬂz). Having k; =q+Q/v, for THz radiation frequency we can

extract the dispersion relation Eq. (5.24b) as; ((Qz—coﬁ)/cz)—kT2 =0 and so, we
obtain density ripple wave number as,
q=-0 (P -a?) Ic (5.28)

At resonant condition the maximum THz radiation is observable for which Q>>

+ o, is the necessary condition implies — . Let the solution of Eq. (5.26) is;
E, = Ae™ ™) where A =F@)y(rt), implies, E, = F(2)y(r,t)e @7,
Here F(z')is the amplitude of THz radiation and y/(r,t'):(r/rT)e_[/“)pand

7 =(c; /a)Z(p)ll2 is the beam width of THz. Now substituting the above value of E,
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in eq (5.26) and multiplying the resulting eq. by W*(r)- rdr and integrating it over r

from 0 to o, the electric field can be calculated as

2 2.2 2 _ 2\ \= o p-1
oF +2|k — [Wj Iyn/‘rdr +(—p2F—2pF)J.—¢r Syydr
¢ o (rf)
F(p+1) P+l + , (5.29
[2pat oF 2|ka6f+pF6F pF(p+ ( j JWr dr+Fder (5.29)
f oz oz oz f oz? f? °
) © er—l d pZF 8f EY r2p+;|_ d Ar o rp+l rp[z("tpt")opl)}d
F —Y * r+ - ) * r=——1L ol r
P )l(nf)zp g [fz 62}!(“)“”"” ¢? Iq(qf)pE

Again simplifing above equation, we get

(6!3 2|k2—F F[k wZDI z 72[% jdr+( p°F - ZPF)TZ[]peZ[Jf] dr

2
0 c? 0

f oz oz f o f o f? r’

+(p2F)'|-|;21[r]2pez[nf] dr + [pF@fjJ. z[rfJZPEZ[Rf] =—477ZTL'[E [r‘f]{ i ]dr
0t

rf f? o

+[2p6faF+2|ka6f PFO°F pF(p-l-l)( jﬁrg[jpe_z[“rf]pdﬁpfr%_z[“]pdr’ (5.30)
o) Jprinf )

Now solving Eq. (5.30) for both Gaussian and Super-Gaussian profile by choosing the

value of p=2&4 respectively, we obtain the final equations for THz field. We

obtain the required results by solving above equations for a set of laser and plasma

parameters.

5.3 ANALYSIS & OBSERVATIONS
The differential equations (17), (18) and (5.30) for beam width parameter of the

incident laser pulse and THz amplitude analysed numerically for boundary conditions

suchas; of /0z=0 at f =1.Fig.5.2. depicts the variation of beam width parameter to

the normalised distance propagation. The solid line represents the Gaussian beam
where the dotted line illustrates the super-Gaussian pulse propagation characteristics
in ponderomotive regime. From the plot it is observed that the super Gaussian pulse
propagate more without diffraction. As a result a more focused beam travel greater
distance and helps to increase nonlinear current. Hence, on the account of this current

efficient gain in output terahertz yield can be obtained.
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Fig.5.2. Plot of normalized propagation distance & versus beam with parameter f.

5.4 CONCLUSION

In the model anticipated in this chapter, we proposed a scheme to explore the effect of
self focusing of super Gaussian amplitude modulated pulse on emitted terahertz
radiation. The density ripple in the plasma plays vital role to achieve phase matching
condition. We have solved the self focusing equation for ponderomotive nonlinearity
by using PRA. Beam width parameters and THz field equation along with the
resonance condition has been derived numerically. In the uniform plasma the in
comparison to Gaussian pulse, the super Gaussian pulse propagate more Rayleigh
length without any diffraction. Due to such behaviour of super-Gaussian pulse in
plasma it seems a better candidate for particle acceleration and plasma channelling.
Furthermore, it is also observed that the degree of self focusing can be tuned by
changing the modulation index of the amplitude modulate incident laser pulse.
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CHAPTER-6

SUMMARY & FUTURE SCOPE

6.1. SUMMARY

In the study presented in this thesis, we have explored the possibilities to enhance the
efficiency of terahertz radiation along with its directionality and tunability. We have
introduced variation of frequency along with laser and plasma characteristics to obtain
a significant gain in the output yield. Also, we have optimized the laser and plasma
parameters such as plasma density, polarization, frequency chirp, beam order,
modulation index, beam width parameter, initial intensity and angle of incident laser
etc. to obtain desired efficiency. Wave governing equation is derived along with the
equation of ponderomotive force and nonlinear current density. Also, the role of
externally applied static magnetic field and density ripple has been considered in
different models. The conclusion of the results obtained from each model has already
been discussed in the end of particular chapter. The results obtain from our model
provide a mathematical guideline for smooth and broadband THz emission which has
a paramount importance in the THz time-domain spectroscopy [71-73]. Therefore, our
results show a great plausibility to provide a numerical guideline for broadband THz
pulse generation using ultra short pump pulse sources in plasmas as well as
developing a tunable THz source having power to use in medical applications. Thus
THz source developed here will have wide-ranging potential applications, resulting in
cross-disciplinary impact. Thus by attracting interdisciplinary researchers’ attention
and participation will greatly advance the THz science and technology, and would

enable a broad range of new scientific investigations to be undertaken.

This would also extend to the users of accelerators. It has already been demonstrated
experimentally that intense THz waves can also serve as a novel driving field for
electron accelerators [85] to reduce the scale of today's particle accelerators, hopefully
achieving pencil-sized high energy accelerators for versatile x-ray sources and

medical treatment. Work presented in this thesis is expected to have significant

65



impacts on the THz high field community, condensed matter researchers and other
multiple research communities who will take advantage of the capabilities of this new
source of THz pulses. The proposed unprecedented THz source open up the following

new opportunities:-

6.1.1. THz COMMUNITY
A novel THz source, establish diagnostic techniques for it and conduct cutting edge
THz applications, thus advancing the field of THz science, particularly nonlinear

THz-matter interactions.

6.1.2. PLASMA & HIGH ENERGY DENSITY PHYSICS

THz generation from relativistic laser-plasma interactions is a newly emerging
application area of laser-driven plasma and high energy density physics. The extreme
THz pulses offer a new long-wavelength pump light source capable of driving strong-
field physics, opening up a new research branch of ultra intense THz-plasma

interactions.

6.1.3. CONDENSED MATTER PHYSICS

THz applications in phase transition and spintronics are also research hotspots of
material science, helping to address some of the relevant fundamental scientific
problems involved. The extreme THz source can drive previously inaccessible

transients in materials.

6.1.4. OTHER RESEARCH

For example, extremely energetic THz pulse can be used as a driver to accelerate
electrons in accelerators, which has the longer term potential to 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.

6.2. FUTURE SCOPE

In terms of future Scope, the advent of intense THz sources is opening up new
opportunities in non linear light-matter interactions. One of the most profound
features is that THz radiation can serve as a fascinating pump pulse [20], rather than a
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non-ionizing probe in conventional applications like imaging and safety inspection.
For experimental purpose, it is worth mentioning that, besides THz radiation,
energetic particle (electron, ion and neutron) and high-flux radiation (attosecond
pulse, x-ray and y-ray) beams can also be produced concomitantly during laser-
plasma interactions. These intrinsically synchronized “by-products” provide a great
variety of optional ultrafast probes. By making full use of this advantageous feature of
laser plasmas, we will develop multifunctional THz pump — THz / optical / x-ray
probe systems, and conduct demonstrative applications in material science and strong-

field physics.

As the THz photon energy is comparable to the characteristic energy of many
fundamental systems, like excitons, phonons and magnons, intense THz pulses offer a
unique tool to control transient states of matter, such as carrier dynamics, phononics
and spintronics, just to name a few. Currently, GV/m-level THz fields are only
achievable by using sub-wavelength-structured meta-materials to enhance the THz
field in a localized um-scale region [86]. Since the THz spot size is relatively large
(typically ~mm in diameter), direct access to GV/m THz fields without the use of
meta-materials will intrinsically enable clearer, higher signal-to-noise ratio detection
of high-field THz effects. As it is expected that within the next decade, suitable lasers
operating at ~1-100Hz will be available both nationally and internationally,
relativistic laser plasma-based THz sources could provide a unique, desirable and

viable source for this.

Another interesting topic of applications is the propagation of powerful light pulses in
optical media, which has sparked many intriguing physics and applications [87].
Relevant studies have long been limited to the optical region (<~1 um), and extended
to long wavelengths (1.5—-12 pum) only in recent years [88]. Due to the 12 scaling of
the ponderomotive energy with the wavelength A, the physical phenomena involved at
long THz wavelengths could be significantly different from the routinely near-
infrared laser case and thus of great interest for potentially new physics. Some THz
nonlinear phenomena, such as saturable absorption and Kerr birefringence, have been
observed from specific semiconductors and liquids of high nonlinearity [1], by using

accelerator or crystal based THz sources. Here, the proposed extreme THz source
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would enable us to study the nonlinear interaction of THz waves with gas and
plasmas, extending the recently emerging mid-infrared strong-field physics [88, 89] to

the new THz paradigm.

Broadband THz also has potential application in the field of high field
communications. The realization of integrated, low-cost and efficient solutions for
high-speed, on-chip communication requires terahertz-frequency waveguides and has
great potential for information and communication technologies, including sixth-
generation (6G) wireless communication, terahertz integrated circuits, and
interconnects for intrachip and interchip communication. Generation and application
of energetic, broadband terahertz pulses (bandwidth ~0.1-50 THz) is an active and
contemporary area of research. Exploration of other simpler means of high energy,
broadband terahertz generation is an active area of research [90-92].
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Abstract

®

CrossMark

The present communication deals with a scheme to generate terahertz (THz) radiation by
electromagnetic Gaussian beams beating in a hot collisionless plasma having a density ripple
on its surface, parallel to the z-axis. These p-polarised laser beams propagate in the x-z plane,
incident obliquely to the density ripple on the plasma surface, and exert a ponderomotive force
on electrons. The plasma electrons start oscillating because the plasma neutrality disturbed by
the nonlinearity arises due to the ponderomotive force. This oscillatory velocity beats with the

density ripple; as a result, an irrotational current density JNE

arises at the beating frequency

wi — wy (with V x JNE # 0). This nonlinear current density urges a wave whose frequency is
in the THz range. Our results show that, for a set of laser and plasma parameters, the power

of emitted THz radiation scales as the square of the density ripple amplitude, as well as the
amplitude of the emitted THz wave, decreases with the THz frequency and increases with the
incidence angle up to an optimum value. In our case, the maximum normalised amplitude of
emitted THz radiation is reached up to 0.038 at laser intensity ~7 x 10'* W cm™2, § = 30° and

electron temperature ~5keV with 30% density ripple.

Keywords: THz radiation, laser, hot plasma, density ripple, oblique incidence

(Some figures may appear in colour only in the online journal)

1. Introduction

The interaction of an intense laser beam with plasma offers
various wide-ranging prospective applications of terahertz
(THz) in science and technology. The potential outcomes of
utilizing THz radiation in environmental monitoring, security,
communications technology, food and material sciences, THz
imaging and spectroscopy, remote identification of explosive
and dangerous chemicals, etc are actively studied by various
researchers [1-4]. Non-ionizing THz radiation can be broadly
used in biological and medical applications. Radiation
reflected and transmitted through biological objects carries

1612-202X/19/045403+8$33.00

important information for analysis [5]. A promising technique
for generating THz radiation is utilizing a short laser pulse
[6]. In contrast with photoconductive antennas or optical rec-
tification, laser coupling with the plasma gives an intense and
broadband THz pulse. Researchers have both experimentally
[7-10] and theoretically [11-19] proposed several techniques
for efficient THz generation by considering plasma as a
medium.

On the basis of a fluid model, coherent THz radiation was
generated by the interaction of bunched relativistic electron
beams with a helical wiggler pump [11]. By numerical analy-
sis they showed that the presence of the ion channel can play

© 2019 Astro Ltd Printed in the UK
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a vital role for the THz power enhancement and the maximum
power can be tuned with ion-channel density. Malik et al [12]
proposed a mechanism to tune the frequency and power of
THz radiation. They applied an external DC magnetic field
and fixed the focus of the emitted radiation by employing tri-
angular lasers for the space-periodical beating in modulated
plasma density. Bakhtiari et al [13] analytically investigated
the effects of laser and plasma parameters on THz generation
by beating two dark hollow laser beams in collisional plasma.

Kumar and Tripathi [14] put forward a numerical scheme of
THz generation by optical mixing of two collinear laser pulses
in rippled density plasma. The linearly polarised lasers prop-
agate through plasma with a density ripple at an angle to the
direction of propagation of the laser beam. As a result the phase
matched THz wave generation rises for a density ripple of suit-
able wave number. By increasing the ripple angle the phase
matching condition was also obtained, so that the required rip-
ple wave number produced more resonant THz waves. A reso-
nant THz generation was observed by Bhasin and Tripathi [15],
by optical rectification of a picosecond laser in a rippled density
magneto-plasma. They showed in their results that the magnetic
field enhances the power of the emitted THz wave. Tyagi et al
[16] recently investigated the generation of a THz radiation
field inside a plasma channel assisted by an ion acoustic wave.
The involvement of the ion acoustic wave is to provide proper
phase matching for the momentum conservation. Kumar et al
[17] suggested an analytical formalism of generating THz radi-
ation in hot plasma with a step density profile. Resonant THz
radiation was a achieved due to coupling between Langmuir
wave and electromagnetic wave. Recently they also proposed
a mathematical model for efficient power conversion of radi-
ated THz waves (about 0.15 GW) by nonlinear mixing of two
p-polarised lasers in plasma with a density hill [18].

Our work presents a theoretical approach to deal with the
generation of THz radiation by the interaction of lasers with
the rippled density hot collisionless plasma. The nonlinear mix-
ing of lasers plays an important role when the incident lasers
travel at an angle normal to the plasma surface. The transverse
intensity gradient of the electromagnetic wave contributes sig-
nificantly to the plasma wave generation. The generated plasma
wave interacts with the electromagnetic wave and leads to the
generation of a radiation whose frequency lies in the THz range.
Furthermore, the density ripple of a suitable wave number pro-
vides the phase matching, which further helps in the efficiency
enhancement. Here, we choose hot plasma for the propaga-
tion of an electromagnetic wave because in cold plasma only
damped oscillations exist. The paper is organised as follows:
the theoretical considerations of linear and nonlinear current
density in this work are presented in section 2. The THz radia-
tion generation formalism is given in section 3. Observations
are discussed in the fourth section and the last section is devoted
to the conclusion of the present analysis.

2. Theoretical consideration for current density

Consider the propagation of two p-polarised laser beams,
with two different frequencies (w; and w,), in a hot plasma of

Incident Lasers Emitted THz Wave

1)
! Oz

Vacuum
X

Figure 1. A schematic for THz wave generation in rippled density
hot plasma.

electron temperature 7. with a density ripple on its surface.
The plasma density ripple can be produced by using vari-
ous schemes involving a machining beam, a patterned mask
and transmission ring grating. By adjusting the period and
the mask size, and by changing the groove structure, groove
period and the duty cycle of such grating one can control the
ripple parameters [15]. It should be noted that the frequency
of incident lasers should be much greater than the plasma
frequency (w)) for efficient THz generation because in this
limit ions are treated as stationary. These lasers are incident
obliquely at an angle 6 (angle of incidence) on the plasma
surface (at x = 0). The rippled density profile of the plasma
electrons can be written as,

n=no + ng, )

no is the electron plasma density, n,(= ngeiqz) is the amplitude
or periodicity of the density ripple, g = 27/, is the ripple
wave vector in the z-direction and A is the wavelength of the
ripple (figure 1). The electric and magnetic components asso-
ciated with the laser field inside the plasma are given as,

Ej = (2cosf — &sin G)Aje_i(wjt_kj(z sin 6+x cos 0)) )

B'j == (3)

where j=1,2. k= (wj/c)/1 — w2 /w7, ws = 4mnge? /m.
Under the influence of these fields, plasma electrons start oscil-
lating. The oscillatory velocity of plasma electrons due to
these fields is V; = eE}/miwj. Beating lasers couple nonlin-
early at the difference frequency (w; — w,) with the wave vec-
tor (l_c} — I_c’z), which exerts a nonlinear ponderomotive force
on the plasma electrons given as,

- 1 L o= - . .
Fp(wl—wz) = —5 [e(vj X Bf — \_);k X Bj) + m(vj . VVJ')] .
By substituting the values of éj and V; in the above expres-

sion, the second part on the right hand side becomes zero.
Hence, the ponderomotive force comes out

€2<121 — ;Q)El E;

F, -
2miwiwy

p(wi—w2) =

“
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where the frequency (w; — w,) lies in the range of THz, e
and m are the electronic charge and mass, respectively, and *
represents the complex conjugate. This nonlinear ponderomo-
tive force disturbs the plasma neutrality; as a result, plasma
electrons start oscillating in the x-z plane inside the plasma
to produce a nonlinear velocity. The nonlinear velocity due to
this ponderomotive force can be written as,

VL _ Fp(wi—w) _ e’ ki — ks E, - E:
V(wr—w) mi(w; —wy)  2mlPwiwy (w1 — wy) 2
(%)
The divergence of this velocity is finite, i.e. R 0, 70,
NL

hence, it gives rise to the nonlinear density perturbatlon ny'

at (w; — wy) and (k; — ky). By solving the equation of conti—

nuity, onl-_, /Ot + V- (no"-_,,) = 0, we obtain,
M no(ky — kp)(zsin @ + x cos 6)
w)i—wy (Wl _ wz)
VL Wzg (ky — k2)2 oo
Vo —wy = E\ -E5. (6)

(wy — wy)? 8Tmwiw)

This density perturbation produces a self-consistent space
charge field E; = —V¢s, which also causes a density per-
turbation as, n, _, = (ki — k)’ Xes/4me. Here, X, = —w,% /
(wy — wz) is the free electron plasma susceptibility. Now,
using the Poisson equation, V2¢s = 4me (nk, _, +n-_ ),
we obtain the self-consistent space charge potential
2/ sk
ew;(E - E})
b5 = — - : ©

2mwiwn ((wy — w,)* — w?)

Hence, the net electron velocity due to the ponderomotive
force and the self-consistent field is written as,

E
Vo = TV B
mi(wy — ws)
_ 62 ()Ackx + zkz) ((A)] - OJ2) El ) E* (8)
N O .

Wi —w2

where V =i (k; —kp) (sinf + kcos ). The net velocity
Vi —w, 18 large, when (w; — wy) is close to w,. Velocity Vi, —w,
beats with the density ripple to produce a nonlinear current
density at (w; — wz),E; where k = k; — ky + g, which is
responsible for THz radiation generation. The nonlinear cur-
rent density in the x-z plane can be written as,

e
J(wl wz) Enqvwlfw
€3n0€qu(W] _ (,U2) ()ACkX 4 2kz) . -,
= . . (E - E3).
dm*wiwy (w1 —w2)” = w?)
©)
If one includes collisions, ((w; — w,)® — w?) in equation (9)

is replaced by [(w) — w2)(wi — wa + iv) — w?], where v is
the frequency of electron collision. Since th1s does not alter
our results much, we are not taking it into consideration here.
This nonlinear current density would excite the p-polarised

THz waves, and couples to the wave associated with the space
charge field. Suppose that the self-consistent electric field of
this composite wave is:

E(wl—wz) = X (.X) e

where k, = ki, — kp,. The plasma electrons start oscillat-
ing under the influence of this self-consistent field. The
drift velocity of plasma electrons at THz wave frequency
(wrp; = wi —wy) due to this self-consistent field can be
derived by solving equation of motion and Poisson’s equa-
tions simultaneously as;

—i[(wi—w2)t—k:7]

(10)

1

eE(wI*WZ) Vii£0 NAbva
Vwi—w, = mi(wl _ W2) o noie(wl _ W2)v (v ' E(Wl—wz))

(11
where, vy, = (T,/ m)]/ % is the thermal velocity of electrons.
Here, vy, < wrp,/k, so we ignore the kinetic effect. The lin-
ear current density due to the oscillatory motion of plasma
electrons is,

5z
npe E(wl—wz)

Ty = = M08y = S
LoV g (V-E ) 12
(or — ) e ) (12

3. Formalism of THz generation

The wave equation for THz generation, using Maxwell’s
equations can be written as:

2
27 S(e B Vin
VE -V (V-E) (1—642>
1 ( 2 2) E— i(w —w2) 2w
+ sz (wl — (.Uz) — wp = — 6260 Wi —wn*
(13)
This equation provides two well-defined solutions

in the absence of nonlinear sources: the first with
V E 0, is an electromagnetic wave, and the second with
V xE= 0, is a Langmuir wave, with correspondlng dis-

persion relations k,, = ((wl —w)’ — wy — kZe 2) /c and

2 1/2 . .
ksx = ((wl —w) —w -k lh) /v, and are given in
equations (14) and (15) respectively:

—L;Jz)t—kzz}
s

Em — AWL (ji- _ kﬂz) eikmxxe—i[(wl (14)
k.

E’S = A, (56 + &2) piksx g—illwi—w2)i—kez] (15)
kSX

The isothermal approximation is inferred for the electron

response in this deduction. One can make it valid in the adia-

batic approximation by suitably multiplying the electron

temperature by the ratio of specific heat at constant pressure

and volume. In the presence of a nonlinear source, a particular
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Figure 2. Variation of the normalised THz amplitude (eAry,/mwrh,c) with the normalised THz frequency (wrn,/wp) for different values
of @ at T, = 0.5keV, w; = 1.973 x 10", w, = 1.783 x 10" and n, = 0.2n,.

solution is obtained from the wave equation (13) by putting
V X E=0:

N i(w; — wy)

Ep=— 'NL

wp—w2”®

16

gof(wy — w2)2 — w2 — k2] (16)

Here, we have V x EP =0 and V x ES = 0, therefore, no

magnetic field is associated with both these components.

Hence, the only electromagnetic wave field E,, is responsible
for the associated magnetic field H,,. Therefore,

- kon X En

" o (Wi —wa)

K2, + K
" tok; (wi — wy)

eik,,,,,(xefi[(wl —wa)t—k:z] )

17)
Only the outgoing part of an electromagnetic wave exists for
x < 0 (in vacuum region), so that

E, = A, (5( + %2) efikxxefi[(wlfwz)tszz]’
. 20
Hr = )A)A bk

" poke (w1 —w2)

(18)

o ikx p—il(wi1—w2)r—k:z]

At x =0, three boundary conditions can be obtained. For
the first and second boundary conditions E, and H, must be
continuous at x = 0, therefore, the first boundary condition
(En; + Ey; + Ep, = E,;) and the second boundary condition
(Hmy = H,y), simultaneously give:

k2 i W], — Wy kJNl;J —w
A = Ak + Ak + ( e sin—an) . (19)
k 2 2 2.2
S go[(wr — wa)” — wy —k vy
Kk + k2
A, = A>Tl (20)
K2, + k2

Now, taking the z-component of wave equation (13) and inte-
grating it over x between the limits 0~ to 0T, to deduce the
third boundary condition as;

2
A+ 1) = Al + 2] — T2 (A + A

i(wr — wa)kekeJNE VR

gol(w1 — UJQ)Z — w2 — k2vy] '
1)
By solving equations (19)—(21) we get;

i k(1 ke /k) (wi —w2)INE )
€0 (kxksx =+ kZ2 + kmxksx) [(wl — w2)2 — wlz, - kzvtzh] '

(22)
This is the expression for the amplitude of the reflected THz
wave (here, A, is replaced by Ary,).

Ath, =

4. Observations and discussion

Equation (22) is solved numerically for a set of suitable laser
and plasma parameters. The values of the chosen parameters
for computation are as follows: the normalised laser intensi-
ties, a; = eAg/mwic = 0.22, ay = eAg/mw,c = 0.24 (A is
the amplitude of the incident laser beam corresponding to
the laser intensity, / ~ 7 x 10'* W cm™2), two different wave-
lengths, A\; = 9.57 um, X\, = 10.57 um (for a CO, laser),
w; = 1973 x 10", w, = 1.783 x 10", electron thermal
velocity vy = 0.03 ¢ and 0.1 ¢ — 0.18 ¢, corresponding to
electron temperature 7, = 0.5keV,5keV (0.2¢ corresponds
to 20keV) for = 15° — 55°.

In figure 2, we have plotted the normalised THz amplitude
eA/mwrpzc with the normalised THz frequency wruy/w)
(where wry, = wy — wy) of the THz wave for different values
of incidence angle 6. It can be observed from this figure that
the amplitude decreases with increasing THz frequency. This
amplitude is maximum when wry, is comparable with w), (due
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Figure 3. Variation of the normalised THz amplitude with the normalised THz frequency for different values of density ripple, at a constant
angle of incidence § = 30° at T, = SkeV. The frequencies of incidence laser beams are the same as those in figure 2.
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Figure 4. A spectrum of the normalised amplitude of the emitted THz wave versus the normalised amplitude of incident laser beams at
v = 0.1c, corresponding to 7, = SkeV, wry, /w,, = 1.08, ny = 0.3n9 and 6 = 30°. All other parameters are the same as those in figure 2.

to resonance). It is also observed that with increasing the value
of f from 15° to 55°, the normalised amplitude increases from
0.002 to 0.013 at n, = 0.2ny. We obtained the highest values
at ny = 0.3ng but it is difficult to create a 30% ripple exper-
imentally, so we plotted our results corresponding to a 20%
density ripple.

The variation of normalised THz amplitude is plotted with
the increasing value of THz normalised frequency for differ-
ent values of density ripple (n, = 0.1n¢, 0.2n9,0.3ny) shown
in figure 3, at § = 30°. The ripple helps THz generation in the

following two ways: first it makes the nonlinear current irro-
tational, and second by providing the phase matching (when
the ripple wave vector g equals /_c'THZ — El + Ez, where El and
1?2 are the laser wave vector and ;THZ is the THz wave vec-
tor). Therefore, it is clear from this graph that the maximum
momentum is transfered to the electrons at resonance condi-
tions. On the other hand, the effect of the amplitude of den-
sity ripple n, is to enhance the THz wave field. The higher
the amplitude of the density ripple, the greater the number of
electrons that take part in the excitation of radiation. Figure 3
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Figure 5. Variation of the normalised amplitude of THz yield (eArty,/mwrh,c) with normalised velocity (v,,/c) for different values of

density ripple at § = 30° and w,, = 1.08.
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Figure 6. Variations of the normalised THz amplitude (eArn,/mwrn,c) with the specular angle 6 for different values of density ripple at

w, = 1.08.

also infers that the frequency distribution of the reflected THz
wave is closely related to the incidence angle and coupling.
Therefore, it could play an important role in the generation of
THz waves of higher intensity.

For figure 4, we calculated the normalised amplitude
for different intensity ranges and finally plotted the graph
between the normalised amplitude of emitted THz waves
and the amplitude of the incident laser (Ap) at 6 = 30°,
ng = 0.3n9,0.2n9,0.1ng and wry,/w, = 1.08. This exhibits a

variation, which displays the linear relationship of THz ampl-
itude with the intensity of incident lasers. The physical reason
is that, with the enhancement of the laser intensity, the strength
of the ponderomotive force, and hence the initial ionization of
the plasma, increases. Thus, with the increase of free electron
density, the nonlinearity increases. As THz generation is a
nonlinear phenomenon, it enhances more and more. The high-
est value of the normalised amplitude corresponding to the
incident laser beam intensity ~ 7 x 10" W cm™2 achieved is
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0.038 in our scheme. We neglect the effect of collisions in our
analysis. It can be seen [14] that in the presence of collisions,
the term w? is replaced by w(w + iv) in equation (7). Since
the imaginary term leads to resistivity and extracts energy
from the electrons in collisions, consequently the efficiency
decreases.

Figure 5 shows the variation of the normalised amplitude
of the THz wave with normalised velocity for different values
of ripple density n, = 0.1, 0.2 and 0.3 at 6 = 30°, together
with numerical calculations. It is clear from figure 5 that ini-
tially at n, = 0.1no, the THz wave of small amplitude is gen-
erated; it starts increasing up to 0.16, as the ripple increases to
30%. Similar results were observed by Kumar et al [17]. We
observe that the normalised THz amplitude peaks at around
0.016 at thermal velocity ~0.19¢ correspond to the electron
temperature ~20keV. This is a very high electron temper-
ature, therefore, in our analysis the thermal velocity is valid
up to 0.19¢, beyond which it will not be valid. Figure 6 shows
the variation of the normalised amplitude of the THz wave
with the specular angle at different values of ripple density.
The THz wave amplitude increases linearly with the density
ripple and specular angle from 0 to 55°, and shows a maxi-
mum at 55°.

5. Conclusion

The generation of THz radiation via nonlinear mixing of two
laser pulses in hot plasma is a fetching alternative. We have
mathematically investigated the laser beat wave excitation of
the terahertz radiation in hot collisionless plasma with a den-
sity ripple on its surface. In the presence of a Gaussian laser
beam, the plasma gets depleted from the high field region to
the low field region on account of the ponderomotive force.
From the above analysis it can be concluded that the effi-
ciency and the amplitude of the reflected THz field are sensi-
tive not only to the density ripple but to the angle of incidence
and the frequency of the beating lasers. It increases with the
plasma density and angle of incidence . The frequency of
the emission of the resonant signal is tunable with the ripple
density amplitude [20]. Here, we ignored the kinetic damp-
ing, which is justified when v, < wrn,/kra,. We have also
not considered the Landau damping of the electrostatic part of
the wry, frequency wave associated with the electromagnetic
THz wave. For the THz frequency substantially greater than
the maximum plasma frequency ((wrn, — w)y) greater than the
Landau damping rate), this effect may not alter the results sig-
nificantly. Also, we have neglected the effect of beam size, so
the Thz emission occurs if, and only if, 6 # 0. On the other
hand, at & = 0 the nonlinear current density has no trans-
verse component; as a result, electromagnetic radiation does
not take place [21, 22]. Therefore, the fact that the laser spot
size must be bigger than the THz wavelength is the necessary
condition for validation of the present scheme. On account
of nonlinear coupling between the electromagnetic wave and
plasma wave, the power associated with the plasma wave and
generated THz yield are also accordingly modified. Wu et al
[23] examined a strong THz emission from a non-uniform

plasma slab in contrast to a uniform slab, and the numerically
evaluated conversion efficiency is in fairly good agreement
with their particle-in-cell simulation results. This shows a
great plausibility for developing a tunable THz source with
the power for use in medical applications.
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Terahertz radiation generation driven by the frequency chirped laser
pulse in magneto-active plasma

Alka Mehta* and Niti Kant

Department of Physics, Lovely Professional University,
G.T. Road, Phagwara 144411, Punjab, India

ABSTRACT

This mathematical model deals with the nonlinear response of a magneto-active plasma to the interaction of frequency
chirped laser pulses. The beating lasers produce a nonlinear ponderomotive force due to their oscillatory motion. This
force drives a nonlinear current, which is responsible for the THz-wave generation at beat frequency. The influence of
the external magnetic field on the optimization process of THz field amplitude is investigated numerically. A linear
frequency chirp increases the duration of nonlinear interaction of laser pulse with plasma electrons and hence, enforces
the resonance for longer duration. The presence of magnetic field further improves the resonance condition. Our
numerical simulations reveal that there is a significant enhancement in the THz field strength for optimized value of

chirp parameter and magnetic field.

Keywords: Terahertz wave generation, Frequency chirped laser, Magneto-active plasma.

1. INTRODUCTION

Terahertz (THz) generation phenomenon emerges out as a versatile tool during the recent decade due to its association
with the versatile wide range of applications like material characterization, medical diagnosis, structural imaging etc [1-
2]. Specially, optically generated THz pulses, produced from difference-frequency generation (DFG), are remarkably
reliable for the above mentioned applications as they are far efficient and highly tunable. Although, THz frequency
pulses achieved from accelerator-based sources are restricted by the peak intensity and bandwidth. That is why, after the
invention of highly intense tabletop lasers, the accelerator-based systems have captured awareness in this field. It is to be
noted that THz frequency radiation can also be realized from tenuous gases irradiated by ultrashort lasers [3]. It has been
reported that the longitudinal intonation in formed plasmas and the self-consistent currents produced due to laser-based

ionization of gases are mainly accountable for THz radiation.
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The principal challenges in the development of THz branch are establishing high conversion efficiencies and their
scaling up to higher energies. Efforts have been continuously made for the betterment of THz radiation quality and
efficiency. One of the same is introduction of frequency chirp and external magnetic field. Frederike et al. [4] have
realized the generation of THz generation in periodically poled lithium niobate (PPLN) due to frequency chirped laser
pulses, which are slightly delayed. They have reported a narrowband THz radiation with internal conversion efficiencies
up to 0.13% with a multi-cycle THZ energy of 40uJ. They reported that chirp and delay pumping of PPLN is a
promising scheme for narrowband THz generation al m level. On the same lines, in order to realize effective THz
generation, Kim et al. [5] have reported generation of THz super-continuum radiation with a remarkable efficiency of >
10 and bandwidth in excess of 75 THz.

Similarly, Wang et al. [3] have studied THz mechanism from gas targets irradiated by short laser pulses. They analysed
that chirped laser pulses helps in generating strong THz pulses with amplitudes scaling linearly with laser amplitude. The
external magnetic field also plays an important role in enhancing THz efficiency. Singh et al. [6] have studied the THz
generation by optical rectification of Gaussian and Hyperbolic shapes of laser in magnetized plasma. They reported that
applied axial magnetic field enhanced the yield of THz power via cyclotron resonance. Varshney et al. [7] have observed
strong THz radiation by ordinary mode laser-beating in a rippled density magnetized plasma. They reported that applied
magnetic field plays two crucial roles here. On the first end, it controls the phase velocity as well as group velocity of
lasers and on the other side; it also controls the polarization of generated THz wave. Shivani et al. [8] recently
investigated THz radiation using vertically aligned array of Carbon nanotube. They applied wiggler magnetic field to
enhance the efficiency of THz radiation of nanoantenna which provides the necessary momentum to the generated THz

radiation. They also explore the impact of radius and length of nanotubes on the efficiency of THz generation.

In the present manuscript, we are interested to give a theoretical model for efficient THz radiation generation in
magneto-plasma due to frequency chirped laser pulses. Here, the plasma is magnetized with static magnetic field applied
externally. The paper is organised as follows: the theoretical considerations of ponderomotive force and nonlinear
current density along with the THz radiation generation formalism in this work are presented in Sec. 2. Observations are

discussed in the 3" section and the last section is devoted to the conclusion of present analysis.

2. THEORETICAL CONSIDERATIONS

2.1 Ponderomotive force

Consider a plasma of density ny with static magnetic field Es = Bsf/. Two laser beams of frequencies @, and w,

~i(w;t-k;2))

propagate through the plasma with electric field, Ej =Ae where, j=12, kj ~ (a)j /c).
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Let us consider a positive chirp frequency @, = @y[1+bw,(t —z/C)], where b is the frequency chirp parameter, c is

the velocity of light, and frequency (@, — @, = @; ) lies in the range of THz. Thus the electric field of these two

waves can be represented as,

El — Aie—ia)l(t—z/c) (1)

Ez — Aze*i(wrfor)(t*Z/C) )
The lasers impart an oscillatory velocity to the plasma electrons, V, = eE, / miwy, (1+ 2ba, (t — 2/ c))and

V, = eE2 Imia,[(1+ 2bew, (t — 2/ C)) — @; | @,] along with the nonlinear terahertz ponderomotive force as,

-2V, )]

=P
wr

@, ck; [

@y 2 2
2ma? [1+ 2bw, [t - ED Hu 2bw, [t - ED - “’T}
c c @,

where, -e and m are the electronic charge and mass respectively and * represents the complex conjugate.

, 2 a)T[1+ wao(t—éjj b o ,
— 2ik,e?E, -E; [l+ ZbQ)O[t_EJJ — 42 Per {1— 0 [1+ ZbCOO[t_EJJ}

@)

2.2 Nonlinear current density:

The response of electrons to this ponderomotive force upon solving the equation of motion,

= NL = p
ava _ F = NL

[ N
p ____Vwr X,y
turns out to be
- w.F? . i FP
V= — T and VN o 4)

“omer-el) T mler - of)

We choose w,, @, >> @y, @, where, @, = ,/47zn0e2 /mis the plasma frequency and @, =eBs Imis the

cyclotron frequency. The nonlinear current density can be calculated by solving the equation J (E'TL = —enovwr as,
. eNFL (o X+iw2)
o =— ©)
wr 2 2
m(a)T - a)c )
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This nonlinear current drives a wave whose frequency lies in THz range.
2.3 Terahertz wave generation formalism:
The wave equation for the propagation of THz wave, with the inclusion of nonlinear current density given as,

2 -

= (= =\ W7 == lo; =

V2E-V(V.E)+ U FE = -2 N (6)
C cg,
Here & is the plasma permittivity tensor at e . Taking fast phase variations in EasE = Ae '@ ) where, x and z
components of equation (6) can be deduced. Hence, the normalised amplitude of the THz wave is
=~ ien,o; (0 X +iw; ) =
Awr - w’E er ™
2 2 2 2
c'me, (wr — )( o2 _ij

For an optimised set of parameters equation (7) yields the amplitude of the generated THz wave.

3. NUMERICAL RESULTS AND DISCUSSION

Equation (7) is solved numerically for a set of suitable laser and plasma parameters. The values of the chosen parameters

for computation are as follows: the normalised laser intensities, &, = €A, /m®,c =0.22, a, =eA, /mw,c =0.24
(Aois the amplitude of incident laser beam corresponding to laser intensity, ~ 7x10"W /cm? ), for CO, laser at
incident laser beam frequency , =1.973x10".

In figure 2, we have plotted normalised THz amplitude €A, /maxc with normalised THz frequency @y, /(op

(where @y, = @, — w,) of THz wave for different values of chirp parameter. It can be observed from this figure that
the amplitude decreases with increasing THz frequency. This amplitude is maximum when cr,,, is comparable with

(due to resonance). It also observed that with increasing the value of b from 0.0007—0.0015 the normalised amplitude

increases from 0.0004—0.0016at B, =10kG. Also the variation of normalised THz amplitude is plotted with the

normalised frequency for different value of magnetic field and chirp parameters shown in Figure 3. The external
magnetic field helps THz generation by providing the phase matching. So, it is clear from this graph that the maximum
momentum is transfer to the electrons at resonace condition and the normalised THz amplitude yield increases from
0.015 to 0.055.

On the other hand, the frequency chirp enhance the THz wave field. Since, higher the value of chirp parameter, longer

the time laser pulses interects with plasma so that higher the number of electrons take part in the excitation of radiation.
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Therefore, it could play an important role in the generation of THz wave of higher intensity. The physical reason is that,
in the presence of external magnetic field and a positive chirp, the initial ionization of the plasma increases. Thus with
the increase of free electron density, the nonlinearity increases. As THz generation is a nonlinear phenomenon, it

enhances more and more. The highest value of the normalised amplitude corresponding to incident laser beam intensity

~ 7x10"W /cm? achieved is 0.055 in our scheme. We neglect the effect of collisions in our analysis. It can be

seen [14] that in the presence of collisions, the term o’ is replaced by 60(60+ iU) in equation (5). Since the

imaginary term leads to resistivity and extracts energy from the electrons in collisions, consequently the efficiency
decreases.

4., CONCLUSION
The generation of THz radiation via nonlinear mixing of two laser pulses in plasma using frequency chirped laser pulses
is a fetching alternative. We have mathematically investigated the laser beat wave excitation of the terahertz radiation in
collision less magnetised plasma. In the presence of a Gaussian laser beam on account of the ponderomotive force, the
plasma gets depleted from the high field region to the low field region. From the above analysis it can be concluded that,
the efficiency and the amplitude of THz field are sensitive not only to the applied external magnetic field but to the
frequency chirped laser pulses. It increases with increasing the value of static magnetic field and chirp parameter. Here,

we ignored the kinetic damping which is justified when Vv, << @, /kT . Our result shows a great plausibility of

developing a tunable THz source having power to use in medical applications.
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Fig:1. Schematic diagram of THz generation using frequency chirped laser pulses.
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Fig:2 Variation of normalised terahertz amplitude (eAer /ma)THzc) with normalised THz frequency (a)THZ /a)p) for different values

of chirp parameter (b) at @, =1.973x 10*and B, =10kG
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other parameters are same as that of fig.2.
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Abstract
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CrossMark

The effect of frequency chirp on the generated terahertz (THz) wave by the interaction
between intense laser pulses and under dense plasma in the presence of transverse magnetic

field is investigated theoretically in the present model. An expression for the electron Lorentz
factor coupling cyclotron motion nonlinearity is derived for static magnetic field perpendicular
to the laser propagation axis. The beating lasers produce a nonlinear ponderomotive force
due to their oscillatory motion. This force drives a nonlinear current, at beat frequency, which
produces the THz radiation. The influence of the external magnetic field on the optimization
process of THz field amplitude is investigated numerically. A linear frequency chirp increases
the duration of nonlinear interaction of laser pulse with plasma electrons and hence, enforces
the interaction for longer duration. The presence of magnetic field further provides the
additional momentum to the THz photon to obtain a significant gain in output yield. Our
numerical simulations reveal that there is a significant enhancement in the THz field strength
for optimized value of the chirp parameter and magnetic field.

Keywords: terahertz (THz) radiation generation, frequency chirp, transverse magnetized field,
laser-plasma interaction, nonlinearity

(Some figures may appear in colour only in the online journal)

1. Introduction

For the past two decades, the terahertz (THz) portion of the
electromagnetic spectrum has emerged as a resourceful tool
owing to its versatile and wide range of applications in dif-
ferent aspects of science and technology [1-5]. In particular,
the production of optically generated THz pulses from differ-
ence-frequency generation (DFG), is recognized as a prom-
ising regime for these applications due to its high tunability
and efficiency. DFG technique utilizes two relatively long
(>1 ns) laser pulses separated in frequency, depending on the
desired signal frequency. Furthermore, a range of solid-state
materials such as lithium tantalite, lithium niobate, gallium
arsenide and zinc telluride have been employed in order to
produce THz radiation by nonlinear phenomenon [6]. The
breakdown and damage threshold of these optical crystals,
due to short pulse laser, limits the reliability of these materials

1555-6611/19/095405+6$33.00

for THz generation. Hence, the alternative to avoid this issue
is to employ a nonlinear medium, which can endure high-
peak ultrashort laser power. In this context, several schemes
and models have been proposed and realized [7-11]. Plasma
emerges as a potential alternative medium for the same tech-
nique and can withstand high power due to ultrashort laser
pulses. At first, Hamster et al [12] demonstrated that the main
source of THz radiation is the self-consistent current driven by
ponderomotive force of a short pulse laser in plasma. Plasma
waves driven by the ponderomotive force of the laser have
been extensively employed for frequency upconversion, par-
ticle and photon acceleration, etc. For these applications, the
typical plasma oscillation frequency lies in the terahertz (THz)
scale. Sheng et al [13] have revealed that THz waves (GV/m)
can be produced around the plasma oscillation frequency due
to linear mode conversion of the laser wake field. However,
THz frequency pulses produced due to accelerator-based

© 2019 Astro Ltd Printed in the UK
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Figure 1. Schematic diagram of frequency-chirp-driven THz generation.

sources are limited by the bandwidth and laser peak intensity.
Liu et al [14] have simulated THz generation in the two-color
laser field based on the transient photocurrent model along
with the physical mechanisms of THz generation at low and
high laser intensities via THz spectrum investigation.

The primary challenges in the progress of THz genera-
tion to date are ascertaining high conversion efficiencies with
their scaling to achieve higher energies. Various schemes and
methods have been devised for the improvement in the qual-
ity as well as efficiency of THz radiation. One of which is the
application of external magnetic field and suitable frequency
chirp. Hamazaki er al [15] have investigated the influence of
frequency chirp on THz pulse spectra generated due to opti-
cal rectification. They observed that to ensure the smooth and
single-peaked THz spectra, pre-compensation for the disper-
sion of GaP is required. Also, the excessive amount of fre-
quency chirp causes distortions in the THz spectra. Frederike
et al [16] have experimentally generated THz wave employ-
ing periodically poled lithium niobate (PPLN) using dual
frequency chirped, moderately delayed laser pulses from Ti:
sapphire laser. As a result, internal conversion efficiencies up
to 0.13% with a multi-cycle THZ energy of 40 nJ have been
reported. They further concluded that frequency chirp with
delayed pumping of PPLN is crucial to establish narrowband
THz (~mlJ level) for future applications. Along similar lines, a
noteworthy efficiency of >10~* and a remarkable bandwidth
in excess of 75 THz have been realized by Kim et al [17], in
which they have explained the THz generation mechanism due
to transient nonlinear electron current produced by two-color
photo-ionization in gases. Wang et al [18] have analyzed that
chirped laser pulses facilitate the generation of strong THz
pulses having amplitudes varying linearly with laser ampl-
itude. These THz pulses have amplitude 10-100 times greater
than that from the well-known two-color laser scheme, hence,
facilitating one to achieve THz field up to 10 MV cm ™! with
initial laser intensity of about 10'® W cm 2.

The present investigation deals with the influence of fre-
quency chirp on the generated THz wave due to interaction
between intense laser pulses and under dense plasma in the
presence of transverse magnetic field. For achieving a sig-
nificant enhancement in THz efficiency and field strength,
the frequency-chirped laser and magnetic field parameters
are optimized. The external magnetic field also plays a cru-
cial role in enhancing the efficiency of THz wave. Tunable
and coherent THz radiation through electrostatic to electro-
magnetic field conversion due to an ionization front can be

produced in a uniform electrostatic field. The paper is organ-
ized as follows. Section 2 formulates the problem for THz
wave excitation due to frequency-chirped laser in a magneto-
plasma with expressions of ponderomotive force and nonlin-
ear current density. A brief discussion of the results is given
in section 3 and finally, the conclusion is presented in the last
section.

2. Numerical analysis for Ponderomotive force and
nonlinear current density

To validate the theory behind the generation of THz radia-
tion caused by the beating of two laser pulses in plasma,
we provide the analytical calculations. We consider plasma
of electron density ng. The electric field for laser pulses is
assumed to be polarized in x-direction as Ej = &A;e = («4'—k2));
where, j = 1, 2, kj = (w;/c), external magnetic field is applied
perpendicular to it, i.e. in the y-direction as Bs = B,y. Two
lasers of slightly different frequencies w; and w, propagate
through the plasma. Let us suppose the frequency of the
incident laser is positively chirped (figure 1) and given as;
wy = [wo + bwj (t — z/c)], where wy is the frequency of the
incident laser beam in the absence of chirp, b is the frequency
chirp parameter, c¢ is the velocity of light, and the frequency
w» is chosen as the difference, w; — w>, = w, which lies in the
THz range. One can generate highly efficient chirped laser
pulse by using two counter-propagating laser-induced plasma
Bragg gratings [19]. To control femtosecond laser pulses, the
plasma grating can be a novel solution because it has a much
higher damage threshold than ordinary dielectric/metal opti-
cal elements. Thus, the electric field of these two waves can
be represented as,

D

El _ )%Ale*i(wll*wﬂ/c)
EZ _ 56A2€7i(w2[7w22/c)

and the magnetic field of incident lasers inside the plasma can
be expressed as,

B = =, &)

where, j = 1,2. The lasers impart an oscillatory velocity to
the plasma electrons, ¥, = eE} /miwo[1 + bwo(2t — z/c)] and
¥y = eEs /miwo[1 + buwo(2t — z/c) — w/wy] along with the
nonlinear terahertz ponderomotive force as,
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h=_< (v1 sz+v2><B1>—5V(v1-v2),

2c

7 Cw(E-EN)[(14bw, (2t—2/¢)) (14-bw, (2t —2/¢) —w [ w, ) Fibw, (14w, (2t—z/c) —w [2w,) /w] 3)

where, —e and m are the electronic charge and mass, respec-
tively, and * represents the complex conjugate. In the pres-
ence of external magnetic field, the electrons start moving
in a circle due to the Lorentz force. This circular motion is
superimposed with the electric field of laser pulse, which
results in a cycloid of angular frequency w.. The response of
electrons to the ponderomotive force along with the cyclotron
motion can be obtained by solving the equation of motion,

—nl _ =g —nl —
/ot = —FP /m — V" X @, as,

wFPx —iwFPz

—nl
=

“

m(w? — w?)

We choose wi,w; > wy,w, where, w, = +/4mnoe?/m is
the plasma frequency and w. = eB,/mc is the cyclotron
frequency. The nonlinear current density can be calculated
by solving the equation, JM = —engi" /2 = —wp (wek —
iw?)FP /8me(w? — w?).

This nonlinear current drives a wave whose frequency lies
in THz range. Now, using Maxwell’s III and IV equations the
wave equation governing the propagation of THz wave, with
the inclusion of nonlinear current density is given as,

2 dirw -

_vzﬁw + 6(6 ‘ Ew) - 5 ‘ Eu,) + J:Zl, (5)

QN‘ €

2
where, € is the permittivity tensor at the THz frequency,
and one may write the solution of the above equation as
E, :Kw(x)e‘i(”"kz), and taking the divergence of equa-
tion (5), the z component,

I
Eux 4m OJY,
sz =——FEu——F— P (6)
Exx wkze,. 0z
where e = =1 —w}/(w? —w?) and e, = —e, = —iwewy/

w(w? — w?)). Now, we put the value of E,,; from equation (6)
into the wave equation and obtain the equation governing E,,,
of the THz wave:

2 2 A7
_szwx + wT Exx t+ Efu wa = - W;w <‘]Zzlx + %Jﬁz) .
c zZ c €z
@)

Solving equation (7) by substituting the values of nonlinear
current density, we obtain the final amplitude of THz wave:

ajaymew?wy (we + iwey /e:2) [iwG + buwg (1 4 bwg (2t — z/c) — w/2w,)]

miw2e(14bw, (2t—z/¢))*(14bw,(2t—z/c) —w /w,)?,

Here, a; = eAi/mw,c, ay = eA; /mw,c and G = (1 + buwy(2t—
z/¢)) (1 + bwo(2t — z/c) — w/w,).

3. Results and discussion

As the static magnetic field also introduces an additional
motion to the electrons, this gives an extra nonlinear current
term, which can be seen from current density equation. In a
non-relativistic regime, the presence of chirped laser beams
shows that for a suitable choice of the pulse intensity and
external magnetic field strength, a significant gain in THz
amplitude has been observed for optimized value of chirp
parameter.

A suitable set of laser and plasma parameters is chosen for
computations such as femtosecond laser pulses having wave-
length 800nm (Ti-Sapphire Laser) and angular frequency
wo = 2.3545 x 10" rad s Here, w, = 3w THz, corre-
sponding to electron density ny = 2.8 X 10" em—3. For our
numerical simulation we consider the normalized amplitude
of incident lasers as a; = a; = eAg/mwoc = 0.1, where Ay is
the amplitude of the incident laser beam corresponding to the
laser intensity 7 ~ 3 x 10" W ecm ™2

The graphbetween the normalized THz amplitude (A,,) ver-
sus the normalized frequency of terahertz wave (w/w,) plotted
in figure 2 for different values of magnetic field (54-322 kG),
corresponds to the normalized value of cyclotron frequency,
we/wp = 0.1-0.6, at a fixed value of frequency chirp param-
eter b = 0.0099. From this graph, it can be analyzed that the
THz amplitude decreases with increasing THz frequency and
amplitude is maximum when the ratio of the frequency of THz
to the plasma wave tends to unity. The physical reason behind
this is that at this particular point, w/w, ~ 1.07is in proximity
to the normalized value of upper hybrid frequency wyg /wy;

in the present analysis wyy = |/w? + w? = 1.077w,. This is
the upper hybrid resonance condition. So, when the beating
frequency is close to the upper hybrid frequency, an efficient
increase in terahertz amplitude is observed, as the region near
resonance frequency excites the THz radiation by achieving
the resonance condition. The resonance condition in col-
lisionless unmagnetized plasma is w = w,. Also, the applied
magnetic field provides the additional transverse component
of nonlinear current density, which results in a significant gain

wa:*

®)

2iweG*(w? — w?)[k2c? — w? (e + €2, /2]
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Figure 2. Plot of the normalized amplitude of THz wave (A,,,) with normalized frequency (w/wj,) for different values of normalized
cyclotron frequency at a; = a; = 0.1. Inset graph: plot similar to figure, for different values of chirp parameter in the absence of magnetic

field.
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Figure 3. Plot of the normalized THz amplitude (A, ) as a function of the frequency chirp parameter (b). Rest of the parameters are the

same as those in figure 2.

in amplitude of THz wave. The inset figure of figure 2 is plot-
ted for different values of chirp parameter in the absence of
magnetic field; other parameters are the same as in figure 2.
We observe a dip in the normalized THz amplitude at (w/w),)
~ 1.36 due to destructive interference. As we apply the exter-
nal magnetic field, this dip disappears due to resonance.
Figure 3 displays the variation of normalized THz ampl-
itude (A,x) with frequency chirp parameter (b) for varying
electron cyclotron frequency w,/w, = 0.1-0.6, which corre-
sponds to magnetic field strength 54—322 kG. It is clear from
the graph that the amplitude of THz wave gradually increases
with increasing the chirp. There is a noticeable increase in

amplitude after b = 0.005. Also, the higher value of magnetic
field enhances the effect of chirp on the output yield and our
result here shows a maximum amplitude of about A, ~ 0.35
for b =0.0099 at w./w, = 0.6, corresponding to magnetic
field 322 kG. This also infers that the output gain is closely
related to the strength of the magnetic field for different values
of chirp parameter.

Figure 4 shows the amplitude profile of terahertz wave
(A,y) as a function of the intensity of incident laser pulses
(A, = \/aiay) for distinct values of magnetic field strength
at fixed b = 0.0099. A, and A, are connected by a linear
relationship in this graph. The increment in the incident



Laser Phys. 29 (2019) 095405

A Mehta et al

10 at b=0.0099
— wc/wp=0.6
wc/(np=0.5
0.8 - —v— mC/wp=O.4
—a— mc/mp=0.3
—— (nc/wp=0.2
0.6 —a— mC/(op=O.1
3
<
0.4
0.2 4
0.0 T — 1 1 T T T T T T T T " T _ " 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

A

0

Figure 4. Plot of the normalized THz amplitude (A, ) as a function of the normalized intensity of incident lasers (A¢) at b = 0.0099 for

different values of normalized cyclotron frequency (we/w,).
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Figure 5. Plot of the normalized amplitude (A,) of THz wave with normalized cyclotron frequency (w./w,) corresponding to static
magnetic field from 54-322 kG for different values of frequency chirp parameter (b).

beam intensity results in the enhancement in the initial
ionization of the plasma and nonlinearity in the system
due to the strength of ponderomotive force. As a result, the
free electron density will be greater, which produces more
intense THz wave. Thus, the strength of the output wave can
be controlled by overseeing the intensity of incident laser
pulses. Normalized THz amplitude (A,,) as a function of
normalized cyclotron frequency w,/wj is plotted in figure 5

with varying frequency chirp parameter (b). As can be seen
from the graph, the amplitude shows a sharp increase after
we = 0.3w, for all values of chirp parameter. So, the output
of THz wave can be tuned by choosing suitable values of
chirp parameter and magnetic field strength. Thus, it can be
concluded from the graph that applied magnetic field and
frequency chirp together play a vital role in high-intensity
THz generation.
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4. Conclusion

In the present paper, we numerically studied the sensitivity of
the chirping of laser on THz generation by the beating of the
lasers in plasma. We consider the effects of chirp on THz yield.
In our analysis, we also found that THz spectra can be distorted
by the onset of the spectral dip structures around w/w, ~ 1.36
due to destructive interference of chirped laser pulses (inset
figure 2) similar to Hamazaki er al [15]. Here, we neglected
the effect of collisions in the current scheme. In conclusion, the
frequency chirping of incident lasers with a transverse magn-
etic field plays a crucial role in maintaining the resonance
condition in the interaction region. The increasing frequency
of the laser pulse allows the electron to stay within the laser
pulse longer and also increases the transverse momentum. As a
result, efficient gain in the output THz yield is observed.

Also, it becomes important to examine how the frequency
chirp in the pump pulse affects the resultant THz spectra, to
properly understand the impact of the propagation effects on
the THz spectra. Therefore, our results provide a numerical
guideline for broadband THz pulse generation using ultra-
short pump pulse sources in plasmas.
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Abstract

CrossMark

The present paper reports on the combined influence of the chirp characteristics of

pump pulses and spatially periodic density (density ripple) plasma, on terahertz (THz)
radiation generation, by beating of two chirped pulses. The beating lasers exert a nonlinear
ponderomotive force along the z-direction. A self-consistent field is generated due to the
nonlinear oscillations of plasma electrons; as a result of these linear and nonlinear forces

the plasma electrons attain an oscillatory velocity that couples with the density ripple to
generate a stronger transient transverse current, driving THz radiation. The importance of
chirp parameter, amplitude and periodicity of density structure are discussed for emitted

THz radiation. Our numerical simulations disclose that the variation of the chirp frequency
parameter and ripple amplitude have considerable roles in improving the nonlinear oscillating
current. By optimizing the chirp parameter and amplitude of the density ripple, a notable
change in the magnitude of the terahertz field amplitude is found. The present paper maybe
useful for broadband THz pulses, for use in plasma diagnostics and time-domain spectroscopy.

Keywords: terahertz radiation, density ripple, plasma, frequency chirp, ponderomotive force

(Some figures may appear in colour only in the online journal)

Introduction

The terahertz (THz) region in the electromagnetic spectrum
lies between the microwaves and the infra-red region, nar-
rowing the gap between electronics and optics. Previously,
complications in efficiently producing and controlling THz
waves served as an obstruction for the region. However, due
to continuous development in this area, THz radiation is a
matter of recent interest. THz radiations are utilised in many
fields such as remote sensing, communication technology
[1, 2], environmental monitoring, and biological imaging etc
[3, 4]. Due to the unique abilities of THz radiation, a vari-
ety of ideas have emerged for several applications including
security telecommunications, industrial non-destructive test-
ing, health, etc. Recently, an experiment was conducted at
the Free-electron LASer in Hamburg (FLASH) at Deutsches

1555-6611/20/045402+5$33.00 1

Elektronen-SYnchrotron (DESY), utilizing THz radiation.
Azima et al [5] employed a single-shot THz streak-camera to
measure the duration and spectral phase of the intense XUV
pulses. However, for THz applications in the case of photo-
conductive antennas and semiconductors, etc, low conversion
efficiency and the material breakdown efficiency serve as
major shortcomings.

In order to overcome these concerns, plasma acts as an
appropriate medium which overcomes the material damage
related problems in the case of THz generation. Several tech-
niques have been proposed experimentally [6—8] and theor-
etically [9-14] for efficient THz generation by employing
plasma as a medium. Kwon er al [15] have reported highly
energetic, short duration bursts of coherent THz radiation
from an embedded plasma dipole. Plasma dipole oscillations
are produced due to the trapping of electrons in the potential

© 2020 Astro Ltd  Printed in the UK
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wells generated due to the ponderomotive force arising from
two laser pulses (moderately detuned), due to which a quasi-
monochromatic radiation is produced. Recently, Tripathi et al
[16] have investigated THz radiation generation due to an
amplitude modulated laser beam in the presence of a density
ripple. They concluded that the THz amplitude varies linearly
with the modulation index and square of laser amplitude and
inversely varies with electron collision frequency. The den-
sity ripple provides the phase-matching condition and gives
rise to high power efficiency. A scheme to generate terahertz
(THz) radiation by electromagnetic Gaussian beams beating
in a hot collisionless density rippled plasma has also been
investigated [17]. It was concluded that the power of the emit-
ted THz radiation is proportional to the square of the density
ripple amplitude. The THz wave amplitude decreases with the
THz frequency and increases with the incidence angle up to
an optimum value.

Recently, Mehta er al [18] investigated the effect of fre-
quency-chirped laser pulses on terahertz radiation generation
in magnetised plasma. A suitable frequency chirp enhances
the laser and electron interaction duration and an applied
magnetic field further imparts a significant momentum to THz
photons. Hence, the combined effect of the frequency chirp
and applied magnetic field results in a significant enhance-
ment in the THz field strength.

To understand the theory behind the origin of the THz field
caused by the beating of two lasers in a nonlinear medium
(plasma for the present scheme), we provide the analytical
calculations below. In this paper, we develop an analytical
formalism for THz generation from chirped lasers beating in
rippled density plasma. The density ripple is applied on the
chirped laser pulses in order to adjust and control the yield of
the THz wave. The density ripple plays a vital role in estab-
lishing the phase-matching condition. The resonance condi-
tion results in a resonant excitation of THz radiation [16]. The
THz amplitude enhances considerably in the presence of den-
sity ripple. Further, the application of frequency chirp extends
the laser—plasma interaction time and thus facilitates the reso-
nance condition for longer duration, which can be useful in
the broadband THz radiation generation. Recently, Hamazaki
et al [19] have experimentally investigated the impact of the
frequency chirp of the laser pump pulse in broadband THz
pulse generation by optical rectification in gallium phosphate
by measuring the time domain spectroscopy signals. They
also reported the significance of accurate control over the fre-
quency chirp of the laser pulse for producing the broadband
THz pulses by optical rectification.

The mechanism of THz generation is as follows: we
consider two Gaussian lasers with electric fields E"l (El,wl)
and EZ(EZ, wy), polarised alongy, propagating in the 2
direction (figure 1). The lasers have a linear frequency
chirp and the frequencies w; = wp (1 + bwy(t — z/c)) and
wr = wp (1 4+ bwy(t — z/¢) — wr/wy) can be chosen, as the
difference (w; — wy = wr) lies in THz range.

Numerical analysis for current density

The theory of generation of THz radiation due to the beating
of two chirped laser pulses in plasma is explained and the ana-
Iytical calculations are presented below. We consider plasma
of electron density ng. The electric field profile of laser pulses
(with two slightly different frequencies w;and w,) is considered
as E"J = $A;e!k7=wil) here, j = 1,2. The laser imparts oscilla-
tory velocity to the plasma electrons: V; = eﬁj /miwoa;, where
ay =1+ bwy(2t —z/c) and ap = ag — (w1 —wz)/wp). A
nonlinear ponderomotive force exerted due to the variation of
amplitude of the laser’s field beating at (w; — w,) is written
as:

» aifi+ 5 = o

F,=ze (Ey - E5), (M)

2miwgca
where ) = [cki /wi — cky/wr — 2ib/ajs],Pr = (w1 —w2) /
wo [e(ky — k2)/ (w1 — wa) + cka/wr + ib/ajas] and e, m, ¢
and * represent the electronic charge, mass, speed of light
in a vacuum and complex conjugate respectively. Here it is
clear that the variables o, oy, 81 and (3, are the function of
chirp parameterb. Due to the nonlinear motion of plasma elec-
trons a linear (r),) and nonlinear () density perturbation is
also observed which can be calculated by solving the equa-
tion of motion such as: ! = ng(k; — ko) F,/m(w; — w,)* and
nl, = (ki — ko) *xets/4me, Where X, = —w?/(w1 —w)® s
the free electron plasma susceptibility. The refractive index
(p) of a material is related to the susceptibility by the rela-
tion x, = u*> — 1, and for plasma medium in the present

case, p=¢77=(1 —wﬁ/w%)]/z. Here, ¢ is the permit-
tivity of the medium and we choose wy,w; > w,, where
wy, = (4mnge? /m)l/ ® is the plasma frequency. Now by
employing Poisson’s equation, V2¢ = 4me(n” +nl), the
electrostatic potentialg of this self-consistent space charge
field can be written as ¢ = —4men™ /(1 + xo) (ki — k2)*.
Thus, the nonlinear velocity under the influence of the pon-
deromotive force along with the self-consistent field is:

il F,+eVop o F, . iw; .
“ mi(w; — wy) (wy — w2)2 _ W
(2)

T omi(w —wy) 2
Here, we introduce a density perturbation n = ng + nge'®,
where ngrepresents the ripple amplitude and gis the density
ripple wave number. This nonlinear velocity beats with the
density ripple to drive a nonlinear current density along the
propagation direction:

e (B - E) (@i + B) (w1~ w)’ — (1 +)

- e .
NL _ iqzonl _
Jy = eV, =2

w

16mnowomea oz (wy — wy) ((w] — wz)z — w,%)

3)
This non-linear current further couples to the wave associ-
ated to the self-consistent space charge field and drives a THz
wave. Employing Maxwell’s III and IV equations, we have
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Figure 1. Schematic of THz generation via frequency chirped laser pulses in rippled density plasma.
derived the wave equation depending on the non-linear cur-
. . . . at b=0.0099 0.1
rent density term. This wave equation can be given as 0.020 n,=0.1n,
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The exact phase-matching condition and resonant exci- g
tation of THz generation can be achieved by introduc- |:E: 0010
ing a_suitable value of density rlpple wave numberg. B '
Hencekr = k; — ky + G, and k& — wr?e/c* = 0, where k7 is 2
the THz wave vector and g ~ w / ¢ (v/& — 1). The electric field g
of THz varies as E,, = A, (z, 1)e~“r'=*13) By assuming the ~ Z **°°
fast variation of the THz field in order to neglect the higher
order derivatives and using the phase matching condition, the
: : . 1.03 T g T T T
z-component of the above equation gives the required THz 103 i 12 13 T s 6

field, OE,,,/0z = 2nwJNE /c?k. Now by including the value of
the nonlinear current from equation (3), we obtain the final
equation for the field of THz radiation:

2(5)-
5)

where E,;/E) is the normalised field of the THz wave. The
efficiency of the generated THz radiation is the ratio of the
energy per unit area of the THz wave to the energy per unit
area of the pump lasers, i.e. 1 = W,/ Wump, Where the aver-
age electromagnetic energy stored per unit volume is given by

the formula
W2
P

Thus using equation (6), one can obtain the efficiency of the
generated THz radiation. The features of THz electric field’s
amplitude have been studied by solving equation (5) for an
optimised set of laser and plasma parameters.

engowiEs (a1 By + Ba)(wf — wi(1 +1))

8ngmwoc3kr (Wi — w?)

e 0
Wei = —
E 87’(’80.}[

(EF).  ©

Results and discussion

The proper matching of the ripple wave number with the
beat wave number provides the maximum transfer of energy
and momentum under the resonance condition. In the pres-
ent scheme, we consider a non-relativistic regime to see the

Normalised THz frequency

Figure 2. Variation of normalised THz amplitude as function of
normalised THz frequency for different values of density ripple at
fixed value of chirp parameter b = 0.0099.

combined effect of chirp characteristics and density ripple
on the THz emission due to frequency chirped pulse lasers.
Since the chirp parameter b is inversely proportional to group
delay dispersion (GDD), the increase of b naturally implies
the decrease of GDD. Obviously, the decreased GDD means
less chirp. For a suitable choice of the pulse intensity, den-
sity ripple amplitude and chirp parameter, a significant gain
in THz amplitude is observed. The following set of laser and
plasma parameters are considered throughout the paper: inci-
dent laser pulse of intensity 7 ~ 3 x 10'* W cm~2 (femtosec-
ond laser), angular frequency wy = 2.355 x 10" rad s~!, and
plasma frequency w, = 37 THz, corresponding to electron
density ng = 2 -8 x 10'® cm~3. The variation of normalised
THz amplitude as a function of normalised frequency of the
THz wave for different values of density ripple amplitude
(ng = 0.1n9,0.2n9,0.3n¢), at fixed value of frequency chirp
parameter b = 0.0099, is plotted in figure 2. From this graph,
it is analysed that the higher values of the THz amplitude are
obtained near the resonance condition w ~ w), and decrease as
w departs from w,. We therefore analysed from figure 2 that
there is an enhancement in the THz amplitude by increasing
the value of n,, and the effect of n, on THz amplitude remains
significant near the resonance condition.
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Figure 3. Plot of normalised THz amplitude versus frequency chirp
parameter (b). The remaining parameters are similar to those in
figure 2.
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Figure 4. Spectrum of normalised THz amplitude corresponding to
incident laser amplitude at b = 0.0099 for different values of ripple
density.

Figure 3 displays the variation of normalised THz amplitude
with frequency chirp parameter (b) ranges 0.00003 to 0.0099,
for varying density ripple amplitude (n,). It is clear from the
graph the amplitude of the THz wave gradually increases
with an increase in the value of the chirp parameter. As seen
from the graph, the amplitude shows a sharp increase until
b =0.0099. The present scheme is only valid for a chirp
parameter of a maximum of 0.0099; beyond this value a neg-
ligible chirp appears and it is difficult to see the chirp effect.
We therefore choose it as the optimised value of the chirp
parameter for present scheme. It is further observed, from
the above figure, that the THz field amplitude varies with the
chirp parameter. Higher values of density ripple also enhance
the effect of the chirp on the output yield. This also infers that
the output gain is closely related to the amplitude of ripples
for different values of chirp parameter. So, the output of the

THz wave can be tuned by choosing suitable values of chirp
parameter and density ripple of a suitable wave number. It can
thus be concluded from the graph that both ripple and fre-
quency chirp together play a vital role in high intensity THz
generation.

Figure 4 shows the spectrum of normalised THz corre-
sponding to the amplitude of incident lasers for distinct val-
ues of density ripple at fixed b = 0.0099. It can be concluded
from the graph that the amplitude of the laser and THz wave
are connected by a linear relationship. The increment in the
incident pulse intensity results in the enhancement in the ini-
tial ionization of plasma and nonlinearity in the system due
to the strength of the ponderomotive force. As a result, the
free electron density will be greater, which produces a more
intense THz wave. The strength of output wave can therefore
be controlled by overseeing the intensity of the incident laser
pulses.

Conclusion

A numerical method is developed for the investigation of the
generation of THz radiation by the beating of two chirped
pulse lasers in plasma, by introducing density ripples hav-
ing spatial variation. The sensitiveness of the THz field to the
chirp characteristics of lasers is also noticed. The effect of col-
lisions is neglected in the present model. We have numerically
solved the equations for the nonlinear current density and
THz field. The resonance condition is satisfied with the help
of density ripple of an appropriate wave number. The chirp
also continues the interaction for a longer period and thus
THz radiation of a sufficiently high yield can be achieved. The
optimised density ripple amplitude, chirp parameter and the
intensity of laser pulses play significant roles in the enhance-
ment of THz radiation. Our results provide a mathematical
guideline for smooth and broadband THz emission, which
are of paramount importance in plasma diagnostics and THz
time-domain spectroscopy [20-22].
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