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Abstract 

The "terahertz gap" refers to a portion of the electromagnetic spectrum that lies between 

the microwave and infrared frequency ranges, typically spanning from around 0.1 to 10 

terahertz (THz), corresponding to wavelengths between 30 micro meters and 3 milli 

meters. This frequency range is often considered challenging to work with due to 

technical limitations in both generating and detecting terahertz waves. 

The terahertz gap has historically been difficult to address because traditional electronic 

and optical techniques have limitations in this frequency range. Microwaves are typically 

generated and detected using electronic components such as antennas and transistors, 

while infrared waves are manipulated using optical techniques like lenses and mirrors. 

Terahertz waves require a combination of both electronic and optical methods, making 

their generation and detection more complex. 

However, in recent years, significant progress has been made in terahertz technology, 

leading to new opportunities for applications and research. Advances in femtosecond 

laser technology, nonlinear optical processes, and new materials have enabled the 

development of terahertz sources and detectors. These advancements have the potential 

to bridge the terahertz gap and open up a wide range of applications. 

In the first objective efficient THz generation by Hermite-cosh-Gaussian lasers in plasma 

with slanting density modulation is investigated. Terahertz (THz) has emerged as a 

significant field of study because to its extensive practical applications in various 

domains such as medical diagnosis, remote sensing, defence, and short-range wireless 

communication, among others. Numerous endeavours have been undertaken to achieve 

a tuneable and energy-efficient terahertz (THz) source. This study examines the co-

propagation of two Hermite-cosh-Gaussian (HchG) laser pulses within an under dense 

plasma medium characterised by a slanting up density profile. The interaction between 

laser and plasma exhibits nonlinear characteristics, leading to the creation of THz 

radiation with high efficiency. An analytical study is conducted to examine the 

relationship between the conversion efficiency of terahertz (THz) waves and 

characteristics such as plasma frequency, Hermite polynomial mode index (s), decentred 

parameter (b), and electron collisional frequency (𝛾!"). The results show that as we move 
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in off-resonant direction, THz conversion efficiency decreases and becomes almost zero 

for normalized THz frequency and normalized collisional frequency values > 1.6 and >

4 respectively. THz conversion efficiency increases with increase in Hermite polynomial 

mode index values for s= 0,1,2. The suggested method is particularly useful for 

producing high intensity, tuneable, energy efficient THz radiation source by adjusting 

the value of decentred parameter and Hermite polynomial mode index values. 

In the second objective  the resonant terahertz radiation by p-polarized chirped laser in 

hot plasma with slanting density modulation is analysed. The production of terahertz 

(THz) radiation via the interaction between lasers and plasmas is an intriguing and swiftly 

progressing domain of study within the realms of optics and plasma physics. The 

aforementioned procedure entails the utilisation of high-intensity laser pulses to engage 

with a plasma, hence leading to the generation of coherent THz radiation. THz radiation, 

which falls within the frequency range between microwave and infrared, finds utility in 

various domains such as imaging, spectroscopy, and materials characterization. This 

study examines the interaction of two p-polarised, positively chirped laser beams, with a 

hot collisional plasma characterised by a slanting up density profile. This study 

investigates the impact of normalised THz frequency, normalised collisional frequency, 

chirp parameter, and incidence angle of a laser beam on the normalised THz amplitude. 

The amplitude of the THz signal diminishes fast in off-resonant conditions and tends 

towards zero as the normalised THz frequency exceeds 1.2. The normalised amplitude 

of the THz wave falls as the chirp parameter increases from 0.0011	𝑡𝑜	0.0099, 

considering both the normalised THz frequency and the normalised slanting up density 

modulation parameter. The amplitude of the THz signal, after being normalised, is also 

influenced by the incident angle and the collisional frequency. In the off-resonant state, 

the normalised amplitude of the THz wave tends to approach zero when the collisional 

frequency exceeds 0.8. The objective of this study is to enhance the current knowledge 

regarding the estimation of the best incident oblique angle, chirp parameter, and 

collisional frequency to attain an energy-efficient THz source. 

In the third objective enhanced THz generation by Hermite-cosh-Gaussian chirped laser 

in static magnetized plasma is studied. The investigation of tuneable and energy-efficient 

terahertz (THz) generation has become a prominent field of study due to its significant 

ramifications in various disciplines, including defence and medical research. This study 
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selects two co-propagating Hermite-cosh-Gaussian (HchG) laser beams with positively 

chirped frequencies for analysis. The laser beam exhibits interaction with a collisionless 

undersense plasma in the presence of a static transverse magnetic field. The interaction 

between laser and plasma exhibits nonlinear characteristics, leading to the creation of 

THz radiation with high energy efficiency. This study focuses on the analytical 

investigation of the relationship between THz conversion efficiency, normalised 

transverse distance and plasma frequency, as well as other laser parameters such as 

Hermite polynomial mode index (s), decentred parameter (a), and frequency chirp (b). 

The results show that THz conversion efficiency quickly decreases for normalised THz 

frequencies when the condition is off resonant. It nearly reaches zero. An increase in 

normalized THz amplitude and a shift in the peak towards higher normalized transverse 

distance values are seen as the Hermite polynomial mode index is varied from 0 to 2. As 

we raise the chirp parameter from 0.0011 to 0.0099 for s=0,1,2, the normalised THz 

amplitude increases. The proposed methodology demonstrates significant use in 

generating high-intensity, adjustable, and energy-efficient terahertz (THz) radiation 

sources through the manipulation of the decentred parameter and Hermite polynomial 

mode index values. 
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CHAPTER- 1 

Introduction 
1.1 Terahertz gap  
In the electromagnetic spectrum, the region roughly between 0.1 THz to 10 THz is 

known as terahertz region which covers high frequency microwave band and long 

wavelength infrared region of spectrum. This zone bridges the gap between optics and 

electronics, so opens the wide horizons for optoelectronics stream in physics, 

chemistry, life sciences and applied sciences. These waves are invisible to necked 

human eyes and nonionizing for in nature [1]. 

 

1.2 Terahertz waves properties 
Terahertz (THz) waves, alternatively referred to as T-rays or submillimeter radiation, 

are situated within the electromagnetic spectrum, spanning from microwaves to 

infrared light. The wavelengths of these entities span at around 1 millimeter to 100 

micrometers, while their frequencies range from 0.3 to 3 THz. The following are 

essential characteristics of terahertz waves: 

1.2.1 Frequency range  

Terahertz waves typically have frequencies ranging from 0.3 to 3 THz, which 

corresponds to wavelengths ranging from 1 millimeter to 100 micrometers. 

Terahertz radiation possesses the ability to penetrate a diverse range of non-conducting 

substances, including plastics, textiles, paper, ceramics, and composites. This 

characteristic renders it valuable for imaging purposes in several domains such as 

security screening, quality control, and medical diagnostics. 

1.2.2 Non-ionizing characteristic 

 In contrast to X-rays, terahertz radiation exhibits a non-ionizing nature, indicating that 

it lacks the necessary energy to induce ionisation in atoms or molecules. Compared to 

X-rays, this characteristic enhances the safety of imaging applications. 

Dielectric sensing involves the utilisation of terahertz waves to detect alterations in 

material composition and structure, as these waves exhibit sensitivity towards the 
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dielectric characteristics of materials. This characteristic renders them valuable for 

applications involving quality control and material characterisation. 

The penetrating depth of terahertz waves is constrained in the majority of materials as 

a result of their absorption by water vapour and certain other compounds. The efficacy 

of imaging through thick or dense materials is constrained by this limitation. 

1.2.3 Spectral signatures 

Various materials exhibit distinct absorption spectra within the terahertz region, 

enabling the application of spectroscopic techniques for the purpose of substance 

investigation and identification. The utilisation of this characteristic is observed in 

various domains, including pharmaceutical analysis and security screening. 

The synthesis and detection of terahertz waves can be achieved by a range of methods, 

such as optical rectification, frequency difference generation, and the utilisation of 

photoconductive antennas. Sensitive electronic devices, such as Schottky diodes, field-

effect transistors, or superconducting devices, are commonly employed for detection 

purposes. 

Terahertz waves have various uses in domains such as imaging and sensing, 

spectroscopy, telecommunication, and security screening. Medical imaging, 

pharmaceuticals, semiconductor characterization, and non-destructive testing are 

among the various domains in which they find application. 

1.3 THz wave applications 
Terahertz (THz) waves, also known as submillimeter waves, occupy a unique 

frequency range between microwaves and infrared light. Terahertz waves possess 

distinctive characteristics that render them highly advantageous for a wide range of 

applications, especially in domains that necessitate non-destructive testing and 

imaging. It is anticipated that ongoing study and breakthroughs in technology will 

continue to enhance their applicability across several domains. They have a wide range 

of applications across various fields due to their ability to interact with materials in 

ways that other forms of radiation cannot. Some notable applications of terahertz waves 

include: 
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1.3.1 Spectroscopy 

THz Spectroscopy: THz waves can reveal the vibrational and rotational transitions of 

molecules. This is particularly useful for identifying and characterizing chemical 

compounds in gases, liquids, and solids. 

1.3.2 Material analysis 

THz waves can penetrate various materials, allowing for non-destructive testing and 

quality control in industries like pharmaceuticals, agriculture, and food processing. 

1.3.3 Art conservation 

THz spectroscopy can help analyze the layers and composition of artworks without 

damaging them. 

1.3.4 THz imaging 

Terahertz imaging provides unique contrast for materials with varying refractive 

indices and absorption properties. It's used for security screening, medical imaging, and 

quality control in industries like aerospace and electronics manufacturing. 

Medical Imaging: THz imaging has potential applications in imaging biological tissues, 

such as detecting skin cancer or studying teeth and bones. 

1.3.5 Communication 

THz waves offer the potential for extremely high data rates in wireless communication 

due to their wide available bandwidth. This could revolutionize wireless 

communication, enabling faster downloads and improved connectivity. 

1.3.6 Security and defense 

THz Imaging for Security Screening: THz waves can reveal hidden objects under 

clothing, making them useful for airport security and other screening applications. 

1.3.7 Chemical detection  
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THz waves can identify specific chemicals or explosives by their unique spectral 

fingerprints. 

1.3.8 Manufacturing and quality control 

Pharmaceutical Industry: Terahertz waves can be employed to assess the crystallinity 

and composition of medicinal goods, thereby ensuring their quality and efficacy. 

Semiconductor Industry: THz waves can characterize the properties of semiconductor 

materials and devices, aiding in research and development. 

1.3.9 Astronomy and space exploration 

    Astronomical Observation: THz waves can reveal information about the interstellar 

medium, star formation, and the early universe, as well as provide insights into 

planetary atmospheres. 

    Planetary Exploration: THz spectroscopy can be used to analyze the composition of 

planetary surfaces and atmospheres in space missions. 

1.3.10 Non-destructive testing 

Industrial Inspection: THz waves can detect defects, such as cracks or voids, in 

materials used in industries like aerospace, automotive, and construction. 

1.3.11 Biological and medical research 

Biological Imaging: THz waves can provide information about water content, cell 

structure, and other biological properties, aiding in the study of tissues and cells. 

Protein Dynamics: THz waves can reveal the dynamics of proteins and biomolecules, 

contributing to understanding biological processes. 

1.3.12 Terahertz spectroscopy for cultural heritage 

 Art and Artifact Analysis: THz waves can help uncover hidden layers, repairs, or 

alterations in historical artifacts, paintings, and sculptures. 

These applications demonstrate the versatility and potential impact of terahertz waves 

across diverse fields. Continued research and technological advancements in terahertz 

technology are likely to lead to even more innovative applications in the future. 
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These terahertz waves (T-waves, T-light) have hidden potential for applications in the 

field of explosive detection[2], short distance wireless communication and sensing, 

remote sensing, defense[3], material characterization[4], biological and chemical 

imaging[5], high field condensed matter studies[6], non-destructive testing [7], ultrafast 

magnetic switching[7]etc. Because of wide range applications, scientists show their 

keen interest in research and development of THz field generation, detection and 

application from the last two decades. 

 

1.4 Challenges 
Terahertz technologies encounter obstacles pertaining to the efficient generation and 

detection of terahertz waves, addressing the constrained penetration depth, and devising 

practical and economically viable systems for diverse applications. 

 

1.5 Laser plasma interaction 
Laser-plasma interaction is a captivating and intricate phenomenon that transpires when 

a powerful laser beam engages with a plasma, an ionised gas composed of charged 

particles (electrons and ions). This interaction results in numerous physical processes 

and can produce diverse consequences, rendering it a subject of considerable research 

and practical applications. Here's an overview of some key aspects of laser-plasma 

interaction: 

1.5.1 Plasma formation 

   A high-intensity laser beam, when concentrated on a material, can generate plasma 

by ionising its atoms and molecules. The intense electromagnetic field of the laser 

removes electrons from their atomic orbits, resulting in a mixture of free electrons and 

ions. This plasma can have unique properties compared to neutral matter. 

1.5.2 Self-focusing and filamentation 

   Intense laser beams can experience self-focusing in plasma as a result of the plasma's 

nonlinear response to the laser field. This self-focusing can result in the creation of self-

guided passageways known as "filaments." Filamentation is associated with strong 
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electric fields and can produce multiple secondary phenomena, including terahertz 

radiation and high-order harmonic production. 

1.5.3 Nonlinear optics and harmonic generation 

   The intense laser fields within the plasma can drive nonlinear optical effects. One 

notable effect is high-order harmonic generation (HHG), where the plasma generates 

coherent, high-frequency harmonics of the incident laser beam. HHG can generate 

extreme ultraviolet (XUV) and even soft X-ray radiation. 

1.5.4 Electron acceleration and Wakefield 

   The strong electric fields within the plasma can accelerate charged particles, 

particularly electrons. This effect can be harnessed for laser Wakefield acceleration, 

where electrons are "surf" on the plasma wave generated by the laser, gaining 

tremendous energy over a very short distance. Laser Wakefield accelerators have the 

potential to revolutionize particle acceleration and enable compact, high-energy 

particle accelerators. 

1.5.5 Relativistic and nonlinear effects 

   At high laser intensities, relativistic and quantum effects can become significant. 

Electrons can be driven to relativistic velocities, leading to phenomena like radiation 

pressure, betatron oscillations, and even the generation of antimatter through processes 

like electron-positron pair creation. 

Laser-plasma interaction is an interdisciplinary domain encompassing laser physics, 

plasma physics, optics, and particle physics. Researchers persist in investigating and 

utilising the potential of these interactions for applications like particle acceleration, 

fusion research, the generation of novel radiation sources, and the examination of 

matter under severe conditions. 
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1.6 Literature review for Laser-induced THz radiation generation in 
plasma 
The recent time experiences rapid growth in terahertz rays’ generation method, i.e., 

electron-based accelerator, laser nonlinear crystal interaction, laser pulse and plasma 

interaction, quantum cascade laser, photo excited semiconductors etc. In all these 

above-mentioned methods laser plasma interactions gain more attention due to its 

inherent properties. When intense laser (greater than 1011-1012 w/cm2) interact with 

matter (i.e., nonlinear crystals, semiconductors etc.), high-energy, broadband terahertz 

wave generation is constrainted by matter damage and saturation properties thus 

diminishing the resultant THz amplitude. When laser wave of intensity 1011 w/cm2 

interacted with nonlinear crystal it generates up to sub mJ terahertz wave of few GV/m 

via optical rectification method [8], [9], [10].  

In recent years laser intensities archives higher and higher values up to pettawatt (1 

billion million watts) levels, plasma is only known source to handle such high energies 

and open up the new avenues for more effective non ionizing terahertz waves 

generation. In recent study A. Gopal et al. [11] uses the laser intensity up to 1020 W/cm2 

there is no sign of saturation in intense laser plasma interaction.  

Researchers shows their immense contribution in theoretical [12], [13], [14], [15], [16], 

[17], [18], [19], [20], [21], [22] as well as in practical [23], [24], [25], [26], 

[27]perspective for laser plasma interaction methods in order to achieve tunable 

broadband THz sources. A controllable and focused terahertz generator was found by 

Malik et al. [28] when triangle laser passes through ripple density plasma in external 

DC magnetic field. Two powerful dark hollow laser beams interacting with collisional 

plasma produce a nonlinear ponderomotive force, resulting in terahertz production. 

Bakhtiari et al. [29] studied the influence of laser and plasma parameters on effective 

terahertz production. Kumar and Tripathi [30] examined resonant terahertz production 

using optical mixing of linearly polarised two-color lasers in ripple density plasma. 

Suitable ripple density wave vector provides necessary condition for phase matching.  

Bhasin and Tripathi [31] suggested an analytical model for the resonant terahertz 

generation by using x-mode picosecond laser passed through magnetized ripple density 

plasma. They demonstrated using optical rectification that magneto plasma enhances 
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the power of terahertz radiation. Pathak et al.  [32]studies that when relativistic electron 

beam interacts with ripple density under dense plasma at an incidence angle produces 

space charge beam mode. These beam modes give velocity to the plasma electrons with 

density ripple results into strong THz wave radiation. The theoretical results are verified 

by simulations in which output frequency of radiation depends upon ripple density and 

electron beam energy. There is strong nonlinear coupling exists between ripple density, 

energy of beam, side band and electromagnetic radiation solved mathematically. 

Electromagnetic mode falls at high frequencies which is compensates by increase in 

density of plasma. 

Liu and Tripathi [33]strengthen the path for tunable terahertz source by adjusting the 

magnetic field. For this purpose, a short laser wave passed through a tunnel plasma of 

ionized gas in density profile of axial square shape. As the pulse passed via tunnel 

generates free electrons with transverse drift and started oscillation at cyclotron 

frequency results into THz generation. Applied magnetic field (nearly100 KG) tune the 

THz frequency and density ripple controls the angular direction of THz radiation. 

Bhasin and Tripathi [34] investigated that hen an amplitude modulated laser beam 

incident obliquely under mode conversion, excites the amplitude modulated surface 

plasma wave at modulation frequency over the surface free space boundary which 

exerts a nonlinear ponderomotive force on metal electrons results into nonlinear current 

and generates strong terahertz waves at modulation frequency. These surface plasma 

wave exhibit very week damping effect, shows good option for optical rectification and 

have highest amplitude at free space metal interface. This amplitude falls rapidly away 

from boundary. 

Kumar and Tripathi [35] suggest an analytical model to achieve a tunable THz resource 

in which THz frequency controlled by laser wavelength. In this investigation when a 

relativistic electron beam interacted with wiggler magnetic field under laser modulation 

exerts a ponderomotive force and coherent THz radiation. The THz yield exhibits a 

linear relationship with the electron bunch radius and a quadratic relationship with the 

bunch radius, beam current, and the inverse square of the wiggler wave vector. THz 

power has maximum value at THz frequency equals to 1.4 THz. 
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Kumar and Tripathi [30] observed the effect of ripple density plasma on resonant THz 

generation. When finite spot sized 2 collinear laser pulses of intensities of 1016 w/cm2 

launched into at an angle to the density ripple wave vector produces terahertz radiation 

at difference frequency in unmagnetized plasma. Density ripples generates additional 

angular momentum for proper phase matching. They investigated the effect of pulse 

spot size, density ripple, laser frequency, laser amplitude on resonant terahertz 

radiation. Power conversion efficiency for present scheme is 2.5×10-5 for laser 

wavelength 1 µm, ripple density ≥30%, spot size=4c/ωp and pulse duration  100 fs. 

Kumar et al. [36] compare the TE and TM mode in semiconductor waveguide in the 

generation of resonant terahertz radiation. They concluded that when two laser beams 

of different frequency propagate through semiconductor slab ripple wave vector in 

transverse magnetic field generates THz radiation at beat frequency. TM mode laser 

beating generates higher THz yield than TE mode. In this plan ripple density provides 

requisite phase matching. 

Kumar and Tripathi [37]ascertained that surface plasma wave (SPW) experiences low 

loss if glass coated with ultrathin metal foil. For resonant THz photon generation two 

nonlinear laser beams incident normally to metal foil surface from free space to excite 

the SPW. As we move into glass and in free space surface plasma wave decreases away 

from thin metal sheet. At laser intensity 1012 w/cm2 and 1µm wavelength, The ratio of 

THz amplitude to laser amplitude is about 10-3. In this study metal film thickness is a 

critical parameter. 

Kumar and Tripathi [38]examined the tunable THz source adjusted with metal film 

thickness. They using two nonlinear laser pulses interact with optical fiber encased in 

a thin metallic sheet with a dielectric modulation. Laser pulses excites the surface 

Plasmon waves along the laser direction. A CO2 megawatt laser source is used for this 

scheme to generate ratio of THz amplitude to laser amplitude of the order of 10-2. At 

higher frequencies, coupling between surface Plasmon decreases hence decrease in 

THz amplitude. Dielectric grating structure of optical fiber provides required phase 

matching condition for resonant wave in THz domain.  

When electron bunches impinged periodically on the TM mode resonators loaded with 

dielectric, Kumar and Tripathi [39] investigated the Cherenkov mechanism for 

generation of waves in THz domain. These electron bunches excite the slowly moving 
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forward wave via phase synchronization.  THz energy conversion efficiency can be 

enhanced by 10% with the help of suitable parameters. THz amplitude can be enhanced 

by seed THz signal as every electron bunch lose significant amount of energy per unit 

length which is stored in the resonator. Yoshii et al. [40] investigated the Cerenkov 

wake radiations in magnetised plasma. Yugami et al. [41] investigated experimentally 

and find out that laser waves excite the Cherenkov wake in the presence of transverse 

magnetic field there was generation of sub terahertz radiation. 

It’s reported by Mori et al. [42] that if two non collinear laser pulses pass via Argon 

clustered plasma results into linearly polarized terahertz pulse with five times more 

terahertz yield. 

Kumar et al. [43] examined that when two laser pulses incident obliquely at hot plasma 

having step density profile result into terahertz wave in reflected direction at difference 

frequency. When plasma density equals to critical density of difference frequency there 

is resonant coupling observed between plasma wave and THz wave. PCE of terahertz 

wave is maximum at optimum angle of incidence attributable to the robust interaction 

between Langmuir waves and electromagnetic waves.  

Mehta et al. [44] mathematically investigated the terahertz generation driven by two p-

polarized Gaussian electromagnetic waves incident obliquely on collision less hot 

plasma with density ripple on its surface. As laser pulse interacts with density profile, 

it generates ponderomotive force on plasma electrons. Electrons starts oscillating due 

to nonlinear ponderomotive force. So, at beat frequency irrotational current density 

arises, which generates terahertz wave. This theoretical investigation is very useful in 

the formation of tunable terahertz sources. In this paper researcher neglected the effect 

of kinetic and Landau damping. Amplitude of terahertz radiation depends not only on 

beating frequency of laser, angle of incidence but also on plasma density. In this study 

power of radiated terahertz wave fall with terahertz frequency, varies as square of ripple 

amplitude and obtain optimum value at an particular incidence angle. 

Varshney et al. [45]studied the generation of terahertz waves through the interaction of 

two cosh - Gaussian laser beams (marginally slightly different frequency) with 

clustered plasma. Researcher studies the variation of resultant THz amplitude with laser 

decentered parameter, beam width, ripple density amplitude and plasma density. They 

concluded in their studies that electric field of THz amplitude is highly dependent upon 
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decentered parameter. Increase in decentered parameter results into increase in 

terahertz amplitude by order of 3 which is higher for hollow Gaussian beam (b=5) than 

Gaussian beam (b=0). Researcher notice the increase in terahertz amplitude with 

decrease in laser beam width. There is increase in terahertz amplitude due to clustered 

plasma. As laser interacts with cluster plasma which results into nonlinear 

ponderomotive force. This nonlinear force oscillates the plasma electron to maintain 

the plasma neutrality. This oscillatory velocity oscillates in resonance with ripple 

density plasma to generate transient nonlinear current. These transient current converts 

into strong terahertz radiation at beat frequency.  

Mehta et al. [46] studied the effect of frequency chirp in the presence of transverse 

static magnetic field on terahertz amplitude. In their studies researcher shows that 

tunable THz source can be attained by modifying the chirp parameter and the transverse 

magnetic field value. The chirp parameter enhances the interaction duration between 

the laser and plasma electrons, leading to the generation of a broadband terahertz pulse. 

This approach involves the interaction of two laser beams with under dense plasma in 

the presence of a transverse static magnetic field. THz amplitude has maximum value 

when terahertz frequency approaches upper hybrid frequency at resonance. Without 

magnetic field there is a dip in terahertz amplitude when terahertz frequency equal to 

1.36 plasma frequency because of destructive interference.  By applying the sufficient 

magnetic field this dip disappears because of resonant condition.  

Mehta et al. [47] examined the impact of frequency chirp in the context of ripple density 

plasma on THz generation. A linear correlation exists between laser pulse amplitude 

and terahertz amplitude. The ripple density plasma establishes the requisite phase 

matching conditions, facilitating optimal momentum and energy transfer from the laser 

pulse to the plasma, hence enhancing the efficiency of terahertz generation. Chirp 

parameter is inversely proportional to group delay dispersion. Increase in chirp 

parameter results into decrease in group delay dispersion, hence reduces the chirp. 

Increase in the value of density ripple amplitude results into to increase in terahertz 

amplitude.  

Varshney et al. [48]investigated the generation of tunable focused intense terahertz 

wave by photo mixing of 2 cosh - Gaussian Laser beams impinge into corrugated 

plasma. A DC magnetic field is applied in transverse direction. The cosh-Gaussian laser 
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beams interact with coagulated plasma which generates nonlinear ponderomotive force. 

This nonlinear force imparts oscillatory velocity to plasma electrons. Oscillating 

electrons pair with ripple density, resulting in nonlinear current density and robust 

Terahertz wave production. 

Transverse static magnetic field works in two ways.  On the one hand it controls the 

group and phase velocity of laser beam and on the other it manages the polarizability 

of THz wave. The author Investigate that optimum values of Plasma and Laser 

parameter can enhance the resultant terahertz amplitude. The efficiency of THz waves 

can be enhanced through appropriate values of the decentered parameter (b), beam 

width parameter (a0), corrugation factor and applied magnetic field. The efficiency of 

resultant THz radiation has two ranges. For b <1.5 terahertz amplitude decreases with 

beam width and obtain maximum value for Gaussian beam (b=0) at resonance. For 

1.5≤b≤5 resultant THz radiation enhances with decentered parameter (b) and have 

utmost value for hollow Gaussian wave(b=5), the reason behind this variation is that 

ponderomotive force varies with laser profile. Laser profile diminishes from 

b=0(Gaussian wave) to b=1.4(flat top) and attain the minimum value then it increases 

to b=5 (cosh-Gaussian wave). Efficiency of THz radiation increases with the 

decentered parameter b and decreases with width parameter (a0). Varshney et al. attain 

the efficiency up to 20% for b=5, a0= 3c/5wp and for external magnetic field of 107 KG.  

In this mathematical model researcher observed that when two non-linearly mixed laser 

pulses incident obliquely, on the density gradient hot nano cluster plasma surface, 

nonlinear ponderomotive force generated in cluster and plasma electrons Which results 

into terahertz generation in reflected wave. Amplitude of wave depends upon laser 

intensity, incident angle, cluster radius and electron thermal velocity. Laser intensity 

increases results into increase in terahertz amplitude due to outer ionization of cluster 

atoms by ponderomotive force. Vij and Kant [49] observed two peaks at theta equal to 

22 degree and 68 degrees. Theta equal to 22 degree is optimized value for high THz 

amplitude. Terahertz amplitude can be enhanced by increasing value of cluster radius 

and electron thermal velocity. Researcher find out the relation between THz amplitude 

and frequency. When terahertz frequency approaches plasma frequency then there is 

strong coupling between Langmuir and terahertz wave which results into high terahertz 

amplitude. Step density profile provides essentials for phase matching condition. In this 
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study terahertz conversion efficiency increases (1.4×10-4) with resonant interactions 

between plasma and terahertz radiation. The amplitude of a terahertz wave is 

maximised when the laser frequency approaches one by root 3 of cluster plasma 

frequency and plasma frequency equals to terahertz radiation frequency. This research 

article studied the effect of thermal velocity of electron, cluster radius, and laser 

intensity on terahertz radiation generation.  

These cluster structure provides efficient energy absorption capacity to enhance 

terahertz amplitude and energies. Clusters are studied by Jahangiri et al. [50], [51] to 

compare the terahertz radiation generation efficiency by argon cluster and argon gas. 

They showed experimentally that Ar cluster shows significant improvement of the 

order of two in magnitude in comparison with Ar gas. 

1.6.1 p-polorisation 

Polarisation refers to the orientation of the electric field vector of an electromagnetic 

wave, such as a laser beam, as it propagates across space. Understanding and 

controlling the polarisation of laser light is crucial in several applications within optics, 

communications, and material interactions. Laser polarisation can be categorised based 

on the orientation of the electric field vector. 

P-polarization, also known as parallel polarisation or transverse magnetic (TM) 

polarisation, is a specific condition of polarisation for electromagnetic waves, including 

light. P-polarization denotes the condition in which the electric field vector oscillates 

parallel to the plane of incidence. The plane of incidence is defined by the trajectory of 

the incoming wave and the perpendicular line to the surface it strikes. 

 

The following are the primary attributes of P-polarization: 

1. Orientation: The electric field vector oscillates parallel to the plane of incidence. 

When a wave moves horizontally (in the same direction as the ground), the electric field 

also oscillates horizontally (in the same direction as the ground). 

2. Magnetic Field Orientation: The magnetic field vector is at a right angle to the plane 

of incidence. It is orientated perpendicular to the electric field vector. 

3. Reflection: When light that is polarised in the P direction encounters a reflective 

surface, the light that is reflected remains polarised in the P direction. However, the 
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phase of the reflected light may be altered as a result of the qualities of the material and 

the angle at which the light strikes the surface. 

4. Transmission: Transparent materials allow for the transmission of P-polarized light, 

although its intensity and phase can be altered by factors such as absorption and 

scattering. 

Polarizers are optical devices that have the ability to selectively allow the transmission 

or blockage of P-polarized light. Linear polarizers have the ability to selectively block 

light that is not aligned in the desired direction. 

1.6.2 Frequency chirp 

Frequency chirp, sometimes called chirp modulation or chirping, is the occurrence of a 

signal's frequency changing over time. This alteration in frequency can manifest in 

other forms of waveforms, such as electromagnetic waves, acoustic waves, and even in 

signals utilised in communication systems. Frequency chirp is a crucial factor in several 

applications such as radar, laser systems, and communication technologies. 

Below are few essential aspects of frequency chirp: 

1. Linear Chirp: A linear chirp is characterised by a consistent and continuous variation 

in frequency over a period of time. The derivative of frequency with respect to time is 

referred to as the "chirp rate" and is commonly quantified in hertz per second (Hz/s). 

Linear chirps can be classified as either "up-chirps," where the frequency increases over 

time, or "down-chirps," where the frequency lowers over time. 

2. Quadratic Chirp: In a quadratic chirp, the frequency change does not occur at a 

constant pace, but instead follows a quadratic function. This leads to a non-linear 

variation in frequency over time. 

3. Frequency modulation Up-Chirp and Down-Chirp 

Frequency chirp refers to the phenomena of a signal's frequency changing over time, 

either in the form of an up-chirp or a down-chirp. The terms "up-chirp" and "down-

chirp" indicate the direction of frequency modulation. Now, let's examine these notions 

more thoroughly: 

1. Up-Chirp: An up-chirp is a signal in which the frequency increases over time. This 

indicates that the frequency commences at a lower number and progressively increases. 
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Up-chirps are characterised by a positive chirp rate, indicating a consistent increase in 

frequency over time. 

Up-chirps are utilised in diverse applications, such as radar systems, to aid in the 

measurement of target distances and the collection of Doppler information. 

2. Down-Chirp: In a down-chirp, the signal's frequency lowers over time. This indicates 

that the frequency begins at an elevated level and progressively decreases. Down-chirps 

are characterised by a negative chirp rate, which means that the frequency is 

consistently falling over time. 

1.6.3 Slanting plasma density in laser plasma interaction for terahertz generation 

The inclined plasma density profile is crucial in laser-plasma interactions aimed at 

terahertz (THz) production. The following is the correlation: 

Nonlinear optical phenomena, such as optical rectification or coherent transition 

radiation, possess the ability to produce terahertz (THz) radiation. These phenomena 

transpire when a powerful laser pulse interacts with plasma, often generated on the solid 

surface of the target. The efficacy and characteristics of these processes are determined 

by the plasma density profile. 

Phase matching is a critical need for efficient conversion in nonlinear optical systems 

used for THz generation. It ensures that the optical and THz waves are in sync with 

each other. To accomplish phase matching, one can create spatial variations in the 

effective refractive index that the interacting waves experience by using a slanted 

plasma density profile. This specific form enables the synchronisation of the phase 

fronts of the waves that are interacting, hence improving the effectiveness of THz 

generation. 

Under appropriate conditions, the existence of a tilted plasma density profile might 

facilitate quasi-phase matching, a phenomenon where the phase matching requirement 

is almost fulfilled across a particular contact length. This can lead to a higher level of 

THz generation compared to plasma density profiles that are homogeneous. 

The interaction between the powerful laser pulse and the plasma can result in 

considerable self-focusing and compression of the pulse, which can be attributed to the 

nonlinearity of the plasma. Self-focusing can cause the intensity of a laser beam to be 

distributed unevenly along its path, which in turn increases the slanted profile of plasma 
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density. Enhanced concentration in the specific area can lead to successful generation 

of terahertz (THz). 

Cherenkov radiation is produced when the plasma density profile is tilted, causing the 

emission of terahertz (THz) radiation at an angle with respect to the direction of laser 

transmission. This capability can provide advantages in specific situations where there 

is a requirement for precise emission targeting. 

The sloped plasma density profile is essential in laser-plasma interactions for the 

progression of terahertz (THz) radiation. It promotes phase alignment, enhances 

nonlinear optical processes, and improves the efficiency and characteristics of THz 

radiation generation. It is crucial to understand and control the plasma density profile 

in order to maximise the efficiency of terahertz (THz) sources by studying the 

interactions between lasers and plasma. 
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1.7 Objectives of the proposed work 
 
Based on the challenges faced in THz generation the following are the objectives for 

the work done in this thesis. 

1. To investigate the efficient THz generation by Hermite-cosh-Gaussian lasers in 

plasma with slanting density modulation. 

2. To investigate the resonant Terahertz radiation by p-polarized chirped laser in 

hot plasma with slanting density modulation. 

3. To study THz generation by frequency difference of Hermite-cosh-Gaussian 

chirped lasers in magnetized plasma. 

1.8 Research methodology 
Two Hermite-Gaussian laser beam with radial polarisation are travelling in the z 

direction and interacting with a slanting up density plasma modulation characterised by 

a density profile described by the equation 𝑛 = 𝑛!𝑒"!#, where 𝑛! represents the plasma 

density at z=0 and 𝑘# is the wave number of the plasma density. The equations provided 

describe the electric and magnetic fields of laser pulses. 

E$&&&⃗ (r, z) = 	 r.E!H% 0
√'(
("
1 e)*

#$

#"$
+e,(.%/)0%1)        (1.1) 

B$&&&⃗ (r, z) = 	
3.44⃗ %×7&4444⃗ ((,/)9

0%
      where 𝐽 = 1,2       

 (1.2) 

 here, B$&&&⃗ (r, z)	is the magnetic field of laser pulse, 𝑟 = 𝑟(𝑥, 𝑦) = :𝑥' + 𝑦' is radius of 

Gaussian pulse, 	𝑟! is pulse waist, 𝐸! is amplitude of laser pulse, 𝑠 is the mode index of 

Hermite polynomial 𝐻:.   

Hermite function is given as 𝐻!(𝑥) = 1,𝐻;(𝑥) = 2𝑥, 𝐻'(𝑥) = 4𝑥' − 2. It depends 
on the values of x also.  
During the first stage, when electrons are stationary, they do not encounter any 

magnetic force. As laser pulses travel through the plasma, they impart oscillatory 

velocity to the plasma electrons. 
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Fig 1.1 Flow chart for THz generation by laser plasma interaction 

By employing the Equation of motion 𝑚𝑑𝑉<
&&⃗
𝑑𝑡
F = 	−𝑒	𝐸<&&&⃗ − 𝑚𝛾=>𝑉<&&⃗     where 𝛾=>, 𝑒 and 

𝑚 are collision frequency, charge of plasma electron and rest mass respectively. We 

obtain the velocity of plasma electrons as 

	𝑉<&&⃗ = 	
=	@'4444⃗

A(BC&)D())
          (1.3) 

The oscillating velocity leads to a nonlinear ponderomotive force. This force is defined 

as 

𝐹E&&&&⃗
FG
=	−	A

'
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∗
1  
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7 	, 𝑘L =

(𝑘; − 𝑘')	, 𝜔L = (𝜔; − 𝜔'), and                   

 𝐹IJ&&&&&⃗
FG
= ∆ L𝑟̂ N𝑠 O4√2𝑟 𝑟0Q R𝐻𝑠−1 O√2𝑟 𝑟0Q R +
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By calculating the equation of motion,  𝜕𝑉
&⃗
C+
FG

𝜕𝑡
F = X𝐹⃗E

FG
𝑚Q Y − 𝜈=>𝑉&⃗C+

FG	 and equation 

of continuity 𝜕𝑛C+
FG

𝜕𝑡
F + ∇&&⃗ . 𝑛𝑉&⃗C+

FG = 0,  𝑉&⃗C+
FG can be calculated by solving this equation.  

For slanting density profile 𝑛 = 𝑛!𝑒"!#  here, 𝑛!is the initial (unperturbed) plasma 

density. 

 The equation provided yields both nonlinear oscillatory velocity and nonlinear density 

perturbation of plasma electrons.   

⇒ 𝑉&⃗C+
FG = BC+M⃗,

-.

ANC+$OBC+D()P
                                                          (1.5) 

⇒	𝑛C+
FG =	 >"∇

44⃗ .(=/!!)M⃗,
-.

ANC+$OBC+D()P
	                (1.6) 

In this derivation, we assume that n remains constant throughout time and is only 

dependent on z.  
∂(n)

∂tQ = 0. 

The presence of nonlinear density perturbation 𝑛C+
FG results in the formation of a self-

consistent space charge potential ϕ and field, due to the separation of electrons from 

ions. 

This gives rise to linear density perturbation as 𝑛C+
G = −𝜒E∇

&&⃗ . (∇&&⃗ 𝜙)
4𝜋𝑒
F 	  where, 𝜒E =

−𝜔E
'

S𝜔L' + 𝑖𝜔L𝛾=> − 𝑘L
'𝑉KS' T

F   indicates the collisional plasma's electric 

susceptibility. 

By the use of Poisson’s equation ∇'𝜙 = 4𝜋S𝑛C+
G + 𝑛C+

FGT𝑒, The space charge field 

exerts a linear force, denoted as 𝐹⃗EG , on the electrons such as 

 

𝐹⃗EG = e∇&&⃗ 𝜙 = C,
$ 	=/!!	M⃗,

-.

(;OT,)NC+
$OBC+D()P

                          (1.7) 

as, 𝜔E = c04𝜋𝑛!𝑒
'
𝑚Q 1   is plasma	frequency. 

The nonlinear oscillatory velocity of electrons may be determined by calculating the 

equation of motion 𝜕𝑉&⃗
FG

𝜕𝑡Q = S𝐹⃗EFG + 𝐹⃗EGT 𝑚Q − 𝛾=>𝑉&⃗ FG, which accounts for the 

effects of both linear and nonlinear ponderomotive forces. 
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⇒ 𝑉&⃗ FG = ;
A
n C+$OBC+D())C,

$OC,
$ 	(=/!!)

()BC+OD())NC+
$OBC+D())C,

$P
o 𝐹⃗EFG     (1.8) 

Nonlinear oscillatory current density is shows as 

𝐽FG = − ;
'
𝑛L𝑒𝑉&⃗ FG = − >"=

'A
n C$OBCD())C,

$OC,
$ (=/!!)

()BCOD())NC+
$OBCD())C,

$P
o𝐹IJ&&&&&⃗

FG
𝑒B("#)CK)        (1.9) 

Where, the equation is given by 𝑛L = 𝑛!𝑒"0#, The density perturbation is significantly 

larger than n0, and I have (𝑘; − 𝑘') = 𝑘 ≈ 𝑘L, (𝜔; − 𝜔') = 𝜔 ≈ 𝜔L.  

𝑘 and 𝜔 represents the propagation constant and frequency, respectively, of the THz 

field. The vector 𝐽FG leads to the generation of THz fields. 

By solving Maxwell’s equations ∇&&⃗ × 𝐸&⃗ = − ;
U
O𝜕𝐵&⃗ 𝜕𝑡Q R  and  ∇&&⃗ × 𝐵&⃗ = V

U
O𝜕𝐸&⃗ 𝜕𝑡Q R +

WX
U
𝐽FG  

The wave equation for THz generation is as follows.  

⇒ ∇&&⃗ . S∇&&⃗ . 𝐸&⃗ YZ#T − ∇'𝐸&⃗ YZ# =	
C$

U$
𝜀𝐸&⃗ YZ# +

WXBC
U$

𝐽FG     (1.10) 

The symbol 𝐸&⃗ YZ# represents the electric field of the generated THz pulse. 

Here, we disregard the higher order derivatives because of the rapid fluctuations in the 

THz field. 

here, In this equation, 𝜀=  1 − L𝜔E
'

{𝜔' + 𝑖𝜔𝛾=>}
F V	represents electrical permittivity of 

collisional plasma.  

To solve equation (10), we use nonlinear oscillatory current density value from 

equation (9) and 𝜀 value and get the normalized amplitude of THz field. Here we 

consider electric field component towards radial direction. 
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Here, 
!89:
!
	 represents the ratio of generated THz electric field to the applied laser 

electric field. This ratio referred to as THz conversion efficiency. 
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1.9 Thesis outline 
This study seeks to examine the interaction between ultra-short laser pulses and under-

dense plasma to facilitate energy-efficient THz generation. Analytical research is an 

essential component of the entire study. The structure of the thesis project is as follows.  

Chapter 2 presents the comparison of intensity profiles of various Gaussian laser 

pulses and their comparative study for use in laser plasma interactions. This study is 

specifically useful for the researchers to select suitable pulse profile for particular laser 

plasma interactions. 

Chapter 3 presents the results of the interaction between two radially polarised HchG 

laser pulses that are co-propagating in the z direction and interacting with slanting 

density plasma modulation. This entails doing a thorough analysis of the non-

homogeneous under dense plasma to achieve effective creation of terahertz (THz) 

waves. The findings of this work were published in the paper, titled "Efficient THz 

generation by Hermite‑cosh‑Gaussian lasers in plasma with slanting density 

modulation" was published in the Journal of Optics [52] on October 18, 2023. 

 Chapter 4 This study employs a pair of p-polarised chirped laser beams that are 

directed towards a hot collisional plasma with a slanting up density profile. The paper, 

titled "Resonant Terahertz radiation by p‑polarised chirped laser in hot plasma with 

slanting density modulation" was published in the Journal of Optics [53] on December 

23, 2023.  

Chapter 5 investigates the propagation of two linearly polarised Hermite-cosh-

Gaussian beams in the z direction. These laser beams exhibit a positive chirp. The laser 

beams travelled through a under-dense, collision-free plasma while encountering a 

static magnetic field orthogonal to their propagation path. This research paper, titled 

"Enhanced THz generation by Hermite-cosh-Gaussian chirped laser in static 

magnetized plasma" is published in the journal Applied Physics B [54] on June 28, 

2024.  

Chapter 6 provides a comprehensive study for THz generation by using Gaussian pulse 

profile in the plasma with slanting density profile. The research outcomes based on this 

study titled “Enhancing terahertz radiation in slanting density plasma using Gaussian 

laser beams” is published in the journal of optics on December 29, 2024 . 
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Chapter 7 provides a concise overview and final analysis of the research conducted for 

this thesis. In addition, this work examines the potential consequences that might be 

inferred from the findings and suggests areas for future research on the topic. 
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CHAPTER- 2 

Intensity profile of various gaussian laser pulses and their 
applications 

2.1 Introduction 
Laser is considered as one of the revolutionary inventions of 20th century. The 

theoretical concept of laser was given by Albert Einstein in 1916. A photon can 

stimulate other atom to emit identical photon is the key theory suggested by Einstein 

[55]. It was called negative absorption that time. Later this concept was termed as 

stimulated emission. After further experiments made by various scientists it was found 

that gas discharge can amplify light under specific suitable conditions. This concept of 

amplification of light was applied to microwaves also. Different type of MASERS was 

invented using solid and gaseous mediums. Ali Javan invented a gaseous laser using 

electric discharge in He-Ne gas [56]. Maiman had invented a solid-state laser using 

ruby material [57], [58]. John von Neumann proposed the idea of semiconductor diode 

lasers. Kumar Patel had investigated Carbon di oxide laser which is a high-power 

continuous power supply laser source of infrared region [59]. J. Hetch has explained 

the history of laser sources briefly [60]. Now a days pulsed operation of laser is more 

effectively used rather than continuous power supply lasers. With the help of Q-

switching techniques, a continuous source of light can be converted into short pulse 

laser of very high intensity [61]. Mode locking technique is also an effective method to 

produce ultra-short laser pulse (femtosecond) of petawatt intensity [62]. Gaussian and 

super- Gaussian laser profiles are investigated by Varaki et al. [63]. 

Gaussian laser profiles interaction with plasma generates important practical 

applications. Laser-plasma interaction is a complex and fascinating field of research in 

which a high-intensity laser beam interacts with a plasma, leading to numerous physical 

phenomena and potential applications. When considering various Gaussian profiles for 

the laser beam, the interaction with the plasma can exhibit different characteristics and 

outcomes. There are some aspects of laser-plasma interaction with various Gaussian 

profiles: 

A Gaussian laser beam has a peak intensity at the center, which can be significantly 

higher than the intensity at the edges. When such a beam interacts with a plasma, the 



24 
 

high-intensity region at the center can cause significant ionization and heating of the 

plasma, leading to the creation of a plasma channel or filament. This self-guiding effect 

can enhance the propagation of the laser beam through the plasma, enabling it to travel 

longer distances with minimal diffraction. High-intensity Gaussian beams can undergo 

self-focusing on a plasma due to the plasma's nonlinear refractive index. As the laser 

beam intensity increases, it modifies the plasma's refractive index, creating a feedback 

mechanism that focuses the beam further. This self-focusing effect can lead to the 

formation of a plasma filament, which is a highly localized and intense region of the 

laser beam within the plasma. Laser Fusion: Self-focusing plays a crucial role in laser-

driven inertial confinement fusion experiments, where intense lasers are used to 

compress and heat plasma to induce nuclear fusion reactions [64], [65], [66], [67], [68], 

[69], [70]. The self-focusing process can accelerate charged particles to high energies, 

making it relevant for particle acceleration research. Understanding self-focusing on 

laser plasma interactions helps researchers explore the behavior of matter under 

extreme conditions, leading to insights into astrophysical phenomena like supernovae 

and black holes. The self-focusing effect can be harnessed to create plasma-based 

waveguides for guiding and controlling laser beams. 

In the context of laser-plasma interaction, high harmonics refer to the generation of 

higher-frequency light than the incident laser beam. A Gaussian laser beam's intensity 

distribution affects the efficiency and directionality of high harmonic generation. The 

high-intensity region at the center of the Gaussian beam can lead to enhanced harmonic 

generation compared to the lower-intensity regions. when a Gaussian profile laser beam 

undergoes Second Harmonic Generation, the resulting second harmonic beam will also 

have a Gaussian profile, maintaining the spatial characteristics of the fundamental beam 

but with a different frequency [71], [72], [73], [74], [75], [76]. Nonlinear processes, 

such as parametric instabilities, THz generation and stimulated Raman scattering, can 

occur during laser-plasma interaction. The Gaussian intensity distribution affects the 

growth and development of these nonlinear processes, which can impact the overall 

interaction dynamics [76], [77], [78]. 

Laser-plasma interaction can lead to the acceleration of electrons to elevated energy, 

resulting in a plasma-based electron accelerator. The interaction dynamics depend on 

the laser intensity, pulse duration, and profile. A Gaussian beam with high peak 
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intensity can efficiently drive electron acceleration in the central region of the beam. 

The mechanism of electron acceleration during laser plasma interaction is highly 

complex and requires sophisticated simulations and experimental setups to optimize 

and control the acceleration process effectively. Research in this area is rapidly 

advancing, with potential applications in next-generation particle accelerators, medical 

imaging, and industrial applications. Additionally, it provides insights into high-energy 

astrophysical phenomena and helps understand the behavior of matter under extreme 

conditions. In laser Wakefield acceleration, a laser pulse generates a plasma Wakefield 

that can accelerate charged particles, such as electrons. The laser beam's intensity 

profile affects the plasma Wakefield structure and the consequent particle acceleration. 

A Gaussian beam can lead to more controlled and stable Wakefield. Wakefield 

generation is a powerful technique for accelerating particles to high energies in a 

relatively compact space, compared to traditional accelerator technologies. It has 

significant implications for various applications, including generating intense X-rays 

for imaging and material research, producing compact particle accelerators for medical 

and industrial purposes, and advancing the field of high-energy physics [63], [79], [80], 

[81], [82]. Application of various laser pulses are analyzed by prominent scientists and 

scholars [83], [84], [85]. 

Laser-plasma interaction is a highly nonlinear and dynamic phenomenon, with 

consequences contingent upon several parameters, including laser power, plasma 

density, pulse duration, and the precise Gaussian profile employed. Experimental and 

computational investigations are frequently utilised to examine the complexities of 

these interactions and enhance them for particular applications, including laser-driven 

fusion, particle acceleration, and plasma-based light sources. 

In this paper I have studied mathematical expression for Gaussian, Hermite Gaussian, 

Hermite-cosh-Gaussian laser pulse profiles. I have plotted cross- sectional view of laser 

pulse electric field and compare their advantages over each other in various 

applications.  
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2.2 Various Gaussian Laser Profiles and applications 

2.2.1 Gaussian pulse 

 

It is a single-cycle pulse. Transverse variation in laser electric field is represented by 

the subsequent equation. 

  
Where, E0 is the peak amplitude of the 

pulse, r is transverse position of 

particle, r0 is minimum spot size or 

beam waist. Gaussian pulses have 

useful properties that make them 

important in a variety of applications. 

Some of these properties are: 

 

Gaussian Envelope: Gaussian pulses 

have a Gaussian-shaped envelope, which is a bell-shaped curve that is symmetric about 

its centre. This shape makes Gaussian pulses like natural light pulses, which is useful 

in few applications. 

 

Dispersion Properties: Gaussian pulses have good dispersion properties, which means 

that they can maintain their shape over longer distances. This property is important in 

optical communication systems where pulses are transmitted over long distances. 

Easily Modulated: Gaussian pulses are easily modulated to carry information. By 

changing the amplitude or phase of the pulse, information can be encoded onto the 

pulse. 

 

Optical Fourier Transform: Gaussian pulses have a Fourier transform that is also a 

Gaussian function, which is useful for optical Fourier transform applications. 

 

 

Fig.2.1 Gaussian laser intensity profile 

distribution 
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Self-Focusing: Gaussian pulses can self-focus in media, which means that the pulse can 

become narrower as it propagates. This property is useful in laser applications.  

2.2.2 q-Gaussian pulse  

Q-Gaussian pulses are a class of non-Gaussian optical pulses with specific properties. 

They are based on the Tsall is q-exponential function, which generalizes the ordinary 

exponential function. 

, 

Q-Gaussian pulses are a class of non-Gaussian pulses that have a number of interesting 

properties. Some of these properties are: 

 

Non-Gaussian Shape: Q-Gaussian pulses have a non-Gaussian shape that is described 

by a q-exponential function, which is a generalization of the usual exponential function. 

The q-exponential function is characterized by a parameter q, which determines the 

degree of non-Gaussian. 

 

Long Tailed Distribution: Q-Gaussian pulses have a long-tailed distribution, which 

means that the probability of observing large amplitude fluctuations is much higher 

than for a Gaussian pulse. 

 

Self-Similar Properties: Q-Gaussian pulses are self-similar, which means that the pulse 

shape remains the same under rescaling. This property is useful in applications like 

fractal analysis and turbulence etc. 

 

Robustness to Noise: Q-Gaussian pulses are robust to noise, which means that they can 

maintain their shape and properties in the presence of noise or other disturbances. 

 

Applications: Q-Gaussian pulses have several potential applications, such as in 

information theory, signal processing, and statistical physics. 
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 q=2 

 
 q = 4 

 
 q = 6 

 
 q = 8 

 
 q = 10 

 
Super Gaussian pulses for q= 2 (black), 4(red), 

6(purple), 8(green), 10(blue) 

 

Fig. 2.2 q-Gaussian laser profile intensity distribution for q=2(black), 4(red), 

6(purple), 8(green), 10(blue) 
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q-Gaussian pulses have advantages over Gaussian pulses in certain applications: 

Non-Gaussian Shape: Q-Gaussian pulses have a non-Gaussian shape that is 

characterized by a q-exponential function, which is a generalization of the usual 

exponential function. This non-Gaussian shape can provide better control over the 

pulse's properties and behaviour. 

Long-Tailed Distribution: Q-Gaussian pulses have a long-tailed distribution, which 

means that they have a higher probability of having large amplitude fluctuations than 

Gaussian pulses. This property can make Q-Gaussian pulses more robust to noise and 

other disturbances. 

Self-Similar Properties: Q-Gaussian pulses are self-similar, which means that they 

maintain their shape and properties under rescaling. This property is useful in several 

applications, such as fractal analysis and turbulence. 

Statistical Physics Applications: Q-Gaussian pulses have a number of potential 

applications in statistical physics, such as modelling complex systems with long-range 

interactions and studying anomalous diffusion processes. 

However, Gaussian pulses also have advantages over Q-Gaussian pulses in certain 

applications, such as optical communication systems, where the Gaussian shape 

provides good dispersion properties and low distortion over long distances. The choice 

between Gaussian and Q-Gaussian pulses depends on the specific application and the 

desired properties of the pulse. 

2.2.3 Hermite-Gaussian pulse  

A Hermite-Gaussian pulse is a type of optical pulse that has a specific shape determined 

by the Hermite polynomials and a Gaussian envelope.  

Hermite-Gaussian pulses are extensively utilised in laser physics and optical 

communication systems. 

The Hermite polynomials are a set of orthogonal polynomials that have specific shapes 

and are used to describe the modes of a laser cavity. The Gaussian envelope, on the 

other hand, describes the shape of the pulse in the time domain. 
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The Hermite-Gaussian pulse can be quantitatively represented by the subsequent 

equation: 

 

is Hermite polynomial which is a function of n and r. 

             

        

 

Hermite-Gaussian pulses have several useful properties, including their ability to 

propagate over long distances without significant dispersion and their ability to be 

modulated easily to carry information. They are often used in fibre optic 

communication systems and in ultrafast laser experiments. 

 

Hermite-Gaussian (HG) pulses are a class of optical pulses with specific properties: 

 

Orthogonality: HG pulses are orthogonal to each other, which means that they can be 

used as a basis for a complete set of functions to represent any optical pulse. This 

property allows for greater control over the pulse's shape and behaviour, making HG 

pulses useful in applications such as pulse shaping and optical communication systems. 

 

Gaussian Envelope: HG pulses have a Gaussian envelope, which provides good 

dispersion properties and low distortion over long distances in optical communication 

systems. This property is important for maintaining pulse shape and quality over longer 

distances. 

 

Well-Behaved: HG pulses have a smooth, well-behaved shape that is easy to model and 

manipulate. They are commonly used in ultrafast laser experiments and in applications 

such as laser spectroscopy. 

 

High Intensity: HG pulses can have high peak intensities, which make them useful in 

applications such as nonlinear optics and high-intensity laser experiments. 
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Order: HG pulses are characterized by an integer order, which determines the number 

of oscillations in the pulse. Higher order HG pulses have more oscillations and a 

narrower width than lower order HG pulses. 

In general, HG pulses are a versatile and well-behaved class of optical pulses that can 

be used in a variety of applications where control over the pulse's shape and behaviour 

is important. 

 

 

 

 

 

 
Fig. 2.3 Hermite-Gaussian laser profile intensity distribution for n = 0(black), 1(red), 2(blue), 

3(green) 
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Hermite-Gaussian (HG) pulses have advantages over Q-Gaussian pulses in certain 

applications: 

Orthogonality: HG pulses are orthogonal to each other, which means that they can be 

used as a basis for a complete set of functions to represent any optical pulse. This 

property allows for greater control over the pulse's shape and behaviour, making HG 

pulses useful in applications such as pulse shaping and optical communication systems. 

Gaussian Envelope: HG pulses have a Gaussian envelope, which provides good 

dispersion properties and low distortion over long distances in optical communication 

systems. This property is important for maintaining pulse shape and quality over longer 

distances. 

Well-Studied: HG pulses are well-studied and understood, with a large body of 

literature on their properties and applications. This makes it easier to design and 

optimize optical systems using HG pulses. 

Ultrafast Laser Experiments: HG pulses are commonly used in ultrafast laser 

experiments for generating high-intensity pulses. Their Gaussian envelope allows for 

easy control over the laser's intensity and pulse shape. 

However, Q-Gaussian pulses have advantages over HG pulses in certain applications, 

such as modelling complex systems with long-range interactions and studying 

anomalous diffusion processes in statistical physics. 

The choice between HG and Q-Gaussian pulses depends on the specific application and 

the desired properties of the pulse. In general, HG pulses are a good choice for 

applications where orthogonality and a Gaussian envelope are important, while Q-

Gaussian pulses may be better suited for applications where non-Gaussian behaviour 

and long-tailed distributions are important. 

2.2.4 Hermite-cosh-Gaussian Pulse 

A Hermite-cosh-Gaussian (HchG) pulse is a type of optical pulse that is like a Hermite-

Gaussian pulse but has a hyperbolic cosine (cosh) envelope instead of a Gaussian 

envelope. 

The mathematical equation for an HCG pulse can be written as: 
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HchG pulses have several useful properties, including their ability to maintain their 

shape over long propagation distances and their suitability for use in high-speed optical 

communication systems. They are also used in ultrafast laser experiments for 

generating high-intensity pulses. Hermite-cosh-Gaussian (HchG) pulses are a special 

type of Hermite-Gaussian pulse that has a hyperbolic cosine (cosh) envelope.  

 

Properties of HchG pulses are: 

Hyperbolic Cosine Envelope: The hyperbolic cosine envelope of HchG pulses gives 

them a unique shape that is different from the Gaussian envelope of Hermite-Gaussian 

pulses. This shape allows HchG pulses to maintain their shape over longer distances. 

 

Orthogonality: Like other Hermite-Gaussian pulses, HchG pulses are orthogonal to 

each other. This property allows them to be used as a basis for a complete set of 

functions to represent any optical pulse. 

Higher-Order Hermite Polynomials: HchG pulses are generated using higher-order 

Hermite polynomials, which allows for greater control over the pulse shape. The order 

of the polynomial determines the number of nodes in the pulse, which affects the pulse's 

bandwidth and other properties. 

Dispersion Management: HchG pulses can be used to manage dispersion in optical 

communication systems. Dispersion is the effect of different wavelengths of light 

traveling at different speeds in a medium, which can cause distortion of optical pulses. 

HchG pulses can be used to compensate for dispersion and maintain pulse shape over 

longer distances. 

 

Ultrafast Laser Experiments: HchG pulses are used in ultrafast laser experiments for 

generating high-intensity pulses. The hyperbolic cosine envelope allows for greater 

control over the pulse shape, which is important for controlling the laser's intensity and 

achieving specific effects. 

Overall, HchG pulses have unique properties that make them useful in a variety of 

applications, including optical communication systems, pulse shaping, and ultrafast 

laser experiments. The hyperbolic cosine envelope of HchG pulses gives them a 
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different shape than other Hermite-Gaussian pulses, allowing for greater control over 

the pulse's properties. 

  

  

 
Hermite-cosh-Gaussian pulse for n = 0(black), 1(red),2(blue), 3(green) 

Fig. 2.4. Hermite-cosh-Gaussian laser profile intensity distribution for n = 0 (black), 

1(red), 2(blue), 3(green) 
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Hermite-cosh-Gaussian (HchG) pulses have advantages over Hermite-Gaussian (HG) 

pulses in certain applications: 

Zero-Crossings: HchG pulses have zero-crossings, which can be useful in applications 

such as pulse compression and mode-locking. The zero-crossings provide a mechanism 

for controlling the pulse's temporal and spectral characteristics. 

Cosh Envelope: HchG pulses have a hyperbolic-cosine (cosh) envelope, which provides 

a balance between the spatial and temporal widths of the pulse. This property can be 

useful in applications such as microscopy, where a balance between spatial and 

temporal resolution is important. 

Improved Focusing: HchG pulses can be focused to smaller spot sizes than HG pulses 

of the same order, which can be useful in applications such as laser micro-machining 

and material processing. 

Higher Intensity: HchG pulses can have higher peak intensities than HG pulses of the 

same order, which can be useful in applications such as nonlinear optics and high-

intensity laser experiments. 

However, HG pulses also have advantages over HchG pulses in certain applications, 

such as ultrafast laser experiments and optical communication systems, where a 

Gaussian envelope provides good dispersion properties and low distortion over long 

distances. 

The choice between HchG and HG pulses depends on the specific application and the 

desired properties of the pulse. In general, HchG pulses may be a good choice for 

applications where zero-crossings, a cosh envelope, improved focusing, and higher 

peak intensities are important, while HG pulses may be a better choice for applications 

where a Gaussian envelope and orthogonality are important. 

 
2.3 Conclusion 
 

The choice between Gaussian and Q-Gaussian pulses depends on the specific 

application and the desired properties of the pulse. Here are some general guidelines: 

Gaussian pulses are a good choice for applications where a smooth, bell-shaped 

envelope is desired. They are commonly used in optical communication systems and 
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laser spectroscopy, where the Gaussian envelope provides good dispersion properties 

and low distortion over long distances. 

Q-Gaussian pulses are a good choice for applications where a non-Gaussian shape is 

desired. They have a long-tailed distribution, which makes them more robust to noise 

and other disturbances. They are commonly used in statistical physics applications and 

in modelling complex systems with long-range interactions. 

In applications where the pulse shape needs to be controlled and manipulated, such as 

pulse shaping and ultrafast laser experiments, Hermite-Gaussian (HG) pulses are a good 

choice. They are orthogonal to each other, which makes them a complete set of 

functions to represent any optical pulse. 

Hermite-cosh-Gaussian (HchG) pulses are a good choice for applications where a 

balance between spatial and temporal widths is desired, such as microscopy. They also 

have zero-crossings, which can be useful in applications such as pulse compression and 

mode-locking. 

In general, the choice between Gaussian, Q-Gaussian, HG, and HchG pulses depends 

on the specific requirements of the application, such as the desired pulse shape, width, 

intensity, and dispersion properties. 
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CHAPTER- 3 

Hermite-cosh-Gaussian lasers Interaction with plasma of 
slanting density modulation for Efficient THz generation 

  
3.1 Introduction 
The term "terahertz region" refers to the portion of the electromagnetic spectrum that 

lies roughly between 100 GHz and 104 GHz and includes the high frequency microwave 

band and the long wavelength infrared region. This area enables the integration of 

optics and electronics, which broadens the scope of the optoelectronics stream in the 

physical, chemical, biological, and applied sciences. These waves are nonionizing in 

nature and undetectable to naked human eyes [1]. Explosive detection, remote sensing, 

defense, material characterization, high-field condensed matter research, non-

destructive assessment, biological and chemical imaging, and short-range wireless 

sensing and communication and ultrafast magnetic switching are some of the 

applications of these terahertz waves (also known as T-waves or T-light) [2], [3], [4], 

[5], [6], [7], [86]. For applications like microscopy where a balance between spatial and 

temporal widths is sought, Hermite-cosh-Gaussian (HchG) pulses are a promising 

option. Additionally, they have zero-crossings, which are advantageous in processes 

like pulse compression and mode-locking [87]. 

Due to the wide variety of applications, scientists have shown a major interest in the 

development of THz field generation, detection, and application throughout the past 

few decades. To build adaptable broadband THz sources, researchers highlight their 

enormous contribution to laser plasma interaction approaches from both a theoretical 

[12], [13], [14], [15], [16], [17], [18], [19], [66], [73], [77]and a practical [23], [24], 

[25], [26], [27] perspective. Kant et al. [72] theoretically analysed the cosh-Gaussian 

laser in wiggler-magnetized plasma and looked at how the decentered parameter and 

incoming laser intensity affected the production of second harmonics. Third harmonic 

generation using a HchG laser beam in a wiggler magnetic field was studied by Sharma 

et al. [88]. They concluded that the laser pulse 𝑚 = 2 mode index parameter boosts the 

efficiency of third harmonic generation. The HchG laser beam with exponential plasma 

density Ramp profile in self-focusing action is theoretically studied by Thakur et al. 

[67]. This demonstrates that the plasma density ramp and chirp parameter have a key 
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impact in the effective self-focusing increase laser intensity. The HchG Laser pulse is 

investigated by Thakur et al. [75] for self-focusing in collision-less cold quantum 

plasma. They analyse the self-focusing effect with and without an exponential plasma 

density ramp profile. 

In the presence of magneto plasma, Kant et al.  investigated the relativistic self-focusing 

with a HchG laser pulse in tangential exponential plasma density. For mode index 

values 0,1	𝑎𝑛𝑑	2  they exhibit a robust self-focusing effect along with a rise in plasma 

density and the magnetic [89] a radially polarized HchG laser, they concluded that the 

laser intensity gradient and the electron collisional effect have an impact on the 

terahertz amplitude. 

The chirp laser effect on transversely magnetized plasma with an exponential ramp 

shape was studied by Kant et al. [90]. They concluded that an increase in positive chirp 

and an external magnetic field leads to an increase in the second harmonic generation's 

conversion efficiency.  The HchG laser pulses in ripple density plasma in the presence 

of an external DC magnetic field was theoretically studied by Malik et al. [91]. 

According to their research, the magnitude of the terahertz field rises with the magnetic 

field and falls with an increase in electron collusion.  

The simulation impact of Gaussian, Hermit-Gaussian, and cosh-Gaussian Laser pulse 

influence on the irradiance profile of composite beam profile and far field power 

concentration is studied by Qian-jin et al. [92]. With Chirp laser pulses, Gurjar et al. 

[93] investigated the oblique spatial density ripple. They demonstrate that, at a specific 

slanting angle, there is an amplification of the Terahertz field. The combination of two 

dark hollow intense laser beams with collisional plasma and a nonlinear ponderomotive 

force produces terahertz radiation. Bakhtiari et al. [29] looked at how laser and plasma 

characteristics affected efficient terahertz generation. According to Mori et al. [42], a 

linearly polarized terahertz pulse with a five times higher terahertz yield is produced 

when two noncollinear laser pulses pass through an Argon clustered plasma. In the 

presence of a stationary magnetic field, collisional plasma absorbs a HchG laser beam, 

according to a theoretical analysis by Verma et al. [94] According to research by Kad 

et al. [95], the laser beam's passage through the plasma excites the plasma wave, and 

the nonlinear coupling of the Hermite-Gaussian beam and plasma wave results in the 

production of THz radiation. The collisional nanocluster plasma was investigated by 
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Kumar et al. [96] using two Hermite-cosh-Gaussian laser beams. The researchers 

investigated the thermal impact resulting from the propagation of plasma waves. In 

their research, Gupta et al. [97] investigate the interaction between Bessel-Gaussian 

laser beams and a plasma medium under the influence of an axial temperature ramp. 

The researchers investigate the phenomenon of self-action effects in the context of laser 

plasma interaction. In their research, Gupta et al. [98] investigate the characteristics of 

the elliptical q-Gaussian laser beam within a plasma environment featuring an axial 

density ramp. The researchers investigate the phenomenon of stimulated Raman 

scattering using the W.K.B. approximation technique. Nature of laser plasma 

interaction is nonlinear in nature. It is highly affected by various properties of laser and 

plasma like asymmetric chirped laser pulse, plasma density profile, laser intensity, 

Hermite polynomial mode index etc. 

In the current study, two radially polarized HchG lasers pulses are co-propagating in 

the z direction and interacting with slanting density plasma modulation at frequencies 

and wave numbers of 𝜔;, 𝜔'	𝑎𝑛𝑑	𝑘&⃗ ;	, 𝑘&⃗ ' respectively. By solving equation of motion, 

equation of continuity, Poisson equation, we obtain nonlinear current density. This 

nonlinear current density is responsible for THz field generation. In this study we 

include the effect of electron collision and neglect the plasma electron temperature 

effect.  

3.2 Analytical study of THz generation 
Two radially polarized spatial HchG laser pulses are propagating in z direction and 

interact with slanting density plasma modulation having density profile 𝑛 = 𝑛!𝑒"!# 

(where 𝑛! is plasma density at 𝑧 = 0 and 𝑘# is wave number of plasma density). 

Electric and magnetic fields of laser pulses are given by these equations. 

E$&&&⃗ (r, z) = 	 r.E!H% 0
√'(
("
1 cosh 0\(

("
1 e)*

#$

#"$
+e,(.%/)0%1)      (3.1) 

B$&&&⃗ (r, z) = 	
3.44⃗ %×7&4444⃗ ((,/)9

0%
      where 𝐽 = 1,2       (3.2) 

 here, 𝑟 = 𝑟(𝑥, 𝑦) = :𝑥' + 𝑦' is radius of Gaussian pulse, 𝐸! is amplitude of laser 

pulse,  𝑟! is pulse waist, 𝑏  is decentred parameter of cosh profile, 𝑠 is the mode index 

of Hermite polynomial 𝐻:. 
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In initial stage, electrons can be considered at rest so electrons will not experience any 

magnetic force. As laser pulses propagate in the plasma, it gives oscillatory velocity to 

plasma electron. 

By using the Equation of motion 𝑚𝑑𝑉<
&&⃗
𝑑𝑡
F = 	−𝑒	𝐸<&&&⃗ − 𝑚𝛾=>𝑉<&&⃗     where 𝛾=>, 𝑚 and 𝑒 are 

collision frequency, rest mass and charge of plasma electron respectively. We get 

plasma electron velocity such as 

	𝑉<&&⃗ = 	
=	@'4444⃗

A(BC&)D())
          (3.3) 

This oscillatory velocity gives rise to nonlinear ponderomotive force0𝐹E&&&&⃗
FG
1. This force 

is defined as 

𝐹E&&&&⃗
FG
=	−	A

'
	∇&&⃗ 0𝑉;&&&⃗ . 𝑉'&&&⃗

∗
1  

so, we get  

⇒ 𝐹E&&&&⃗
FG
	= 	𝐹IJ&&&&&⃗

FG
𝑒B(("*)"$)#)(C*)C$)K)=  𝐹IJ&&&&&⃗

FG
𝑒B("+#)C+K)      (3.4) 

where, ∆	=

	
𝐸!"𝑒"𝐻# '√2𝑟 𝑟!+ , cosh"A𝑏𝑟 𝑟!+ B 𝑒$

%"&! &"!
' (

𝑒)*#+$,#-)

[2𝑚	(𝑖𝜔/ − 𝛾01)(𝑖𝜔" + 𝛾01)]
7 	, 𝑘L =

(𝑘; − 𝑘')	, 𝜔L = (𝜔; − 𝜔'), and                   

 𝐹IJ&&&&&⃗
FG
= ∆ L𝑟̂ N𝑠 O4√2𝑟 𝑟0Q R𝐻𝑠−1 O√2𝑟 𝑟0Q R + S2𝑏 𝑟0Q T𝐻

𝑠
O√2𝑟 𝑟0Q R tanhS𝑏𝑟 𝑟0Q T −

04𝑟 𝑟02Q 1𝐻𝑠 O√2𝑟 𝑟0Q RU +	N𝑧.𝑖𝑘′𝐻𝑠 O√2𝑟 𝑟0Q RUV    

By solving the equation of motion  𝜕𝑉
&⃗
C+
FG

𝜕𝑡
F = X𝐹⃗E

FG
𝑚Q Y − 𝜈=>𝑉&⃗C+

FG	 and equation of 

continuity 𝜕𝑛C+
FG

𝜕𝑡
F + ∇&&⃗ . 𝑛𝑉&⃗C+

FG = 0, For slanting density profile 𝑛 = 𝑛!𝑒"!#, we get 

nonlinear oscillatory velocity and nonlinear density perturbation of plasma electron as 

per given equation. 

⇒ 𝑉&⃗C+
FG = BC+M⃗,

-.

ANC+$OBC+D()P
                                                                (3.5) 

⇒	𝑛C+
FG =	 >"∇

44⃗ .(=/!!)M⃗,
-.

ANC+$OBC+D()P
	                        (3.6) 

In this derivation we consider n is	constant	with	time, and	is	a	function	of	z only	so	 
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∂(n)
∂tQ = 0. 

This nonlinear density perturbation 𝑛C+
FG give rise to self-consistent space charge 

potential 𝜙  and field, because of separation of electrons from ions. This gives rise to 

linear density perturbation as 𝑛C+
G = −𝜒E∇

&&⃗ . (∇&&⃗ 𝜙)
4𝜋𝑒
F 	  where, 𝜒E =

−𝜔E
'

S𝜔L' + 𝑖𝜔L𝛾=> − 𝑘L
'𝑉KS' T

F   is electric susceptibility of collisional plasma. 

Using Poisson’s equation ∇'𝜙 = 4𝜋S𝑛C+
G + 𝑛C+

FGT𝑒, we get linear force 𝐹⃗EG attributable 

to the space charge field affecting electrons, such as 

Linear force 𝐹⃗EG = e∇&&⃗ 𝜙 = C,
$ 	=/!!	M⃗,

-.

(;OT,)NC+
$OBC+D()P

                               (3.7) 

as, 𝜔E = c04𝜋𝑛!𝑒
'
𝑚Q 1   is plasma	frequency. 

By solving the equation of motion 𝜕𝑉&⃗
FG

𝜕𝑡Q = S𝐹⃗EFG + 𝐹⃗EGT 𝑚Q − 𝛾=>𝑉&⃗ FG   , The 

nonlinear oscillatory velocity of electrons caused by both linear and nonlinear 

ponderomotive forces can be calculated as 

 

⇒ 𝑉&⃗ FG = ;
A
n C+$OBC+D())C,

$OC,
$ 	(=/!!)

()BC+OD())NC+
$OBC+D())C,

$P
o 𝐹⃗EFG     (3.8) 

Nonlinear oscillatory current density is  

 𝐽FG = − ;
'
𝑛L𝑒𝑉&⃗ FG = − >"=

'A
n C$OBCD())C,

$OC,
$ (=/!!)

()BCOD())NC+
$OBCD())C,

$P
o 𝐹IJ&&&&&⃗

FG
𝑒B("#)CK)          (3.9) 

 where, 𝑛L = 𝑛!𝑒"0# is density perturbation which is much greater than the n0 and 

(𝑘; − 𝑘') = 𝑘 ≈ 𝑘L, (𝜔; − 𝜔') = 𝜔 ≈ 𝜔L.  

𝑘 and 𝜔 are the propagation constant and frequency of generated THz field 

respectively. This 𝐽FG gives rise to THz field generation.  

By solving Maxwell’s equations ∇&&⃗ × 𝐸&⃗ = − ;
U
O𝜕𝐵&⃗ 𝜕𝑡Q R  and  ∇&&⃗ × 𝐵&⃗ = V

U
O𝜕𝐸&⃗ 𝜕𝑡Q R +

WX
U
𝐽FG  

we get the following wave equation for THz generation.  

⇒ ∇&&⃗ . S∇&&⃗ . 𝐸&⃗ YZ#T − ∇'𝐸&⃗ YZ# =	
C$

U$
𝜀𝐸&⃗ YZ# +

WXBC
U$

𝐽FG       (3.10) 
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where 𝐸&⃗ YZ# is electric field of generated THz pulse. 

Here we neglect the higher order derivatives, due to fast variation of THz field. 

here, 𝜀=  1 − L𝜔E
'

{𝜔' + 𝑖𝜔𝛾=>}
F V	is electrical permittivity electron collisional plasma. 

To solve equation (10), we use nonlinear oscillatory current density value from 

equation (9) and 𝜀 value and Obtain the terahertz field's normalised amplitude. We 

investigate the radial component of the electric field. 

!89:
!

= "#;
<

$	#
&
'(=
" #

<)"#𝛾𝑒𝑛*#;
<)#;

<+&>::,
+*"#)𝛾𝑒𝑛,+#<)"#𝛾𝑒𝑛*#;

<,
#
!=-?.

√<A
A=
/ 12345DAA=6

&
B%A

<
A=<
' (

'0	+"#C*𝛾𝑒𝑛,+"#<)𝛾𝑒𝑛,
  

	v𝑟̂ w𝑠S4√2T𝐻:); 0
√'J
J"
1 + (2𝑏)𝐻: 0

√'J
J"
1 tanh 0]J

J"
1 − 0WJ

J"
1𝐻: 0

√'J
J"
1yz                (3.11) 

Here, 
!89:
!
	is the ratio of generated THz electric field to the applied laser electric field. 

This ratio is also known as THz conversion efficiency. 

3.3 Result and discussion 
In the current study, I have studied the phenomenon of generation of THz by interaction 

of HchG laser pulses in under dense plasma. For this investigation, plasma density is 

9.74 × 10''	𝑚)^  and Corresponding plasma frequency is 1.76 × 10;^	Hz	. Laser 

frequencies (CO2 laser) are taken as 𝜔; = 1.973 × 10;Wrad/s		and	𝜔' = 1.783 ×

10;W	rad/s	 where 𝜔;, 𝜔' > 𝜔E. Corresponding wavelength of laser pulses are  𝜆; =

9.57𝜇𝑚, 𝜆' = 10. 57	𝜇𝑚. Gaussian laser beam waist is taken as 𝑟! = 5 × 10)_	m and 

amplitude of laser field is 𝐸! = 1 × 10;!	𝑉/m. 

3.3.1 Effect of laser frequency 

Variation of normalized THz wave amplitude is calculated at different normalized laser 

frequencies and a curve is plotted for different values of 𝑠 = 0, 1, 2 and 𝑏 =

0, 1, 2, 3, 4, 5 for collisional frequency 𝛾=> = 0.1	ω`. The comparative graphs are 

shown in Fig. 1(a), Fig. 1(b), and Fig. 1(c). 
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Fig. 3.1(a): Contrast of normalized THz amplitude with normalized THz frequency. 

For s = 0, r = 0.6	𝑟!, b = 0 (red), 1 (blue), 2 (cyan), 3 (pink), 4 (black), 5 (green). 

 

 
Fig. 3.1(b): Contrast of normalized THz amplitude with normalized THz frequency. 

For s = 1, r = 0.6	𝑟!, , b = 0 (red), 1 (blue), 2 (cyan), 3 (pink), 4 (black), 5 (green). 
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Fig. 3.1(c): Contrast of normalized THz amplitude with normalized THz frequency. 

For s = 2, r = 0.6	𝑟!, , b = 0 (red), 1 (blue), 2 (cyan), 3 (pink), 4 (black), 5 (green). 
 

For Hermite polynomial mode index(𝑠 = 0,1,2). THz amplitude increases with 

increase in decentred parameter(𝑏 = 0,1,2,3,4,5).	For a particular value of decentred 

parameter, normalised THz amplitude is maximum for Hermite polynomial mode index 

𝑠 = 1	as compared to 𝑠 = 0	and 𝑠 = 2. At resonance, the generated THz amplitude is 

maximum, and with further increase in ω/	ω` beyond 1, THz amplitude decreases. For 

ω/	ω` 	beyond	1.6, THz amplitude reduces to nearly zero. There is no role of 

decentred parameter and Hermite polynomial mode index on THz generation at higher 

frequencies. 

3.3.2 Effect of collision frequency (𝜸𝒆𝒏) 

Variation of normalized THz wave amplitude is calculated at different normalized 

collisional frequencies and a curve is plotted for different values of 𝑠 = 0, 1, 2 and 𝑏 =

0, 1, 2, 3, 4, 5 for 𝜔 = 1.9 × 10;^	Hz. The comparative graphs are shown in Fig. 2(a), 

Fig. 2(b), and Fig. 2(c).  
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Fig. 3.2(a): Contrast of normalized THz amplitude with normalized collisional 

frequency.  For s = 0, r = 0.6	𝑟!, , b = 0 (red), 1 (blue), 2 (cyan), 3 (pink), 4 

(black), 5 (green). 

 

 

 
Fig. 3.2(b): Contrast of normalized THz amplitude with normalized collisional 
frequency.  For s = 1, r = 0.6	𝑟!, , b = 0 (red), 1 (blue), 2 (cyan), 3 (pink), 4 (black), 
5 (green). 
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For Hermite polynomial mode index(𝑠 = 0,1,2). THz amplitude increases with 

increase in decentred parameter(𝑏 = 0,1,2,3,4,5).	For a particular value of decentred 

parameter, normalised THz amplitude is maximum for Hermite polynomial mode index 

𝑠 = 1	as compared to 𝑠 = 0	and 𝑠 = 2. At resonance, the generated THz amplitude is 

maximum, and with further increase in (𝛾=>/	ω` beyond 1, THz amplitude decreases. 

For 𝛾=>/	ω` 	beyond	4, THz amplitude reduces to nearly zero. There is no role of 

decentred parameter and Hermite polynomial mode index on THz generation at higher 

frequencies. 

The outcomes of this investigation align with the findings reported by Choudhary et al. 

[23]. The researchers have arrived at the conclusion that employing the Hermite-cosh-

Gaussian beam is a viable approach for the production of terahertz (THz) radiation. 

During the course of our investigation, we utilised a Hermite-cosh-Gaussian beam as a 

modality for the production of terahertz (THz) waves in slanting density plasma profile. 

 

3.4 Conclusion 
In this study, two HchG laser pulses are investigated which are co-propagating through 

a under dense plasma in an ascending density profile. THz radiation is effectively 

 

 
Fig. 3.2(c):   Contrast of normalized THz amplitude with normalized collisional 

frequency.    For s = 2, r = 0.6	𝑟!, , b = 0 (red), 1 (blue), 2 (cyan), 3 (pink), 4 

(black), 5 (green). 
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produced by the nonlinear effects of laser plasma interaction. Analytical research is 

done on the relationship between THz conversion efficiency and plasma frequency as 

well as several laser characteristics as the Hermite polynomial mode index (s), 

decentered parameter (b), and collisional frequency. The findings demonstrate that the 

THz conversion efficiency diminishes as we go away from resonance and nearly 

disappears for normalized THz frequency and normalized collisional frequency for 

values > 1.6 and > 4	respectively. With increasing Hermite polynomial mode index 

values (𝑠 = 0, 1, 2), THz conversion efficiency rises. By varying the values of the 

decentred parameter and the Hermite polynomial mode index values, the recommended 

method is particularly beneficial for creating high intensity, tuneable, energy-efficient 

THz radiation sources. 
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CHAPTER- 4 

Interaction of  p‑polarised chirped laser in hot plasma with 
slanting density modulation  

 
4.1 Introduction 
The terahertz (THz) frequency range is situated between the infrared and microwave 

regions, namely between the frequency range of 1011 to 1013 Hz. The THz gap exhibits 

significant promise in various domains such as THz spectroscopy, topography, 

communication, food production and quality control, hence offering substantial 

chances for scholars and scientists  [99], [100], [101], [102]. Over the past three 

decades, there has been a significant increase in the development of systems for 

generating THz radiation [97], [98], [103], [104], [105], [106], [107], [108], [109], 

[110], [111].  

Forlov et al. [112] conducted a theoretical investigation on the effects of p-polarized 

radiation on semi-bounded plasma. Strong THz amplification is observed when an 

ultra-short laser pulse is incident at or near the critical angle. The study conducted by 

Xie et al. [113] focuses on investigating the creation of THz waves by the utilization of 

laser-induced air plasma. The findings demonstrate that efficient THz radiation 

production occurs when the incident laser possesses the same polarization state. The 

chirped laser pulse with a hot inhomogeneous ripple density plasma was investigated 

by Hashemzadeh [114]. The individual conducts research on the impact of frequency 

chirp, laser intensity, electron temperature, and electron density inhomogeneity on THz 

wave production. The investigation conducted by Li et al. [115] examines the 

interaction between laser and solid materials using chirped laser pulses at relativistic 

intensity. This study investigates the generation of transit current through the nonlinear 

interaction between laser and plasma, specifically focusing on the copper foil material. 

The study conducted by Huang et al. [116] investigated the concurrent emission of THz 

and X-rays resulting from the interaction between an intense, brief laser pulse and a 

thin, unconfined water flow in air. They demonstrate the progression of material 

alteration. In their study, Liao et al. [117] provide a comprehensive analysis of the 

diverse techniques employed for the generation of THz radiation. These approaches 

encompass the utilisation of plasma waves, electron transport, and emission as means 
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of THz generation. The study conducted by Zheng et al. [118] examined the utilisation 

of particle-in-simulations to investigate the creation of THz waves by laser interactions 

at the interface between a vacuum and plasma. The energy of induced THz waves is 

typically on the order of a few megawatts. The study conducted by Amouamouha et al. 

[119] focuses on the creation of THz radiation through the interaction of a super 

Gaussian laser beam with a plasma characterised by ripple density. The researchers 

employed the paraxial approximation approach in their investigation. The researchers 

tuned various laser plasma settings in order to achieve a THz efficiency of 6.5%. 

Hamsters [120] have the capability to generate sub-picosecond THz radiation by the 

use of laser-produced plasma. The author demonstrates that the creation of THz 

radiation is more pronounced when solid targets are employed as opposed to gas targets. 

In their study, Thakur et al.[121]  investigate the phenomenon of second harmonic 

production induced by a chirped laser pulse in a plasma density ramp accompanied by 

a transverse magnetic field. In their research, Hashemzadeh [122] investigated the 

creation of THz radiation using Hermite-cosh-Gaussian and hollow Gaussian laser 

beams in a magnetised plasma with spatial variations. The researcher investigates the 

impact of a decentred parameter and an external magnetic field on the efficiency of 

THz generation. The study conducted by Jahangiri et al. [123] focuses on the 

development of powerful THz radiation within the range of 10-70 millijoules (mJ) from 

plasma formed by argon clusters.  In this research, Sharma et al. [124] investigate the 

characteristics of the cosh-Gaussian laser beam within a wiggler magnetised plasma 

environment, with a specific focus on its potential for generating second harmonics. 

The results of argon gas are compared with those of argon clusters. The study conducted 

by Bakhtiari et al. [125] focuses on the creation of THz radiation by the utilisation of 

two Gaussian laser array beams. The researchers investigate the laser and array 

structure factors in order to optimise the creation of THz radiation for enhanced 

efficiency. In their study, Gurjar et al. [93] investigate the creation of THz waves in a 

spatially slanted density plasma profile through the beating of a chirped laser pulse. The 

maximum amplitude of THz waves occurs when the phase matching resonance 

condition is satisfied, namely at a specific slanting angle of plasma density.  Thakur et 

al. [126]conducted a study on the phenomenon of self-focusing shown by Hermite-
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cosh-Gaussian laser pulses in a collision less cold plasma characterised by an 

exponential density profile. 

The work conducted by Mou et al. [127]  investigates the impact of laser chirp on the 

polarisation of THz radiation. The findings demonstrate that positive and negative chirp 

have contrasting impacts on the polarisation state and phase difference of THz waves. 

The numerical investigation conducted by Nguyen et al. [128] examines the impact of 

chirp and time delay on the efficacy of THz generation. The researchers employ three-

dimensional simulation techniques to achieve a conversion efficiency of 10)W for THz 

radiation. Zhang et al. [129] employ the photocurrent model to theoretically investigate 

the creation of THz radiation through the interaction of a monochromatic chirped laser 

pulse with a gas plasma. The chirped and chirp-free laser pulses are compared in terms 

of their THz yield.  In their research, Xing et al. [130] investigate the THz emission 

resulting from laser chirping in an air plasma. They employ the linear dipole array 

approach to analyse this phenomenon. In their study, Ghayemmoniri et al. [131] 

investigate the creation of THz pulses through the interaction of two chirped laser 

pulses with a carbon nanotube array in the presence of an external tapered magnetic 

field. The findings demonstrate that a tapered magnetic field has the ability to modulate 

the THz field. 

Scientists and academics employ various laser and plasma characteristics to investigate 

distinct mechanisms, including self-focusing, Wakefield acceleration, harmonic 

creation, and THz generation [83], [132], [133], [134], [135], [136], [137], [138]. 

In the present investigation, a pair of p-polarized chirped laser beams are directed 

towards a hot collisional plasma characterised by a slanting up density profile.  The 

phenomenon of laser-plasma interaction leads to the production of high-intensity THz 

waves. The optimisation of laser and plasma characteristics enables the attainment of 

an efficient source of THz radiation. Section II of this work involves the analytical 

derivation of the ponderomotive force, equation of motion, nonlinear plasma current 

density, and the subsequent generation of THz fields. In this study, Section III 

investigates the correlation between the normalised THz electric field and various 

parameters, such as the normalised THz frequency, normalised slanting up density 

modulation, incidence angle, normalised collisional frequency, and chirp parameter. In 
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the fourth section, the Conclusions are presented. The document is concluded by 

incorporating references. 

 
 

4.2 Analytical study of THz generation 
Two p-polarised laser beams are propagating in x-z plane and interact with hot slanting 

up density plasma modulation having density profile 𝑛 = 𝑛!𝑒"!# (where 𝑛! is plasma 

density at 𝑧 = 0 and 𝑘# is wave number of plasma density). Electric and magnetic fields 

of laser pulses are given by these equations. Electric field of two p-polarized laser 

beams are 

								𝐸c&&&⃗ = (𝑧	�cos q− 𝑥	�sin q)	𝐸!c𝑒)B(C&K)"&(/	%,d q 	O	e	fg% q)), where J=1,2 (4.1) 

In this context, 	𝐸!c	represents the amplitude of the laser beam, q		denotes the angle of 

incidence, 𝜔c	signifies the angular frequency and  𝑘c represents the propagation 

constant of incidental laser beam. 

Corresponding magnetic field of laser beam are 

𝐵<&&&⃗ (𝑟, 𝑧) = 	
N"4⃗ 3×@'4444⃗ (J,#)P

C3
, where J = 1,2     (4.2) 

Incident laser beam is positively chirped and chirp is represented as 
 𝜔; = 𝜔! + 𝑏𝜔!' 0𝑡 −

(/	%,d q 	O	e	fg% q)
U

1,  
where, ω! indicates the incident laser beam frequency when chirp is absent, b is the 

chirp parameter, and c is the vacuum light velocity. We choose ω' such as ω; −ω' =

w  lies in THz range.   
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So, 	𝜔' = 𝜔; − 𝜔 = w𝜔! + 𝑏𝜔!' 0𝑡 −
(/	%,d q 	O	e	fg% q)

U
1y − 𝜔  (4.3)   

 
During the initial stage, it can be assumed that electrons are in a state of rest, resulting 

in the absence of any magnetic force acting upon them. The oscillatory velocity of a 

plasma electron can be determined by using the equation of motion 𝑚X𝑑𝑉c
&&&⃗ 	

𝑑𝑡
F Y =

	−𝑒	𝐸c&&&⃗  −𝑚𝑉c&&&⃗ 𝜈=>  

Where, 𝜈=> is collision frequency of collisional plasma. 

By solving this equation, we get     

	𝑉;&&&⃗ = 	
=	@*4444⃗

BAC"3;O]C"N'K)
(5	789 q 	:	;	<=7 q)

? P9)Ah()							
    (4.4) 

	𝑉'&&&⃗ = 	
=	@$4444⃗

BAC"3;O]C"N'K)
(5	789 q 	:	;	<=7 q)

? P) @
@"
9)Ah()

   (4.5) 

Here, e, m, ν  is charge, rest mass and collisional frequency of the plasma electron 
respectively. 
This oscillatory velocity of plasma electron give rise to nonlinear ponderomotive force. 

Nonlinear ponderomotive force is 

𝐹E&&&&⃗
FG
= −	 =

'U
	0𝑉;&&&⃗ × 	𝐵'&&&&⃗

∗
+ 𝑉'&&&⃗

∗
× 𝐵;&&&&⃗ 1 −

A
'
∇&&⃗ 0𝑉;&&&⃗ 	𝑉'&&&⃗

∗
1 (4.6) 

Here, * represents the complex conjugate.  

Solving this equation by putting values of 𝑉;&&&⃗ , 𝑉'&&&⃗
∗
, 𝐵;&&&&⃗ , 𝑎𝑛𝑑	𝐵'&&&&⃗

∗
	and neglecting the higher 

order derivatives of second term, we get 

𝐹E&&&&⃗
FG

=

(𝑥	�cos q+ 𝑧	�sin q)	 =
$	@*@$∗

'BAC"U
	X

' B
C@"

		)	 @@"
3;O]C"N'K)

(5	789 q 	:	;	<=7 q)
? P)D()C@"

	93;O]C"N'K)
(5	789 q 	:	;	<=7 q)

? P) @
@"
OD()C@"

9
	Y  

(4.7) 

 

By solving the equation of motion  𝜕𝑉
&⃗CFG

𝜕𝑡
F = 𝐹⃗EFG 𝑚Q − 𝜈=>𝑉&⃗CFG     and equation of 

continuity 𝜕𝑛C
FG

𝜕𝑡Q + ∇&&⃗ . 𝑛𝑉&⃗CFG = 0, For slanting up density profile 𝑛 = 𝑛!𝑒"!#, we get 

nonlinear oscillatory velocity and nonlinear density perturbation of plasma electron as 

per given equation. 

𝑉&⃗CFG =
BCM⃗,

-.

A(C$OBCh())
    (4.8) 
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𝑛CFG =	
>"∇44⃗ .(=/!!)M⃗,

-.

A(C$OBCh())
	     (4.9) 

In this derivation we consider n is	constant	with	time, and	is	a	function	of	z only	so	 
∂(n)

∂tQ = 0. 

This nonlinear density perturbation 𝑛CFG give rise to self-consistent space charge 

potential 𝜙  and field, because of separation of electrons from ions. This gives rise to 

linear density perturbation as 𝑛CG = −𝜒E∇
&&⃗ . (∇&&⃗ 𝜙)

4𝜋𝑒
F 	  where, 𝜒E =

−𝜔E
'

(𝜔' + 𝑖𝜔𝜈=> − 𝑘'𝑉KS' )
F   is electric susceptibility of collisional plasma. 

Using Poisson’s equation ∇'𝜙 = 4𝜋(𝑛CG + 𝑛CFG)𝑒, we get linear force 𝐹⃗EG due to space 

charge field on electrons such as 

Linear force 𝐹⃗EG = e∇&&⃗ 𝜙 = C,
$ 	=/!!	M⃗,

-.

(;OT,)(C$OBCD())
                               (4.10) 

as, 𝜔E = c04𝜋𝑛!𝑒
'
𝑚Q 1   is plasma	frequency. 

By solving the equation of motion 𝜕𝑉&⃗
FG

𝜕𝑡Q = S𝐹⃗EFG + 𝐹⃗EGT 𝑚Q − 𝜈=>𝑉&⃗ FG , nonlinear 

oscillatory velocity of electrons because of the linear and nonlinear ponderomotive 

forces calculated as 

 

𝑉&⃗CFG =
;
A
N C

$OBCh())C,
$OC,

$ (=/!!)
()BCOh())iC$OBCh())C,

$j
U 𝐹⃗EFG    (4.11) 

 

Here, we consider 𝜔;,𝜔' ≫ 𝜔E 

𝐽FG = − ;
'
𝑛𝑒𝑉&⃗ FG, where 𝑛 = 𝑛!𝑒"!#is density perturbation which is much greater than 

the 𝑛!. 

⇒ 𝐽FG = − >"=
'A

N C
$OBCh())C,

$OC,
$ (=/!!)

()BCOh())iC$OBCh())C,
$j
U 𝐹⃗EFG𝑒B("#)CK)  (4.12) 

Where (𝑘; − 𝑘') = 𝑘	𝑎𝑛𝑑	(𝜔; − 𝜔') = 𝜔 
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This nonlinear current density is responsible for THz generation. By using III and IV 

Maxwell’s equation, ∇&&⃗ × 𝐸&⃗ = − ;
U
O𝜕𝐵&⃗ 𝜕𝑡Q 			R	and ∇&&⃗ × 𝐵&⃗ = (𝜀 𝑐⁄ )	O𝜕𝐸

&⃗
𝜕𝑡Q R +

S4𝜋 𝑐Q T𝐽FG, we can calculate the THz wave generation equation. 

Equation for THz generation is  

 ∇&&⃗ . S∇&&⃗ 𝐸YZ#&&&&&&&&&⃗ T − ∇'𝐸YZ#&&&&&&&&&⃗ = 	C
$

U$
𝜀𝐸YZ#&&&&&&&&&⃗ + WXBC

U$
𝐽FG         (4.13) 

In order to neglect higher order derivatives due to fast variation of THz field. So 

normalized THz amplitude is  
𝐸!"#
𝐸

= &	
𝜔$%𝑒𝐸

𝜀	𝜔𝑚𝜔&𝑐
-
𝜔% + 𝑖𝜔𝜈'( − 𝜔$% + 𝜔$%(𝑒)!#)
(−𝑖𝜔 + 𝜈'()(𝜔% + 𝑖𝜔𝜈'( − 𝜔$%)

4 𝑒*()#,-.)(𝑥	6cos q + 𝑧	6sin q) =

𝜔
𝜔&

− 2 𝜈'(𝑖𝜔&
	

?1 + 𝑏𝜔& B2𝑡 −
(z	sin q 	+	𝑥	cos q)

𝑐 E − 𝜈'(
𝑖𝜔&

	F ?1 + 𝑏𝜔& B2𝑡 −
(z	sin q 	+	𝑥	cos q)

𝑐 E − 𝜔
𝜔&

+ 𝜈'(
𝑖𝜔&

F
	G	H 

           

          (4.14) 

Here, we consider incidental beam have same electric field amplitude 𝐸!; = 𝐸!' = 𝐸 

is the amplitude of incident laser beam. 

4.3 Result and discussion 
In this investigation of THz generation, two p-polarised laser beams are positively 

chirped and propagating in hot collisional under dense plasma. For this study we choose 

suitable laser parameter such as femtosecond Ti-Sapphire laser with wave length of 800 

nm having angular frequency 2.35´10;_ rad/sec, chirp parameter of 0.0011, 

propagation distance (z) = propagation distance (x) = 20	µ𝑚, time 𝑡 = 50	𝑓𝑠, incidence 

angle is p/6	radian	and electric field amplitude of 1´10;' V/m. Plasma parameters are 

optimised as plasma density is 5´10'^𝑚)^. Here in present study, we choose 

w = 1.025	wE where, w;,w' > wE and 𝜈=> = 0.1	wE.  

 4.3.1 Effect of normalised THz frequency (w w𝑷Q ) 

In this study variation of normalised THz amplitude is analysed with normalised THz 

frequency at 𝑘# = 0.9	k for chirp	parameter	b = 0.0011(red), 0.0044(blue),

0.0066(green), 0.0099(black). 
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Fig. 4.1: Variation of normalized THz amplitude with normalized THz frequency 

for chirp	parameter		b = 0.0011(red), 0.0044(blue), 0.0066(green),

0.0099(black). For	𝑘# = 0.9	k.	Other parameters are same as mentioned above. 

 

For off-resonant condition, normalised THz amplitude decreases rapidly and 

approaches to zero for normalised THz frequency (w w`Q )  greater than 1.2. Normalised 

THz amplitude approaches more than 0.8, as we decrease the chirp parameter from 

0.0099 to 0.0011. The maximum normalised THz amplitude decreases from 

approximately 0.8 to 0.6. So, increase in chirp parameter decreases the THz conversion 

efficiency significantly. 

4.3.2 Effect of normalised slanting up density modulation parameter (𝒌𝒛/𝒌)  

This study aims to conduct a theoretical analysis of the relationship between the 

normalised amplitude of THz radiation and the wave propagation distance of THz 

waves. The analysis focuses on various values of the chirp	parameter	b =

0.0011(red), 0.0044(blue), 0.0066(green), 0.0099(black). 
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Fig. 4.2: Variation of normalized THz amplitude with normalized slanting up 

density parameter for chirp	parameter	b = 0.0011	(red), 0.0044	(blue),

0.0066	(	green), 0.0099	(black).		Other parameters are same as mentioned above. 

 

This study shows that normalised THz amplitude increases with normalised slanting up 

density modulation parameter (𝑘#/𝑘). With the increase in the chirp parameter from 

0.0011 to 0.0099, the maximum value of normalised THz amplitude decreases from 0.8 

to 0.2 approximately. 

 

4.3.3 Effect of incidence angle (q) 

This study focus on examining the relationship between the normalised THz amplitude 

and the incident angle for chirp parameter b=0.0011. In Fig. (3), normalized THz 

amplitude is shown along vertical axis while, oblique angle (normalized by π/12) is 

represented along horizontal axis.  This examination shows that normalised THz 

amplitude changes in oscillatory manner with incidence oblique angle and the peak of 

the curve (maximum THz amplitude) is obtained at normalized oblique value 3. 
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Corresponding oblique angle is 3*	π/12 or 450 with selected parameters. It concludes 

that for effective THz generation, oblique angle also plays a crucial role, and this angle 

should be optimized to obtain energy efficient THz generation.  

 

 
Fig. 4.3: Variation of normalized THz amplitude with normalized THz frequency 

for chirp	parameter	b = 0.0011	and	𝑘# = 0.9	k.	Other parameters are same as 

mentioned above. 

 

Normalised THz amplitude has maximum value is 0.86 for incidence angle 450 and 

minimum value is 0.4 for incidence angle 2250. 

 

4.3.4 Effect of normalised collisional frequency (𝝂𝒆𝒏 w𝑷" ) 

This study focuses on examining the relationship between the normalised THz 

amplitude and the normalised collisional frequency for b=0.0011 and q = p/6.   
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Fig. 4.4: Contrast of normalized THz amplitude with normalized collisional 

frequency for chirp parameter b=0.0011 and kz=0.9 k, λ=800 nm, z = x = 20 µm, 

t=50 fs. Other parameters are same as mentioned above. 

 

According to the findings of the investigation, the normalised THz amplitude 

experiences a precipitous drop as the normalised collisional frequency rises. 

Approximately 0.7 is the maximum value for the normalised THz amplitude. When the 

normalised collisional frequency is bigger than 0.8 value, the normalised THz 

amplitude gets closer and closer to zero. This indicates that an increase in collisional 

properties of plasma, there is corresponding decrease in generated THz amplitude. 

This investigation's results are consistent with the findings documented by 

Hashemzadeh [114] The conclusion drawn by the researchers is that the utilisation of a 

p-polarised chirped laser beam proves to be an efficacious approach in the generation 

of THz radiation. During the course of our investigation, we utilised a chirped p-

polarized beam within a hot collisional slanting up plasma profile as a method for 

producing THz waves.  
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4.4 Conclusion 
This study examines the propagation of two p-polarised chirped laser beams in a hot 

collisional under dense plasma medium. An analytical solution is derived to determine 

the efficiency of THz generation, considering various characteristics such as the 

normalized THz frequency, incidence angle, collisional frequency, normalized 

transverse distance, and frequency chirp. The resulting solution is then analysed to 

optimize these parameters, aiming to achieve a tunable and energy-efficient THz 

source. The normalized THz amplitude exhibits significant values up to 0.8 for 

normalized THz frequency corresponding to chirp parameter b = 0.0011. The findings 

indicate that as the value of the chirp parameter increases from 0.0011 to 0.0099, there 

is a decrease in the normalized amplitude of the THz signal. The normalised THz 

amplitude changes in oscillating manner with change in incidence angle from zero to 

2p and shows a maximum for incident oblique angle 450 and minima at 2250. This study 

aims to contribute to the existing body of information about the determination of 

optimal incident oblique angle, chirp parameter, and collisional frequency for the 

purpose of achieving an energy-efficient THz source. 
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CHAPTER- 5 

 Hermite-cosh-Gaussian chirped laser in static 
magnetized plasma for enhanced THz generation 

 
5.1 Introduction 
Terahertz wave applications in the fields of chemical analysis, non-destructive testing, 

medical imaging and research is gaining attention of scholars and industries [86], [139], 

[140], [141]. A wide variety of fields such as nonlinear optics, harmonic generation, 

self-focusing, filamentation, electron acceleration, wake field generation, terahertz 

wave generation, etc. uses the laser plasma interaction process [12], [13], [14], [66], 

[73], [77]. Hermite-cosh-Gaussian beam is the member of Hermite sinusoidal Gaussian 

family. The Hermite-Cosh function is utilized to represent a laser beam profile that 

encompasses Hermite polynomials, Gaussian and hyperbolic cosine components, and 

Gaussian-like spatial variation. Lasers with higher-order transverse modes, 

characterized by more complex intensity distributions compared to the fundamental 

Gaussian mode. The Hermite-cosh-Gaussian function's paraxial wave solution is 

introduced by Casperson and Tovar [142]. Through the use of a paraxial wave solution, 

Belafhal et al. theoretically examined the wave propagation characteristics of the 

Hermite-cosh-Gaussian function in the ABCD system [143]. 

Scientists study the Hermite-cosh-Gaussian laser pulse in various laser plasma 

interaction phenomena. The Hermite-cosh-Gaussian laser beam in magneto-active 

plasma was studied by Patil et al. They investigated how the decentred parameter and 

the mode index affected self-focusing [144]. The self-focusing of a Hermite-cosh-

Gaussian laser beam in ramp density and under density plasma profiles was investigated 

by Nanda et al [145], [146]. The Hermite-cosh-Gaussian laser beam in ripple density 

plasma was studied numerically by Kaur et al.[147].  In semiconductor plasma, Wani 

et al. [148]looked at the self-focusing of a Hermite-cosh-Gaussian beam. The third 

harmonics generation by Hermite-cosh-Gaussian beam in the presence of wiggler 

magnetic field was theoretically investigated by Sharma et al.[88]. The beat wave of 

Hermite-cosh-Gaussian laser beam absorption in collisional nano cluster plasma profile 

was studied by Ashish Verma and Asheel Kumar[149]. In this research, they looked at 

the Bernstein wave parameters. In collisional plasma, the second harmonics generation 
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of the Hermite Gaussian beam was explored by Jyoti Wadhwa and Arvinder Singh. The 

researchers conducted an investigation on the influence of mode indices on the 

generation of harmonics and the phenomenon of self-focusing[150]. In order to 

generate Terahertz waves, Hamster et al.[151] investigate the interaction between a 

short, powerful laser pulse and plasma. The researchers conducted an investigation on 

the nonlinear ponderomotive force effect in the production of Terahertz waves. In their 

study, Safari and Jazi investigated the properties of collisional plasma by employing 

laser beams with Gaussian and Hermite-cosh-Gaussian profiles. They came to the 

conclusion that plasma and laser parameters are crucial for Terahertz field amplitude 

[152]. The Terahertz wave generation with radially polarized Hermite-cosh-Gaussian 

laser beam in hot collisional plasma was studied by Chaudhary et al. [153]. In their 

theoretical inquiry, Malik et al.[91] looked at the creation of Terahertz waves using two 

Hermite-cosh-Gaussian laser beams in a periodically varying plasma density profile 

with an applied magnetic field. They investigated how Terahertz wave production was 

affected by the decentred parameter, Hermite function order, and applied magnetic 

field. Hashemzadeh looked into the production of Terahertz waves in magnetized 

plasma using laser beams that were Hermite-cosh-Gaussian and hollow Gaussian. The 

researchers reached the conclusion that the introduction of external magnetic fields 

results in a radial increase in the magnitude of the Terahertz field[154].  In collisional 

inhomogeneous plasma, Safari et al.[155] looked at the nonlinear processes of Hermite-

cosh-Gaussian and Laguerre-Gaussian beam interaction. For the greatest electric field 

amplitude at Terahertz frequencies, they examined various laser parameters and density 

ripple.  The Hermite-cosh-Gaussian laser pulse is investigated by Rajput et al.[156] in 

their work on electron acceleration in a vacuum. The researchers utilized laser pulses 

with both circular and linear polarization. The Terahertz production was investigated 

by Mehta et al.[46] by the utilization of a transverse external magnetic field in 

conjunction with under dense plasma and chirped laser pulses. The authors of the study 

illustrate the enhancement of the Terahertz electric field in the presence of a magnetic 

field, as well as the optimization of the chirp value. They also investigate the impact of 

chirped laser pulses on the ripple in density[47]. 

Wu et al.[157] studied the chirped laser pulse-induced Terahertz pulse production in a 

lithium niobate crystal at ambient temperature. They produce a 0.2 mJ Terahertz pulse 
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for their research. Jiang et al.[158] generated 0.3 mW Terahertz pulses while studying 

the GaP crystal using a negatively chirped femtosecond laser pulse. In order to generate 

Terahertz waves at beat frequency, Gurjar et al.[93] looked at the nonlinear interaction 

of chirped laser pulse interaction with slanting plasma modulation. They demonstrate 

that the generated Terahertz wave amplitude is strongly affected by the slanting plasma 

profile. 

In the current study, two linearly polarized Hermite-cosh-Gaussian beams propagate in 

z direction. These laser beams are positively chirp. These laser beams propagated in 

under dense collision less plasma with transverse static magnetic field. The interaction 

between laser and plasma results in the generation of intense terahertz (THz) waves. 

Tunable efficient THz radiation source can be achieved by adjusting the laser and 

plasma parameters.  

5.2 Analytical study of THz generation 
Two waves, which are linearly polarized and have the Hermite-cosh-Gaussian profile, 

are propagating in the z direction. The direction of polarization of the electric field is 

aligned with the x-axis, and can be mathematically expressed by the following equation.  

 Em&&&⃗ = 	 x.E!H% 0
√'n
o"
1 cosh 0pn

o"
1 e)*

n$
o"$
q +e,(.%/)0%1); Where, J=1,2 

Here, 𝐸! is the amplitude of laser pulse,  w!	is pulse waist, 𝑎  is decentered parameter 

of cosh profile, 𝑠 is the mode index of Hermite polynomial 𝐻:. 

A static external magnetic field is applied along the y-axis i.e., B% = B!y.. Incident laser 

beam is positively chirped and chirp is represented as ω; = ω! + bω!
' 0t − /

f
1, where 

b is the chirp parameter, c is the light velocity, and ω! is the incident laser beam in the 

absence of chirp. We choose ω' such as ω; −ω' = w  lies in THz range.   

Two linearly polarized Hermite-cosh-Gaussian laser beams are propagating in z 

direction. Electric field of two linearly polarized Hermite-cosh-Gaussian laser beams 

 E;&&&&⃗ (x, z) = 	 x.E!H% 0
√'n
o"
1 cosh 0pn

o"
1 e)*

n$
o"$
q +e,(.*/)0*1)   (5.1) 

E'&&&&⃗ (y, z) = 	 x.E!H% 0
√'n
o"
1 cosh 0pn

o"
1 e)*

n$
o"$
q +e,(.$/)0$1Or)   (5.2)  
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Here, 𝐸! is amplitude of laser pulse, w0 is beam waist, a is decentered parameter of 

cosh profile, 𝑠 is the mode index of Hermite polynomial 𝐻: ,  

Corresponding magnetic field of laser beam are 

      where 𝐽 = 1,2       (5.3) 

The positive frequency chirp is 
𝜔; = 𝜔! + 𝑏𝜔!' 0𝑡 −

#
U
1,        (5.4) 

	𝜔' = 𝜔; − 𝜔 = w𝜔! + 𝑏𝜔!' 0𝑡 −
#
U
1y − 𝜔                 (5.5) 

In the initial stage, electrons can be considered at rest so electrons will not experience 

any magnetic force. So, from equation of motion oscillatory velocity of plasma electron 

is 

⇒	𝑉;&&&⃗ = 	
=	@*4444⃗

BAC"3;O]C"N'K)
!
?P9)As								

= =	@*4444⃗

BAC*+)As	
= =	@*4444⃗

AiBC*+)sj	
	    (5.6) 

⇒	𝑉'&&&⃗ = 	
=	@$4444⃗

BAC"3;O]C"N'K)
!
?P)

@
@"
9)As

=  =	@$4444⃗

BAC$+)As
= =	@$4444⃗

AiBC$+)sj
	    (5.7) 

Here, 𝜔;L = 𝜔! w1 + 𝑏𝜔! 02𝑡 −
#
U
1y,  𝜔'L = 𝜔! w1 + 𝑏𝜔! 02𝑡 −

#
U
1 − C

C"
y, 

and e, m, ν  is charge, rest mass and collisional frequency of the plasma electron 

respectively. This oscillatory velocity of plasma electron give rise to nonlinear 

ponderomotive force. 

Nonlinear ponderomotive force is 

𝐹E&&&&⃗
FG
= −	 =

'U
	0𝑉;&&&⃗ × 	𝐵'&&&&⃗

∗
+ 𝑉'&&&⃗

∗
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A
'
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∗
1   (5.8) 

Here, * represents the complex conjugate.  

Solving this equation by putting values of 𝑉;&&&⃗ , 𝑉'&&&⃗
∗
, 𝐵;&&&&⃗ , 𝑎𝑛𝑑	𝐵'&&&&⃗

∗
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	�	    (5.9) 

Plasma electrons starts moving in circular path due to Lorentz force by external static 

magnetic field. Circular motion of plasma electron interacts with electric field of laser 

beam result into angular motion of plasma electron with cyclotron frequency 𝜔U.  
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By figuring out the equation of motion  
vw44⃗@+

-.

vK
= M⃗,

-.

A
− 𝜈=>𝑉&⃗C+

FG − =
AU
�𝑉&⃗C+

FG × 𝐵&⃗ �    we 

get the oscillatory velocity of plasma electron such as 

𝑉C+
FG&&&&&&&⃗ =

𝜔U𝑥. − 𝑖𝜔𝑧̂
𝑚	(𝜔U' − 𝜔') 𝐹E#

FG 

Here, we consider 𝜔;,𝜔'>>𝜔U , 𝜔E  

Where 𝜔E	is	plasma	frequency	is	such	as	𝜔E
' = WX>=$

A
 and 𝜔U =

𝑒𝐵! 𝑚𝑐Q   

is cyclotron frequency. Nonlinear oscillatory current density can be calculated by 

solving this equation 𝐽FG = − ;
'
𝑛𝑒𝑉&⃗ FG,  

⇒ 𝐽FG = −C,$

xX=
C?ey)BC#̂
(C?$)C$)

𝐹E#FG       (5.10) 

The nonlinear current density facilitates THz production. By using III and IV 

Maxwell’s equation, we can calculate the THz wave generation equation. 

From Maxwell’s equations ∇&&⃗ × 𝐸&⃗ = − ;
U
v{4⃗

vK
   

As ∇&&⃗ × 𝐵&⃗ = V
U
v@4⃗

vK
+ WX

U
𝐽FG 

Equation for THz generation is  
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𝐽FG    (5.11) 

In order to neglect higher order derivatives due to fast variation of THz field So 
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          (5.12) 

5.3 Result and discussion 
In this investigation of THz generation, two Hermite-cosh Gaussian polarised laser 

beams are positively chirped and propagating in cold collision less under dense plasma. 
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For this study we choose suitable laser parameter such as femtosecond Ti:Sapphire laser 

with wave length of 800nm having angular frequency 2.35´10;_ rad/sec , chirp 

parameter is 0.0099, beam waist of  5´10)_m and electric field amplitude is 5	´10� 

V/m.. Plasma parameters are optimised as plasma density is 9.74´10''𝑚)^ , whose 

corresponding plasma frequency wE is 1.76´10;^	𝐻𝑧. Here in present study, we choose 

w = 1.07	wE where w;,w' > wE and applied external static magnetic field is 10 Tesla.  

5.3.1 Effect of normalised transverse distance (𝒙 𝐰𝟎Q ) and decentred parameter 
(b) 

Variation of normalized THz wave amplitude is calculated at different normalized 

transverse distance and different decentred values a=0,1,2,3. A three-dimensional curve 

is plotted for different values of Hermite polynomial mode index values s=0,1,2 at 𝐸! = 

5	´10� V/m and external static magnetic field is 10 T. 

 

 

 

 

 
(a) 
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(b) 

 

 

 
(c) 

Fig. 5.1: Variation of normalized THz amplitude with normalized transverse 

distance and decentered parameter. (a)	s = 0, (b) s=1, (c) s= 2.  
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When the Hermite polynomial mode index value is varied between s=0, 1, and 2, the 

normalized transverse distance and normalized THz amplitude exhibit a shift towards 

higher values, specifically from 1.4 to 1.9 and from 0.0015 to 0.8, respectively. The 

findings of this study indicate a significant rise in normalised Terahertz (THz) 

amplitude when the parameter an exceeds a value of 2.     

5.3.2 Effect of normalised THz frequency (w w𝑷Q ) 

This study aims to conduct a theoretical analysis of the relationship between the 

normalised frequency of THz waves and the normalised amplitude of THz radiation. 

The analysis focuses on various values of the Hermite polynomial mode index, 

specifically s=0,1,2. 
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(b) 

 

 
(c) 

Fig. 5.2: Variation of normalized THz amplitude with normalized THz frequency 

with mode index (a) s= 0, (b)	s = 1, (c)	s =

2	are	shown.		For	decentered	parameter	a	 = 0	(red), b = 1	(blue)	and	b =

2	(magenta)	for	chirp	parameter	b = 	 .0099.	Other parameters are same as 

mentioned above. 
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The normalized terahertz amplitude with the Hermite polynomial mode with index 

s=0,1,2 rises when the chirp parameter b is set to 0.0099 and a static magnetic field of 

10T is applied. In the case of larger values of normalised THz frequency, it can be 

observed that the normalised THz amplitude experiences a rapid decline and eventually 

approaches zero when the frequency exceeds 1.2 times the normalised plasma 

frequency (w	> 1.2 wE). There is a lack of substantial impact observed when 

considering the decentred parameter and chirp parameter beyond the specified 

threshold. 

5.3.3 Effect of chirp parameter (b) 

This study focuses on examining the relationship between the normalised THz 

amplitude and the normalised THz frequency. The examination explores various values 

of the Hermite polynomial mode index (s=0,1,2) and the decentred parameter value 

(a=2) under varied chirp levels b= 0.0011, 0.0044, 0.0066 and 0.0099. 

 

 

 

  

 

 
(a) 



70 
 

 

 

 
(b) 

  

  
(c) 

Fig. 5.3: Contrast of normalized THz amplitude with normalized THz frequency with 

mode index(a)s= 0, (b)	s = 1, (c)	s = 2	are	shown. For		b	 = 0.0011	(red), b =

.0044	(blue), b = .0066	(magenta), b =

0.0099	(green)	for	decentered	parameter	a = 2.	Other parameters are same as 

mentioned above. 
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As the Hermite polynomial mode index value is incremented from 0 to 2, there is an 

observed increase in the normalised THz amplitude, ranging from around 0.0016 to 

0.26. and there is a noticeable shift in the peak towards larger normalized transverse 

distance values from 0.92 to 1.63. The THz normalized amplitude exhibits an 

increasing trend as the chirp parameter (b) varies across multiple values, 

specifically	0.0011	,0.0044	, 0.0066	and	0.0099. 

5.4 Conclusion 
This study examines the propagation of two Hermite-cosh-Gaussian chirped laser 

beams in a collision less under dense plasma medium. An analytical solution is derived 

to determine the efficiency of terahertz (THz) generation, considering various 

characteristics such as the normalized THz frequency, normalized transverse distance, 

and frequency chirp. The resulting solution is then analysed to optimize these 

parameters, aiming to achieve a tunable and energy-efficient THz source. The 

normalized THz amplitude exhibits significant values up to 0.8 for normalized 

transverse distances corresponding to s values of 0, 1, and 2. The findings indicate that 

as the index value of the Hermite polynomial mode increases from 0 to 2, there is a 

discernible rise in the normalized amplitude of the THz signal. Additionally, there is an 

observable displacement of the peak towards higher values of normalized transverse 

distance 
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CHAPTER- 6 

Enhancing terahertz radiation in slanting density plasma 
using Gaussian laser beams 

6.1 Introduction 
In the electromagnetic spectrum, THz waves are located between the microwave and 

infrared areas, occupying a section of the spectrum that is mostly unknown and 

significantly underutilised. THz waves have a variety of features that set them apart 

from other waves, making them extremely promising for a wide range of applications 

in various sectors. Terahertz vibrations interact with materials differently. They may 

enter obscure materials like plastics, textiles, and biological tissues. Due to their 

increased sensitivity to molecular vibrations and rotational transitions, terahertz waves 

can reveal precise molecule composition and structure[159]. THz radiation cannot 

ionise atoms or molecules, hence it is non-ionizing[160]. This makes it suitable for 

many medical and security applications and safe for biological tissues[161], [162]. THz 

waves accurately photograph subsurface things like clothing and packages. This is 

useful for non-destructive testing[163], medical diagnostics[164], and security 

screening[165], [166]. Terahertz waves can enable fast wireless communication 

networks beyond current technology. Terahertz communication systems could 

revolutionise data delivery in 6G [167] mobile networks and data-intensive wireless 

technologies. 

Utilising THz waves has enormous promise, but there are several obstacles to 

overcome, such as effective creation[168], [169], [170], detection, and 

manipulation[171], [172], [173]. However current studies and technological 

developments are overcoming these obstacles, opening new applications for THz 

technology in everything from materials science and security to healthcare and 

telecommunications. Kumar et al.[174] conducted study on the effects of self-focusing 

and defocusing of a Gaussian laser beam on the generation of terahertz waves in a large-

scale dense array of vertically aligned carbon nanotubes exhibiting anharmonic 

characteristics. Midha et al.[175] investigated the simultaneous propagation of two 

Hermite-cosh-Gaussian laser pulses across an under dense plasma medium with a 
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density profile that increases at an angle. The interaction between laser and plasma 

displays nonlinear properties, resulting in the generation of THz radiation with a high 

level of effectiveness. Kumar et al.[176] discovered that the application of a magnetic 

field, the anharmonic properties of Metallic Carbon Nanotubes, self-focusing, and the 

diameters of Metallic Carbon Nanotubes all contribute to the increase in the normalised 

THz amplitude. Kumar et al.[177] presented a method for producing effective terahertz 

radiation utilising the nonlinear coupling of an amplitude-modulated Gaussian laser 

beam with a triple-stacked array of anharmonic and rippled carbon nanotubes arranged 

vertically. Kumar et al.[178] introduced an innovative method to achieve strong, 

narrowband, and adjustable THz radiation by utilising a nano-sized over dense plasma 

target, which is exposed to two opposing laser pulses with different frequencies. Chen 

et al.[179] conducted an experimental study where they successfully proved the 

creation of coherent terahertz radiation across a wide range of frequencies. This was 

achieved by colliding laser pulses with gas plasma. Midha et al.[180] conducted a study 

on the concurrent transmission of two Hermite-Gaussian laser pulses via a collisional 

plasma medium with an inclined density profile that increases. The interaction between 

the laser and plasma has nonlinear characteristics, leading to the production of 

extremely effective terahertz radiation. Singh et al.[181] examined the impact of laser 

pulse top flatness on the creation of terahertz fields by nonlinear mixing of two lasers 

that are moving in the same direction through an n-type semiconductor. Ashish et 

al.[182] described a method for producing THz fields by employing an electron beam 

that travels in the opposite direction of a laser pulse. Choobini et al.[183] investigated 

the process of four-wave mixing as a means of producing Terahertz radiation in a 

magnetised and collisional clustered plasma. Choobini et al.[184] conducted a study on 

the creation of terahertz radiation using a nonlinear induced electron current density. 

This was achieved through the interaction of two-color femtosecond laser beams with 

collisional and magnetised plasma. Milani et al.[185] examined how the spatial and 

temporal changes in the combination of two Gaussian laser pulses travelling through 

plasma affect the production of terahertz radiation. Researchers in various fields apply 

laser-plasma interaction to study certain phenomena, such as self-focusing[176], 

Wakefield acceleration[186], [187], [188], [189], [190], harmonic generation [191], 

[192], [193], and THz generation[194], [195], [196]. 
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In this study, I have investigated two Gaussian laser pulses propagating through an 

under dense collisional plasma with slanting up density profile. Analytical expression 

for THz efficiency is derived in section II. Using feasible numerical values of 

parameters, curves are plotted to study the effect of plasma density, collisional 

frequency and transverse distance on THz generation efficiency in section III. 

Conclusion of this study is added in section IV.  

6.2 Analytical expression for THz efficiency 
The electric field of two radially polarized Gaussian laser beams propagating along z-
direction is considered as 

𝐸<&&&⃗ (𝑟, 𝑧) = 	 𝑟̂𝐸!𝑒
)*J

$
J"$
q +𝑒B("3#)C3K)                                                       (6.1) 

Where, j= 1,2 corresponding to two different laser beams, r = r (x,y) = :𝑥' + 𝑦', 𝑟! is 
beam waist, 𝑘� is the propagation constant, 𝜔� is the angular frequency of the 
propagating laser beam. 

The corresponding magnetic field of the laser pulse is 𝐵<&&&⃗ (𝑟, 𝑧) =
0𝑘&⃗ � × 𝐸<&&&⃗ (𝑟, 𝑧)1

𝜔�
F  .  

In the initial stage, electrons can be considered at rest so electrons will not experience 

any magnetic force. So, from the equation of motion 𝑚𝑑𝑉<&&⃗
𝑑𝑡
F = 	−𝑒	𝐸<&&&⃗ − 𝑚𝑉<&&⃗ ν, 

where ν is the collision frequency of collisional plasma, m is the mass of the electron  

By solving it, I get the velocity of an electron as 	𝑉<&&⃗ = 	
=	@'4444⃗

A(BC3)s)
              (6.2) 

When these two intense laser beams propagate through plasma, they generate a non-
linear ponderomotive force on electrons given by 

	𝐹E&&&&⃗
FG
= −

𝑚
2 (	𝑉;

&&&⃗ 	. ∇𝑉'&&&⃗
∗
+ 𝑉'&&&⃗

∗
	. ∇	𝑉;&&&⃗ ) 

By solving, I get 

𝐹E&&&&⃗
FG
=	 ∆	n2𝑟̂ 	w0)'J

J"$
1y + {𝑧̂𝑖𝑘}o 𝑒B("#)CK)                                               (6.3)                          

Where,  ∆	= 	 @"$=$=
KL$0

$
0"$
M N

'A	(BC*)s)(BC$Os)
, 𝑘 = 𝑘; − 𝑘'	&	𝜔 = (𝜔; − 𝜔')	                    

From the equation of continuity, for the slanting density profile 𝑛 = 𝑛!𝑒"!# 

  v(>O>@
-.)

vK
+ ∇&&⃗ . (𝑛 + 𝑛CFG)𝑉&⃗CFG = 0                  

As 𝑛CFG ≪≪ 𝑛	𝑠𝑜	(𝑛 + 𝑛CFG) ≈ 𝑛,	 

𝑛	is	constant	with	time, and	a	function	of	z	only	so, �(d)
�1

= 0	  

The continuity equation takes the form         
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 v>@
-.

vK
= −∇&&⃗ . 𝑛𝑉&⃗CFG          (6.4) 

 

As both 𝑉&⃗CFG	and 𝑛CFG are produced by 𝐹⃗EFG = 𝐹⃗IJFG𝑒B("#)CK)    

So, both should have the same dependence on z and t. 

From the equation of motion  vw
44⃗@-.

vK
= M⃗,

-.

A
− 𝜈𝑉&⃗CFG                          (6.5) 

Differentiating equation (5) w.r.t. t 

𝜕'𝑉&⃗CFG

𝜕𝑡' =
1
𝑚
𝜕𝐹⃗EFG

𝜕𝑡 − 𝜈
𝜕𝑉&⃗CFG

𝜕𝑡  

By putting 𝜕 𝜕𝑡Q ≡ −𝑖𝜔, 𝜕 𝜕𝑧Q 	≡ 𝑖𝑘, 𝜕𝑛C
FG

𝜕𝑡Q 	= −∇&&⃗ . 𝑛	𝑉&⃗CFG  and solving, we get 

⇒ 𝑉&⃗CFG =
BCM⃗,

-.

A(C$OBCh)
                                              (6.6) 

From 𝜕𝑛C
FG

𝜕𝑡Q 	= −∇&&⃗ . 𝑛	𝑉&⃗CFG 

⇒	𝑛CFG =	
>"∇44⃗ .(=/!!)M⃗,

-.

A(C$OBCh)
	        (6.7) 

As 𝑛CG = −	𝜒E∇
&&⃗ . (∇&&⃗ ØE)

4𝜋𝑒
F 	 Where 𝜒E = −𝜔E

'

(𝜔' + 𝑖𝜔𝜈)F   

Using Poisson’s equation ∇'Ø = 4𝜋(𝑛CG + 𝑛CFG)𝑒 

We get 

⇒ ∇Ø = C,
$=/!!M⃗,

-.

=(;OT,)(C$OBCh)
                 As Plasma	frequency	𝜔E = c4𝜋𝑛!𝑒' 𝑚Q  

Linear force 

𝐹⃗EG = e∇Ø = C,
$=/!!M⃗,

-.

(;OT,)(C$OBCh)
                                            (6.8) 

The resultant non-linear oscillatory velocity of electrons by the equation of motion is: 
vw44⃗ -.

vK
= M⃗,

-.OM⃗,
.

A
− 𝜈	𝑉&⃗ FG     

By solving we get 

⇒ 𝑉&⃗ FG = ;
A
N C

$OBCh)C,
$OC,

$=/!!

()BCOh)iC$OBCh)C,
$j
U 𝐹⃗EFG                                                        (6.9) 

Non-linear oscillatory current density 𝐽FG = −𝑛!𝑒𝑉&⃗ FG/2,  

Putting the value of 𝑉&⃗ FG from equation (9) we get, 

⇒ 𝐽FG = − >"=
'A

N C
$OBCh)C,

$OC,
$=/!!

()BCOh)iC$OBCh)C,
$j
U 𝐹⃗EFG     (6.10) 
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The equation governing THz generation is given by 

⇒ ∇&&⃗ . S∇&&⃗ 	𝐸&⃗ YZ#T − ∇'𝐸&⃗ YZ# =	
C$

U$
𝜀𝐸&⃗ YZ# +

WXBC
U$

𝐽FG            (6.11) 

Here, 𝜀 is the permittivity of the plasma medium. 

In order to neglect higher order derivatives due to fast variation of THz field 

∇&&⃗ . S∇&&⃗ 𝐸&⃗ YZ#T − ∇'𝐸&⃗ YZ# = 0, So 

C$

U$
𝜀𝐸&⃗ YZ# = − WXBC

U$
𝐽FG  

𝐸&⃗ YZ# =
WXB
V	C
L>"=
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$OBCh)C,
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$ j
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Tera hertz efficiency is defined as the ratio of generated THz to the amplitude of laser 

pulse, 
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THz efficiency depends on various factors including THz frequency (𝜔), collisional 

frequency (𝜈), transverse distance (r) etc. To obtain optimized THz efficiency source, 

these parameters should be optimized. 

6.3 Result and Discussion 
For analytical solution, plasma density is taken from 8.3 × 10''𝑚)^, 8.7 × 10''𝑚)^, 

9 × 10''𝑚)^ and 9.5 × 10''𝑚)^. Frequency of a laser pulse is taken as 

2.4 × 10;W	𝑟𝑎𝑑/𝑠𝑒𝑐 while the frequency is other laser pulse is chosen in such a manner 

that the beat frequency is equal to the frequency of generated THz. The amplitude of 

electric field is taken as 2 × 10;!𝑁/𝐶	which is identical for both the laser pulses. 

Chosen values of collisional frequency are 𝜈 = 0, 0.1	𝜔E , 0.2	𝜔E , and	0.3	𝜔E. Chosen 

values of transverse distance are 0.1	𝑟!,	0.3	𝑟!,	0.5	𝑟!	and	0.7	𝑟!.	
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6.3.1 Effect of plasma density on THz efficiency 

 

  
Fig. 6.1: Variation of THz generation efficiency with THz efficiency for different 

plasma density of 8.3 × 10''𝑚)^(red), 8.7 × 10''𝑚)^(blue), 9× 10''𝑚)^(pink), 

and 9.5× 10''𝑚)^(black). 𝜔; = 2.4 × 10;W	𝑟𝑎𝑑/𝑠𝑒𝑐. 𝜈 = 0.01	𝜔E, 𝑘# = 0.5	𝑘. 

 

By taking other parameters constant, fig. 6.1 is plotted between THz efficiency and 

THz frequency for different values of chosen plasma densities. For the chosen values 

of plasma densities, THz efficiency decreases with increase in plasma density. This 

variation is due to variation in plasma frequency and collisional frequency with 

variation in plasma density. As plasma frequency is proportional to square root of 

plasma density, so with the increase in plasma density, the collisional frequency (𝜈 =

0.01	𝜔E) also increases and responsible for significant decrease in THz efficiency. 
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6.3.2 Effect of transverse distance on THz efficiency 

 

  
Fig. 6.2: Variation of THz generation efficiency with THz efficiency for different 

transverse distance of  𝑟 = 0.1	𝑟!(red), 0.3	𝑟!(blue), 0.5	𝑟! (pink), and 0.7	𝑟! (black). 𝜔/ =

2.4 × 10/E	𝑟𝑎𝑑/𝑠𝑒𝑐. 𝜈 = 0.01	𝜔F, 𝑘+ = 0.5	𝑘,	 𝑛 = 9 × 10""𝑚$G. 

 

Fig. 6.2 shows the variation of THz efficiency with THz frequency for different 

transverse distances. As per analytical solutions, THz efficiency decreases continuously 

from 0.20 to 0.08 with increase in transvers distance from 𝑟 = 0.1	𝑟! to 𝑟 = 0.7	𝑟!. In 

this study, Gaussian laser pulse profiles are chosen for analytical investigation. In 

Gaussian distribution of intensity, intensity decreases with increase in transverse 

distance [197], hence THz efficiency decreases.  

Same variation can be seen in fig. 6.3 in which curve is plotted between THz efficiency 

and transverse distance for THz frequency of 𝜔 = 1.06	𝜔E. For 𝑟 > 𝑟!, THz efficiency 

becomes almost zero due to significant decrease in laser electric field. 
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Fig. 6.3: Variation of THz generation efficiency with transverse distance for 𝜔; =

2.4 × 10;W	𝑟𝑎𝑑/𝑠𝑒𝑐. 𝜈 = 0.01	𝜔E, 𝑘# = 0.5	𝑘,	 𝑛 = 9 × 10''𝑚)^. 

  

6.3.3 Effect of plasma density on THz efficiency 

 

 
Fig. 6.4: Variation of THz generation efficiency with THz efficiency for different 

collision frequency of  𝜈 = 0	(red), 0.1	𝜔E(blue), 0.2	𝜔E (pink), and 0.3	𝜔E 

(black). 𝜔; = 2.4 × 10;W	𝑟𝑎𝑑/𝑠𝑒𝑐. 𝜈 = 0.01	𝜔E, 𝑘# = 0.5	𝑘,	 𝑛 = 9 × 10''𝑚)^. 
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Fig. 6.4 illustrates the variation of THz efficiency with THz frequency for different 

collisional frequency of 𝜈 = 0	, 0.1	𝜔E, 0.2	𝜔E, and 0.3	𝜔E. With the increase in 

collisional frequency, plasma electrons cannot gain significant energy and loses the 

energy due to collision with other electrons. With the increase in such collisions, THz 

conversion efficiency decreases. Same variation can be seen in fig. (5). 

 

 
Fig. 6.5: Variation of THz generation efficiency with collisional frequency for 

𝜔; = 2.4 × 10;W	𝑟𝑎𝑑/𝑠𝑒𝑐. 𝜈 = 0.01	𝜔E, 𝑘# = 0.5	𝑘,	 𝑛 = 9 × 10''𝑚)^, ω	= 1.06 

𝜔E. 

 

The research outcomes of this investigation are in accordance with the research 

outcomes of Midha et al. [175] . In their study, they investigated the THz efficiency 

with two Hermite-cosh-Gaussian laser pulses. While I have used Gaussian laser pulse 

profile.  

6.4 Conclusion 
This research investigates the amplification of THz radiation in slanting density plasma 

using Gaussian laser beams. Through the analysis of the interplay between laser beams 

and plasma, we can determine the most favorable circumstances for achieving the 

highest possible THz efficiency. The work utilizes analytical techniques to examine the 

influence of plasma density, collisional frequency, and transverse distance. The results 

suggest that the interaction between the Gaussian beam characteristics and the plasma 
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setup is essential for obtaining efficient THz generation. These insights have the 

potential to facilitate the development of advanced THz sources that have enhanced 

power and tunability. This could increase the range of practical applications in 

numerous industries. 
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CHAPTER- 7 

 Summary and Conclusion 
The terahertz gap refers to the segment of the electromagnetic spectrum situated 

between microwave and infrared frequencies. This gap presented difficulties and 

significant opportunities in diverse areas. The use of this elusive spectrum, spanning 

from around 0.1 to 10 terahertz, has been limited due to technical constraints in the 

generation, manipulation, and detection of terahertz waves. Nevertheless, the latest 

breakthroughs in terahertz technology have ignited a wave of curiosity and 

investigation. The applications of this technology are wide-ranging and cover various 

fields, such as medical imaging, security screening, communications, and material 

characterization. Terahertz waves in medical imaging provide non-invasive and high-

resolution imaging abilities, which have the potential to significantly transform 

diagnoses and therapy monitoring. They enhance the ability to detect hidden items with 

unparalleled accuracy in security settings. In addition, terahertz communication offers 

extremely high-speed data transfer rates, effectively meeting the increasing need for 

greater bandwidth in wireless communications. Moreover, the capacity of terahertz 

spectroscopy to permeate different substances renders it indispensable for the analysis 

of pharmaceuticals, identification of chemical compounds, and characterization of 

semiconductors. As scientists strive to close the terahertz gap, the potential for 

groundbreaking advancements and exploration within this specific band of 

electromagnetic spectrum is limitless. 

Terahertz (THz) waves are produced through laser-plasma interaction by sending two 

intense laser pulses into a plasma target, with each pulse having a slightly different 

frequency. This interaction accelerates plasma electrons, leading to the creation of a 

nonlinear ponderomotive force. As a result, the balance of charged particles in the 

plasma is disturbed by this non-linear force, causing the formation of non-linear 

changes in density and fluctuating electric currents. By employing analytical solutions 

of Maxwell's third and fourth equations, we ascertain the characteristics of THz waves 

and evaluate the effectiveness of THz conversion. 
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In this research we examine two HchG laser pulses that propagate together in an under 

dense plasma with an increasing density profile. The generation of THz radiation is 

efficiently achieved by the nonlinear phenomena resulting from the interaction between 

laser and plasma. Analytical research investigates the correlation between THz 

conversion efficiency and plasma frequency, as well as several laser features such as 

the Hermite polynomial mode index (s), decentered parameter (b), and collisional 

frequency. The results indicate that the efficiency of THz conversion decreases as we 

move further from resonance and becomes almost negligible for normalised THz 

frequency and normalised collisional frequency values greater than 1.6 and 4, 

respectively. As the index values of Hermite polynomials (s=0,1,2) increase, the 

efficiency of THz conversion also increases.  

I have also investigated the transmission of two p-polarized chirped laser beams over a 

hot, collisional, and under dense plasma medium. A mathematical solution is obtained 

to calculate the effectiveness of THz generation, taking into account different factors 

such as the relative THz frequency, angle of incidence, collision frequency, relative 

transverse distance, and frequency modulation. The solution obtained is subsequently 

examined to optimise these characteristics, with the goal of attaining a customizable 

and energy-efficient terahertz generator. The normalised amplitude of the terahertz 

(THz) wave shows substantial values reaching up to 0.8 when the normalised frequency 

of the THz wave corresponds to a chirp parameter of b = 0.0011. The results suggest 

that as the chirp parameter value goes from 0.0011 to 0.0099, there is a reduction in the 

normalised amplitude of the THz signal. The THz amplitude, when normalised, exhibits 

oscillatory behaviour as the incidence angle varies from zero to 2π. It reaches its 

maximum value at an incident oblique angle of 450 and its minimum value at 2250. 

I have investigated the transmission of two Hermite-cosh-Gaussian chirped laser beams 

via a plasma medium that is devoid of collisions and has a lower density than usual. A 

mathematical method is obtained to calculate the efficiency of terahertz (THz) 

generation, taking into account different factors such as the normalised THz frequency, 

normalised transverse distance, and frequency chirp. The obtained solution is 

subsequently examined to optimise these characteristics, with the goal of attaining a 

customisable and energy-efficient terahertz source. The normalised THz amplitude 

reaches substantial values of up to 0.8 for normalised transverse distances that 
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correspond to s values of 0, 1, and 2. The results suggest that as the index value of the 

Hermite polynomial mode goes from 0 to 2, there is a noticeable increase in the 

normalised amplitude of the THz signal. Furthermore, there is a noticeable shift of the 

peak towards larger values of normalised transverse distance. 

1. The results of research objective 1 employ novel methods for producing THz fields 

(such as HchG lasers and slanting density modulation), which have great promise for 

creating a tunable THz source for use in cancer detection and non-invasive imaging.  

 

2. Findings from the research goal 2 for THz time-domain spectroscopy (THz-TDS), 

offers theoretical analysis for broadband THz emission, which is very helpful and 

allows for accurate material characterisation and analysis. 

 

3. Based on the results of research objective 3, scientists can create a highly adjustable 

THz source for material science and non-destructive testing for material 

characterisation and quality control by varying the values of the Hermite polynomial 

mode index and the decentered parameter of the cosh function. 

 
The main goal of this research is to create a source that can generate terahertz (THz) 

waves with the ability to be adjusted and with a high level of efficiency. The focus of 

our inquiry involves analysing several laser and plasma characteristics, such as the 

Hermite polynomial mode index, cosh function, decentered parameter of laser profile, 

frequency chirp effect, collisional frequency, slanting plasma density modulation, and 

the utilisation of a static magnetic field. Through the examination of these factors, our 

objective is to enhance the effectiveness and adjustability of the THz source. The results 

of this study have great potential for closing the gap in the THz spectrum and creating 

many opportunities for future research and applications in other industries. 
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Publication Related to research objectives 
 

Sr. No. Research Objective  Title of paper Journal Date of 
publicati
on 

1 To investigate the 
efficient THz 
generation by 
Hermite-cosh-
Gaussian lasers in 
plasma with 
slanting density 
modulation. 

Efficient THz generation by 
Hermite-cosh-Gaussian 
lasers in plasma with 
slanting density modulation 

Journal 
of 
Optics 

07 Sept. 
2023 

2 To investigate the 
resonant Terahertz 
radiation by p-
polarized chirped 
laser in hot plasma 
with slanting 
density modulation. 

Resonant Terahertz radiation 
by p-polarised chirped laser 
in hot plasma with slanting 
density modulation 

Journal 
of 
Optics 

19 June 
2023 

3 To study THz 
generation by 
frequency 
difference of 
Hermite cosh 
Gaussian chirped 
lasers in magnetized 
plasma.  

Enhanced THz generation by 
Hermite-cosh-Gaussian 
chirped laser in static 
magnetized plasma 

Applied 
Physics 
B 

17 June 
2024 

 
 
  

https://link.springer.com/article/10.1007/s12596-023-01413-5
https://link.springer.com/article/10.1007/s12596-023-01413-5
https://link.springer.com/article/10.1007/s12596-023-01413-5
https://link.springer.com/article/10.1007/s12596-023-01413-5
https://link.springer.com/article/10.1007/s12596-023-01563-6
https://link.springer.com/article/10.1007/s12596-023-01563-6
https://link.springer.com/article/10.1007/s12596-023-01563-6
https://link.springer.com/article/10.1007/s12596-023-01563-6
https://link.springer.com/article/10.1007/s00340-024-08264-3
https://link.springer.com/article/10.1007/s00340-024-08264-3
https://link.springer.com/article/10.1007/s00340-024-08264-3
https://link.springer.com/article/10.1007/s00340-024-08264-3
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Publication detail – Other published work 
 

S.No. Title of Paper DOI Number  
1 Optimizing 

Terahertz 
emission with 
Hermite-
Gaussian laser 
beams in 
collisional 
slanted up 
density plasma 

https://doi.org/10.1007/s12596-024-01696-2   Journal 
of 
Optics 
 

2 Advancements in 
Efficient 
Terahertz 
Generation 
Techniques for 
Diverse 
Applications in 
spectroscopic 
studies 
 

https://doi.org/10.1007/s12596-024-01822-0  
 

Journal 
of 
Optics 
 

3 Hermite-
Gaussian laser 
modulation for 
optimal THz 
emission in 
collisional 
homogeneous 
plasma 
 

https://doi.org/10.1007/s12596-024-01910-1  
 

Journal 
of 
Optics 
 

4 Exploring 
Nonlinear 
Effects in 
Terahertz 
Generation with 
Hermite-
Gaussian Chirp 
Pulses under 
Static Magnetic 
Fields 
 

https://doi.org/10.1007/s12596-024-01970-3 Journal 
of 
Optics 
 

5 Exploring THz 
efficiency: 
Frequency chirp 
dynamics in 
Sinh-Gaussian 

https://doi.org/10.1007/s12596-024-01963-2 
 

Journal 
of 
Optics 
 

https://doi.org/10.1007/s12596-024-01696-2
https://doi.org/10.1007/s12596-024-01822-0
https://doi.org/10.1007/s12596-024-01910-1
https://doi.org/10.1007/s12596-024-01970-3
https://doi.org/10.1007/s12596-024-01963-2
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laser-plasma 
interaction 
 

6 Parametric 
analysis of THz 
wave generation 
efficiency and 
plasma density 
using Sinh-
Gaussian beams 
 

https://doi.org/10.1007/s12596-024-01 Journal 
of 
Optics 
 

7 Efficient THz 
generation 
through laser and 
plasma 
parameter 
optimization 
with Sinh-
Gaussian beams 
in magnetized 
plasma 
 

https://doi.org/10.1007/s12596-024-02031-5 
 
  

Journal 
of 
Optics 
 

8 Laser-induced 
THz radiation 
generation in 
plasma 
 

https://www.academia.edu/download/84552085/ 
IJRAR1BLP299.pdf 

IJRAR 

9 Enhancing 
terahertz 
radiation in 
slanting density 
plasma using 
Gaussian laser 
beam 

https://doi.org/10.1007/s12596-024-02423-7 
 

Journal 
of 
Optics 
 

10 Enhancing 
electron 
acceleration with 
sinh-squared 
Gaussian pulse 
under external 
magnetic fields 
 

https://doi.org/10.1007/s12596-024-01671-x 
 

Journal 
of 
Optics 
 

11 Dynamics of 
terahertz 

generation in 
collisional 

plasma with 

https://doi.org/10.1007/s12596-025-02643-5  
 

Journal 
of 
Optics 
 

https://doi.org/10.1007/s12596-024-01
https://doi.org/10.1007/s12596-024-02031-5
https://www.academia.edu/download/84552085/
https://doi.org/10.1007/s12596-024-02423-7
https://doi.org/10.1007/s12596-024-01671-x
https://doi.org/10.1007/s12596-025-02643-5
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density 
modulations 

using radially 
polarized lasers 

 
12 Unravelling 

chirp dynamics 
in gaussian laser-
plasma 
interactions for 
THz wave 
optimization 
 

https://doi.org/10.1007/s12596-025-02647-1 
 

Journal 
of 
Optics 
 

13 Optimization of 
Terahertz 
Radiation 
Generation via 
Sech-Shaped 
Laser Pulses in 
Collisional 
Homogenous 
Plasma 
 

https://doi.org/10.1007/s13538-025-01774-1 
 

Brazilian 
Journal 
of 
Physics 
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