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Abstract: This analytical study shows an interesting mechanism for the emission of THz radiation due to the production 
of an extra transverse component of the nonlinear ponderomotive force when an external periodic electric field is applied 
to a plasma having density ripples. Three components of the nonlinear ponderomotive force; one due to the beating of 
the incident lasers and two others due to the coupling of the external electric field with the incident lasers’ field are 
responsible for the generation of different nonlinear currents. These nonlinear currents excited at different resonances 
lead to the emission of multifocal THz fields. The periodicities of density ripples (β) and external electric field help in 
attaining the multiple resonance conditions for the emission of multiple THz fields. The amplitude of emitted THz 
radiation can be tuned via the magnitude of the external electric field, laser beam and plasma parameters. The magnitude 
of the beat wave-enabled field is 102 times higher than the magnitude of THz fields induced due to external electric 
fields. 

Keywords: Ponderomotive, beating, induced, ripples. 

Cite this 
paper as: 

Punia T., Malik H. K. Multifocal THz Emission with Multiple Resonances. Transactions On 
Electromagnetic Spectrum. 2023; 2(2): 25-32, Doi:10.5281/zenodo.7805204 

 

1. INTRODUCTION 

THz radiation gap is the gap between infrared waves and microwaves. This      gap is unique because of its 
versatile properties, such as non-ionizing nature, penetration through opaque materials, reflection by metals 
and absorption by water etc. [1-2]. These radiations are not only useful in security systems, topography, 
agricultural industries, material science, and communication systems but also in the bio-medical fields where 
targeted drug delivery is required [3-6]. Despite the studies done till now, it is still a challenge to obtain 
tunable, efficient, convertible and multifocal THz sources. THz sources with all the features have proved to 
be an asset to human beings. The requirement of the high dipole moment by a medium for the transitions 
between the levels in the THz range is an important factor for generating highly efficient THz radiation. The 
inability of the electro-optic crystals, photoconductive antennas and semiconductors to fulfil this criterion 
limits the efficient generation of THz waves. Therefore, one of the promising mechanism for generating 
efficient THz radiation is the interaction between the laser and plasma, as plasma does not have any breakdown 

https://creativecommons.org/licenses/by-nc/4.0/
mailto:tamannapunia01@gmail.com
mailto:hkmalik@hotmail.com
https://orcid.org/0000-0002-5683-6005
https://orcid.org/0000-0002-9432-8140
http://www.tesjournal.com


 

TES JOURNAL                                                                                                                                                                26 

This work is licensed under a Creative Commons Attribution 4.0 License. For more information: https://creativecommons.org/licenses/by-nc/4.0/,               www.tesjournal.com 

limit even for high-intensity radiations [7]. The interaction between the laser and plasma has been explored [8]. 
Antonsen et al. [9] investigated the effect of density ripples on phase-matching conditions, which leads to 
stronger excitations in the plasma. Theoretical and experimental investigations for the efficient emission of the 
x-rays required for lithography were performed by Demir et al. [10]. The generation of THz radiation in the 
magnetized plasma has been investigated by the Nishida group [11-13]. The excitation of Cerenkov waves for 
THz radiation generation in the magnetized plasma using short laser pulses has been studied theoretically by 
Yoshii et al. [14] and experimentally by Yugami et al. [15]. A substantial increment in the efficiency of the 
generated THz radiation when a transverse magnetic field is applied to the medium of plasma has been shown 
by Wu et al. [16]. The external magnetic field has also been found to modify the electron dynamics in other 
nonlinear phenomena [17,18]. For efficient THz emission, different laser pulse profiles have been employed 
[8,19], which also contributed to other nonlinear phenomena [20-22]. The main goal of the present study is to 
uncover the role of skewness in pulse profile. Hence, we consider an interaction of two highly focused skew-
coshyperbolic-Gaussian laser beams with preformed plasma in which an external electric field is applied. The 
density ripples in the plasma and the periodicity of the external static electric field play a vital role in 
producing multifocal THz radiation with multiple resonances. 

2. MATHEMATICAL EQUATIONS 

2.1. Electron oscillatory velocity and different kinds of pondermotive force 

In this study, we have taken two linearly polarized skew-chG beams (SCGB’s) with amplitude 𝐸𝐸0𝑙𝑙, 
wavenumber 𝑘𝑘𝑗𝑗 and frequency 𝜔𝜔𝑗𝑗 propagating along z-direction and beat them together on a preformed plasma 
having density ripples. In a preformed plasma, density ripples with magnitude 𝑛𝑛𝛽𝛽 can be written as 𝑛𝑛′=𝑛𝑛𝛽𝛽𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖, 
𝛽𝛽 being the wave number. A patterned mask and trans-missive ring grating can be used for generating density 
ripples in which ripple parameters can be tuned by adjusting the size and period of the ripples. Also, another 
method has been proposed using microwaves [23]. The electric field of the incident SCGB’s is taken as, 

𝐸𝐸�⃗𝑗𝑗𝑗𝑗 =   𝐴𝐴𝑙𝑙 exp�𝑖𝑖�𝑘𝑘𝑗𝑗𝑧𝑧 − 𝜔𝜔𝑗𝑗𝑡𝑡�� 𝑦𝑦� ; 𝐴𝐴𝑙𝑙 =  𝐸𝐸0𝑙𝑙 cosh𝑚𝑚 �𝑦𝑦𝑦𝑦
𝑎𝑎0
� 𝑒𝑒−�

𝑦𝑦𝑦𝑦
𝑎𝑎0
�
𝑞𝑞

 (1) 

Here 𝑚𝑚, 𝑎𝑎0, 𝑞𝑞 and s are the beam order, the beam width of the laser for full-width half maximum (FWHM), 
laser index and skewness parameter of the beam, respectively.  Eqn. (1) represents SCGB’s profile for 𝑞𝑞 > 2 
and                                        Gaussian laser profile for 𝑞𝑞 = 2. 
 
A spatially periodic external static electric field, 𝐸𝐸�⃗ 𝑝𝑝 =  𝐸𝐸0𝑝𝑝𝑒𝑒𝑖𝑖�𝜉𝜉0𝑝𝑝𝑧𝑧�𝑦𝑦� with periodicity,  𝜉𝜉0𝑝𝑝 =  𝜉𝜉 = 𝜋𝜋 𝑎𝑎0⁄  is also 
applied to the plasma. The polarization of the external electrostatic field is the same as that of incident lasers’ 
electric field. Higashiguchi et al. have shown a similar spatially periodic time independent electric field so as 
to observe upshift in frequency from DARC [24]. In our case, we will show that both the periods may facilitate 
tuning of the resonance conditions via matching of the wavenumbers. 
The dynamics of the plasma electrons is explained by the Drude eqn. of motion, 

𝜕𝜕𝑣𝑣𝑗𝑗
𝜕𝜕𝜕𝜕

=  − 𝑒𝑒𝐸𝐸�⃗
𝑚𝑚𝑒𝑒

     (2) 

Here, 𝐸𝐸�⃗ =  𝐸𝐸�⃗𝑗𝑗𝑗𝑗 + 𝐸𝐸�⃗ 𝑝𝑝  is the resultant field due to the incident laser field and external electric field where j = 
1,2 stands for laser 1 and 2, respectively. Only the plasma electrons attain oscillatory velocity not the positive 

ions (due to high frequency of the laser beam), which is given by 𝜐𝜐𝑗𝑗 = 𝑒𝑒�𝐸𝐸�⃗ 𝑗𝑗𝑗𝑗+ 𝐸𝐸�⃗𝑝𝑝�
𝑚𝑚𝑒𝑒�𝑖𝑖𝜔𝜔𝑗𝑗�

. The symbol 𝑚𝑚𝑒𝑒 represents 
the mass of the electron. To perform the beating process in the preformed plasma, the autofocusing of the two 
incident lasers is done by the optical lens placed along the z-axis. Due to the presence of the external electric 
field (𝐸𝐸�⃗ 𝑝𝑝), the electrons in the plasma not only experience a nonlinear ponderomotive force (𝐹𝐹𝑃𝑃𝑁𝑁𝑁𝑁)𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 at 
the beating frequency but also at the modified frequency and wave numbers due to the coupling of the external 
electric field with the incident laser beam’s electric field. The nonlinear ponderomotive force is obtained from 

ponderomotive potential, 𝜙𝜙𝑝𝑝 = 𝑒𝑒�𝐸𝐸�⃗ 1𝑙𝑙+ 𝐸𝐸�⃗𝑝𝑝�.�𝐸𝐸�⃗ 2𝑙𝑙+ 𝐸𝐸�⃗𝑝𝑝�
∗

2𝑚𝑚𝑒𝑒 (𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2) . The expression of nonlinear ponderomotive force reads 
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 𝐹⃗𝐹𝑝𝑝𝑛𝑛𝑛𝑛 =
−𝑒𝑒2∇��⃗ ��𝐸𝐸�⃗ 1𝑙𝑙+ 𝐸𝐸�⃗𝑝𝑝�.�𝐸𝐸�⃗ 2𝑙𝑙+ 𝐸𝐸�⃗𝑝𝑝�

∗
�

2𝑚𝑚𝑒𝑒 (𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)     (3) 

This force has four components as, 

𝐹⃗𝐹𝑝𝑝𝑛𝑛𝑛𝑛 = −𝑒𝑒2∇��⃗ (𝐴𝐴+𝐵𝐵+𝐶𝐶+𝐷𝐷)
2𝑚𝑚𝑒𝑒 (𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2) ,  (4) 

Here 𝐴𝐴 = 𝐸𝐸�⃗1𝑙𝑙. 𝐸𝐸�⃗ 2𝑙𝑙∗ , due to the beating of two SCGB’s in the plasma = �𝐹𝐹𝑝𝑝1𝑛𝑛𝑛𝑛�𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, 

𝐵𝐵 = 𝐸𝐸�⃗1𝑙𝑙. 𝐸𝐸�⃗ 𝑝𝑝∗, due to the coupling of SCGB 1 and external electric field  = �𝐼𝐼𝐼𝐼𝑝𝑝2𝑛𝑛𝑛𝑛�𝐸𝐸𝐸𝐸, 

C = 𝐸𝐸�⃗ 2𝑙𝑙∗ .𝐸𝐸�⃗ 𝑝𝑝,  due to the coupling of SCGB 2 and external electric field = �𝐼𝐼𝐼𝐼𝑝𝑝3𝑛𝑛𝑛𝑛�𝐸𝐸𝐸𝐸, 

𝐷𝐷 =  𝐸𝐸�⃗ 𝑝𝑝.𝐸𝐸�⃗ 𝑝𝑝∗ , due to the external electric field 𝐸𝐸�⃗ 𝑝𝑝. The last term D doesn’t contribute to the nonlinear 
ponderomotive force so it can be neglected. 
The expressions of the transverse components of the force are obtained as 

�𝐹𝐹𝑝𝑝𝑝𝑝1𝑛𝑛𝑛𝑛 �
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

=  
−𝑒𝑒2𝐸𝐸0𝑙𝑙

2 𝑠𝑠 cosh2𝑚𝑚�𝑦𝑦𝑦𝑦𝑎𝑎0
��2𝑚𝑚 tanh�𝑦𝑦𝑦𝑦𝑎𝑎0

�−2𝑞𝑞�𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞−1

�𝑒𝑒
−2�𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞

𝑒𝑒𝑖𝑖�𝑘𝑘
′𝑧𝑧−𝜔𝜔𝜔𝜔�

2𝑚𝑚𝑒𝑒𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)                                  (5) 

�𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝2𝑛𝑛𝑛𝑛 �
𝐸𝐸𝐸𝐸

=  
−𝑒𝑒2𝐸𝐸0𝑙𝑙𝐸𝐸0𝑝𝑝𝑠𝑠 cosh𝑚𝑚�

𝑦𝑦𝑦𝑦
𝑎𝑎0
��𝑚𝑚 tanh�𝑦𝑦𝑦𝑦𝑎𝑎0

�−𝑞𝑞�𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞−1

�𝑒𝑒
−�𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞

𝑒𝑒𝑖𝑖�𝑘𝑘
′′𝑧𝑧−𝜔𝜔1𝑡𝑡�

2𝑚𝑚𝑒𝑒𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)    (6) 

�𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝3𝑛𝑛𝑛𝑛 �
𝐸𝐸𝐸𝐸

=  
−𝑒𝑒2𝐸𝐸0𝑙𝑙𝐸𝐸0𝑝𝑝𝑠𝑠 cosh𝑚𝑚 �𝑦𝑦𝑦𝑦𝑎𝑎0

� �𝑚𝑚 tanh �𝑦𝑦𝑦𝑦𝑎𝑎0
� − 𝑞𝑞 �𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞−1

� 𝑒𝑒−�
𝑦𝑦𝑦𝑦
𝑎𝑎0
�
𝑞𝑞

𝑒𝑒𝑖𝑖�𝑘𝑘′′′𝑧𝑧−𝜔𝜔2𝑡𝑡�

2𝑚𝑚𝑒𝑒𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)  
(7) 

The beat wave enabled ponderomotive force (5) oscillates with frequency 𝜔𝜔 = 𝜔𝜔1 −  𝜔𝜔2 and wavenumber 
𝑘𝑘 = 𝑘𝑘1 − 𝑘𝑘2 while the induced ponderomotive forces (6 and 7) oscillate with modified frequencies (𝜔𝜔1,𝜔𝜔2) 
and wavenumbers (𝑘𝑘′′ =  𝑘𝑘1 − 𝜉𝜉,𝑘𝑘′′′ =  −𝑘𝑘2 + 𝜉𝜉), respectively. The oscillations of plasma electrons become 
nonlinear under the effect of the nonlinear ponderomotive force. 

2.2. Calculation of different types of plasma currents 

The electrons attain nonlinear velocity, 𝜐𝜐𝑦𝑦𝑛𝑛𝑛𝑛 = 𝐹⃗𝐹𝑝𝑝𝑛𝑛𝑛𝑛

𝑚𝑚𝑒𝑒(−𝑖𝑖𝑖𝑖) due to the nonlinear ponderomotive force experienced 
by them. The nonlinearity in the oscillations of electrons creates nonlinear perturbations in the density (𝑁𝑁𝑛𝑛𝑛𝑛) 
because of the redistribution of the electrons in the plasma due to which generation of space charge field of 
potential, 𝜙𝜙 and self-consistent linear perturbations in the density (𝑁𝑁𝑙𝑙) occur. With the help of the continuity 

equation, the linear and nonlinear perturbations in density are; 𝑁𝑁𝑙𝑙 =  −𝜒𝜒𝑒𝑒∇��⃗ .∇��⃗ 𝜙𝜙
𝑚𝑚𝑒𝑒𝜔𝜔𝑝𝑝

2   and 𝑁𝑁𝑛𝑛𝑛𝑛 =  − 𝑁𝑁0∇��⃗ .𝐹⃗𝐹𝑝𝑝𝑛𝑛𝑛𝑛

𝑚𝑚𝑒𝑒𝜔𝜔(𝜔𝜔) , 

respectively. Taking into account the effect of both the density perturbations i.e. 𝑁𝑁𝑛𝑛𝑛𝑛 and 𝑁𝑁𝑙𝑙, the space charge 
potential 𝜙𝜙 can be evaluated from Poisson’s eqn. ∇2ϕ = 4πσ�𝑁𝑁𝑙𝑙 + 𝑁𝑁𝑛𝑛𝑛𝑛  �. This can be rewritten in terms of 

ponderomotive force as, ∇��⃗ 𝜙𝜙 =  𝜔𝜔𝑝𝑝
2𝐹⃗𝐹𝑝𝑝𝑛𝑛𝑛𝑛

𝜔𝜔(𝜔𝜔)(1+𝜒𝜒𝑒𝑒), where 𝜒𝜒𝑒𝑒 =  −𝜔𝜔𝑝𝑝
2

𝜔𝜔2  is the electric susceptibility of the plasma. 
Therefore, the resultant transverse nonlinear velocity of electrons is calculated using the equation of motion, 
𝜕𝜕𝜕𝜕𝑦𝑦𝑛𝑛𝑛𝑛

𝜕𝜕𝜕𝜕
 = 1

𝑚𝑚𝑒𝑒
�𝐹⃗𝐹𝑝𝑝𝑛𝑛𝑛𝑛 +  𝑒𝑒∇��⃗ 𝜙𝜙� and is rewritten as, 𝜐𝜐𝑦𝑦𝑛𝑛𝑛𝑛 = 𝐹⃗𝐹𝑝𝑝𝑛𝑛𝑛𝑛 𝑖𝑖𝑖𝑖

𝑚𝑚𝑒𝑒�𝜔𝜔(𝜔𝜔)−𝜔𝜔𝑝𝑝
2�

. Due to the nonlinear velocity of the plasma 

electrons, the excitation of nonlinear currents in the plasma takes place since 𝐽𝐽𝑛𝑛𝑛𝑛 = −1
2
𝑛𝑛𝛽𝛽𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝜐𝜐𝑦𝑦𝑛𝑛𝑛𝑛, where 

density ripples, 𝑛𝑛𝛽𝛽𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 are present in the plasma. The components of the current density are given by, 
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�𝐽𝐽𝑦𝑦1𝑛𝑛𝑛𝑛�𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =  
−𝑖𝑖𝑒𝑒3𝑛𝑛𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠0𝑙𝑙

2 cosh2𝑚𝑚�𝑦𝑦𝑦𝑦𝑎𝑎0
��2𝑞𝑞�𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞−1

−2𝑚𝑚tanh�𝑦𝑦𝑦𝑦𝑎𝑎0
��𝑒𝑒

−2�𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞

𝑒𝑒𝑖𝑖[(𝑘𝑘+𝛽𝛽)𝑧𝑧−𝜔𝜔𝜔𝜔]

4𝑚𝑚𝑒𝑒2𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)                                   (8) 

�𝐼𝐼𝐼𝐼𝑦𝑦2𝑛𝑛𝑛𝑛�𝐸𝐸𝐸𝐸 =  
−𝑖𝑖𝑒𝑒3𝑛𝑛𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠0𝑙𝑙𝐸𝐸0𝑝𝑝 cosh𝑚𝑚�

𝑦𝑦𝑦𝑦
𝑎𝑎0
��𝑞𝑞�𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞−1

−𝑚𝑚tanh�𝑦𝑦𝑦𝑦𝑎𝑎0
��𝑒𝑒

−�𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞

𝑒𝑒𝑖𝑖[(𝑘𝑘1+𝛽𝛽−𝜉𝜉)𝑧𝑧−𝜔𝜔1𝑡𝑡]

4𝑚𝑚𝑒𝑒2𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)     (9) 

�𝐼𝐼𝐼𝐼𝑦𝑦3𝑛𝑛𝑛𝑛�𝐸𝐸𝐸𝐸 =
−𝑖𝑖𝑒𝑒3𝑛𝑛𝛽𝛽𝑠𝑠𝑠𝑠𝐸𝐸0𝑙𝑙𝐸𝐸0𝑝𝑝 cosh𝑚𝑚�

𝑦𝑦𝑦𝑦
𝑎𝑎0
��𝑞𝑞�𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞−1

−𝑚𝑚 tanh�𝑦𝑦𝑦𝑦𝑎𝑎0
��𝑒𝑒

−�𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞

𝑒𝑒−𝑖𝑖[(𝑘𝑘2−𝛽𝛽−𝜉𝜉)𝑧𝑧−𝜔𝜔2𝑡𝑡]

4𝑚𝑚𝑒𝑒2𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)     (10) 

where 𝑅𝑅 =  𝜔𝜔
�𝜔𝜔(𝜔𝜔)−𝜔𝜔𝑝𝑝

2�
 . These components of the current densities depend upon (15) for matching of the 

wavenumbers to achieve the phase matching conditions for the resonant excitation of the THz fields. 

2.3. Generated components of THz fields  

Maxwell’s equation is used to obtain the following wave equation using which THz radiation emission is 
evaluated.     

−∇2𝐸𝐸�⃗ 𝑇𝑇𝑇𝑇𝑇𝑇 + ∇��⃗ �∇��⃗ · 𝐸𝐸�⃗ 𝑇𝑇𝑇𝑇𝑇𝑇� = −4𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐2

𝐽𝐽𝑛𝑛𝑛𝑛 + 𝜔𝜔2

𝑐𝑐2
𝜀𝜀𝐸𝐸�⃗ 𝑇𝑇𝑇𝑇𝑇𝑇  (11) 

We use a fast variation of the field to solve the electromagnetic equation so as to analyze the properties of 
emitted THz radiation. The components of the emitted THz field are obtained as, 

(𝐸𝐸0𝑇𝑇𝑇𝑇𝑇𝑇1)𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑒𝑒3𝑛𝑛𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠0𝑙𝑙

2 cosh2𝑚𝑚�𝑦𝑦𝑦𝑦𝑎𝑎0
��2𝑞𝑞�𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞−1

−2𝑚𝑚tanh�𝑦𝑦𝑦𝑦𝑎𝑎0
��𝑒𝑒

−2�𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞

4𝑘𝑘𝑇𝑇1𝑐𝑐2𝑚𝑚𝑒𝑒2𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2) ,   (12) 

which is primary THz field due to the beating of lasers in a density rippled plasma. In addition to the primary 
field, two secondary fields are also emitted. The amplitude of secondary THz fields is given by, 

(𝐼𝐼𝐼𝐼0𝑇𝑇𝑇𝑇𝑇𝑇2)𝐸𝐸𝐸𝐸 =
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑒𝑒3𝑛𝑛𝛽𝛽𝑠𝑠𝑅𝑅𝐸𝐸0𝑙𝑙𝐸𝐸0𝑝𝑝 cosh𝑚𝑚�

𝑦𝑦𝑦𝑦
𝑎𝑎0
��𝑞𝑞�𝑦𝑦𝑦𝑦𝑎𝑎0

�
𝑞𝑞−1

−𝑚𝑚tanh�𝑦𝑦𝑦𝑦𝑎𝑎0
��𝑒𝑒

−�𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞

4𝑘𝑘𝑇𝑇2𝑐𝑐2𝑚𝑚𝑒𝑒2𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2) ,      (13) 

(𝐼𝐼𝐼𝐼0𝑇𝑇𝑇𝑇𝑇𝑇3)𝐸𝐸𝐸𝐸 =
2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑒𝑒3𝑛𝑛𝛽𝛽𝑠𝑠𝑅𝑅𝐸𝐸0𝑙𝑙𝐸𝐸0𝑝𝑝 cosh𝑚𝑚 �𝑦𝑦𝑦𝑦𝑎𝑎0

� �𝑞𝑞 �𝑦𝑦𝑦𝑦𝑎𝑎0
�
𝑞𝑞−1

− 𝑚𝑚 tanh �𝑦𝑦𝑦𝑦𝑎𝑎0
�� 𝑒𝑒−�

𝑦𝑦𝑦𝑦
𝑎𝑎0
�
𝑞𝑞

4𝑘𝑘𝑇𝑇3𝑐𝑐2𝑚𝑚𝑒𝑒
2𝑎𝑎0(𝑖𝑖𝜔𝜔1) (𝑖𝑖𝜔𝜔2)  

(14) 

The phase matching conditions are obtained when �𝑘𝑘𝑇𝑇𝑇𝑇2 − 𝜔𝜔2

𝑐𝑐2
𝜀𝜀� 𝐸𝐸0𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 0 where 𝜀𝜀 =  �1 − 𝜔𝜔𝑝𝑝

2

𝜔𝜔2� . The 
following wave numbers are obtained due to phase-matching conditions for the resonant excitation of different 
THz radiations, 

𝑘𝑘𝑇𝑇1 = 𝑘𝑘1 − 𝑘𝑘2 +  𝛽𝛽,𝑘𝑘𝑇𝑇2 = 𝑘𝑘1 + 𝛽𝛽 − 𝜉𝜉 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘𝑇𝑇3 = −𝑘𝑘2 + 𝛽𝛽 + 𝜉𝜉     (15) 

The modified wavenumbers of the corresponding THz fields are represented by (15) which signifies that by 
adjusting the periodicities of ripples in the density and external electric field, resonance emission of THz fields 
takes place. 

3. RESULTS AND DISCUSSIONS 

Two SCGB’s with the same amplitude E0l = 6.0×1010 V/m and wavelengths; 7.85 µm and 8.64 µm are 
irradiated on the plasma medium. The plasma frequency of electrons is 2.0 × 1013 radian/s. The external 
periodic electric field is of the order of 2.0×105 V/m. The values of other parameters are: 𝜔𝜔 = 1.10𝜔𝜔𝑝𝑝, s = 0.7, 
𝑎𝑎0= 0.005 cm, 𝑧𝑧 = 10𝜆𝜆𝑝𝑝, 𝑛𝑛𝛽𝛽 = 0.35𝑛𝑛0 with 𝑛𝑛0 = 1.26 × 1023/𝑚𝑚3. Fig. 1. shows the profile of the incident laser 
with different values of the beam order, laser index and skewness parameter. 
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Figure 1. Distribution of the Electric field of the incident laser beam with normalized distance from beam axis for different 
values of the beam order, skewness parameter and laser index when b = 0.005 cm, E0l = 6.0 × 1010 V/m. 

It can be observed from the Fig. 1 that for q = 2, s = 1, m = 1, the profile of the laser looks like a Gaussian and 
as the value of q increases from 2.0 to 4.0 and then to 6.0, a sharp gradient in the intensity of the incident laser 
beam can be seen. Also, a dip starts coming in the peaks, and two peaks are easily distinguishable. This dip in 
the peaks of the incident laser beam can be further controlled by the skewness parameter (s) of the laser beam. 
For q = 6, the distance between the peaks is inversely proportional to the value of s. For example: when m = 
1, s = 0.7, q = 6, the peaks are apart, but as the value of s increases to 1, the peaks start coming closer, and 
when s is further increased to 1.4 (keeping all the other parameters same), the peaks come much closer to each 
other. It can also be observed that higher beam order i.e. m = 3 results in higher amplitude peaks i.e. amplitude 
of the electric field increases to a new scale (order 1011𝑉𝑉/𝑚𝑚) when m = 3 due to sharpest gradient in the 
intensity of the laser beam.  
Fig. 2 shows the magnitude of both the beat wave enabled and induced pondermotive forces with normalized 
distance from the beam axis. The magnitude of both forces i.e. �𝐹𝐹𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛�𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵and �𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛�𝐸𝐸𝐸𝐸 are plotted for q = 
6 and m = 3 since the higher value of the laser index and beam order results in the stronger pondermotive force 
(Fig. 1). The two forces are similar in nature i.e. oscillating and symmetric about the axis of propagation. 
However, the magnitude of the induced ponderomotive force is 106 dynes smaller than the beat wave-enabled 
ponderomotive force. The beating force oscillates with frequency, 𝜔𝜔 =  𝜔𝜔1 − 𝜔𝜔2 and wavenumber, 𝑘𝑘 =  𝑘𝑘1 −
𝑘𝑘2 while the induced forces oscillate with a modified frequency (𝜔𝜔1,𝜔𝜔2) and wavenumbers (𝑘𝑘′′,𝑘𝑘′′′), 
respectively.  

 
Figure 2. Distribution of the transverse component of the beat wave enabled and induced ponderomotive force with 
normalized distance from beam axis when 𝑎𝑎0= 0.005 cm, q = 6, s = 0.7, 𝑛𝑛𝛽𝛽 = 0.35𝑛𝑛0,𝜔𝜔 = 1.10𝜔𝜔𝑝𝑝  and m = 3. 

The peaks of these forces are located at different positions i.e. the smaller and higher amplitude peaks of the 
beat wave-enabled ponderomotive force occurs at 𝑦𝑦 𝑎𝑎0 = 0.878⁄  and 𝑦𝑦 𝑎𝑎0 = 1.42⁄ 4 on both sides of the 
origin, respectively, while for the induced pondermotive force they occur at 𝑦𝑦 𝑎𝑎0 = 0.818⁄  and 𝑦𝑦 𝑎𝑎0 = 1.545⁄ , 
respectively. The two peaks of either force are responsible for the bifocal emission of the THz radiation, which 
can be converted into unifocal emission based on the value of q (see Fig. 1). The excitation of these forces 
leads to the generation of nonlinear plasma currents. During the study, we are interested in exploring the 
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behaviour of induced plasma currents i.e. �𝐼𝐼𝐽𝐽𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛 �𝐸𝐸𝐸𝐸 concerning to the parameters of the laser beam, electric 
field and plasma. So, we plot the plasma currents with normalized distance from the beam axis in Fig. 3. 

 

Figure 3. Distribution of the transverse induced plasma currents with normalized distance from beam axis for different 
values of m, q and density ripples when s = 0.7, 𝑛𝑛𝛽𝛽 = 0.35𝑛𝑛0, 𝜔𝜔 = 1.10𝜔𝜔𝑝𝑝. 

It can be observed that the nonlinear currents generated are oscillatory and symmetric in nature. They are 
higher in magnitude when laser beams of higher order and higher laser index are employed to the plasma 
medium. These observations are similar to the results of Fig. 1. The induced plasma currents also become stronger 
in amplitude on increasing the magnitude of density ripples in the plasma. The distance between the ripples should 
be less i.e. they should be formed at closer distances in order to achieve THz radiation emission of stronger 
intensity.  

3.1. Comparative study of (𝑬𝑬𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎)𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 and (𝑰𝑰𝑰𝑰𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎)𝑬𝑬𝑬𝑬 

Figures 4(a) and 4(b) make a comparative study of both the THz fields i.e. due to the beating process i.e. 
(𝐸𝐸0𝑇𝑇𝑇𝑇𝑇𝑇1)𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 and due to the coupling process, (𝐼𝐼𝐸𝐸0𝑇𝑇𝑇𝑇𝑇𝑇2)𝐸𝐸𝐸𝐸. It can be seen that both the fields are found to 
be amplified if the lasers of smaller beam width are used in the mechanism since beam width is an important 
parameter, and slight modifications in its values result in significant changes in the properties of the beam and 
hence in the ponderomotive force. For instance, the lower value of beam width leads to the production of greater 
ponderomotive force due to the huge increment in the gradient of the intensity of the laser beam which results in 
the generation of greater nonlinear currents hence, THz radiations of stronger intensity are emitted. The decay in 
the induced THz amplitude on increasing the beam width can be compensated by employing a laser index of 
higher values i.e. q = 6.  

 

                                                   (a)                                                                                        (b) 

Figure 4. Distribution of y-component of (𝐸𝐸0𝑇𝑇𝑇𝑇𝑇𝑇1)𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − (𝑎𝑎) and (𝐼𝐼𝐼𝐼0𝑇𝑇𝑇𝑇𝑇𝑇2)𝐸𝐸𝐸𝐸 − (𝑏𝑏) with beam width when 𝑛𝑛𝛽𝛽 =
0.35𝑛𝑛0 and s = 0.7. 
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In Fig. 4(a), the THz amplitude is found to be reduced when the beating frequency is away from the resonance 
condition i.e. 𝜔𝜔 = 𝜔𝜔𝑝𝑝. So, the beating frequency should be closer to the plasma frequency in order to achieve 
THz radiations of stronger intensity. The induced THz field (𝐼𝐼𝐼𝐼0𝑇𝑇𝑇𝑇𝑇𝑇2)𝐸𝐸𝐸𝐸 increases with the increase in the 
magnitude of the external electric field (𝐸𝐸�⃗ 𝑝𝑝) and skewness parameter, as shown in Fig. 4(b). For example, the 
amplitude increases to higher orders if the external electric field’s magnitude increases from 2 kV/cm to 12 
kV/cm. Hence, the skewness parameter not only tunes the dip in the peaks (Fig. 1.) but also controls the 
amplitude of emitted THz fields. The results obtained in Figs. 2, 4(a), and 4(b) agrees with the results obtained 
in [25] while the trend observed in Figs. 1 and 3 is similar to the trend in the studies [26,27]. 

4. CONCLUSIONS 

An interesting mechanism for the resonant excitation of THz fields has been proposed that leads to multifocal 
THz emission. An additional transverse component of force is produced due to the application of an external 
electric field to the plasma having density ripples. For the resonant excitation of the THz fields, the tuning of 
the parameters ξ and β helps in achieving the phase-matching conditions. The behaviour of induced THz fields 
is similar to that of the beating field, however, the magnitude is smaller by order 102 𝑉𝑉/𝑚𝑚 for the parameters 
used in this study. The amplitude of the induced THz field is further explored for different parameters of a 
laser beam, external electric field and plasma. We conclude that induced THz radiations of stronger intensity 
are emitted by employing lower beam width, higher index lasers and density ripples constructed at smaller 
distances. The emitted multiple radiations are multifocal and convertible, hence are useful in the diagnosis and 
treatment of cancerous diseases. Such a conversion is possible based on the skewness in the laser's pulse 
profile. 
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