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Abstract 

In the present analysis, we have studied the effect of cross-focused Gaussian laser beams 

propagating through the array of magnetized carbon nanotubes (m-CNTs) to enhance the terahertz (THz) 

field amplitude of emitted radiation. The plasma present in the form of CNTs rearranges itself due to the 

ponderomotive nonlinearity, which gives rise to the nonlinear optical phenomenon known as the cross-

focusing of laser beams. The ponderomotive nonlinearity, cross-focusing of lasers, and anharmonic 

behavior of m-CNTs are responsible for the very strong nonlinear current density in the system. The 

cross-focusing effect of the propagating Gaussian laser beams increases with the increase in the externally 

applied static magnetic field, which is applied along the longitudinal axis of the CNTs. As a result, the 

normalized THz field amplitude shows a significant enhancement, and the THz radiations emitted in this 

way can be utilized in biological diagnosis (of the living beings) instead of X-rays. The internal and 

external diameters of the CNTs also make a notable impact on the THz field amplitude.  

Keywords: THz field amplitude, Magnetized CNTs, Cross-focusing, Anharmonic behavior, Static 

magnetic field 
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THz: Terahertz 

CNTs: Carbon Nanotubes 
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m-CNTs: Magnetized Carbon Nanotubes 

 

Introduction 

 THz science and technology have been explored by many research workers to open up new doors 

for research opportunities in various promising domains like pharmaceutical and biological sciences [1-

3], THz spectroscopy and imaging [4], and broadband communication and data transfer techniques [5]. 

For efficient THz generation, the research workers formulated various schemes. The researchers preferred 

the CNTs under the influence of an external magnetic field to generate efficient THz radiation [6-9]. This 

is because of some special features of CNTs like high thermal and electrical conductivity with nano 

dimensions. Thakur et al. and Kumar et al. [10,11] employed anharmonic CNTs to generate THz 

radiation. The SWCNTs are preferred by Titova et al. [12] for THz generation by using a filamented laser 

beam. The filamentation under the influence of various fields also provides efficient THz generation [13-

16]. The cross-focusing of laser beams in collisional plasma under the influence of various fields made a 

deep impact on the THz radiation [17-21]. It was observed that in cross-focusing, one laser beam follows 

the other and vice versa such that focusing of one affects the other. In the present work, we are using the 

cross-focusing effect of laser beams in the array of m-CNTs to provide a novel scheme to generate 

compact, efficient, cost-effective, and energetic sources of THz radiation. 

In this theoretical work of THz generation, we irradiate 2 cross-focused laser beams on the array of 

m-CNTs embedded in glass substrate (obtained by synthesizing with the plasma-enhanced chemical 

vapor deposition). The CNTs are known as magnetized CNTs under the effect of an external magnetic 

field (B).  In the present case, the magnetic field is applied (y-direction) mutually perpendicular to the 

direction of co-propagation (z-direction) and polarization of laser beams (x-direction). In the array, each 

grown CNT has the following characteristics: Inner radius a1, outer radius a2 and length lc. The plasma 

frequency associated with CNTs in terms of free electron density (n0 ) can be expressed as ωP =
(n0e

2 mε0⁄ )1 2⁄ , where e and m represent the charge and mass of the electron. The number density of 
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CNTs in terms of the carbon nanotube separation (d) is given by the relation Nc = 1 d2⁄ .  In this scheme, 

we have used an array of CNTs in the form of plasma (preformed plasma). The ponderomotive force acts 

on the electrons of CNTs to produce nonlinearity and the plasma of CNTs gets rearranges itself along the 

direction of the external magnetic field. This ponderomotive nonlinearity is accountable for the cross-

focusing of laser beams in the m-CNTs. The paper has been well arranged in 4 parts. In part-I, we have 

provided the introduction and significance of the research work. In part II of the paper, we explain the 

cross-focusing phenomenon of 2 Gaussian laser beams in the m-CNTs. In part III, we have provided the 

theoretical model for the generation of THz radiation. In part IV of the paper, the discussion is 

summarized with the conclusion. 

 

Cross focusing of lasers beams in m-CNTs 

In this novel scheme, consider 2 linearly polarized Gaussian laser beams co-propagating along z-

direction in the plasma present in the form of m-CNTs with frequencies (ω1, ω2) and wavenumbers 
(k1, k2). The electric and magnetic field profiles associated with propagating laser beams can be 

expressed in terms of the amplitude of electric fields (Ejx0), wavenumber (kj) and dielectric function of 

plasma (ϵj) written as: 

 

E⃗⃗ j = x̂Ejx0exp{−𝑖(kjz − ωjt)}; j=1, 2,                                                                                                       (1) 

 

B⃗⃗ j = 𝑖c(∇⃗⃗ × E⃗⃗ j)/ωj,                                                                                                                                     (2) 

 

where, the dielectric function in terms of relative permittivity of the lattice is given by the relation ϵj =

ϵ − (ωp ωj⁄ )
2
.  

 

The subscript j = 1, 2 represents the first and second Gaussian laser beam, respectively. The term 

‘c’ is the speed of electromagnetic waves in free space and its value is 3 × 108 m/s2. The electrons of m-

CNTs experience oscillatory behavior due to propagating laser beams. As a result velocity components of 

the electrons of m-CNTs along the x and z-direction can be written as: 

 

vjx =
e{𝑖(ωj+𝑖𝑣)Ejx−ωcEjz}

m{(ωj+𝑖𝑣)
2
−ωc

2}
,   and  vjz =

e{𝑖(ωj+𝑖𝑣)Ejz+ωcEjx}

m{(ωj+𝑖𝑣)
2
−ωc

2}
,                                                                           (3)                                                                                                                               

 

where,  ωc = eB m⁄  is known as the cyclotron frequency of the electrons of m-CNTs and 𝜈 represents the 

collision frequency. The external magnetic field provides anisotropic behavior to the electric permittivity.  

 

The various components of this anisotropic tensor can be calculated as ϵjzy = ϵjyz = ϵjxy = ϵjyy =

ϵjyx = 0, ϵjxx = ϵjzz = 1 − ωP
2ω0 ωjωa

2⁄  and ϵjxz = −ϵjzx = − iωcωP
2 ωjωa

2⁄ ,where ωa
2 = (ω0

2 − ωc
2).  

The laser beams propagating through the m-CNTs are responsible for static and beat frequency 

ponderomotive forces acting on the electrons of m-CNTs. Out of these forces, beat frequency 

ponderomotive force is responsible to generate THz field whereas, the static ponderomotive force 

experienced by the electrons of m-CNTs is given as: 

 

FPy = ∑  
−e2

4mωa
2

∂

∂y
{EjxEjx

∗ + EjzEjz
∗ +

𝑖ωc

ωj
(EjxEjz

∗ − EjzEjx
∗ )}j=1,2 .                                                                (4)                                                                             

                                         

In the state of equilibrium, the pressure gradient force is well counterbalanced by the static 

ponderomotive force acting along the direction of the applied static magnetic field. Hence, the altered 

electron density is given by the relation n = n0e
−∑ ρjEjxEjx

∗
j=1,2 , where n is known as the altered electron 

density and n0 is the electron density of the m-CNTs before the propagation of Gaussian laser beams. The 

term ρj provides the measure of the nonlinearity (due to variation in the ponderomotive force) present in 

the m-CNTs during the propagation of laser beams and for extraordinary mode ρj can be expressed in 

terms of electronic and ionic temperatures  (Te, Ti) of plasma given as: 
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ρj =
e2

4mKB(Te+Ti)ωa
2 [1 +

ωc
2{ωP

4+2ωP
2(ωa

2−ωP
2ω0/ωj)}

ωj
2(ωa

2−ωP
2ω0/ωj)

2 ],                                                                                    (5)  

                                             

In paraxial ray approximation, one can expand the dielectric tensor εj as ϵj = ϵ0j − ϵ2jx
2,  where ϵ0j 

and ϵ2j represent the linear and nonlinear parts of the dielectric function. The wave propagation equation 

along the x-direction can be written as: 

 
∂2Ejx

∂z2 + 2δj

∂2Ejx

∂x2 +
ϵjxz0

ϵjzz0

∂2Ejx

∂x ∂z
+

ωj
2

c2 (ϵ0j − ϵ2jx
2)Ejx = 0,                                                                            (6) 

 

where, ϵjxx0 = ϵjzz0 = 1 − ωP
2ω0 ωjωa

2⁄ , ϵjxz0 = −ϵjzx0 = − iωcωP
2 ωjωa

2⁄ ,  ϵjzz0 ∓ ϵjxz0 = ϵj0±, and 

ϵ0+ϵ0− (ϵ0+ + ϵ0−)2 = δj⁄ .  The above Eq. (6) can be simplified by assuming that the solution 

corresponding solution is Ejx = Aj(x, z)e
−ιkjz.  

 

According to Akhmanov et al. [18], we can express the amplitude in terms of real and imaginary 

functions as Aj(x, z) as Aj(x, z) = Aje
−ιkjSj(x,z). Where Aj(x, z) and Sj(x, z) are the real function of space. 

By using the expression for Aj in Eq. (6), we get the resulting equation as: 

 
∂Aj0

2

∂z
+ 2δj (

∂Sj

∂x
) (

∂Aj0
2

∂x
) +

∂2Sj

∂x2 Aj0
2 = 0,                                                                                                        (7) 

                                                                               

The intensity of Gaussian laser beams in terms of normalized dimensionless beam width parameter 

(fj) can be written as Aj0
2 = (Ejx00

2 fj⁄ )e−(x2/rj
2fj

2)
. The dimensionless beam width parameter is very 

significant because it is used to determine the beam width profile of the laser beams, which are 

propagating through the m-CNTs. The term rj represents the radii of laser beams. The electric field 

amplitude is represented as Ejx00
2  and the amplitude of eikonal Sj  is given as Sj = (x2 2⁄ )βj(z) + ϕj(z), 

where  ϕj(z)  is the phase factor and βj(z) is known as the wavefront of the laser beam. The value of 

βj(z) is represented by the relations βj(z) = (1 2δj fj⁄ ) ∂fj ∂z⁄  . By using these values, the above Eq. (7) 

can be simplified further to derive the cross-focusing equation of the Gaussian laser beams propagating in 

the system of m-CNTs.  

 
d2fj

dζ2
=

4δj
2

fj
3 − kj

2rj
4fj.                                                                                                                                      (8) 

 

where, ζ = z kj⁄ rj
2 is known as normalized distance.  

 

The above Eq. (8) reveals the convergence or divergence action of laser beams in the magnetized 

collisional plasma present in the form of CNTs. The values of ϵ0j and ϵ2j can be obtained by expanding 

the dielectric relation ϵj = ϵ0j − ϵ2jx
2 in the paraxial regime around the position of maxima intensity. 

 

Terahertz generation 

As explained in part II of the manuscript, the electrons of m-CNTs experience beat frequency 

ponderomotive force along x and z-direction. Both the components of beat frequency ponderomotive 

force are eligible to generate THz field and hence THz radiation. These components of the ponderomotive 

force are given as: 

 

FPMx =
e2E1x00E2x00

2m(𝑖ω1+ν)(−𝑖ω2+ν)√f1f2
(1 −

ϵ1xz0ϵ2xz0
∗

ϵ1zz0ϵ2zz0
∗ ) (

x

r1
2f1

2 +
x

r2
2f2

2) exp {
−x2

2
(

1

r1
2f1

2 +
1

r2
2f2

2) − 𝑖(kz − ωt)}.           (9) 

                                                                                                                                                             

FPMz =
e2E1x00E2x00

2m(𝑖ω1+ν)(−𝑖ω2+ν)√f1f2
(1 −

ϵ1xz0ϵ2xz0
∗

ϵ1zz0ϵ2zz0
∗ ) {(

1

2f1

df1

dz
+

1

2f2

df2

dz
) − x2 (

1

r10
2 f1

3

df1

∂z
+

1

r20
2 f2

3

df2

dz
) +

ik} exp {
−x2

2
(

1

r10
2 f1

2 +
1

r20
2 f2

2) − 𝑖(kz − ωt)}.                                                                                                (10)                                                     
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Figure 1 Schematic representation of THz generation and inset figure shows the formation of space 

charge static field in the overlapped region. 

 

The free plasma electrons of the m-CNTs experience detachment from the ion cylinder and form 

their separate folk at  Δ⃗⃗   As a consequence, the space charge electric field is created and this is shown in 

inset Figure 1.  Following Kumar et al. [8], the net space charge electric field E⃗⃗  at the point (r, φ, z) is 

given as: 

 

E⃗⃗ =
n0e

2ϵ
{(r2 − a1

2) (
r⃗ 

r2
) − (|r − ∆⃗⃗ |

2
− a1

2) (
r⃗ −∆⃗⃗ 

|r⃗ −∆⃗⃗ |
2)}.                    (11)  

                                                                                                                                                                                      

The displacement of the electrons parallel to the CNT axis is zero but non-zero along the 

perpendicular direction (x-axis). Therefore, the expression of the x-component of the space charge 

electric field and the restoring force for the electrons of the m-CNTs can be given as: 

 

Fx =
−n0e2

2ϵ
{(1 +

a1
2

r2
) ∆x + (

5cosφ

r
+

4cos2φ

r
−

(r2−a1
2)cosφ

r3
)}∆x

2.                                                               (12) 

                                                     

As the restoration force for the different electrons of m-CNTs is not the same, therefore we have to 

calculate the average value of restoration force over   and  .  The average restoration force is given as: 

 

 〈Fx〉 =
−mωP

2

2ϵr
∆x[1 + β + α∆x],                                                                                                                (13) 

                                                                                 

where, β = 2 a1
2loge(a2 a1⁄ ) (a2

2 − a1
2)⁄  is known as a characteristic parameter and  α = 4/(a2 + a1) is 

known as anharmonicity factor. Both β and α  are linked with the anharmonic behavior of m-CNTs. The 

equations governing the displacement of the electrons of CNTs in the presence of space charge restoration 

force, Ponderomotive force, and magnetic force is given as: 

  
d2∆x

dt2
+

ωP
2

2ϵr
(1 + β + α∆x)∆x + ν

d∆z

dt
 −

eB

m

d∆z

dt
= −

FPMx

m
.                                                                           (14) 

                                           
d2∆z

dt2
+ ν

d∆z

dt
+

eB

m

d∆x

dt
= −

FPMz

m
.                                                                                                                  (15) 

                                                                                         

By solving Eqs. (14) - (15), one can find the value of ∆z and ∆x. The expressions for these 

displacements can be written as: 

 

Δz =
[1−{(1+β)ωP

2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )] FPMz− (ωc ω⁄ )FPMx

mω2{1+(𝑖υ ω⁄ )}[1−{(1+β)ωP
2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )−[ωc

2 ω2{1+(𝑖υ ω⁄ )}⁄ ]] 
. and                                                                           

                                                                               

 Δx =
{1+(𝑖υ ω⁄ )}FPMx+𝑖(ωc ω⁄ ) FPMz

mω2{1+(𝑖υ ω⁄ )}[1−{(1+β)ωP
2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )−[ωc

2 ω2{1+(𝑖υ ω⁄ )}⁄ ]]
.                                                              (16) 

                                                                  

Corresponding to these displacements of plasma electrons of the m-CNTs, one can calculate the 

oscillatory velocities by using the relations  vx = −𝑖ω∆x and vz = −𝑖ω∆z. 
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vx =
−𝑖ω{1+(𝑖υ ω⁄ )}FPMx+𝑖(ωc ω⁄ ) FPMz

mω2{1+(𝑖υ ω⁄ )}[1−{(1+β)ωP
2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )−[ωc

2 ω2{1+(𝑖υ ω⁄ )}⁄ ]]
 , and                                                                 

  
 vz

=
−𝑖ω[1−{(1+β)ωP

2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )]FPMz−(ωc ω⁄ ) FPMx

mω2{1+(𝑖υ ω⁄ )}[1−{(1+β)ωP
2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )−[ωc

2 ω2{1+(𝑖υ ω⁄ )}⁄ ]]
 .                                                              (17)   

                                                                                                                                                              

The nonlinear current density corresponding to the oscillatory velocity of CNT electrons can be 

expressed by using the relation   JNL = −evnρ0e
−𝑖ρz, where nρ0 is known as the amplitude and 𝜌 as the 

wavenumber of the ripple density. This current density has a finite value over the cross-sectional surface 

area of m-CNTs whereas it becomes null over the gap between the m-CNTs. The gap is denoted by the 

area d2. As a result, one has to calculate the average value of the THz nonlinear current density. The x 

and z components of average nonlinear current density are given: 

 

Jx
NL =

𝑖π(a2
2−a1

2)Ncenρ0[{1+(𝑖υ ω⁄ )}FPMx+𝑖(ωc ω⁄ ) FPMz]

mω{1+(𝑖υ ω⁄ )}[1−{(1+β)ωP
2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )−[ωc

2 ω2{1+(𝑖υ ω⁄ )}⁄ ]]
 , and                                                                           

                                           

Jz
NL =

𝑖π(a2
2−a1

2)Ncenρ0[[1−{(1+β)ωP
2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )]FPMz−(ωc ω⁄ ) FPMx]

mω{1+(𝑖υ ω⁄ )}[1−{(1+β)ωP
2 2ω2ϵr⁄ }+(𝑖υ ω⁄ )−[ωc

2 ω2{1+(𝑖υ ω⁄ )}⁄ ]]
.                                                           (18)    

                                         

The above calculated nonlinear current density Jx
NL provides its significant contribution to the THz 

generation and it is obvious from the following standard wave propagation equation (derived from 

Maxwell’s equations) used to explain the THz dynamics: 

 

∇2E⃗⃗ − ∇(∇. E⃗⃗ ) =
4π

c2

∂

∂t
(j NL) +

1

c2

∂2E⃗⃗ 

∂t2
,                                                                                                        (19)  

                                                                             

where, E⃗⃗  is the THz field which varies as E⃗⃗ = x̂E⃗⃗ x0(x, t)e
−𝑖(kz−ωt). We can solve the above Eq. (19) with 

the help of Eqs. (18a) - (18b), by neglecting the term ∇(∇. E⃗⃗ T) and using the phase-making condition 

which demands that: 

  

   k=
ω

c
√ 1 −

ωP
2

ω2 [
{1+(𝑖υ ω⁄ )}−(ωP

2 ω2⁄ ) 

{1+(𝑖υ ω⁄ )}[{1+(𝑖υ ω⁄ )}−(ωP
2 ω2⁄ )]−(ωc

2 ω2⁄ )
].                                                                          (20)     

                                                                                                                                                                                                            

Finally, the normalized equation for the THz electric field amplitude can be obtained as: 

 

4𝑖
∂

∂ζ
(

Ex0

E2x00
) + 2 (

k1

k
) r1

2 [k2 −
ω2

c2
+

ωP
2

c2
[

{1+(𝑖υ ω⁄ )}−(ωP
2 ω2⁄ ) 

{1+(𝑖υ ω⁄ )}[{1+(𝑖υ ω⁄ )}−(ωP
2 ω2⁄ )]−(ωc

2 ω2⁄ )
]] = 

 π(a2
2 − a1

2)Nc{1 + (𝑖υ ω⁄ )}−1 (
nρ0

n0
) (

ωP
2

ω2
) [1 − {(1 + β)ωP

2 2ω2ϵr⁄ } + (𝑖υ ω⁄ ) −

[ωc
2 ω2{1 + (𝑖υ ω⁄ )}⁄ ]]

−1
(
eE2x00

mωc
) (

ω

ω1
) (

ω

ω2
)

{1−(𝑖υ ω1⁄ )}−1{1+(𝑖υ ω2⁄ )}−1

√f1f2
(1 −

ϵ1xz0ϵ2xz0
∗

ϵ1zz0ϵ2zz0
∗ ) [

1

S3
{(

S1x1

kr1f1
2 +

S1x2

kr2f2
2) +

{(
S2

2(kr1)(k1r1)f1

df1

dζ
+

S2

2(kr2)(k1r2)f2

df2

dζ
) − (

x1
2

f1
3(kr1)(k1r1)

df1

∂ζ
+

x2
2

f2
3(kr2)(k1r2)

df2

dζ
) + 𝑖}}],                                     (21)   

                                                                                                                                                                                                        

where, S1 = {1 + (𝑖υ ω⁄ )} ({1 + (𝑖υ ω⁄ )}2 −
ωc

2

ω2
) −

ωP
2

ω2
({1 + (𝑖υ ω⁄ )}2 −

𝑖ωc
2

ω2
), S2 = [

𝑖ωc

ω
{{1 + (𝑖υ ω⁄ )}2 −

ωc
2

ω2} −

ωP
2

ω2
{1 + (𝑖υ ω⁄ )}] − 𝑖 (

ωc

ω
) (

ωP
2

ω2
) [1 −

ωP
2(1+β)

2ω2ϵr
+

𝑖𝑣

ω
], S3 = [{1 + (𝑖υ ω⁄ )}2 −

ωc
2

ω2] −
ωP

2

ω2 
{1 + (𝑖υ ω⁄ )},  x1 = x r1⁄ , and  

x2 = x r2⁄ . 

 

By applying appropriate boundary conditions, one can solve the above Eq. (21) to obtain the THz 

field amplitude of emitted THz radiation.  

 

Results and discussion 

One can solve Eq. (8) numerically by using Runge-Kutta (RK) method. For this purpose, 2 initial 

conditions have been used. The first condition is given as f1|ζ=0 = f2|ζ=0 = 1.  The first order derivative 

of the first condition with respect to normalized distance ζ provides the second condition given 

as 
𝑑𝑓1

𝑑ζ
|
ζ=0

= 
𝑑𝑓2

𝑑ζ
|
ζ=0

= 0. The threshold power for cross-focusing can be obtained by using the 
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conditions  
𝑑𝑓1

𝑑ζ
|
ζ=0

 ,  f1|ζ=0 = 1 and  
𝑑𝑓2

𝑑ζ
|
ζ=0

 ,  f2|ζ=0 = 1 for the various values of normalized distance ζ.  

For the powers above the threshold, one can use the condition of second order derivative given as 
d2f1

dζ2
<

0. To carry out the numerical computation and analysis, we have used the specific set of laser-plasma and 

CNT parameters: ω1 = 2.40 × 1014 rads−1, ω2 = 2.10 × 1014 rads−1, λ1 = 0.800  μm, λ2 =
0.700  μm, the intensity of laser beams I1~I2 = 1014 Wcm−2, radii of the laser beams r1 =
20.00 μm and r2 = 40.00 μm. The inner and outer radii of CNTs are 40.00 and 80.00 nm, respectively. 

The inter-tube separation between the CNTs is d =  60.00 nm in the array.  Figures 2(a) and 2(b) 

represent the numerical results for cross-focused laser beams in the collisional plasma of m-CNTs under 

the action of the applied static magnetic field. In Figure 2(a), the variation of dimensionless beam width 

parameters f1 has been shown with normalized distance  ζ and in Figure 2(b), the variation of 

dimensionless beam width parameters f2 has been shown with normalized distance ζ. The Figure 2(a) 

and 2(b) both shows the converging and diverging behavior of the laser beams propagating through the 

m-CNTs. It is clear from the Figure. that beam width parameter  f1and f2  decreases as the laser beams 

propagate and attain a minimum value at a particular value of normalized distance ζ. After attaining the 

minimum value, beam width parameters f1and f2 start increasing again. This is because diffraction 

becomes more dominating than the nonlinear refraction effect. This behavior is in accordance with Eq. 

(8). From the Figures 2(a) and 2(b), it is also observed that the focusing of both laser beams gets affected 

by the change in the value of the externally applied static magnetic field (100, 200 and 300 kG). The 

focusing of each beam shows a significant increase with the increasing magnetic field and attains peak 

value, at the optimized value of the magnetic field. This is because of the increase in the ponderomotive 

nonlinearity in the direction of the applied static magnetic field. The expected uncertainty in the 

dimensionless beam width parameter f1and f2 at the optimized value of the externally applied static 

magnetic field (300 kG) is of the order of ~75 and ~65 %, respectively.  

 

 
(a)  

 

 
(b) 

Figure 2 (a) Variation of dimensionless beam width parameter f1 with normalized distance ζ, at various 

values of the static magnetic field, and (b) Variation of dimensionless beam width parameter f2 with 

normalized distance ζ, at various values of the static magnetic field. 
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Figure 3 shows the variation of normalized THz amplitude with normalized distance (x r1⁄ ) at 

different values of static magnetic field (100, 200 and 300 kG). From the curves, it is observed that the 

normalized THz amplitude increases firstly, along the direction of propagation of lasers and then attains 

maximum value. After attaining maximum value, it begins to decrease. The physics behind such a 

behavior can be explained as follows. The ponderomotive nonlinearity along the direction of static 

magnetic field and collisions between the electrons makes the focusing of lasers more strong that leads to 

enhancement of the intensity of 2 lasers. The increase in the normalized THz amplitude is because of this 

increased intensity of lasers. However, a further increase in the intensity of lasers increases the nonlinear 

ponderomotive force. This force repels the electrons out of the axial region and as a result, THz amplitude 

shows a decrease.  The external static magnetic field enhances the normalized THz amplitude to large 

extent. It is because, with the increase of the static magnetic field, ponderomotive nonlinearity also 

increases. 

 

 
 

Figure 3 Variation of normalized THz amplitude with normalized distance (x r1⁄ ) at various values of the 

static magnetic field 

 

Figure 4 shows the variation of normalized THz wave amplitude with and without the effect of 

cross focusing of the laser beams at the optimized value of static magnetic field (300 kG). The other 

parameters are kept the same as that in Figure 3. From the plots of Figure 4, one can observe that the 

normalized THz field amplitude is ~0.005 in the absence of the cross-focusing and it increases to ~0.07 

in the presence of cross-focusing in the m-CNTs. Approximately 14 times increase is observed in the 

normalized THz amplitude with the effect of cross focusing of lasers as compared to without cross 

focusing. This is on account of the fact that the cross focusing of the lasers leads to the increase in the 

intensity of the laser, Which further results in the increase of the ponderomotive nonlinearity. The cross-

focusing effect of co-propagating Gaussian laser beams facilitates the THz generation in the m-CNTs by 

enhancing the THz field. Therefore, cross focusing plays a significant role in the enhancement of the 

normalized THz amplitude. 

 

 
 

Figure 4 Normalized THz amplitude Variation with and without cross focusing of laser beams, with 

normalized distance (x r1⁄  ) at the optimized value of static magnetic field (300 kG). 
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In Figure 5, we have plotted variation of normalized THz amplitude with normalized distance for 

various values of outer radii of CNTs, keeping the inner radius constant at the optimized value of 

externally applied static magnetic field (300 kG). The other parameters are kept the same as that in 

Figure 3. From the graph, it is clear that the normalized THz wave amplitude attains the peak value at a 

higher value of the outer radius of CNTs. This is because of the increase in the nonlinearities of the 

vertical array of m-CNTs behaving as plasma. As the generation of THz radiation is also known as the 

nonlinear phenomenon, therefore enhancement of the normalized THz amplitude is obvious. 

 

 
 

Figure 5 Variation of normalized THz amplitude with normalized distance (x r1⁄ ) for various values of 

the outer radii of CNTs at the optimized value of externally applied static magnetic field (300 kG). 

 

 

In Figure 6, we have shown the variation of normalized THz wave amplitude with normalized 

distance for various values of inter-tube separation in the array at the optimized value of externally 

applied static magnetic field (300 kG). All other parameters are kept the same as that in Figure 3. From 

the graph it is observed that the normalized THz wave amplitude decreases with the increase of the inter-

tube separation. This is because of the increase in the nonlinearities in the m-CNTs, due to the more 

absorption of the lasers by these m-CNTs. This result is also in accordance with Kumar et al. [22], in 

which they applied cross-focusing to enhance THz generation in the array of CNTs. 

 

 

Figure 6 Variation of normalized THz amplitude with normalized distance( x r1⁄ ) for various values of 

inter-tube separation distance (d) at the optimized value of externally applied static magnetic field 

(300 kG). 
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Conclusions 

In the proposed scheme, the THz electric field has been generated by using the cross focusing of 2 

Gaussian laser beams in the array of vertically aligned m-CNTs grown over the dielectric substrate. In 

this scheme, the effect of cross-focusing enhances the normalized THz electric field amplitude by 14 

times as compared to the THz electric field amplitude in the absence of cross-focusing, which is better 

than others. The cross-focusing effect of co-propagating Gaussian laser beams facilitates the THz 

generation in the m-CNTs by enhancing the THz field. It is observed that the focusing of each laser beam 

depends upon the applied static magnetic field (B⃗⃗ = 100, 200 and 300 kG) and intensity of each incident 

Gaussian laser beam(I1~I2 = 1014 Wcm−2). During the cross-focusing of laser beams, there occurs 

maximum energy transfer from the laser beams to the emitted THz radiations. The normalized THz 

amplitude shows significant enhancement with the increase of cross-focusing as compared to the case 

without cross-focusing. The enhancement is also observed in the THz amplitude with the variation of 

internal and external diameters of m-CNTs. THz radiations emitted in this way can prove to be beneficial 

in the biological diagnosis (of the living beings) instead of X-rays. In the future, we can also extend this 

work by applying the static magnetic field transverse to the longitudinal axis of the CNTs to observe the 

effect on the THz field of emitted radiations. 
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