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Abstract

This paper presents a theoretical model for efficient terahertz (THz) radiation by self-focused amplitude-modulated laser
beam in preformed ripple density plasma. The density of plasma is modified due to ponderomotive nonlinearity which
arises because of the nonuniform spatial profile of the laser beam in magnetized plasma and leads to the self-focusing
of the laser beam. The rate of self-focusing depends on the intensity of the amplitude-modulated beam as well as on
the externally applied magnetic field strength. The electron also experiences time-dependent ponderomotive force by
the laser beam at modulated frequency. A nonlinear current at THz frequency arises on account of the coupling
between the ripple density plasma and nonlinear oscillatory velocity of the electrons. The yield of the generated THz
radiation enhances with enhancement in self-focusing of the laser beam and applied magnetic field.

Keywords: Amplitude-modulated Gaussian laser beam; Magnetized plasma; Ponderomotive nonlinearity; Self-focusing;
Terahertz radiation

1. INTRODUCTION

Terahertz (THz) spectrum (0.1–10 THz), lying between mi-
crowave (MW) and infrared regions, has potential applica-
tions in the field of communication (Federici & Moeller,
2010), explosives detection (Tonouchi, 2007), nondestruc-
tive testing (Federici et al., 2005), cellular-level imaging
(Ferguson & Zhang, 2002), biological and chemical
sensing, and tomographic imaging (Siegel, 2004). Various
nonplasma-based techniques using nonlinear electro-optic
crystals (Lee et al., 2000), photoconductive antennas and
semiconductors (Jepsen et al., 1996; Hashimshony et al.,
1999; Shen et al., 2004), gyrotron-based sources (Glyavin
et al., 2008), and so on have been used for the generation
of THz radiation which leads to low-power conversion effi-
ciency as well as emitter breakdown at high-power irradi-
ance. To avoid the damage of THz emitter, one can use
either laser filamentation in air or laser interaction with pre-
formed plasma as a THz emitter (Yugami et al., 2002; Dor-
ranian et al., 2005; Xie et al., 2006; D’Amico et al., 2007,
2008; Kim et al., 2007, 2008; Kostin & Vvedenskii, 2010;
Tripathi at al., 2010; Singh et al., 2013; Sharma & Singh,
2014; Singh & Sharma, 2014).

Xie et al. (2006) have studied the THz generation in the
femtosecond pulsed laser-induced air plasma with the em-
ployment of the third-order nonlinear optical process,
mixing the fundamental and second-harmonic beams in the
ionized plasma, while emitted THz field polarity and strength
can be controlled by the relative phase between fundamental
and second-harmonic beams. Hu et al. (2010) have experi-
mentally demonstrated the THz radiation from a femtosecond
laser filament in air by the transition-Cherenkov radiation
mechanism. D’Amico et al. (2007) have experimentally in-
vestigated the generation of linearly polarized and coherent
THz radiation by a femtosecond laser beam filament created
in air, and they have further investigated the role of external
electric field along the filament axis and observed the emis-
sion of enhanced incoherent and nonpolarized THz yield.
Yugami et al. (2002) have experimentally demonstrated the
radiations from MWs to THz frequency range from the Che-
renkov wake, excited by the ultrahigh power pulse laser in
magnetized plasma.

THz radiation can also be generated by the beating of two
lasers in preformed ripple density plasma, by considering
collisional, ponderomotive, and relativistic nonlinearity.
Self-focused amplitude-modulated beam can also generate
the THz radiation in the ripple density plasma (Kumar
et al. 2015). Cho et al. (2015) have investigated the THz ra-
diation by two counter propagating laser beams in preformed
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weakly magnetized plasma. The effect of cross-focusing of
the two co-propagating laser beams on the generation of
THz yield has been studied in the presence of an external ap-
plied electric or magnetic fields and it is observed that gen-
erated THz yield enhances several times due to
cross-focusing of the laser beams as compared with that
without the cross-focusing mechanism (Sharma & Singh,
2014; Singh & Sharma, 2014).
The self-focusing of femtosecond laser beam takes place

in air due to optical Kerr nonlinearity, while the high-power
laser beam gets self-focused in the preformed plasma via any
nonlinearity: collisional, ponderomotive, or relativistic.
These nonlinearities depend on the time scale of the pulse
viz. (1) tε = mi/2men

( )
< tp, for collisional; (2) tε≫ tp, for

the ponderomotive; and (3) tpe≈ tp, for the relativistic non-
linearity to be dominant. Here, tε, tp, and tpe are the energy
relaxation, duration of pump beam, and electron plasma
period, respectively, while v is the collisional frequency, mi

and me are the ion and electron mass, respectively (Sodha
et al., 1974a, b, 1976).
This paper, deals with the effect of transverse magnetic

field on the propagation of amplitude-modulated laser
beam and the role of self-focusing on the generation of
THz radiation. We present a theoretical model for self-
focusing of the amplitude-modulated Gaussian laser beam,
in magnetized ripple density plasma and generation of THz
radiation at modulation frequency, when ponderomotive non-
linearity is operative. The use of ripple density is very similar
to the periodic index change in the periodically polled lithi-
um niobate crystals for the THz phase matching (Lee et al.,
2000). This paper is organized as follows: In Section 2, we
have discussed the self-focusing of an amplitude-modulated
Gaussian laser beam in magnetized plasma. In Section 3, we
have evaluated an expression for the nonlinear current densi-
ty at modulated frequency and radiated THz wave amplitude.
Section 4 presents the discussion of numerical results. Sec-
tion 5 summarizes the conclusion remarks.

2. SELF-FOCUSINGOFAMPLITUDE-MODULATED
LASER BEAM

Consider, a high-power amplitude-modulated Gaussian laser
beam propagating along the x-direction with frequency ω0

and wave vector k0
�

in the magnetoplasma, having static
magnetic field (B0), perpendicular to the direction of propa-
gation (z-direction) of the beam. The electric field of the laser
beam for the extraordinary mode (x-mode) is given by

�E = x̂Ex + ŷEy

( ) = x̂Ax(x, y, z, t) + ŷAy(x, y, z, t)
{ }
× exp −i k0x− ω0t( ){ } (1)

where Ex = − εxy
/
εxx

( )
Ey, εxx = 1 − ω2

p/(ω2
0 − ω2

p), and
εxy = ωcω2

p/iω0(ω2
0 − ω2

p). Due to the nonuniform spatial
profile of the amplitude-modulated Gaussian beam, the max-
imum irradiance occur at the center and decreases in the

radial direction. When the laser beam is propagating in mag-
netized plasma, then density redistribution occurs along the
magnetic field due to the ponderomotive force (Sharma,
1978). The ponderomotive force along the external applied
magnetic field can be written as (Sharma, 1978; Sodha
et al., 1979),

Fpz = −e2

4me(ω2
0 − ω2

c )
∂
∂z

× Ex.E
∗
x + Ey.E

∗
y

( )
+ iωc

ω0
Ey.E

∗
x − Ex.E

∗
y

( ){ } (2)

where ωc= eB0/mec is the electron cyclotron frequency. The
modified density of electrons can be written as follows
(Sodha et al., 1974a, b, 1979, 1980):

n = n0 exp −αEy.E
∗
y

( )
(3)

where

α = e2

8kBT0me(ω2
0 − ω2

c)
1+ ω2

cω
4
p

ω2
0(ω2

0 − ω2
h)2

+ 2ω2
cω

2
p

ω2
0(ω2

0 − ω2
h)

]
,

[

ωh = (ω2
p + ω2

c)1/2, kB is the Boltzmann constant and T0
is the electron temperature. The wave equation can be
written as,

∇2�E −∇ ∇.�E
( ) = 4π

c2
∂�J
∂t

+ 1
c2

∂2�E
∂t2

(4)

where �J = −ne vxx̂+ vyŷ
( )

. Now using Eq. (1) in Eq. (4) and
separating the x and y components of the wave equation, we
obtain as follows:

Ax = iωc

ω0

ω2
p

(ω2
0 − ω2

h)
Ay (5a)

− 2ik0
∂Ay

∂x
+ δ+

∂2Ay

∂y2
+ ∂2Ay

∂z2

= n− n0
n0

( )
×
ω2
p

c2

ω2
0 − ω2

p

( )
ω2
0 − ω2

h

( ) Ay + 2iω0

c2
∂Ay

∂t
(5b)

where δ+ = 1−ω2
cω

4
p/ω

2
0(ω2

0−ω2
h)2 and k0 = (ω0/c){1−

(ω2
p(ω2

0−ω2
p)/ω2

0(ω2
0−ω2

h))}1/2. For the slowly converging and
diverging nature of the laser beam, we assume the solution of
Eq. (5b) as follows:

Ay x, y, z, t
( ) = A0 x, y, z, t

( )
exp −ik0S x, y, z, t

( ){ }
(6)

On transforming the coordinates (x, t) to x(=x), ξ= t− x/vg
(where 1/vg= ω0/k0c

2) and by substituting Eq. (6) into
(5b), we obtain the real and imaginary parts as follows
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(Sodha et al., 1980):

∂A2
0

∂x2
+ δ+A2

0
∂2S
∂y2

+ A2
0
∂2S
∂z2

+ δ+
∂S
∂y

∂A0

∂y
+ ∂S

∂z
∂A0

∂z
= 0 (7a)

2
∂S
∂x

+ δ+
∂S
∂y

( )2

+ ∂S
∂z

( )2

= 1

k20A0
δ+

∂2A0

∂y2
+ ∂2A0

∂z2

( )

− ω2
p

k20c
2

(ω2
0 − ω2

p)
(ω2

0 − ω2
h)

n− n0
n0

( ) (7b)

The solution of Eqs (7a) and (7b) can be written as,

A2
0 =

E2
00(1+ μ cosΩξ)2

f1f2
exp − y2

r20 f
2
1

− z2

r20 f
2
2

( )
(8a)

and

S = y2

2
β1(x) +

z2

2
β2(x) (8b)

The intensity variation of the laser beam is described by Eq.
(8a), which depends on the dimensionless beamwidth param-
eters f1 and f2 along the propagation direction, in the paraxial
regime.Now, puttingEqs (8a) and (8b) in Eq (7a) and compar-
ing the coefficients of y2 and z2,we can get the value of β1(x)=
(1/δ+)(df1/dx) and β2(x)= df2/dx. The governing equations
for dimensionless beam width parameters f1 and f2 can be ob-
tained from Eq. (7b) as follows (Akhmanov et al., 1968):

d2f1
dx2

= δ2+
k20r

4
0 f

3
1

− δ+ω2
p

k20c
2

(ω2
0 − ω2

p)
(ω2

0 − ω2
h)

αE2
00 (1+ μ cosΩξ)2

r20 f
2
1 f2

× exp − αE2
00(1+ μ cosΩξ)2

f1 f2

( ) (9a)

d2f2
dx2

= 1

k20r
4
0 f

3
2

− ω2
p

k20c
2

(ω2
0 − ω2

p)
(ω2

0 − ω2
h)

αE2
00 (1+ μ cosΩξ)2

r20 f1 f
2
2

× exp − αE2
00 1+ μ cosΩξ
( )2

f1 f2

( ) (9b)

Equations (9a) and (9b) show the variation of dimensionless
beam width parameter in the magnetoplasma.

3. THZ RADIATION

For the generation of THz radiation, we consider the propa-
gation of amplitude-modulated Gaussian laser beam, with
electric field as given by Eq. (1), through the ripple density
plasma with density variations given as: n= n0+ nqe

−iqx ,
where nq and q are amplitude and wave number of the density
ripple, respectively. The electrons also respond at the modu-
lated frequency of pump laser on account of ponderomotive
force. This oscillatory velocity couples with the density
ripple and leads to the generation of nonlinear current

density, which is the source of THz radiation. The density
ripple in the plasma is playing the key role for the propaga-
tion of generated THz wave. The ponderomotive force at
modulated frequency (Ω≪ ω0) can be written as,

�FΩ
P = − e2

2meω2
0

∇
�

�E.�E∗( )∣∣
Ω

( )
= x̂Fpx0 + ŷFpy0 + ẑFpz0

( )

× exp iΩ t − x

vg

( ){ } (10)

The nonlinear oscillatory velocity of the electrons at modu-
lated frequency Ω(=ωT) can be obtained from the equation
of motion as follows:

∂�vnl
∂t

= − �vnl × ẑ( )ωc +
�FΩ
P

me
(11)

The nonlinear oscillatory velocity components can be eval-
uated from Eq. (11) as (Ginzburg, 1970), vnlx =(ωTFΩ

px+ iωc

FΩ
py)/ime(ω2

T−ω2
c) and vnly =(ωTFΩ

py− iωcFΩ
px)/ime(ω2

T−ω2
c).

The wave equation for THz generation in magnetized
plasma can be written as,

∇2�ET −∇ ∇.�ET
( ) = 4π

c2
∂(�J l

T + �Jnl)
∂t

+ 1
c2

∂2�ET

∂t2
(12)

Now considering the THz radiation in the extra ordinary
mode (ETz= 0, ETx≠ 0, ETy≠ 0). The linear oscillatory
velocity of the electrons at THz frequency (ωT) and wave
number (kT) can be written as (Ginzburg, 1970) vlTx = ie
(ωTETx + iωcETy)/me(ω2

T − ω2
c) and vlTy= ie(ωTETy−iωcETx)

/me(ω2
T − ω2

c). The linear and nonlinear current density at
THz wave number and frequency can be written as

�J l
T = −en0 vlTxx̂+ vlTyŷ

( )
and

�J nl = −enqe−iqx

2
vnlx x̂+ vnly ŷ

( )
(13)

Now taking the fast phase variation �ET = �ET0 x, y
( )

exp
−i kTx− ωTt( ){ }, we evaluate the x and y component of Eq.
(12) as follows:

ETx = 4πi
ωT

J lTx + Jnly

( )
(14a)

and

2ikT
∂ETy0

∂x
+ k2T −

ω2
T

c2
1− ω2

p

ω2
T

ω2
T − ω2

p

ω2
T − ω2

H

( ){ }
ETy0

= nq
2n0

( )
ω2
p

c2

( )
{iωcωTFΩ

px0 − (ω2
T − ω2

p)FΩ
py0}

(ω2
T − ω2

H)

(14b)

where
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FΩ
px0=− e2

2meω2
0

1+ ω2
c

ω2
0

ω4
p

(ω2
0−ω2

h)2
{ }

μE2
00

f1 f2

1
f1

∂f1
∂x

2y2

r20 f
2
1

−1

( )
+

{

1
f2

∂f2
∂x

2z2

r20 f
2
2

− 1

( )
− iΩ

vg

}
exp − y2

r20 f
2
1

− z2

r20 f
2
2

{ }
and FΩ

py0=

e2

2meω2
0

1+ω2
c

ω2
0

ω4
p

(ω2
0−ω2

h)2
{ }

μE2
00

f1 f2

2y

r20 f
2
1

( )
exp − y2

r20 f
2
1

−
{

z2

r20 f
2
2

}
.

The phase matching demands that kT = (ωT/c){1 − (ω2
p

(ω2
T − ω2

p)/ω2
T(ω2

T − ω2
h))}1/2,while the wave vector satisfies

the phase-matching condition kT=Ω/vg+ q.

4. RESULTS AND DISCUSSION

Equations (9a) and (9b) show the converging/diverging be-
havior of the laser beam in magnetized plasma. On the right-
hand side of both the equations [Eqs (9a) and (9b)], the first
term shows divergence (diffraction), while the second term is
responsible for the convergence (nonlinear term) of the
beam. We have solved the coupled Eqs (9a) and (9b)
numerically by Runge–Kutta methods and using the follow-
ing boundary conditions (Akhmanov et al., 1968): f1

∣∣
x= 0 =

f2|x= 0 = 1 and d f1 /dx
∣∣
x= 0 = d f2 /dx

∣∣
x= 0 = 0. For the nu-

merical illustration, we have chosen the following set of laser
(CO2)–plasma parameters: intensity of the laser beam,
1014 W/cm2, initial radius of the laser beam, r0= 30 μm,
ω0= 1.78 × 1014 rad/s, ωp= 2.5 × 1013 rad/s, modulated
frequency of laser beam, Ω= 1.5ωp, μ= 0.1, ωc= 0.1ωp,
and 0.6ωp. Figures 1(a) and 1(b) show the variation of di-
mension less beam width parameters f1 and f2 with the nor-
malized distance η, where η= x/Rd and Rd(= ω0r20/c) is

the diffraction length. The focusing rate of laser beam de-
creases with increasing the value of Ωξ= 0, π/2, and π.
The applied external magnetic field also significantly affects
the self-focusing rate.
Figure 2 shows the schematic diagram for the THz radia-

tion in the presence of external applied static magnetic
field in the ripple density plasma. The nonlinear current den-
sity at THz frequency arises due to the coupling of nonlinear
oscillatory velocity of electron at modulation frequency with
the density ripple. The propagation of THz radiation is gov-
erned by Eq. (14b) and the results are presented in Figures 3
and 4 for the exact phase-matching condition that is, kT=Ω/
vg+ q. The energy transfer from the amplitude-modulated
laser to the generated THz waves will be maxima when the
exact phase matching is achieved. Here, the value of ripple

Fig. 1. Variation of beam dimensionless width parameters with normalized distance.

Fig. 2. Schematic diagram for the THz radiation in magnetized ripple den-
sity plasma.
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wave number (q) is the key factor to achieve the exact phase-
matching condition and for determining the interaction
length. However, the generated THz wave can propagate
in the magnetized plasma when the frequency of the gene-
rated wave lie either in between the left-hand cut-off
frequency (ωL = 1/2[−ωc + (ω2

c + 4ω2
p)1/2]) and upper

hybrid frequency (ωh) or greater than the right-hand cut-off
frequency (ωR = 1/2[ωc + (ω2

c + 4ω2
p)1/2]). In the present

study, the right-hand cut-off frequency ωR corresponding
to ωc= 0.1ωp and 0.6ωp come out to be 2.73 × 1013 and
3.49 × 1013 rad/s, respectively, which is smaller than the
generated THz radiation frequency ωT(=3.77 × 1013 rad/s).
Thus it can be seen that the generated THz wave will propa-
gate through the plasma. Since the maximum energy transfer

takes place near the resonance condition (ωT≈ ωh) for the
THz radiation, hence the generation of THz radiation can
be optimized by the strength of the externally applied mag-
netic field. The THz field radiation increases with increasing
value of static magnetic field as ωT approaches to the ωh, and
the wave is resonantly excited. The generated THz wave am-
plitude yield decreases with increasing value of Ωξ, because
the focusing of laser beam decreases with increasing value of
Ωξ. However, the laser power will decrease with the distance
of propagation on account of the absorption (due to colli-
sions) of the laser beam. Hence, the yield of the generated
THz radiation will also fall with the distance of propagation
due to absorption. This constraint has been taken care of by
considering collisionless plasma (i.e., n0/ω0 ∼ 10−4, where
v0 is the collisional frequency) as well as the THz absorption
length to be larger than interaction length in the numerical
calculations. In Figures 3(a) and 3(b), dotted black lines
show the generation of THz radiation in the case of laser
beam propagation without divergence or convergence that
is, f1(x)= f2(x)= 1while solid lines show for the case of
self-focused laser beam. The generated THz radiation field
with the radial distance ( y/r0) has been plotted in Figure 4.

The amplitude of the generated THz radiation increases
with the distance of propagation. In the case of exact phase-
matching condition, one can generate the strong THz radia-
tion due to infinite interaction length. But the power of the
laser beam can be reduced with the distance of propagation
due to diffraction and collision (or any nonlinear mechanism)
in the plasma and the less power are available for the genera-
tion of THz radiation, even when/when the exact phase-
matching condition is satisfied. The self-focused laser beam
is able to propagate longer distances in the plasma and as a
result the energy conversion from laser to THz radiation is

Fig. 3. Variation of THz radiation amplitude with normalized distance around the maximum irradiance (y/r0= 0.4, z= 0) for
(a) ωc= 0.1ωp and (b) ωc= 0.6ωp for nq= 0.2n0.

Fig. 4. Variation of THz radiation amplitude with radial distance y/r0 of the
laser beam for nq= 0.2n0.
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enhanced, as compared with that without self-focusing of the
laser beam. Figures 5(a) and 5(b) show the power spectrum for
the generation of THz radiation around the maximum irradi-
ance ( y/r0= 0.4, z= 0) with and without self-focusing (i.e.,
f1(x)= f2(x)= 1) for nq= 0.2n0, ωc= 0.1ωp, and 0.6ωp,
respectively.

5. CONCLUSION

In conclusion, the amplitude-modulated beam gets self-
focused due to ponderomotive force. In magnetized
plasma, the rate of self-focusing decreases with increasing
Ωξ, while increases with increasing value of applied mag-
netic field and the intensity of laser beam enhances at the fo-
cused positions of the laser beam. The laser beam also exerts
a ponderomotive force at modulation frequency on the elec-
trons and the phase-matching condition is achieved by the
density ripple. Self-focused laser beam can enhance the
yield of THz radiation several times as compared with that
without self-focusing of laser beam. The maximum THz
yield can be achieved by resonant excitation which can be
achieved with the help of applied external magnetic field.
For the present study we have obtained the normalized
power of the order of 10−4 times the initial power supplied
by the laser beam. This work is also having the application
in the field of guiding of the modulated laser beam due to ex-
ternally applied transverse magnetic field in the plasma.
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