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Abstract

We propose a scheme for terahertz (THz) radiation generation by non-linear mixing of two
cosh-Gaussian laser beams in axially magnetized plasma with spatially periodic density ripple
where electron-neutral collisions have been taken into account. The laser beams exert a non-lin-
ear ponderomotive force due to spatial non-uniformity in the intensity. The plasma electrons
acquire non-linear oscillatory velocity under the influence of ponderomotive force. This oscil-
latory velocity couples with preformed density ripples (n′ = n0αe

iαz) to generate a strong tran-
sient non-linear current that resonantly derives THz radiation of frequency ∼ωh (upper
hybrid frequency). Laser frequencies (ω1 and ω2) are chosen such that the beat frequency (ω)
lies in the THz region. The periodicity of density ripple provides phase-matching conditions
(ω = ω1− ω2 and �k = �k1 − �k2 + �a) to transfer maximum momentum from laser to THz radi-
ation. The axially applied external magnetic field can be utilized to enhance the non-linear cou-
pling and control various parameters of generated THz wave. The effects of decentered
parameters (b), collisional frequency (νen), and magnetic field strength (B0 = ωcm/e) are ana-
lyzed for strong THz radiation generation. Analytical results show that the amplitude of THz
wave enhances with decentered parameters as well as with the magnitude of axially applied
magnetic field. The THz amplitude is found to be highly sensitive to collision frequency.

Introduction

In last two decades, the terahertz (THz) radiation in the frequency region 0.1–30 THz has
attracted great interest and has become an important area of research in both fundamental
and applied sciences. THz radiation has a wide range of applications due to its non-ionizing
behavior. Also, it can penetrate in a wide variety of non-conducting materials (Dragoman and
Dragoman, 2004). THz radiation sources have a number of applications in the field of spec-
troscopy (Beard et al., 2002), communication (Bass et al., 1962), remote sensing (Ferguson
et al., 2002), THz time-domain spectroscopy (Shen, 2011), sub-millimeter astronomy
(Federici et al., 2005), materials characterization (Ferguson and Zhang, 2002), security screen-
ing (Federici et al., 2005), tomography (Hu and Nuss, 1995), topography (Wang et al., 2003),
and medical diagnostic (Globus et al., 2003; Zeitler et al., 2007). Due to the non-availability of
compact and high-power THz radiation sources, the researchers are continuously working
toward finding a promising way to generate and tune THz radiation of high amplitude,
power, and efficiency with reasonable size.

A variety of schemes are proposed to generate THz from solid-state materials (e.g. electro-
optic crystals) such as GaAs, LaTio3, ZnSe, GaP, InP, and LiNbO3 (Kawase et al., 1996; Kadow
et al., 2000; Sakai, 2005). The low damage threshold of these materials, low conversions effi-
ciency, and narrow band width make it difficult to generate high-power, highly efficient, and
tunable THz sources using them. Due to these disadvantages, in last few years, a lot of inves-
tigations have been carried out to introduce new schemes for THz generation. Plasma, being a
broken medium, has no damage threshold and can handle very high-power laser beam. Hence,
several laser–plasma interactions-based schemes (experimentally and theoretically) have been
proposed by researchers for high-power THz radiation sources (Hamster et al., 1993, 1994;
Cook and Hochstrasser, 2000; Löffler et al., 2000; Carr et al., 2002; Dai et al., 2006; Biedron
et al., 2007; Liu et al., 2007; Houard et al., 2008; Kim et al., 2008; Liu and Tripathi, 2009;
Malik et al., 2010, 2017; Tripathi et al., 2010; Malik and Malik, 2012; Singh et al., 2012;
Nafil et al., 2013; Mondal et al., 2017; Wang et al., 2017).
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THz generation using laser filamentation, self-focusing, cross-
focusing, and photoionization in plasma using highly intense
ultra-short picosecond or a femtosecond range laser pulses have
been performed by several researchers (Carr et al., 2002; Dai
et al., 2006; Biedron et al., 2007; Houard et al., 2008; Kim et al.,
2008). Chen et al. (2007) have reported that THz generation
experiment in laser produced plasma from a series of noble
gases. They have shown that the THz efficiency increases with
decreasing ionization potential. Hamster et al. (1993) experimen-
tally demonstrated THz radiation from short-pulse laser beam
focused on gas and solid targets. They also examined THz radia-
tion in laser-induced plasma channel where ponderomotive force
drives THz radiation (Hamster et al., 1994). Babushkin et al. have
studied numerically (Babushkin et al., 2010b) and experimentally
(Babushkin et al., 2010a) the THz radiation in air and noble gas
by two color lasers in an ionizing plasma using 0.8 and 1.6 µm
laser of 50 fs duration.

The analytical investigation of the THz radiation generation by
non-linear mixing of two laser beams in plasma having their fre-
quency differences in THz region have been studied by many
researchers in the last few years (Bhasin and Tripathi, 2009; Liu
and Tripathi, 2009; Pathak et al., 2009; Kumar et al., 2010,
2017; Malik et al., 2010, 2017; Sharma et al., 2010; Malik and
Malik, 2011, 2013; Varshney et al., 2013, 2015a, 2015b, 2017;
Malik, 2014, 2015; Sharma and Singh, 2014; Singh and Sharma,
2014; Varshnety et al., 2014; Bakhtiari et al., 2015a, 2015b,
2017; Gill et al., 2017; Rawat et al., 2017; Singh et al., 2017).
Cho et al. (2015) have demonstrated a new mechanism for THz
generation based on laser–plasma interaction. They have shown
that a monochromatic THz radiation with a field strength of
�107V/m can be produced by two counter propagating short
laser pulse in weakly magnetized plasma. THz radiation by
laser–plasma interaction in rippled plasma density has been stud-
ied by many researchers. Its role in the generation process has
been examined and discussed in detail (Bhasin and Tripathi,
2009; Pathak et al., 2009; Tripathi et al., 2010; Varshney et al.,
2013, 2017). Antonsen Jr et al. (2007) have analytically studied
phase-matched THz radiation generation by the ponderomotive
force of a laser pulse with the employment of a corrugated plasma
channel. In another analytical study, Bhasin and Tripathi (2009)
have obtained THz radiation with an efficiency of 10−4 by the
optical rectification of an x-mode picosecond laser pulse in a rip-
pled density magnetized plasma. Their model was further
improved by Varshney et al. (2013) by including the effects of
the static magnetic field on ponderomotive force.

Various laser profiles, for example, Gaussian (Bhasin and
Tripathi, 2009; Malik et al., 2010; Singh and Sharma, 2014), trian-
gular (Malik et al., 2011; Varshney et al., 2015a), cosh-Gaussian
(Singh et al., 2013; Mann et al., 2017; Varshney et al., 2017),
super-Gaussian (Malik et al., 2010; Malik and Malik, 2012;
Varshney et al., 2015b), and flat-top (Bakhtiari et al., 2017)
have been used to generate strong and tunable THz radiation
because laser beams with different intensity profiles behave differ-
ently in plasmas. For example, Malik et al. have utilized the
super-Gaussian (Malik and Malik, 2012), Gaussian (Malik et al.,
2012), and spatial triangular (Malik et al., 2011) profiles of beating
lasers in a periodic density rippled plasma for THz generation and
obtained a maximum efficiency of about 10−2 for the laser inten-
sity of 1014W/cm2. They have also shown that stronger THz radi-
ation can be produced with the help of two spatial super-Gaussian
lasers of higher index and smaller beam width (Malik and Malik,
2012). Singh et al. (2013) have obtained THz radiation with an

efficiency of 10−5 by beating of two cosh-Gaussian laser beams
in spatially periodic density plasma. This model has been further
improved by Varshney et al. (2017) by including the effects of the
static magnetic field in the plasma where they have shown three-
order higher efficiency.

In most of the THz radiation generation schemes mentioned
earlier, the electron-neutral collisions in plasma has not been
taken into account as it leads to drastic reduction in the emitted
THz power and efficiency. Also, the joint effects of the collisions
and the magnetic fields have not been considered. Singh and
Malik (2015) have considered the effects of collisional plasma
for THz radiation generation by mixing two super-Gaussian
laser beams. They have shown that electron-neutral collision
and larger beam width lead to significant change in THz ampli-
tude. But when super-Gaussian laser is used in plasma, the effi-
ciency of mechanism remains much higher than the case of
Gaussian lasers. They have also studied the effect of magnetic
field and demonstrated 6% efficiency (Singh and Malik, 2014).
Recently, generation of THz radiation by hollow-Gaussian laser
beams in collisional plasmas has been studied by Bakhtiari
et al. (2015a) where they observed the efficiency of THz radiation
is very small, which is due to the collisional effect. By considering
the interaction of two flat-topped laser profiles, Bakhtiari et al.
(2017) demonstrated an efficiency of THz generation of 8.3% in
a collisional plasma.

In this work, we study THz radiation generation by beating of
two coaxial cosh-Gaussian laser beams propagating in rippled
density magnetized plasma in the presence of applied axial static
magnetic field. The cosh-Gaussian beams (decentered Gaussian
beams) have raised considerable interest in recent times on
account of their spatial profile. These beams control higher effi-
cient power with flat-top beam shape and hollow-Gaussian lasers
beam in comparison with that of a Gaussian beam. Contrary to
the case of two Gaussian spatial profile lasers, THz radiation
can be focused at a desired position by choosing suitable decen-
tered parameters of cosh-Gaussian lasers (Varshney et al.,
2017). We show that in magnetized plasma, if the effect of
electron-neutral collisions is taken into account, THz radiation
enhances significantly in terms of the amplitude and efficiency.
In a specific parameter domain, the joint effect of the magnetic
field and electron-neutral collisions causes enhancement of THz
amplitude and efficiency. Optimizing the plasma and laser
beam parameters and considering the mutual effect, we obtain
the efficiency of THz generation up to 15%, which is considerably
high relative to the efficiency obtained in the previously studied
schemes. In “Calculation of nonlinear current density, THz radi-
ation field amplitude and efficiency” section, we develop the ana-
lytical model of THz radiation in collisional and magnetized
plasma, and equations for the emitted THz field amplitude and
efficiency are then derived. The results of the numerical study
are presented and discussed in “Analytical result and discussion”
section. Finally, “Conclusions” section contains conclusion.

Calculation of non-linear current density, THz radiation
field amplitude, and efficiency

We consider two circular symmetric cosh-Gaussian laser beams
with different frequencies (ω1 and ω2) and wave numbers (�k1
and �k2) co-propagating along z-axis in the collisional plasma
(electron-neutral collisions). A static magnetic field B0 is applied
along the direction of wave propagation. The profile of laser
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electric fields is given as

�Ej = (x̂E0jx + ŷE0jy) cosh rb
r0

( )
e−y2/r20 e−i(vjt−kjz), (1)

where

E0jx = E0jy = E0j. (2)

Here, kj = (vj/c){1− (v2
p/vj(Vj − vc))}1/2, j = 1, 2 for two

lasers and Ωj = ωj− iυen. Here, ωp = (4πn0ee
2/m)1/2 is the plasma

frequency (in CGS), cyclotron frequency ωc = eB0/mc (in CGS),
υen is the collisional frequency, r0 is the initial beam width, b is
the decentered parameter, e is the electronic charge, and m is
the electronic mass. The electric field profile given by Eq. (1) is
plotted in Figure 1. One can notice that as decentered parameter
of the cosh-Gaussian laser beam changes from b = 0 to 5, the pro-
file changes its shape in the following sequences: (i) Gaussian (b
= 0), (ii) flat-top (b = 1.45), (iii) ring shape (b = 2), and (iv)
hollow-Gaussian (b = 5).

The plasma has a periodic density ripple given by n = n0 + n′,
n′ = nα0e

iαz, where nα0 is the amplitude of ripple and α is the
repetition factor for density ripples. This density ripple may be
created using various techniques, for example, by machining pre-
pulse and a patterned mask, where plasma gas jet is exposed to an
ultrahigh-intensity laser pulse through a patterned mask of peri-
odic opacity. Hydrodynamics expansions, in the irradiated regions
exposed to higher intensity part of laser, are created due to heat-
ing by the laser pulse and plasma density drops in this region.
Thus, a masked laser beam can be utilized to pre-form the spa-
tially periodic ripple density structure in the plasma. Here, one
can control ripple parameters (nα0 and α) by changing the size
of the masks (Pai et al., 2005). Taking in to account the
electron-neutral collisions, the equation of motion for laser
beams can be written as (Chen and Trivelpiece, 1976):

m
d �vj
dt

= −e�Ej − e (�vj × �Bj) −myen�vj. (3)

The last term in Eq. (3) represents the collisional force. Plasma
electron oscillates under the influence of electric field of beating
lasers and attains oscillating velocities having x̂ and ŷ compo-
nents, given by

v jx =
eE jxVj

mi(V2
j − v2

c)
− eE jyvc

m(V2
j − v2

c)
, (4a)

v jy =
eE jyVj

mi(V2
j − v2

c)
+ eE jxvc

m(V2
j − v2

c)
. (4b)

Two lasers beating at frequency ω = ω1− ω2 and wave vector
�k′ = �k1 − �k2 create a non-linear ponderomotive force �FNL

p on
plasma electrons, which is given by:

�FNL
p = −m∇�v1.�v2∗

2
. (5)

The non-linear ponderomotive force is evaluated using Eq. (4)
and becomes

�F NL
p = e2

m(V1 − vc)(V∗
2 − vc)

∇ cosh2
rb
r0

( )
× exp − 2r2

r20

( )[ ]
exp −i (v t − k′z)( )

.

(6)

This non-linear ponderomotive force causes perturbations in
the density of plasma (n = nL + nNL) having linear component
and non-linear component. These perturbations generate space
charge potentials that lead to the linear density perturbation.
The non-linear density perturbation is due to the non-linear pon-
deromotive force. This non-linear force imparts non-linear oscil-
latory velocity to the electrons, which is calculated by the equation
of motion:

m
∂�vNL
∂t

= FNL
p − e

c
(�vNL × �B0) −myen�v

NL. (7)

Here, we have taken into account only electron-neutral colli-
sions. On solving Eq. (7), we obtain the value of non-linear veloc-
ity component as follows:

vNLx = −ivcFNL
py +VFNL

px

m i (V2 − v2
c)

, (8a)

vNLy = ivcFNL
px +VFNL

py

m i (V2 − v2
c)

. (8b)

This oscillatory velocity couples with preformed density
ripple nα0e

iαz and excites a non-linear current density at
(v, �k1 − �k2 + �a), which can be written as

�J NL = − 1
2
na0e�v

NLeiaz. (9)

The above equation shows that a non-linear transverse current
is formed. This current may lead to radiation at different frequen-
cies ω = ω1− ω2 and wave numbers �k(= �k1 − �k2 + �a). The value
of ω and k may be chosen such that the generated radiation lies
in the THz region. Using Maxwell’s equations, the wave equation
governing the propagation of THz radiation in axially magnetized
plasma can be written as:

∇2�ETHz − �∇( �∇. �ETHz) + v2

c2
(��1 �ETHz) = − 4piv

c2
�J NL, (10)

where, ��1 is the plasma permittivity tensor at ω and its

components are 1xx = 1yy = 1− (v2
pV/v(V2 − v2

c))
[ ]

,

1xy = −1yx =
ivcv

2
p

v(V2 − v2
c)
, 1zz = 1− (v2

p/vV)
[ ]

, and εxz =

εyz = εzx = εzy = 0. We wish to emphasize here that the transverse
components of non-linear current density are the source of THz
radiation generation. We can separate out the transverse
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components of Eq. (10) as follows:

∇2ExTHz − ∂

∂x
(�∇. �ETHz) + v2

c2
(1xx ExTHz + 1xyEyTHz)

= − 4piv
c2

JNLx (11)

and

∇2EyTHz − ∂

∂y
(�∇. �ETHz) + v2

c2
(1yx ExTHz + 1yyEyTHz)

= − 4piv
c2

JNLy . (12)

We multiply Eq. (12) by i and subtract it from Eq. (11) and
also use Eq. (2) to obtain

∇2ExTHz− 1
2

∂

∂x
− i

∂

∂y

( )
(�∇. �ETHz)

[ ]
+ v2

c2
(1xx + i1xy)ExTHz

= − 4piv
c2

(JNLx − iJNLy ). (13)

Taking fast-phase variations in the electric field of THz radia-
tion as ExTHz = E0THz exp {−i(vt − kz)} and neglecting second-
order perturbations of Eq. (13), we can write Eq. (13) as:

2ik
∂

∂z
E0THz + v2

c2
(1xx + i1xy) − k2

( )
E0THz

= 4piv
c2

(JNLx − iJNLy ). (14)

The resonance condition of phase matching in the presence of
periodic plasma density ripple demands that the second term on
left-hand side of Eq. (14) is equal to zero. This leads to the

dispersion relation of THz.

k2 = v2

c2
(1xx + i1xy) = v2

c2
1− v2

p

v(V− vc)

( )
. (15)

This second term on left-hand side of Eq. (14) suggests that
the maximum energy transfer from beating lasers to oscillating
electron current leading to THz radiation will take place at reso-
nance condition �k = �k1 − �k2 + a and ω = ω1− ω2≈ ωh. The peri-
odicity of density ripples required for the fine tuning of maximum
energy transfer is calculated utilizing Eq. (15) as follows:

a = v

c
1− v2

p

v(V− vc)

( )1/2

− 1

∣∣∣∣∣∣
∣∣∣∣∣∣. (16)

On recombining Eqs. (8), (9), (14), and (16), we obtain the
phase-matched THz wave amplitude:

E0 THz = na0
n0

v2
pv zeE01E

∗
02 exp(−2r2/r20)

8mikc2(vc − v)(V1 − vc)(V∗
2 − vc)

−2r
r20

+ 2b
r0

sinh
2rb
r0

( )
+ 4r

r20
cosh

2rb
r0

( )[ ]
.

(17)

Normalizing Eq. (17), we obtain final expression of the nor-
malized amplitude of THz wave as follows:

E0THz

E01

∣∣∣∣
∣∣∣∣ = na0

n0

v′ z′ v′∗02
∣∣ ∣∣ exp(−2r′2/r′20 )

8k′(v′
c − v′)(V′

1 − v′
c)(V′∗

2 − v′
c)

−2r′

r′20
+ 2b

r′0
sinh

2r′b
r′0

( )
+ 4r′

r′20
cosh

2r′b
r′0

( )[ ]
,

(18)

where z′ = zωp/c, V′
1 = V1/vp, V′∗

2 = V∗
2/vp, r′0 = r0vp/c,

v′
c = vc/vp, ω

′
= ω/ωp, k′ = kc/ωp, and r′ = rωp/c.

The efficiency of the emitted THz radiation can be calculated
by the ratio of the THz radiation energy and the incident laser

Fig. 1. Normalized cosh-Gaussian laser field ampli-
tude Ej/E0j as a function of transverse distance r for
decentered parameters 0 <b ≤ 5.
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energy. The average electromagnetic energy stored per unit vol-
ume in electric and magnetic fields are given by the relations
(Rothwell and Cloud, 2008; Varshney et al., 2015b).

kW,i l =
1
8p

10
∂

∂vi
vi 1− v2

p

v2
i

( )[ ]
k Ei| |2l, (19a)

kWBi l =
k2

8pm0vi
k Ei| |2l. (19b)

The energy densities of the incident lasers (Wpump) and emit-
ted radiation (WTHz) are as follows:

Wpump = 10r′0
2

E01| |2
��
p

2

√
1+ exp

b2

2

[ ]{ }
, (20)

WTHz = 10 E01| |2 na0
n0

v′ z′ v′∗02
∣∣ ∣∣

16k′r′0(v′
c − v′)(V′

1 − v′
c)(V′∗

2 − v′
c)

[ ]

1+ 2b eb
2/2

����
2p

√
Erf

b��
2

√
( )[ ]

. (21)

The normalized efficiency of THz radiation generation can be
evaluated as follows:

hTHz =
WTHz

Wpump
=

��
2
p

√
na0
n0

v′ z′ v′∗02
∣∣ ∣∣

8k′r′20 (v′
c − v′)(V′

1 − v′
c)(V′∗

2 − v′
c)

1+ 2b eb
2/2

����
2p

√
Erf b/

��
2

√( )
1+ exp b2/2[ ]

[ ]
. (22)

Analytical result and discussion

The numerical calculations have been performed for a picosecond
CO2 laser and the following laser–plasma parameters:
wavelength vL = 1.866× 1014rad/s (lL = 10.1mm), laser beam
waist size r0 = 30mm, laser intensity IL = 1.20× 1015W/cm2

(EL = 9.55× 108V/cm), and plasma electron density n0 =
7.561 × 1016 cm−3 (vp = 1.555× 1013rad/s).

In this model, resonant condition for excitation of THz radia-
tion in Eq. (16) is calculated. As earlier, we said that the density
ripple with periodicity 2π/α is required to be present in the
plasma. Hence, αc/ωp represents the normalized wave number
corresponding to the density ripples. From Eq. (16), the normal-
ized wave number of ripple density αc/ωp as a function of normal-
ized collisional frequency υen/ωp for different values of THz
frequency is plotted in Figure 2. We observe that when we
increase the value of collisional frequency, the normalized period-
icity of ripple required to efficiently generate the THz radiation at
beat wave frequency ω/ωp = 1.0 decreases, whereas at higher value
of beat wave frequency, the normalized periodicity of ripples
required for efficient THz generation remains more or less cons-
tant. This implies that at higher beat wave frequency, the THz
generation becomes less sensitive to ripple frequency. So, at a
given beat wave frequency ω/ωp≥ 2.0, one will obtain THz radia-
tion for very large range of collision frequency, provided the rip-
ple frequency is kept at an optimum value. At a lower beat wave

frequency, efficient THz generation will be possible for a given
combination of α and νen.

The normalized wave number of ripple density αc/ωp as a
function of normalized cyclotron frequency ωc/ωp for different
values of collisional frequency is shown in Figure 3. It is observed
that the normalized ripple wave number required for THz gener-
ation increases with increasing magnetic field (i.e. ωc). The lower
collisional frequency νen of plasma (i.e. a higher plasma temper-
ature) requires higher ripple wave number. For the enhanced
THz radiation generation, the wavenumber plays a crucial role
so static axially magnetic field can be used to tune for strong
THz radiation generation.

Now we study the combined effect of cosh-Gaussian laser
beams and collisional frequency on THz radiation generation.
In Figure 4, we have plotted the generated normalized THz ampli-
tude as a function of normalized beat wave frequency (THz fre-
quency). These plots are generated for two different values of
normalized collisional frequency and four different values of
decentered parameter b at normalized cyclotron frequency
vc/vp = 0.3 (B0 = 264kG). The peak of THz amplitude always
comes at a resonance condition v ≈ (v2

c + v2
p)1/2 irrespective of

the laser profile.
As shown in Figure 4, with the increase in the value of decen-

tered parameter, the normalized THz amplitude increases and is
two order higher for hollow-Gaussian beam (b = 5) as compared

Fig. 3. Plot of the normalized ripple factor αc/ωp as a function of the normalized
cyclotron frequency ωc/ωp at different normalized collisional frequency υen/ωp.

Fig. 2. Plot of the normalized ripple factor αc/ωp as a function of the normalized col-
lisional frequency υen/ωp at different normalized terahertz frequency ω/ωp.
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with Gaussian beam (b = 0) as the decentered parameter
increases, the Gaussian beam peak initially becomes flat-top
and then splits into two pulselets in space. This leads to enhanced
ponderomotive non-linearity thereby leading to strong non-linear
currents and strong THz radiation. Here, we also observe that the
peak of normalized THz amplitude increases by few times when
collision frequency goes down, that is, plasma is hotter. It is per-
tinent to mention here that the THz radiation amplitude shows a
peak behavior for the magnetized plasma. Using these results, one
can change the collision frequency of the plasma and/or magnetic
field strength to obtain maximum THz radiation generation. The
strength of the magnetic field can be easily tuned by changing the
electric current in a solenoid. The collision frequency depends on
the electron temperature Te through the relation υen = υ0(Te/T0)

s/2,
where s is the collision parameter characterizing the type of colli-
sion and T0 is the electron temperature (Sodha et al., 1974). Thus,
by changing the electron temperature, one can tune the collision
frequency.

The resonance condition for THz yield is predominantly con-
trolled by magnetic field (ωc) for phase-matching condition of ω
and by ripple frequency (α) for phase-matching condition of �k.
For our values of ωc/ωp = 0.3 and αc/ωp = 0.3, we observe from
Figure 4 that at normalized beat wave frequency ω/ωp = 11.8,
that is, a THz frequency (υTHz = 11.8), we obtain a peak for
every decentered parameter (b) and collision frequency. The
amplitude of peak decreases and the full-width half-maxima
(FWHM) increases with increasing the value of collisional fre-
quency. The appearance of peak in the THz yield is due the res-
onance of beat wave frequency and plasma frequency under the
effect of applied magnetic field (B0) and density ripples. In
Figure 5, we show the effect of normalized collisional frequency
on normalized THz amplitude and FWHM of the peaks in
Figure 4. At ω/ωp = 11.8, the normalized THz amplitude decreases
with increasing the value of normalized collisional frequency,

while the value of FWHM increase. This shows that to generate
a shop peak of higher amplitude of THz, one needs lower collision
frequency of plasma, that is, a warm plasma.

Now, we study the effect of decentered parameter (b) in the
presence of a fixed magnetic field B0 = ωcm/e and fixed ripple fre-
quency on the shape and magnitude of generated THz field
amplitude. Figure 6 shows the normalized THz amplitude as a
function of beat wave frequency at different values of decentered
parameter b. The cyclotron frequency ωc/ωp = 0.8 and normalized
ripple factor αc/ωp = 0.3 have been kept at a constant value. It is
seen that, with the increasing value of decentered parameter,
the magnitude of emitted THz radiation field increases signifi-
cantly. The change in magnitude is of three orders from a pure
Gaussian beam to a hollow-Gaussian beam.

In Figure 7, the normalized THz field amplitude versus nor-
malized beat wave frequency at different cyclotron frequency
(i.e. magnetic field) and same decentered parameter have been
plotted. As cyclotron frequency increases the THz amplitude
increases and peak shift toward lower value of THz beat wave fre-
quency due to the resonance condition (v2

c + v2
p)1/2. Thus, the

peak appearing in the THz amplitude can be tuned by changing
axially magnetic field value at a particular THz frequency.

Figure 8 shows that the efficiency ηTHz of the present
scheme increases with cyclotron frequency ωc/ωp and decreases
with laser beam width (a0). Efficiency ∼15% is achieved by
beating of two hollow-Gaussian laser beams at beam width
a0 � c/2vp = 10mm and magnetic field ωc/ωp = 0.8, which is bet-
ter than the results reported earlier. For instance, Sheng et al.
(2004) have obtained an efficiency of about 0.05% for THz emis-
sion using inhomogeneous plasma. Malik and Malik (2012) have
reported the efficiency of about 0.2% by beating of two
spatial-Gaussian lasers. Varshney et al. (2013) by using two
x-mode lasers in a magnetized plasma have obtained an efficiency
of about 1.5%. The maximum reported efficiency belongs to

Fig. 4. Plot of the normalized terahertz amplitude ln(ETHz/E01) as a function of the normalized terahertz frequency ω/ωp at different normalized collisional frequency
υen/ωp and decentered parameter b.

Laser and Particle Beams 241

https://doi.org/10.1017/S0263034618000216 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034618000216


the work done by Singh and Malik (2014) and Bakhtiari et al.
(2015b) in which the efficiency equal to 5.8% and 8.3%
has been obtained, respectively. Thus, the present scheme can
produce the THz radiation with high efficiency if the cosh-
Gaussian lasers of higher decentered parameter (b) and small
beam width (r0) are used.

Conclusions

We have proposed a model for the generation of THz radiation
with high THz amplitude and high efficiency by using two
cosh-Gaussian laser beams in axially magnetized rippled plasma.
We have also considered the effect of electron-neutral collisions
on THz generation. We have derived analytical equations for
the electric field amplitude of THz and efficiency of THz radiation

and then determined the resonance condition for THz radiation.
We have found that the THz field amplitude and efficiency
of THz radiation gets enhanced drastically in the magnetized
plasma relative to the non-magnetized one. In non-magnetized
plasma, the THz field amplitude and efficiency of THz radiation
are very small, and they decrease considerably due to the
electron-neutral collisions. In magnetized plasma, the negative
consequences of electron-neutral collisions can be overcome by
a magnetic field. In addition, the joint effect of the magnetic
field and electron-neutral collisions causes a further enhancement
of THz field amplitude and efficiency when the collision fre-
quency is sufficiently low. This may be due to improved phase--
matching condition and tunability due to magnetic field and
plasma temperature. By optimizing the applied magnetic field, rip-
ple frequency in plasma, laser beam parameters, and considering

Fig. 6. Plot of the normalized terahertz amplitude
ln(ETHz/E01) as a function of the normalized tera-
hertz frequency ω/ωp at different decentered
parameter b.

Fig. 5. Plot of the normalized terahertz amplitude
ETHz/E01 and FWHM of terahertz wave as a function of
the normalized terahertz frequency υen/ωp at normal-
ized terahertz frequency ω/ωp = 11.8.
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the beating, we demonstrate the THz radiation efficiency of up to
∼15%. Finally, we have compared the THz radiation generated
by hollow-Gaussian and Gaussian laser beams, and we have
found that the THz radiation generated by hollow-Gaussian
beams has three orders higher amplitude as compared with that
generated by Gaussian laser beams, the efficiency of THz generated
is five times higher in the case of hollow Gaussian beams.
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