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Abstract

This paper presents a scheme of terahertz radiation generation based on beating of two dark hollow laser beams with
different frequencies, the same electric field amplitudes, in actual plasma with spatially periodic density that
electron–neutral collisions have taken into account. The main feature of considered hollow laser beams is, having the
same power at different beam orders. Because of special distribution in beam intensity gradient in dark hollow laser
beam, the produced terahertz radiation has special field profile. The effects of laser and plasma parameters on terahertz
radiation generation are investigated analytically. It can be deduced that by increasing beating frequency, efficiency of
terahertz generation decreases which can be compensated by manipulating density ripple magnitudes and dark-size
adjusting parameter. The intensity of the emitted radiations is found to be highly sensitive to the beam order. Based on
the results of this paper, optimization of laser and plasma parameters can increase the efficiency of terahertz radiation
generation strongly.
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1. INTRODUCTION

The terahertz (THz), which its spectrum is altered between
microwave and infrared termed (0.1–10 THz) remained un-
explored until two decades ago due to lack of high-power ra-
diation sources in this region. The topic of THz radiation
generation has attracted great interest with deep concepts in
both fundamental and applied sciences. THz radiation sources
have a number of applications in spectroscopy, sub millimeter
astronomy,manufacturing, quality control, processmonitoring,
chemical and material characterization, security screening,
medical imaging, three-dimensional (3D) imaging of teeth, to-
mography, topography, remote sensing, etc., (Beard et al.,
2002; Ferguson & Zhang, 2002; Shen et al., 2005; Pickwell
& Wallace, 2006; Zheng et al., 2006). Driven by the above
mentioned applications, several new theoretical and experi-
mental mechanisms to generate THz radiation are proposed
(Savage et al., 1992; Gildenburg & Vvedenskii, 2007; Singh
& Sharma, 2013). Using electro-optic crystal, such as ZnSe,
GaP, LiNbO3, or photo conductive antenna, super luminous la-
ser–pulse interaction with large band gap semiconductors and

dielectric is formalmechanismof the generationofTHz sources
(Budiarto et al., 1996; Hashimshony et al., 2001; Shi et al.,
2002; Holzman & Elezzabi, 2003; Jiang et al., 2011; Wang
et al., 2011; Al-Naib et al., 2013).Material breakdown in high-
power laser pulses, low conversion efficiency, and narrow
bandwidth of emitted THz radiation are disadvantage of these
types of THz sources (Budiarto et al., 1996). Due to these dis-
advantages, a lot of investigations have been done for introduc-
ing new schematic of generation of THz sources.

Since plasma is impervious to material breakdown when
subjected to high intensity lasers, high-power terahertz radia-
tion generation based on laser–plasma interaction has attracted
great interest (Hamster et al., 1993; Yoshii et al., 1997; Yugami
et al., 2002; Kostin&Vvedenskii, 2010). Various phenomenas
in Laser–plasma couplings like self-focusing property of laser,
possibility of second-harmonic andmanyothers are affected by
the presence of magnetic fields (Brodin & Lundberg, 1998;
Gupta & Sharma, 2002; Jha et al., 2007; Hur et al., 2008).
The effects of externally applied static magnetic fields on
wake excitation and nonlinear evolution of laser pulses have
been reported (Ren & Mori, 2004).

Moreover, the effects of different Laser beam profiles such
as Gaussian, super Gaussian, Cosh–Gaussian, etc., in the in-
teraction with plasmas by various distributions, on THz
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generation have been investigated (Bhasin & Tripathi, 2009;
Malik et al., 2012; Manouchehrizadeh & Dorranian, 2013;
Varshney et al., 2013; Hussain et al., 2014; Sharma &
Singh, 2014; Singh & Malik, 2014; Singh & Sharma,
2014; Varshney et al., 2014a, b; Maliket al., 2011a, b).
Hence, this work has proposed a model to produce THz

radiation by using two dark hollow laser beams. Due to the
exclusive features of dark hollow beam profile such as differ-
ent gradient in distribution of laser intensities, having central
dark spot and consequently different cross-section into other
laser beam profiles, it can make different pondermotive
forces and therefore different nonlinear current and hence,
distinctive THz radiation. Electron–neutral collisions in
plasma medium have been considered. Since the collisions
in actual plasma cannot be ignored, we solve the problem
of phase matched THz radiation generation by pondermotive
force of two laser pulses. By considering the mentioned con-
ditions, effects of laser beam parameters and plasma factors
are investigated by detail.
For achieving this aim, the present paper is organized as

follows:
In Section 2, we introduce the dark hollow laser beam. In

Section 3, nonlinear current due to laser beating is computed.
The normalized emitted THz field strength and efficiency,
which are dependent on laser and plasma parameters such
as laser beam waist width, beam order, dark-size adjusting
parameter, plasma collision frequency, and density ripple
magnitudes, is evaluated in Sections 4 and 5. Section 6 pre-
sents the results and discussion of analytical investigations.
In Section 7, the conclusions, which are deduced from this
paper, are expressed clearly.

2. DARK HOLLOW LASER BEAM

In recent years, laser beams with minimum field intensity at
the center (zero, in ideal state), which are called dark hollow
beams (DHBs), have attracted more and more attentions be-
cause of their unique physical properties and their increasing
applications in for example, atomic optics (atom guiding,
cooling, and optical trapping of particles), laser optics, free
space optical communications, binary optics, biological,
and medical science and so on (Yin et al., 2003; Chen
et al., 2008; Yuan et al., 2009; Taherabadi et al., 2012).
Dark hollow laser beams also provide a powerful tool to
study the linear and nonlinear particle dynamics in a storage
ring (Wu et al., 2005). DHBs have been widely studied both
experimentally and theoretically (Herman & Wiggins, 1991;
Wang & Littman, 1993; Paterson & Smith, 1996; Kuga et al.,
1997; Cai et al., 2003; Cai & Lin, 2004; Mei & Zhao, 2005;
Wu et al., 2005; Lu et al., 2008; Zhao et al., 2008; Yuan
et al., 2009; Wang & Li, 2010; Taherabadi et al., 2012). Var-
ious techniques such as geometrical optical method (Herman
& Wiggins, 1991), transverse-mode selected method (Wang
& Littman, 1993), optical holography (Paterson & Smith,
1996), and multimode fiber method (Zhao et al., 2008) have
been used to generate DHBs. Several theoretical models

have been proposed to describe coherent DHBs, such as the
TEM01 beam, the higher-order Bessel beam. and hollow
Gaussian beam (Cai et al., 2003; Cai & Lin, 2004; Mei &
Zhao, 2005; Wang & Li, 2010). We can express a DHB as a
finite sum of Gaussian beams or Laguerre–Gaussian beams.
Barrel-shape intensity, a helical wave front, doughnut-shaped
transverse intensity distribution, and center phase singularity
are some of the unique physical properties of DHBs.
Using the appropriate laser beam profile is one of the im-

portant methods for improving the efficiency of THz beam
generation. Therefore, due to the exclusive features of dark
hollow laser beam profile, it can be used in laser-plasma in-
teraction field, especially in THz beam generation.
Therefore, in this work, we have proposed a mechanism of

generating THz radiations by beating two dark hollow laser
beams in the collisional plasma.
The electric field of a DHB of circular symmetry at z= 0

can be expressed as the following finite sum of Gaussian
beams (Cai & He, 2006; Taherabadi et al., 2012):

EN(x, y, z = 0;ω) =
∑N
n=1

E0
−1( )n−1

N

N

n

( )

× exp − nx2 + ny2

w2
0

( )
− exp − nx2 + ny2

pw2
0

( )[ ]
(1)

where N
n

( )
denotes a binomial coefficient. The positive and

independent of position coefficients E0 and w0, determine
mainly the field amplitude and the beam waist width of fun-
damental Gaussian modes, respectively. N is the order of a
circular DHB, p is the dark-size adjusting parameter and sat-
isfies 0< p< 1. We can adjust the central dark size of circu-
lar DHB by varying p (Cai & Lin, 2004). The area of the dark
region across a circular DHB increases as N or p increases.
Eq. (1) can be reduced to the expression for the electric
field of a Gaussian beam when N= 1 and p= 0 or a flat-
topped beam when N> 1 and p= 0.
For achieving the same comparable conditions in the differ-

ent order of DHBs in terahertz radiation generationmechanism,
the samepower is supposed.So, for defining such adarkhollow
laser beam, a maximum value of electric field for different
beam order is considered constant and the conservation of
power in the different beam order are supposed. Moreover,
for comparison of the dark hollow laser beams and commonly
Gaussian laser beam, a Gaussian laser beam and dark hollow
laser beam (N= 1, p= 0.5) have the same power. The intensity
distribution of considered dark hollow laser beams and consid-
ered Gaussian laser beam have been depicted in Figure 1.
In the next section, THz radiation generation mechanism

will be discussed in detail.

3. NONLINEAR CURRENT DUE TO LASER
BEATING

Two dark hollow laser beams with same field amplitude var-
iation in y-direction of frequencies ω1 and ω2 and wave

F. Bakhtiari et al.464

https://doi.org/10.1017/S026303461500049X Published online by Cambridge University Press

https://doi.org/10.1017/S026303461500049X


numbers k1and k2 along the z-direction in the plasma that
electron–neutral collisions with frequency of υen are consid-
ered. The field distribution of the laser beams is given by:

ENj =
∑N
n=1

E0
−1( )n−1

N

N

n

( )
exp − ny2

w2
0y

( )
− exp − ny2

pw2
0y

( )[ ]

× ei(kjz−ωj t)ŷ, with j = 1, 2 (2)

Laser beams beat together and impart a ponderomotive force
to the plasma electrons at beat frequency ω= ω1− ω2 and
wave number k= k1− k2. Frequency difference of the lasers
is in the terahertz range. The phase matching can be achieved
by considering a plasma channel with a rippled modulated
density together ne= n0e+ n′β where n′β = nβeikβz and nβ
and kβ are the amplitude and wave number of density ripples,
such density ripples created by various techniques involving
transmissive ring grating and a patterned mask where the
control of ripple parameters might be possible by changing
the groove period, groove structure, and duty cycle in such
a grating and by adjusting the period and size of the masks
(Hazra et al., 2004; Kuo et al., 2007; Layer et al., 2007;
Kim et al., 2008; Bhasin & Tripathi, 2009; Maliket al.,
2011a, b; Malik et al., 2012). Density ripples like an inhomo-
geneity, couples with the density perturbations provided by
pondermotive force and give rise to nonlinear current respon-
sible for THz generation. The force acting on electrons from
lasers can be obtained from the linearized equation of motion
(Chen, 1983):

me
dv
dt

= −eENj − meυenv (3)

where collisional force (−meυenv) is taken into account. By
solving the equation of motion, the velocity of electrons
due to laser fields will be achieved by:

vj = eENj

me(iωj − υen) (4)

The lasers due to gradient in their fields also exert a nonlinear
ponderomotive force to electrons which is dependent to

electron velocities as (Boyd & Sanderon, 2003):

FNL
p = me

2
∇(v1· v∗2) (5)

In the presence of a nonlinear ponderomotive force, nonlin-
ear perturbations of density of the electrons are governed
by equation of continuity as:

nNLe = n0
meiω(υen − iω)∇·FNL

p (6)

By taking χe = −ω2
p/[ω(ω+ iυen)] and ω2

p = (4πne0e2/me)
as electric susceptibility and plasma frequency, respectively,
nonlinear perturbations of density nNLe can be defined as:

nNLe = ne0χe
meω2

p
∇·FNL

p (7)

In addition, linear density perturbation (nLe ) is induced self-
consistency by space charge field under the influence of
nonlinear perturbations in electron density by producing a
self-consistent space charge potential f:

nLe = − χe∇· ∇f
( )

4πe
(8)

By using density perturbations nLe + nNLe , the Poisson’s equa-
tion ∇2f = 4πnee, will be:

∇. ∇f
( ) = 4πe

(
nLe + nNLe

)
= 4πe − χe∇.(∇f)

4πe
+ ne0χe

meω2
p
∇·FNL

p

( )
(9)

Hence, after sum simplifications, linear ponderomotive force
is obtained based on nonlinear force:

FL = e∇f = ω2
pF

NL
p

iω(1+ χe)(υen − iω) (10)

So the total electron velocity consists of linear and nonlinear
pondermotive force actions, can be obtained by again using
equation of motion as: (∂vNL/∂t) = (e∇f/m) + (FNL

p /m)−
υenv = (FL/m) + (FNL

p /m) − υenv. So the resultant nonlinear
electron velocity can be achieved as:

vNLT = iωFNL
p

me iω(υen − iω) − ω2
p

[ ] (11)

From this velocity, the nonlinear current density at ω,
k(k1−k2+kβ) in the presence of the mentioned density
ripple can be written as:

JNL = − 1
2
n′βev

NL
T = − iωn′βe

2me iω(υen − iω) − ω2
p

[ ]FNL
p (12)

Since JNL is responsible for the generation of THz radiation.

Fig. 1. Intensity distribution of dark hollow laser beam for different beam
orders with p= 0.5 and Gaussian laser beam with the same power.
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4. CALCULATION OF EMITTED THZ FIELD

By letting Eq. (2) into Eq. (4) and the result in Eq. (5) then
doing the gradient, the nonlinear pondermotive force is real-
ized as:

FNL
p = e2E0inc

2

2me(iω1 − υen)(iω2 + υen)
∑M
m=1

∑N
n=1

(−1)n+m−2

MN

N

n

( )
M

m

( )
[
2ny/w0y

2
]
−e−n(y/w0y)2 + e−(n/p)(y/w0y)2/p
[ ]{

e−m(y/w0y)2 − e−(m/p)(y/w0y)2/p
[ ]
+
[
2my/w0y

2
]
−e−m(y/w0y)2 + e−(m/p)(y/w0y)2/p
[ ]

e−n(y/w0y)2 − e−(n/p)(y/w0y)2/p
[ ]}

ŷ− ikẑ
( )

ei(kz−ωt) (13)

Then, the nonlinear oscillatory current density yields from
Eq. (12) as:

JNL = −(1/2)n′βe
e2E0inc

2

me(iω1 − υen)(iω2 + υen)

×
iω

me(ω2 − ω2
p + iωυen)

∑M
m=1

∑N
n=1

(−1)n+m−2

MN

N

n

( )
M

m

( )
{[

2ny/w0y
2
][

− e−n(y/w0y)2 + e−(n/p)(y/w0y)2/p
]

[
e−m(y/w0y)2 − e−(m/p)(y/w0y)2/p

]
+
[
2my/w0y

2
][

− e−m(y/w0y)2 + e−(m/p)(y/w0y)2/p
]

[
e−n(y/w0y)2 − e−(n/p)(y/w0y)2/p

]}
(ŷ− ikẑ)ei(kz−ωt) (14)

Eq. (14) shows that the current density varies in accordance
with FNL

p ∼ exp[i(kz−ωt)]. After putting nβ = nβeikβ
z in

Eq. (14), nonlinear current oscillates at the frequency ω but
its wave number is k= k1− k2+ kβ. With the help of density
ripples, the wave numbers can be tuned and resonant excita-
tion of THz radiation can be realized (Malik et al., 2012).
By using the Maxwell equations, the wave equation gov-

erning the propagation of THz wave can be written as:

∇2E+ ω2

c2
εE−∇(∇·E) = −4πiω

c2
JNL (15)

where ε = 1+ χe = 1− ω2
p/[ω(ω+ iυen)] is the plasma per-

mittivity at the THz frequency. Taking fast phase variations
in E as E= Eei(kz−ωt) the y component of Eq. (15) that
would be suitable for the THz emission can be deduced as:

2ik
dEy

dz
+ ω2

c2
e− k2

( )
Ey = −4πiω

c2
JNLy (16)

By solving Eq. (16) and using Eq. (14) for the y component
of JNLy , the normalized THz amplitude can be written as

follows:

E0THZ

E0inc
= ω2

pnβeE0incω

4mene0

∑M
m=1

∑N
n=1

(−1)n+m−2

MN

N

n

( )
M

m

( )
[
2ny/w0y

2
]
−e−n(y/w0y)2 + e−(n/p)(y/w0y)2/p
[ ]{

e−m(y/w0y)2 − e−(m/p)(y/w0y)2/p
[ ]
+ 2my/w0y

2
[ ] −e−m(y/w0y)2 + e−(m/p)(y/w0y)2/p

[ ]
e−n(y/w0y)2 − e−(n/p)(y/w0y)2/p
[ ]}
× real (ω+ iυen)/(ω1 + iυen)(ω2 − iυen)(ω2 − ω2

p + iυen)2
[ ]

(17)

We have concerned only on stationary solutions for THz ra-
diation generation, thus Eq. (17) does not depend on the
plasma length. For the parameters of present scheme,
which will be defined, the THz radiation can easily propagate
out of the plasma because damping of THz electromagnetic
wave is negligible and even plasma length can be adjusted in
experimental set-ups according to the skin depth of plasma.
In the rippled density plasma, the exact phase matching

conditions demands that k′ = k+ kβ= k1− k2+ kβ. Disper-
sion relation of THz wave is (ω2/c2)εk2= 0, which can be
obtained by placing the right-hand side of Eq. (16), source
term, equal to zero. From this, vector kβ that is wavenumber
of density ripples, is given by:

kβ = (ω/c)Re 1− ω2
p

( )
/ ω ω+ iυen( )( )

[ ]1/2
− 1

{ }

= (ω/c) 1− ω2
p

( )
/ ω2 + υen

2
( )[ ]1/2

− 1

{ } (18)

Thus, the resonance condition coincides withω ≥
�����������
ω2
p − υen2

√
.

The field is obtained only if the phase matching condition is
met. In order to match the wave numbers of ponderomotive
force and nonlinear current, density ripples with periodicity
2π/kβ are required to be constructed in the plasma. Hence,
kβ represent wave number corresponding to density ripples.

5. THZ RADIATION EFFICIENCY

The efficiency of the emitted radiation is the ratio of the
energy of THz radiation and the energy of the incident
lasers. According to Rothwel and Cloud (2009) the average
electromagnetic energy stored per unit volume, in general,
is given by the formula:

WEi = ε

8π
∂
∂ωi

ωi 1− ω2
p

ω2
i

( )[ ]
〈 Ei| |2〉 (19)

Using this formula, the energy density of the lasers, that is,
the energy per unit volume, is calculated as

〈WLE〉 = 1
8π

ε
∂
∂ω

ω 1− (ω2
p/ω)

( )[ ]
〈 E| |2〉,
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while for the THz field is

〈WTHZ〉 = 1
8π

ε
∂
∂ω

{
ω[1− (ω2

p/ω)]
}
〈 ETHZ| |2〉,

after computing total average energy densities the efficiency of
the THz radiation, η, following the methods used by Varshney
et al., 2013; Singh &Malik, 2014; Varshney et al., 2014, is ob-
tained as follows:

η = WTHZ

WLE
= ω2

pnβeE0incω

4mene0
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p
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⎤
⎥⎥⎥⎦
(20)

In the next section, with the help of this section’s calculations,
the effects of laser and plasma parameters on THz radiation gen-
eration have been investigated in detail.

6. RESULTS AND DISCUSSION

In what follows, we will study the field and efficiency of
emitted THz radiation for various parameters of incident
laser beams such as beam waist width and beam order.
Due to the importance of electron–neutral collisions in colli-
sional plasma dynamic, effect of plasma parameters like col-
lision frequency and amplitude of density ripples will be
discussed in each case. The following set of parameters has
been used in numerical calculations:
Laser initial field amplitude E0inc= 2 × 109 V m−1, initial

beam waist width of laser beams W0y= 0.02 cm, laser

frequencies ω1= 2.4 × 1014 rad s−1 and ω2= 2.1 ×
1014 rad s−1 are chosen which correspond to pico-second
CO2 laser. Electron plasma frequency supposed as ωp=2 ×
1013 rad s−1which is corresponding to the electronplasmaden-
sity n0e= 1.25 × 1023 m−3. Density ripple amplitude is nβ=
5.03 × 1022 m−3 and nβ/n0e= 0.4.

In Figure 2, we examine the emitted radiation field ampli-
tude with the normalized transverse distance ( y/w0y) for the
different beam orders of incident laser beams. From which it
is evident, due to two different and symmetric beam intensity
gradient of incident beam profile to plasma, there are four
maximum points in exit profile of THz radiation. The first
maximum in positive y-direction is for inner gradient of
beam shape and second is for outer gradient. The inner gra-
dient is altered steeper than outer. Due to this reason, the first
maximum of emitted THz field has big magnitude into
second.

By increasing laser beam orders, the magnitude of gener-
ated THz radiation decreases. In the present scheme, the pon-
dermotive force plays an important role for generating
nonlinear current, which is related to gradients of laser
fields, which is evident from Eq. (5). By increasing the
beam order, gradient in distribution of laser intensities and
effective laser plasma cross-section decreases, this is depict-
ed in Figure 1. Increasing the beam order makes weaker pon-
dermotive force and leads to weaker nonlinear current and
hence, THz radiation of lower field amplitude. Also by in-
creasing N, size of inner hollow increases and distance be-
tween maximum THz field peaks increases.

In each beam order, THz field attain four maximum in dif-
ferent values of y/w0y which is also altered by beam order,
and also in this maximum point, the pondermotive force ac-
quires maximum magnitude too. Place of these maximum
peaks is computing from the condition d/dy(E0THZ/E0inc)= 0.

With the help of these points, one can focus the peak of
radiation field at a desired position. The response of electron
movement to applied field gradient strength because of vary-
ing shape of beam is responsible for emitted beam shape.
Also in Figure 2, THz radiation generation from commonly
Gaussian laser beam with normalized transverse distance,
have been depicted. THz radiation from Gaussian beam

Fig. 2. Variation of normalized THz amplitude with normalized transverse
distance in various beam orders of incident lasers, when υen= 0.05ωp, nβ/
n0e= 0.4, and p= 0.5.
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have two maximum peak point in contrast with four maxi-
mum peak of dark hollow laser beams, and distribution of
emitted THz field is in smaller region into dark hollow
laser beams. THz emitted from Gaussian beam has bigger
magnitude versus dark hollow laser beam and this result is
due to intensity distribution of Gaussian beam that is depict-
ed in Figure 1. According to Figure 1, Gaussian beam con-
sists of wider area with high intensity in comparison with
dark hollow laser beams, so laser plasma cross-section with
a relatively greater intensity in Gaussian beam takes place.
But THz radiation from dark hollow laser beams have two
symmetric and two semi symmetric field distribution in an
extensive region than two semi symmetric field distribution
of Gaussian beam and this effect can be a source of special
applications (such as communicational applications).
In Figure 3, effect of collision frequency on normalized

emitted THz amplitude in place of first maximum peak of
field in transverse distance, for different beam orders of
dark hollow laser beams and commonly Gaussian laser
beam is depicted. Increasing the collision frequency, υen, de-
creases generated field strength. All beam orders attain a
maximum for υen= 0 (as expected in collision-less plasma)
and it is shown that higher beam orders are less sensitive
to increasing collision frequency and their field strength
fall in lower rate. Also by increasing collision frequency,
THz radiation from Gaussian laser beam has a same
manner with dark hollow laser beams.

Discussing the role of amplitude of density ripples in THz
radiation mechanism, variation of normalized emitted THz
field amplitude with normalized density ripples is plotted in
Figure 4. It can be concluded that by increasing the magnitude
of density ripples, the emitted field amplitude increases line-
arly which also is evident from Eq. (17). This effect is appre-
ciable as more numbers of electrons take part in the oscillating
current, which generates efficient THz radiation. Also when
collision frequency rises up, as excepted, the field strength de-
creases. For example, in making amplification, normalized
emitted THz field amplitude of beam order N= 3 in low
collision frequency is close to normalized emitted THz field
amplitude of N= 1 in high collision frequency. Also, there
is an amazing point in this state. Because spatial part of
emitted THz field in Eq. (17) does not depend on density
ripple amplitude, by enhancing amplitude of density ripples,
the emitted field strength increases, but the point which the
maximum of field takes place is not changed.
The laser beam waist width has very important role on the

THz radiation generation. In Figure 5, efficiency of emitted
THz wave versus beam waist width in two different collision
frequencies for two magnitude of normalized density ripples,
have been plotted. As beam waist width increases, the effi-
ciency decreases very fast and a small change in beam
width leads to the larger variation in the efficiency magni-
tude. Also collision effects decrease magnitude of efficiency
and it can be seen from Figure 5, that by increasing collision
in plasma, the rate of efficiency degrading decreases signifi-
cantly. The effect of increasing collision frequencies is re-
versed into the effect of increasing magnitude of density
ripples in efficiency enhancement. That is, by increasing
magnitude of density ripples, efficiency of THz radiation in-
creases too, this is depicted in Figure 5. Also in Figure 5, the
effect of beam waist width increasing on efficiency of THz
field of Gaussian laser beam, for the case of nβ/n0e= 0.3
and υen= ωp is plotted. According to the results of THz
field strength for Gaussian laser beam in Figure 2, the effi-
ciency of THz field of Gaussian beam is greater than dark
hollow laser beam, but the rate of efficiency degrading
versus beam waist width increasing, is more than efficiency
degrading of dark hollow laser beam. A comparison of

Fig. 3. Variation of normalized emitted THz amplitude with collision fre-
quency for various beam orders of incident lasers in their peak of maximum
field in y/w0y when nβ/n0e= 0.4 and p= 0.5.

Fig. 4. Variation of normalized emitted THz amplitude with normalized
density ripple amplitudes for various beam orders of incident lasers in
their peak of maximum field in y/w0y for two different values of collision
frequency and p= 0.5.

Fig. 5. Variation of efficiency of emitted THz radiation with beam waist
width w0y for two different values of collision frequency and normalized
density ripple amplitudes in N= 1 when y= 0.53w0y, and p= 0.5.
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graph marked with Gaussian beam infers that the efficiency
in the case of dark hollow beam lasers show weak depen-
dence on the beam waist width.
By increasing the beam order of lasers, efficiency of THz

radiation decreases and this fact is affected by collision fre-
quency, which is presented in Figure 6.
Moreover by increasing magnitude of density ripples in

plasma, efficiency of THz radiation generation can be en-
hanced which is evident from Figure 6. Also, there is an im-
portant point that in small amount of plasma density ripples,
the effects of increasing beam orders is not so noticeable. The
rate of efficiency altering is related to magnitude of density
ripples.
Figures 2–6 show that laserswith higher beamorder produce

weaker THz radiation in this mechanism. Also collisions
have decreasing effects and density ripples amplitudes have ad-
ditive effects on efficiency and higher beam orders are less sen-
sitive to collision.
In this scheme, condition of resonant excitation of THz ra-

diation is that Eq. (18) being established hence, as said
before, density ripples with periodicity 2π/kβ are required
to be constructed in the plasma. Hence kβc/ωp represents
normalized wave number corresponding to density ripples.
By using Eq. (18), dependency of normalized wave
number of periodic structure of the density ripples with nor-
malized beat wave frequency for different values of the col-
lision frequency is depicted in Figure 7.

When collision frequency is very low, by increasing the
normalized beat wave frequency, the normalized period of
the rippled density structure decreases, but in high values
of the collision frequency, it increases slightly. For conquer-
ing the effect of collision and having a best exact phase
matching, by increasing the normalized beat wave frequency,
the normalized period of the rippled density structure must be
increased. To study this effect in our scheme, Figure 8 shows
the efficiency of THz radiation generation with normalized
beating frequency for different values of normalized ripple
amplitudes.

By increasing normalized beating frequency, the effi-
ciency decreases and one can compensate this effect by in-
creasing density ripple amplitudes. It is evident that a
higher efficiency is achieved when higher amplitude densi-
ty ripples are employed. Also, collision has decreasing
effect on efficiency as normalized beating frequency in-
creases which is in accordance with result of phase match-
ing condition.

Moreover, the optical parameters of system such as dark-
size adjusting parameter, beam waist width, etc., can be
used for enhancing THz radiation efficiency when normal-
ized beating frequency increases. Effect of dark-size adjust-
ing parameter p in efficiency of THz radiation generation is
depicted in Figure 9. The incident laser beams have the prop-
erty that by increasing value of p from 0.1 to 0.4, their powers

Fig. 6. Variation of efficiency of THz radiation with beam order of lasers
(N ) for two different values of collision frequency and normalized density
ripple amplitudes in first maximum of emitted THz field for each beam
order, and p= 0.5.

Fig. 7. Variation of normalized wave number of periodic structure of the
density ripples with normalized beating frequency for different values of
the collision frequency.

Fig. 8. 3D plot of variation of efficiency of THz radiation generation with
normalized beating frequency from the z-axis and normalized density
ripple amplitudes for different values of collision frequency when N= 1
and y= 0.53w0y with p= 0.5.

Fig. 9. Variation of efficiency of THz radiation generation with normalized
beating frequency for different values of dark-size adjusting parameter, p, in
first maximum of emitted THz field for each p, when N= 1, υen= 0.05ωp

and nβ/n0e= 0.4.
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remain constant. It is shown that by decreasing value of p
from 0.4 to 0.1, efficiency of mechanism increases signifi-
cantly. When normalized beating frequency increases,
optimized magnitude of p parameter and optimized density
ripple amplitudes can be used together for better enhancing
the THz radiation efficiency. Also by decreasing parameter,
p, the area of the dark region will be decreased and the
place of maximum THz peaks will be closed to the origin.

7. CONCLUSIONS

In our analytical model, terahertz radiation generation
mechanism by beating of two dark hollow laser beams,
with same power at different beam orders, in the collision-
al plasma with a rippled modulated density has been dis-
cussed. Effects of laser and plasma parameters in THz
generation mechanism such as electron–neutral collisions,
beam order, laser beam waist widths, dark-size adjusting
parameter, beating frequency and so on, is examined. It
can be deduced that:

(1) By producing two dark hollow laser beams, an inten-
sity distribution with four different gradient shapes in
incident plane of laser plasma interactions existed.
Hence a special hollow THz radiation field profile
with four maximum points will be produced. However
The Gaussian laser beam with same power, produce
field profile with two maximum points in limited
region relative to dark hollow beam lasers.

(2) By increasing beam order of incident lasers, field
strength of emitted THz radiation decreases, which
can conclude that N= 1 is more efficient than other
beam orders. But in some special applications such
as big area of dark region, the bigger beam orders
can be used. Also in the case of Gaussian laser
beam, there is no option for changing or balancing
dark region of emitted THz field.

(3) When collision frequency increases in plasma, the ef-
ficiency of THz radiation decreases significantly. The
same manner takes place in efficiency variations
versus collision frequency increase, for dark hollow
beam laser and Gaussian beam laser. It can be
shown that by increasing the beam order, this genera-
tion scheme is less sensitive to collision.

(4) Laser beam waist width plays an important role in the
mechanism of generation of THz radiation by plasma.
The efficiency is greatly reduced for the larger beam
width. But a comparison between Gaussian beam
and DHB infers that the efficiency in the case of
DHBs show weak dependence on the beam waist
width increasing.

(5) The efficiency of THz decreases by increasing beating
frequency, and it is extremely dependent on collision
frequency.

(6) Amplitude of density ripples has additive effect on
THz radiation field. By increasing the beat

frequency which must be accompanied by increas-
ing the period of the rippled density structure,
best efficiency enhancement and phase matching
can be achieved.

(7) By adjusting the optical parameters of system such as
dark-size adjusting parameter, the efficiency of radia-
tion mechanism can be enhanced.

(8) Finally by balancing between beam orders, beam
waist width of incident laser beams and density
ripple amplitude, it can be achieved to focus points
with a good efficiency in exit plane of plasma and
conquer to the effect of collision in plasma.
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