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Terahertz emission by multiple resonances under external periodic electrostatic field
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In the presence of electron neutral collisions of a frequency (ν) of the order of ν � 0.5ωp (ωp is the plasma
frequency), the collisional effects play an adverse role in the mechanism of terahertz (THz) radiation. The
present work describes an approach for the efficient emission of THz radiation with the application of an external
periodic electric field in the density rippled collisional plasma wherein an additional transverse component of
the current is generated that adds to the THz radiation mechanism. The THz field obtained by coupling of the
lasers’ field with the external field is termed as an external field induced THz (EFIT). Here, the periodic wave
number of the external field enables tuning of the THz radiation and helps achieve multiple resonance conditions
for the excitation of large amplitude nonlinear plasma currents.
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I. INTRODUCTION

The present decade is the era of terahertz (THz) technology
due to its extensive applications in several realms of life and
technologies, viz., imaging, material characterization, topog-
raphy, tomography, communication, etc. [1,2]. Indeed, there
is a basic need to improve upon the efficiency and character-
istics of the THz radiation sources and researchers across the
globe are consistently working on these issues. In this regard,
laser plasma interaction serves as a promising mechanism to
generate THz radiation instead of a conventional crystal based
mechanism which suffers material breakdown and there is no
breakdown limit involved in the plasma. Demir et al. [3] have
theoretically and experimentally investigated emission of soft
x rays from tin plasmas for lithographic application and also
calculated the conversion efficiency of the mechanism. More-
over, a large number of studies on various important issues in
nonlinear plasma physics including plasma waves, structures,
instabilities, and different types of growing waves under the
effect of high magnetic field [4–6] have been carried out.
Nishida and co-workers [7–9] have demonstrated radiation
generation by interaction of a laser pulse with magnetized
plasma. We have also investigated THz generation by tunnel
ionization of a gas and beating processes [10,11]. Ding and
Sheng [12] have obtained few sub-GV/cm THz radiation
from relativistic laser-solid interactions via coherent transition
radiation, whereas Frolov [13] obtained THz waves by the
interaction of a laser pulse with clusters. A cluster has the ad-
vantage of having intermediate properties of a solid as well as
a gas. Sharma et al. [14] have examined the dependence of the
shape of nanoparticles on THz emission in the cluster. Miao
et al. [15] achieved THz radiation generation via resonant
transition radiation in inhomogeneous plasmas through laser.
On the other hand, González de Alaiza Martínez et al. [16]
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used two color laser pulses at near-relativistic intensities and
comparatively studied photoionization and wakefield effects
on the generation of THz radiation. A sawtooth wave shaped
laser and chirped laser pulses have also been employed for
THz emission [17]. Liu et al. [18] have obtained enhanced
THz wave emission from air plasma by abrupt autofocusing
of tailored laser beams. We have also studied THz radiation
generation in weakly coupled plasma through wakefield ex-
citation with employment of flat top lasers [19]. Chen [20]
has obtained enhanced THz radiation from plasma wakefields
via pulse sharpening by a foil shutter. So far, many schemes
and approaches have been put forward to enhance THz field
amplitude and achieve remarkable efficiency of the order of
6%. It is important to pay attention to the issue of the self-
absorption of emitted THz radiation within the medium which
is studied by Zhao et al. [21] in the preformed plasma. Hence,
it becomes imperative to work on these limitations. Sprangle
et al. [22] formulated a self-consistent model in which a
laser pulse partially ionizes the medium, forms a plasma
filament, and through the ponderomotive forces associated
with the laser pulse, drives plasma currents which are the
source of the electromagnetic pulse (EMP), whereas Sun et al.
[23] have applied an external electric field for obtaining the
enhanced THz field amplitude. Wang et al. [24] succeded in
achieving controllable far-infrared electromagnetic radiation
from plasma by applying external dc or ac bias electric fields
and Chen et al. [25] characterized THz emission from a
dc-biased filament in air. On the other hand, Houard et al.
[26] observed strong enhancement of THz radiation from laser
filaments in air by the use of a static electric field. In a different
approach based on a dc to ac radiation converter (DARC)
frequency upconversion is observed by rapid plasma creation
[27] and further frequency is upshifted by dc magnetic field
[28], but there is an issue with the conversion of a uniform
static electric field interacting with a transversely polarized
superluminal ionization front. Our conceptual approach in this
article is different from DARC in the context of the tunable
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resonant excitation of nonlinear plasma currents. In addition,
Manouchehrizadeh and Dorranian [29] studied the effect of
obliqueness of an external magnetic field and investigated
relativistic effects [30] in the interaction of a high intensity
ultrashort laser pulse with collisional underdense plasma.
Singh and Malik [31] have made use of super-Gaussian (sG)
lasers for strong THz emissions in collisional plasma. The
above works reveal that the laser pulse profile is an important
tool for controlling ontrol plasma dynamics and there is a
need to devise a technique to harness the energy of plasma
waves as a novel radiation source from THz to x-ray range
and beyond. In the connection, Kostin and Vvedenskii [32]
studied THz emission via self-induced generation of THz
emitting plasma currents by laser field and forced generation
by a static electric field. Bystrov et al. [33] analyzed terahertz
radiation of plasma oscillations excited upon the optical (axi-
con) breakdown of a gas in the presence of external fields
and have shown that the spectra and intensity of oscillations
and radiation generated by them depend strongly on the char-
acter of the spatiotemporal evolution of the formed plasma.
Kostin’s and Bystrov’s approaches are different from the one
mentioned in Refs. [22–24,27] in the sense that the THz
emission is caused by excitation of the longitudinal current
on the superluminous ionization front due to the action of
the ponderomotive force of a laser beam. On the contrary, in
our approach the plasma is preformed and a highly focused
laser incident onto the plasma interacts with the external field
via ponderomotive force; henceforth THz emission is caused
by the excitation of transverse plasma currents. In the present
article, we propose to apply a spatially periodic electrostatic
field to preformed plasma and use sG lasers for realizing
controllable ponderomotive force and, hence, the controlled
THz radiation emission. In our approach, the radiating mode
of plasma currents is excited at the resonant frequency of the
mechanism which can be tuned with the help of period of
density ripple (α) and period of electrostatic field (δ). The
frequency of a generated radiation spectrum rather depend
on the collision frequency and wave number phase match-
ing through resonance. We solve the electromagnetic wave
equation under a fast phase variation method to examine the
characteristics of emitted electromagnetic radiation which is
associated with the excitation of ponderomotive force driven
nonlinear plasma currents. In the present paper Sec. II deals
with electron oscillatory velocity and ponderomotive force;
plasma currents and THz radiation by phase matching are
discussed in Secs. III and IV, respectively. Finally, efficiency
is described in Sec. V and the Conclusion is presented in
Sec. VI.

II. ELECTRON OSCILLATORY VELOCITY AND
PONDEROMOTIVE FORCE

We consider two linearly polarized (polarization along
the y axis) super-Gaussian (sG) lasers of electric field �EjL,
frequency ω j , and wave number k j , propagating along the �z
direction in rippled density plasma where weak electron neu-
tral collisions are present. The density ripples of preformed
plasma are mathematically expressed as N ′ = Nαeiαz together
with Nα as the amplitude and α the wave number of the density
ripples. Presently there are several techniques available for

FIG. 1. Schematic of THz radiation generation in the presence of
a periodic electric field via laser-plasma interaction.

producing density ripples using a transmissive ring grating
and a patterned mask where ripple parameters are controlled
for adjusting the period and size of the ripple. A periodic
electric field �Es (periodicity along the z direction) of wave
number δ is applied to the plasma such that its direction is
the same as the lasers’ polarization (y direction), given as

�Es = E0s exp [i(δ0sz − ω0st )]ŷ, (1)

where ω0s = 0 and δ0s = δ = 2π/2b are the angular fre-
quency and wave number of the applied periodic electric
field, respectively. We assume that the general exponential
form of Eq. (1) is used for mathematical ease from which the
real part can be segregated for further analytical calculations
such as Es = E0s cos(δ0sz − ω0st ) + i sin(δ0sz − ω0st ). A sim-
ilar spatially periodic field with no time dependence is also
represented by Higashiguchi et al. [28] in their experiment to
observe frequency upshift from DARC. This spatially periodic
electrostatic field will lie along the direction of polarization
of the laser, i.e., the y direction; however, the periodicity lies
along the propagation axis, i.e., the z direction. It is interesting
to note that there is no comparison between the period of the
external electric field (δ) and the rippled density plasma (α)
though they are independent but equivalent parameters which
may enable tuning of the resonance condition by matching
of wave numbers; see Eqs. (16)–(18). It is an essential con-
dition for achieving the maximum transfer of laser energy to
terahertz radiation resonantly through the plasma medium to
ensure larger amplitudes of emitted terahertz radiation.

The schematic of the mechanism is explained in Fig. 1
and the plasma dynamics is explained with the onset of
laser (laser field �EjL) incidence along the z axis onto the
preformed rippled plasma as per the equation of motion
m ∂ �υ

∂t = −e �E − mν �υ, imparting the oscillatory velocity to the
plasma electrons as

�υ j = e �E
m(iω j − ν)

, (2)

where �E = �EjL + �Es is the sum of the lasers’ field and the
external periodic field. The field profile of the sG laser is
taken as �EjL = E0Le−(y/bw )p

ei(k j z−ω j t )ŷ where p is the sG index,
E0L is the lasers’ field amplitude, bw is the beam width of
the laser for full width at half maximum (FWHM), and j =
1, 2 corresponds to the sG laser (p > 2) and the Gaussian
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laser (p = 2). Two copropagating lasers are autofocused by
an optical lens in the z direction so that these lasers beat in
preformed plasma. In view of the high frequency of lasers,
only electrons respond to the lasers. Hence, the kind of gas is
not so important. In said process, for the resonant excitation
of a THz wave, the period of density ripples and the external
electric field help out. As such there is no comparison of these
periods but they have to satisfy the condition on wave numbers
as presented in Eqs. (17)–(18) corresponding to the currents �J2

and �J3.
In the presence of an external periodic electric field, a

nonlinear ponderomotive force is realized not only at the usual
beat frequency ω = ω1 − ω2 and wave number k = k1 − k2

but also at modified frequency (ω1, ω2) and wave number
(k′

2, k′
3) due to the coupling of the lasers’ field with the

external electric field, respectively. This ponderomotive force
is obtained as

�F NL
p = e2

2m(iω1 − ν)(iω2 + ν)

× �∇[ �E1 · �E∗
2 + �E1 · �E∗

s + �E∗
2 · �Es + �Es · �E∗

s ]. (3)

Both lasers have different frequency and wave number but
the same field amplitudes such that ω1 = 2.4 × 1014 rad/s,
ω = 1.05 ωp, and ωp = 2.0 × 1013 rad/s which yields ω2 val-
ues. With the onset of lasers incidence onto the plasma, the
simultaneous mechanism of beat wave enabled THz radiation
and external field induced (EFI) THz radiation takes place
on the order of few femtoseconds. Therefore, it becomes
evident to achieve resonance for which we need resonance
controlling parameters and this purpose is served by the period
of the external electric field and rippled density plasma. From
Eq. (3), mathematically it is clear that the ponderomotive
force may have four components, where the first term is due
to the beating of lasers in plasma; the second and third terms
represent the ponderomotive force caused by the coupling of
the first and second lasers’ fields with external periodic field,
which we may call external field induced (EFI) ponderomo-
tive force. The last term is a nonoscillatory component that
does not contribute to the ponderomotive force and hence is
superfluous. Therefore, the resultant transverse components
of the ponderomotive force, which are responsible for the THz
emission are written as

F NL
py = (

F NL
py

)
beating

+ (
F NL

py1

)
EFI

+ (
F NL

py2

)
EFI

. (4)

The magnitudes of both EFI ponderomotive forces are
the same but oscillate with different frequencies and wave
numbers. The resultant magnitude of these components of
ponderomotive force is shown in Fig. 2 with the lines marked
as “FpNL EFI”. On the other hand, the line marked as “FpNL
beating” represents the first term of Eq. (4). The magnitude of
the beating enabled ponderomotive force is much larger than
the EFI ponderomotive force. However, the nature of these
forces remains the same; i.e., both components are oscillatory
in nature and symmetric about the axis of propagation but the
former oscillates with beat wave number and beat frequency,
whereas the latter oscillates with modified wave number and
laser frequency. Under the effect of these forces, the electron
oscillations become nonlinear creating density perturbations
due to the redistribution of electrons in the plasma that re-

FIG. 2. Transverse components of ponderomotive force with
normalized distance from beam axis when ω = 1.05 ωp, ω1 = 2.4 ×
1014 rad/s, ωp = 2.0 × 1013 rad/s, p = 6, ν = 0.05 ωp, E0 = 5.0 ×
108 V/cm, Es = 1.0 × 103 V/cm, and bw = 0.01 cm; FpNL beating
and FpNL EFI represent the first term and resultant of the last two
terms of Eq. (4), respectively.

sult in the excitation of nonlinear plasma currents. The EFI
ponderomotive force gives rise to EFI THz (EFIT) radiation
in addition to the beating enabled THz radiation.

III. STUDY OF DIFFERENT KINDS OF PLASMA
CURRENTS

Under the influence of ponderomotive force, the electrons
in the collisional plasma acquire the nonlinear velocity �υNL,

given by �υNL = �F NL
p

m(ν−iω) . Corresponding nonlinear and lin-

ear density perturbations are obtained as NNL = N0
mω(ω+iν)

�∇ ·
�F NL
p and NL = −χeN0e �∇· �∇φ

mω2
p

, respectively, using the continuity

equation. It is noteworthy to mention that the linear density
perturbations are generated due to the space charge potential
(φ) which is developed due to linear charge separation and
hence linear force is also caused by �F NL

p which is calculated
from the Poisson’s equation and expressed as

�F L = e �∇φ = ω2
p
�F NL
p

iω(1 + χe)(ν − iω)
. (5)

Finally, the resultant transverse nonlinear electron velocity
under the combined action of linear force �F L and nonlin-
ear force �F NL

p is evaluated as �υ ′
y = iω

m[ω(ω+iν)−ω2
p]

�F NL
py , which

yields the oscillatory nonlinear current density,

�JNL = − 1
2 N ′e�υ ′

y, (6)

where N ′ = Nαeiαz is the ripples in the plasma density. Sub-
stituting Q = ω

[ω(ω+iν)−ω2
p] in the expression of ponderomotive

force, we get the following components of the nonlinear
plasma current density expressed by Eqs. (7)–(9) which will
depend on kT1, kT2, and kT3, [see Eqs. (16)–(18)], respec-
tively, for phase matching that governs which of them will
prevail via resonance. Components of the plasma currents
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follow:

JNL
1y = −1i

4

Nαe3E2
0L

m2(iω1 − ν)(iω2 + ν)

2p

bw

(
y

bw

)p−1

× exp

[
−2

(
y

bw

)p]
ei{(k+α)z−ωt}Q, (7)

JNL
2y = −1i

4

Nαe3E0LE0s

m2(iω1 − ν)(iω2 + ν)

p

bw

(
y

bw

)p−1

× exp

[
−

(
y

bw

)p]
ei{(k1+α−δ)z−ω1t}Q, (8)

JNL
3y = −1i

4

Nαe3E0LE0s

m2(iω1 − ν)(iω2 + ν)

p

bw

(
y

bw

)p−1

× exp

[
−

(
y

bw

)p]
e−i{(k2−α−δ)z−ω2t}Q. (9)

It is obvious that the components JNL
1y , JNL

2y and JNL
3y oscil-

late at different frequencies and wave numbers. The current
density JNL

1y is the current generated due to the lasers’ beating
which is resonantly excited with the help of tuning obtained
based on the density ripples in the plasma. On the other
hand, the current density JNL

2y is excited at frequency ω1

resonantly by tuning of density ripples and the wave number
of the periodic electric field Es. Similarly the current JNL

3y is
excited at ω2. Conclusively, the mechanism of generation of
different kinds of plasma currents can be resonantly excited by
achieving the phase matching condition based on the tuning of
α and δ.

It can be understood in more detail, as both incident lasers
are different but have the same amplitude and profile of the
field. When lasers are incident on the plasma, they beat to-
gether and also produce ponderomotive force to the electrons
through their interaction with the static electric field, where
they seem to be treated independently. As a result plasma
electrons are under the influence of lasers’ fields as well as the
external electric field. In Eqs. (8) and (9) both wave numbers
are different and are nonswitchable. These wave numbers are
matched to achieve corresponding resonance with the help
of the density ripple parameter and the periodic field wave
number, which is the unique aspect of the process that talks
about an additional parameter to control and tune resonance.

Figure 3 demonstrates the transverse profile of the external
field induced (EFI) plasma currents (combination of JNL

2y

and JNL
3y ) and the beat wave induced plasma current JNL

1y for
sG lasers of index p = 6. It is evident that the magnitude
of the beating enabled current is much larger than the EFI
plasma current, likewise the ponderomotive force. However,
the oscillatory nature of both currents remains the same and
symmetrical nonlinear currents are generated about the axis
of propagation with the employment of sG lasers. The peaks
of these currents stay at different positions because these
plasma currents oscillate with a different wave number than
the ponderomotive force. Hence, tuning of wave numbers
must be achieved. The advantage of a periodic electric field
is to provide another tunable parameter (δ) besides α, for
the purpose of achieving resonance by phase matching that
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FIG. 3. Transverse profile of plasma currents JNL
1y and EFI plasma

currents (combination of JNL
2y and JNL

3y ) when bw = 0.01 cm, ω =
1.05 ωp, ω1 = 2.4 × 1014 rad/s, ωp = 2.0 × 1013 rad/s, E0 = 5.0 ×
108 V/cm, Es = 1.0 × 103 V/cm, p = 6, and ν = 0.05 ωp.

enables tuning of amplitude and frequency of emitted THz
radiation.

In the present case we employed sG lasers which have
much less spatial spread, and therefore generate a large
amount of ordered nonlinear currents to a good extent re-
sponsible for the coherent THz radiation. This observation
is consistent with Vvedenskii and Gildenburg [34]. They ob-
served a linear-parametric mechanism of a direct conversion
of an ultrashort laser pulse into terahertz radiation due to
the ionization induced excitation and the subsequent elec-
tromagnetic emission by the axicon focused few-cycle and
multicycle laser pulses. For a former pulse with an optimum
carrier-envelope phase, the considered mechanism is found
much more effective because of ponderomotive-force-induced
excitation but for a latter pulse it was ineffective, the reason
being a very strong spatiotemporal spread in the initial phase
of electron oscillations resulting in a drastic decrease in the
ordered electron current for the case of a multicycle laser.

IV. PHASE MATCHING CONDITION AND THz
RADIATION FIELD

The nonlinear currents caused by the beating of laser pulses
in the plasma are the primary plasma current, and EFI plasma
currents are secondary in nature. The former oscillates with
frequency ω = ω1 − ω2 and wave number k′

1 = k1 − k2 + α

whereas the latter oscillates with frequencies and wave num-
bers ω1 and k′

2 = k1 − δ + α, and ω2 and k′
3 = −k2 − δ + α,

respectively. The phase matching condition of the beat wave
enabled process of THz emission obtained by our group
[18,20,31] is reproduced below;

(
αc

ωp

)
= ω

ωp

⎧⎪⎨
⎪⎩

[
1 − ω2

p

ω(ω + iν)

] 1
2

− 1

⎫⎪⎬
⎪⎭. (10)
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However, the phase matching conditions for EFI enabled
THz emission process are obtained as

(
αc

ωp

)
= ω

ωp

⎧⎪⎨
⎪⎩

[
1 − ω2

p

ω(ω + iν)

] 1
2

− (k1 − δ)
c

ω

⎫⎪⎬
⎪⎭, (11)

(
αc

ωp

)
= ω

ωp

⎧⎪⎨
⎪⎩

[
1 − ω2

p

ω(ω + iν)

] 1
2

− (−k2 + δ)
c

ω

⎫⎪⎬
⎪⎭. (12)

These electromagnetic fields are excited inside the plasma
but may propagate; i.e., the radiation will come out of the
plasma. The field of terahertz radiation is calculated using
the wave equation of the electromagnetic wave in the plasma,
which is obtained with the help of Maxwell’s equation under
the fast phase variation method where higher order derivatives
are neglected. The wave equation is

−∇2 �ETHz + �∇( �∇ · �ETHz) = − 4π iω
c2 �JNL + ω2

c2 ε �ETHz.

THz field amplitude in the plasma is in the trans-
verse direction and has y dependence such as �ETHz =
E0y(y) exp[i(kT z − ωT t )]ŷ; on satisfying the wave equation
we get

−∇2E0y + ∂

∂y

(
�∇ · �E0y

)
= −4π iω

c2
Jy + ω2

c2
εE0y.

Assuming the fast phase variation of the THz field in
order to neglect higher order derivatives, we get the following
component of the THz field (called E0THz):

−2ikT
∂E0THzy

∂z
+ k2

T E0THzy − ω2

c2
εE0THzy = −4π iω

c2
JNL

0y .

Using the above equations, we get

−2ikT
∂E0THzy

∂z
+ [k2

T − ω2

c2
ε]E0THzy = −4π iω

c2
JNL

0y .

Further details can be found in Ref. [31]. We obtain the
expression for the amplitude of emitted THz radiation by sub-
stituting the expressions of current density �JNL. The amplitude
of the beat wave enabled primary THz radiation is obtained as

E0THz1 = 2πωz

kT 1c2

1i

4

Nαe3E2
0L

m2(iω1 − ν)(iω2 + ν)

2p

bw

(
y

bw

)p−1

× exp

[
−2

(
y

bw

)p]
Q. (13)

However, the amplitude of EFI enabled secondary THz
radiations are given by

E0THz2 = 2πωz

kT 2c2

1i

4

Nαe3E0LE0s

m2(iω1 − ν)(iω2 + ν)

p

bw

(
y

bw

)p−1

× exp

[
−

(
y

bw

)p]
Q, (14)
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FIG. 4. Variation of normalized amplitude of emitted THz radi-
ation field (a) beat wave enabled THz radiation and (b) EFI THz
radiation with beam width for various sG laser profiles and normal-
ized beat wave frequency, when ω1 = 2.4 × 1014 rad/s, ωp = 2.0 ×
1013 rad/s, E0 = 5.0 × 108 V/cm, y = 0.8 bw , and ν = 0.05 ωp.

E0THz3 = 2πωz

kT 3c2

1i

4

Nαe3E0LE0s

m2(iω1 − ν)(iω2 + ν)

p

bw

(
y

bw

)p−1

× exp

[
−

(
y

bw

)p]
Q. (15)

The wave numbers of emitted THz radiations are obtained
through phase matching conditions, Eqs. (10)–(12), expressed
as kT1 for beat wave enabled THz radiation and kT 2 and kT 3
are for EFI THz in the following manner:

kT 1 = k′
1 = k1 − k2 + α, (16)

kT 2 = k′
2 = k1 − δ + α, (17)

and

kT 3 = k′
3 = −k2 + δ + α. (18)

A. Comparison of beat wave enabled THz and external field
induced THz fields

Figure 4 makes a comparative analysis of normalized am-
plitudes of beat wave enabled THz radiation and the EFI THz
radiations with beam width (bw) of the lasers. bw is the beam
width of the laser for full width at half maximum (FWHM)
which is taken as 0.1 mm (0.01 cm) which is much lower
as compared to the other investigators who have taken it in
the range of a few centimeters [32–34]. For the smaller beam
width a more focused laser gives rise to larger magnitude of
ponderomotive force and hence the stronger terahertz radia-
tion. It is seen from Fig. 4(a) that the normalized amplitude of
beat wave enabled THz radiation reduces with the increased
beam width of the laser. However, this decay can be com-
pensated with the employment of sG lasers of higher index
(larger values of p). Moreover, keeping the parameters close
to the resonance will give the largest amplitude of emitted

043207-5



DIVYA SINGH AND HITENDRA K. MALIK PHYSICAL REVIEW E 101, 043207 (2020)

THz radiation. This observation is consistent with what we
have obtained in the case of THz generation by laser beating
in collisional plasma [18]. González de Alaiza Martínez et al.
[15] obtained 2% efficiency of the THz mechanism by using
multiple-frequency laser pulses to obtain a waveform which
optimizes the free electron trajectories in such a way that they
acquire the largest drift velocity, whereas in our approach sG
lasers are used to generate a large amount of ponderomotive
force and nonlinear current densities to ensure 6% efficiency
of the THz radiation generation mechanism in magnetized
collisional plasma [31].

On the other hand, it is clear from Fig. 4(b) that normalized
amplitude of EFI THz radiation also exhibits similar behavior
with the beam width, but the magnitude of EFI THz amplitude
is significantly lower than that of beat wave induced THz
radiation. Further, the EFI THz amplitudes are found to in-
crease with the field strength of an external periodic electric
field.

It is to understand that the spectra and intensity of emit-
ted terahertz radiation depends on the spatial evolution of
plasma dynamics with laser pulse envelope propagation in the
plasma. Precisely, the frequency spectrum of THz radiation is
governed by phase matching conditions which brings the fre-
quency range from ω − �ω to ω + �ω, where ω corresponds
to the peak frequency of emitted terahertz (primary beat wave
enabled resonance) in collisional plasma with bandwidth
2�ω. The spectral range �ω will be decided by the factor
of how far we will be able to achieve the secondary (external
field induced resonance) resonance condition in the plasma
with the tuning of δ and α in conjunction with Eqs. (10)–
(12) and (16)–(18). The central frequency and the width of
the THz spectrum are determined by the electron collision
frequency and can be controlled by changing the spatial period
(δ) and ripple period (α). This inference is in agreement with
Ref. [32].

B. Role of external periodic electric field

The effect of the strength of an external electric field on the
amplitudes of emitted EFI THz radiation is further clarified in
Figs. 5 and 6.

Figure 5 shows the impact of separation between electrodes
(b) with employment of sG lasers (p = 6) and Gaussian lasers
(p = 2) on the mechanism of EFI THz radiation. When the
plate separation is 0.02 cm for the sG laser, a maximum
amplitude of EFI THz is obtained that shows linear depen-
dence on the strength of an external periodic electric field
whereas larger separation of the order of 0.2 cm does not
serve the purpose. Once again it is proven that the sG lasers
are far better than the conventional Gaussian lasers for the
THz radiation generation. The reason for large amplitude EFI
THz radiation for smaller separation between the electrodes
(b) may be related to the fact that we are close to the resonance
condition and hence, maximum transfer of the momentum
takes place between the lasers and the plasma. Moreover, it is
obvious that the ponderomotive force carries larger strength
in the case of higher periodic field Es. This leads to the
generation of stronger nonlinear current in the plasma (Fig. 6),
which causes the emission of stronger THz radiation. If the
electrode separation is brought to the nanometer level, it may

FIG. 5. Variation of normalized magnitude of emitted EFI THz
radiation field with external periodic electric field for sG laser when
ω = 1.05 ωp, ω1 = 2.4 × 1014 rad/s, ωp = 2.0 × 1013 rad/s, E0 =
5.0 × 108 V/cm, y = 0.8 bw , and ν = 0.05 ωp.

do wonders in the field of THz radiation generation via laser
plasma interaction.

The increment in the magnitude of ponderomotive force,
plasma currents, and EFI THz with an external static electric
field follow the same trend as observed by Loffler et al.
[35], where they reported the generation of THz pulses by
photoionization of electrically biased air at 120 kV/cm and
the enhancement reported was much less than that reported
by our group at 30 kV/cm in the present paper which is more
pronounced in the case of sG lasers. Varshney et al. [36]
also analyzed normalized THz field amplitude with applied
external electric field by the beating of two transversely
modulated Gaussian laser beams in a plasma at the intensity
up to 80 kV/cm, which is a much higher field as compared

FIG. 6. Variation of EFI plasma currents and ponderomotive
force with strength of periodic electric field for sG laser of p = 6
when ω = 1.05 ωp, ω1 = 2.4 × 1014 rad/s, ωp = 2.0 × 1013 rad/s,
E0 = 5.0 × 108 V/cm, y = 0.8 bw , and ν = 0.05 ωp.

043207-6



TERAHERTZ EMISSION BY MULTIPLE RESONANCES … PHYSICAL REVIEW E 101, 043207 (2020)

to the one used in the present scheme. A similar observation
was also made by Sun et al. [23] to check the external electric
field control of THz pulse generation in ambient air, whereas
Chen et al. [25] characterized THz emission from a dc-biased
filament in air. In all the above mentioned comparative studies,
beat wave enabled THz radiation is characterized but in the
present approach, with the application of a periodic external
static electric field, we obtain a highly specific external field
induced (EFI) THz radiation which never had been reported
earlier. In fact, we can enhance this field by properly matching
the wave numbers kT2 and kT3 and a broader spectrum of THz
radiation may be obtained.

According to Sprangle and co-workers [22] the duration of
emitted electromagnetic pulse (EMP) in air, at a fixed point, is
a few hundred femtoseconds, i.e., the laser pulse duration plus
the electron collision time. The spatial gradients associated
with the laser pulse envelope as well as electron collisions
lead to ponderomotive forces on the plasma electrons. These
forces cause the electrons to oscillate, setting up plasma
currents. In our scheme, we employed sG lasers which have
large spatial gradients associated with the envelope, finally
exciting a large amount of ponderomotive force, hence setting
up huge plasma current. The axial and transverse components
of plasma currents have oscillatory frequencies close to the
beat frequency of the laser pulses. In general the various
field components of the plasma oscillations are coupled to
induce plasma current which is a source of the THz radiation;
however, the plasma currents decay rapidly behind the laser
pulse due to the large electron collision frequency. However,
the characteristic frequency of the emitted THz is determined
by the laser frequencies and the electron collision frequency,
and not by the local plasma frequency, fulfilling the phase
matching conditions via resonance. It is interesting to note that
the entire mechanism takes place transiently.

V. EFFICIENCY OF SCHEME

The efficiency of the EFI THz mechanism (called ηEFI) is
defined as the ratio of energy of the EFI THz radiation and the
energy of the incident lasers, i.e., ηEFI = 〈WTHzE 〉

〈WLE 〉 . The energy

density of the lasers is calculated as 〈WLE 〉 = 1
8π

bwE2
0L

2
1
p −1

�1/p
p ,

where � is the gamma function, while that of the THz field

is 〈WTHzE 〉 = 1
8π

2pE2
0THz2

bw

�(2−1/p)

22− 1
p

. Based on this, the efficiency

ηEFI of the mechanism of generation of THz radiation is
obtained as

ηEFI =
[

2πωz

kT c2

1i

4

pNαe3E0s

m2(iω1 − ν)(iω2 + ν)
Q

]2

× 2
2
p −2

�(2 − 1
/

p)

�1
/

p
, (19)

where all the symbols have their usual meanings.
A large amplitude of EFI THz radiation is realized when

the plasma is confined within closely placed periodic elec-
trodes of alternate polarity. Hence, similar enhancement effect
on the efficiency ηEFI is also expected for the separation
of electrodes. The variation of efficiency of the EFI THz
radiation mechanism with the magnitude of the external field
is shown in Fig. 7. This figure shows a clear enhancement

FIG. 7. Variation of efficiency of the mechanism of the genera-
tion of EFI THz radiation field with strength of external electric field
for sG laser when ω = 1.05 ωp, ω1 = 2.4 × 1014 rad/s, ωp = 2.0 ×
1013 rad/s, E0 = 5.0 × 108 V/cm, y = 0.8 bw , and ν = 0.05 ωp.

of the efficiency with strength of the external electric field.
However, the variation of efficiency ηEFI with the field is not
linear, unlike the variation of THz amplitude, ponderomotive
force, and plasma currents in Fig. 6. The reason is that the
efficiency ηEFI is directly proportional to the square of the
amplitude of the THz radiation.

It is obvious in our case that the plasma is preformed and
the laser pulse excites ponderomotive force induced plasma
currents in density rippled plasma in the presence of a spa-
tially periodic electric field, whereas in the other approach
[33] extraneous static fields serve as a pump to excite natural
plasma oscillations and the femtosecond laser pulse served
for plasma creation only. Since a considerable fraction of the
energy of plasma oscillations is emitted resonantly and their
frequencies can be controlled over a wide range by varying
the parameters of the rippled density plasma, electric field
and laser, our mechanism seems to be promising for gener-
ating electromagnetic radiation, certainly in broad terahertz
frequency ranges.

VI. CONCLUSIONS

It is concluded that an extra parameter δ is realized besides
α to control the tuning of THz radiation in the presence of
an external periodic electric field applied to rippled density
preformed plasma. In the process, the ponderomotive force is
developed due to beating of the lasers as well as by coupling
of the lasers’ fields with this periodic field. It is important to
mention that the efficiency of EFI THz radiation is relatively
low as compared to the beat wave excited THz radiation.
However, it is a unique approach to excite different amplitudes
of THz radiation with matching of the wave numbers.
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