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Abstract
Nano-particle embedded system plays an importance in developing of future terahertz 
(THz) radiation source for real-world applications. The laser interactions with nanoparticle 
embedded system can produce a wide range of THz radiation due to plasma oscillations 
excitation. We investigate THz field generation from the laser-beat wave interaction with 
a mixture of spherical and cylindrical graphite nanoparticles in argon gas. Different laser 
intensity distributions such as Gaussian, cosh-Gaussian, flat-top and ring shape laser pulses 
have been studied in this work. The relevant plasmon resonance conditions with appro-
priate symmetry of spherical nanoparticles and cylindrical nanoparticles are discussed. 
THz field is enhanced upto the order of 102 when the laser intensity redistributes along the 
polarization direction for a ring shape field envelope.

Keywords Surface plasmon resonance · Nanoparticles · Terahertz radiation

1 Introduction

Terahertz (THz) radiation lies in between microwave and infrared range of electromag-
netic (EM) wave spectrum. It has a number of applications in various areas e.g. medical 
imaging, terahertz spectroscopy, materials characterization and telecommunications. Con-
ventional sources for THz radiation e.g. optical rectification  (Faure et  al. 2004), photo-
conductive antenna (Jepsen et  al. 1996), dielectrics (Lan et  al. 2017), quantum cascade 
laser  (Szymański et al. 2015) and semiconductors  (Hamster et al. 1993) are not efficient 
enough as emitted radiations are of narrow bandwidth and low efficiency. Laser-plasma 
interaction can produce highly energetic and ultra-short THz fields. Laser-plasma based 
methods (Varshney et al. 2015; Varshney et al. 2018; Cho et al. 2015; Gurjar et al. 2020; 
Singh and Sharma 2013) have been used for high power THz emission in past few years as 
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plasmas have no damage threshold limit. As laser technology progresses for higher peak 
intensities (Strickland and Mourou 1985), THz peak power can be increased by scaling up 
the laser intensity.

Laser induced wakefield comprises electrostatic and electromagnetic components in the 
presence of a transverse magnetic field. The magnetized wakefield has nonzero group 
velocity that allows wake to propagate in underdense plasmas and emits electromagnetic 
radiation at the a plasma-vacuum boundary. THz radiation emits through laser generated 
wakefield in the presence of a transverse magnetic field in Cherenkov wake radiation mech-
anism (Yoshii et al. 1997). Amplitude of THz radiation expressed as ( �c∕�p ) (ratio of elec-
tron cyclotron frequency and plasmonic frequency) times the wakefield amplitude. Linear-
mode conversion (Sheng et al. 2005b) has been another way to produce THz radiation in 
non-uniform plasmas, where laser wakefield is converted into electromagnetic radiation 
with conversion efficiency scaling as ~ 

(
�T

�L

)3

 , where �T and �L are the terahertz and laser 
wave frequency, respectively. Properties of THz radiation can be tuned using the laser 
intensity and the scale-length of the non-uniform plasmas (Sheng et al. 2005a). Nonlinear 
mixing of laser beat wave with non-uniform plasmas can generate THz fields under appro-
priate phase matching conditions (Singh and Sharma 2013; Varshney et  al. 2018). THz 
radiation has also been reported in air and noble gas by using two color lasers  (Saxena 
et al. 2018).

Nanoparticles (NP’s) show high-order nonlinearity relative to the collective oscillations 
of relatively free-electrons at plasmon frequency, which makes NPs a potential candidate 
for nano-electronic, nano-optic, nano-photonics, and biomedical applications. Heating 
of the electrons in the NPs array allows coherent THz pulse generation that can be tuned 
under the variation of the geometries of the metallic NPs (Fadeev et  al. 2018). Electron 
photoemission and ponderomotive acceleration through surface enhanced optical fields can 
produce THz radiation from gold nano-rods when illuminated by intense laser pulses with 
different central wavelength (Takano et  al. 2019). THz pulses are generated through the 
acceleration of the ejected electrons under the influence of ponderomotive force that arises 
from the inhomogeneous plasmon field when femtosecond laser pulses interact with the 
array of silver nanoparticles. THz emission can be controlled on the basis of metal nano-
particle morphology (Polyushkin et  al. 2011). Semiconducting and graphite NPs exhibit 
collective oscillations at low plasmon frequency in THz range while other metallic NP’s 
have frequency out of the THz range. Therefore, graphite NPs can be explored for the THz 
radiation generation and related application (Varshney et al. 2020). In the present study, we 
propose to investigate the induced THz field from the shaped laser beam interaction with a 
mixture of NPs in Argon gas (see schematics in Fig. 1). Shape of the NPs can be tailored to 
tune the plasmon frequency and therefore, the properties of the THz field. Different types 
of laser intensity profiles have been employed to enhance the THz field from nano-particle 
interaction.

This work is based on the laser intensity profile effect on THz field generation via 
nano-particle dynamics. The laser intensity distribution is varied for different laser elec-
tric field profile (see in Fig. 2). Previously (Sharma et al. 2020), THz field generation 
has reported from mixture of nanoparticles where they used same resonance condition 
for spherical and cylindrical nanoparticles (with same plasma frequency of electron 
dynamics) that is inappropriate to consider for the estimation of THz field. We consider 
different plasmon resonance conditions for different shapes of the nanoparticles. Differ-
ent restoring forces for both spherical and cylindrical NPs that lead to different plasmon 
resonance conditions have been considered for accurate THz field estimation. Energy 
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loss mechanism has also been considered in this formulation with a damping factor 
( Γ ) . Contribution of the non-conducting and the bound electron of the background is 
being included in the calculations of the effective permittivity. Here, THz field has been 
estimated and discussed for varying shape of laser field envelope, basal plane spacing 
and laser spot size. Finally, results are summarized in the last Sec. In present study, we 
have considered the redistribution of laser intensity considering the field profile that has 
beam decentred parameter; this parameter allows the intensity redistribution in space. 
Therefore, we are reporting beam decentred parameter as a controlling knob for THz 
field.

Fig. 1  Schematic representation of THz field generation from laser beat-wave interaction with nanoparticle 
embedded argon gas

Fig. 2  Intensity distribution corresponding to laser field profile for Gaussian (black), Cosh Gaussian (red), 
Flat-top Gaussian (blue) and Ring shape (green) pulses. (Color figure online)
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2  Physical model and THz field calculation

We consider the nonlinear mixing of lasers in plasma embedded by nanoparticles for 
emission of THz radiation. Schematic of the physical mechanism is shown in Fig.  1. 
We consider two linearly polarized cosh-Gaussian laser pulses co-propagating through 
a mixture of NPs in argon gas. Electric field profile corresponding to the laser pulses is 
defined as (Lü et al. 1999; Mei and Korotkova 2013)

where j = 1, 2 represents two different lasers, w0 is the laser beam-width, E0 is the laser 
electric field amplitude. Variation in the parameter (b) changes the field envelope of the 
laser e.g. Gaussian beam (b=0), Cosh Gaussian (b=1), flat-top Gaussian (b=1.45) and ring 
shape (b=2). Intensity redistribution related to the above mentioned field profile of lasers 
is shown in Fig. 2. Laser intensity is estimated using the average value laser electric field 
as �0⟨E2

avg
⟩∕2 . Here, we consider the geometries of spherical and cylindrical geometries of 

NPs with their basal plane (plane perpendicular to the principal axis in the crystal systems) 
oriented in two different directions, i.e., normal to the electric field E⃗j||ki(=z) and parallel to 
the electric field E⃗j⊥ki(=y) , where ki is the symmetry axis normal to the basal plane with dif-
ferent orientations within the nanoparticle.

Since the mixture of SNPs and CNPs is considered in host Ar gas, the total macro-
scopic density of nanoparticles is expressed as (Sharma et al. 2020)

Where ns and nc represents the densities of SNPs and CNPs, respectively. Particle anisot-
ropy is an important factor that leads to self-assembly of NPs in a specific shape. Experi-
mentally, wet chemical methods have been used widely for production of spherical and 
cylindrical metal nanoparticles (Sharma et al. 2020; Guerrero-Martínez 2011). The factors 
gski = 4�r3

ski
∕3d3

ski
 and gcki = �r2

cki
hcki∕d

3
cki

 represent the volume fraction, i.e. the volume 
occupied by SNPs and CNPs divided by volume of the unit cell for each of the directions 
(perpendicular and parallel), where dski , dcki and rski , rcki are the average distance and radii 
between two consecutive cylindrical nanoparticles and spherical nanoparticles in a given 
direction, respectively.

Here, we are assuming that charges are distributed evenly around the nanoparticles 
and the modulated density of CNPs and SNPs can be written as

where n� and � are the amplitude and the wave number of the density ripples.
Density modulation of nanoparticles in the above mentioned pattern can be produced 

with the stream of nanoparticles through nozzle in the background host Ar gas. The 
motion of spherical and cylindrical electron clouds corresponding to NPs can be com-
pared with the motion of a single electron in a laser electric field. Therefore, nonrelativ-
istic electron cloud dynamics can be expressed in the form of an electron’s equation of 
motion as (Varshney et al. 2020)

(1)E⃗j = ŷ E0 cosh

(
yb

w0

)
e−y

2∕w2
0e−i(𝜔j t−kjz),

(2)n0 =
∑
ki

(ns + nc) =
∑
ki

n0,ki (gski + gcki ),

(3)n� = n� e
i�z,
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where m is the mass of electron, e is the electron charge, Γ is the damping factor and 
�p =

(
4πn0e

2∕m
)1∕2 is electron plasma frequency. Damping mechanisms during laser 

beat wave interaction with clustered plasma include electron-electron, electron-phonon 
and electron-surface scattering. The term �Genxj represents the generalised restoring force 
exerted by immobile ions, which helps to return the electronic cloud to its equilibrium state 
in the presence of a laser electric field. For the spherical nanoparticles �Gen = �sp = �2

p
∕3 , 

the cylindrical nanoparticles oriented with perpendicular direction of wave propagation 
𝛿Gen = 𝛿cy⊥ = 𝜔2

p
∕2 and cylindrical nanoparticles oriented with parallel direction of wave 

propagation �Gen = �cy|| = �2
p
 . Oscillatory velocity for the electrons can obtained from Eq. 

(4) as

The ponderomotive force ( ⃗FNL ) is a non-linear force that imparts on conduction elec-
trons at the beat frequency � = �1 − �2 by the inhomogeneous electric field of laser beat 
wave. Ponderomotive force can be estimated using the standard formulation of ponderomo-
tive potential 𝜙p = −m v⃗1 ∗ v⃗∗

2
∕2 e as (Varshney et al. 2020)

Further, one can write equation of motion under the effect of ponderomotive force as

where x⃗NL is the displacement of the electrons. Y-component of the nonlinear velocity v⃗NL 
of the electrons can be obtained by solving Eq. (7) as

Hence the nonlinear macroscopic current density is evaluated by taking the contribution 
of both types of oriented NPs as

(4)
d��⃗vj

dt
+ 𝛿Gen ��⃗xj + Γ��⃗vj = −

e

m
��⃗Ej,

(5)��⃗vj =
−ie𝜔j

��⃗Ej

m(𝜔2
j
+ iΓ𝜔j − 𝛿Gen)

,

(6)

�����⃗FNL
p

=
−e2𝜔1𝜔2E

2
0

2m
∗

{
−

2y

w2
0

+
b

w0

sinh
(

2yb

w0

)
−

2y

w2
0

cosh
(

2yb

w0

)
ŷ − ik��z

}
exp[−2y2∕w2

0
] ∗ exp[i(k�z − 𝜔t)]

(𝜔2
1
+ iΓ𝜔1 − 𝛿Gen)(𝜔

2
2
+ iΓ𝜔2 − 𝛿Gen)

(7)𝜕2�����⃗xNL

𝜕t2
+ 𝛿Gen

�����⃗xNL + Γ
𝜕�����⃗xNL

𝜕t
=

�����⃗FNL
p

m
,

(8)

vNL
y

=
ie2�1�2�E

2
0

2m2
∗

{
−

2y

w2
0

+
b

w0

sinh
(

2yb

w0

)
−

2y

w2
0

cosh
(

2yb

w0

)}
exp[−2y2∕w2

0
] ∗ exp[i(k�z − �t)]

(�2 + iΓ� − �Gen)(�
2
1
+ iΓ�1 − �Gen)(�

2
2
+ iΓ�2 − �Gen)

(9)JNL
y

=
∑
ki

(𝛿1 ∗ gski + 𝛿2 ∗ gcki⊥ + 𝛿3 ∗ gcki ∥ )n
�evNL

y
,
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where �1 , �2 & �3 are the arbitrary constants considered to include the individual contribu-
tion of spherical, cylindrical and mixture of spherical & cylindrical nanoparticles.

SNPs follow radial symmetry, while CNPs have cylindrical symmetry. Therefore, CNPs 
are considered to be oriented in parallel and perpendicular to the laser polarization. Expres-
sion for nonlinear current density can be estimated using Eqs. (8) and (9) and described in Eq. 
(10).

The THz field wave equation is obtained from Maxwell’s equations, as given below

where �eff  is the effective electric permittivity tensor of the medium of cylindrical and 
spherical graphite nanoparticles. Majorly, the conduction electrons of the graphite NPs 
give rise to nonlinearity. Effective permittivity of the medium needs to be calculated that 
consider both conducting and non-conducting bound electrons of the medium and, there-
fore, mathematical expression for the effective permittivity can be written as(Sau and 
Rogach 2012)

Since it contains two separate shapes of graphite nanoparticles of different orientations, 
the efficient permittivity of the host medium is altered. Due to the introduction of SNPs 
and CNPs, the contribution of bound electrons to efficient permittivity can be rewritten as 
�b
i
= �(s) + �(c)∕2 , where

(10)

�
JNL
y

�
=

ie3�1�2�n�E
2
0

2m2
∗ exp[i{(k� + �)z − �t)] ∗

�
−
2y

w2
0

+
b

w0

sinh

�
2yb

w0

�
−

2y

w2
0

cosh

�
2yb

w0

��
exp

�
−2y2

w2
0

�
∗

⎧
⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

�1

�
−4�r3

ski

3d3
ski

�

(�2 + iΓ� − �2
P
∕3)(�2

1
+ iΓ�1 − �2

P
∕3)(�2

2
+ iΓ�2 − �2

P
∕3)

+

−�r2
cki
hcki

d3
cki

∗

⎧
⎪⎪⎨⎪⎪⎩

�2

(�2 + iΓ� − �2
P
∕2)(�2

1
+ iΓ�1 − �2

P
∕2)(�2

2
+ iΓ�2 − �2

P
∕2)

+
�3

(�2 + iΓ� − �2
P
)(�2

1
+ iΓ�1 − �2

P
)(�2

2
+ iΓ�2 − �2

P
)

⎫
⎪⎪⎬⎪⎪⎭

⎫
⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭

(11)∇2E⃗THz − ∇⃗.
(
∇⃗.E⃗THz

)
+

𝜔2

c2

(
𝜀eff .E⃗THz

)
= −

4𝜋i𝜔

c2
J⃗NL,

(12)
(
�eff

)
Gen

= �b
i
+ �f = �b

i
+ 1 −

�2
p

(�2 + iΓ� − �Gen)

(13)�(s) = �h + 3�h

∑
ki

gski
�ki−�h

�ki+2�h

1 −
∑
ki

gski
�ki−�h

�ki+2�h

,
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where �h is the permittivity of host medium and �ki is the permittivity of bound electrons 
(only) for different orientations of nanoparticles.

Expression for the THz field can be obtained taking the divergence of Eq. (11) and consid-
ering the assumption 𝜐2 < 𝜔2

Substituting Eq. (10) into Eq. (15), one can obtain the expression for the normalized THz 
radiation fields under consideration of only spherical nanoparticles (�1 = 1, & �2 = �3 = 0 ), 
only cylindrical nanoparticles (�1 = 0, & �2 = �3 = 1 ) , and the mixture of spherical and 
cylindrical nanoparticles (�1 = �2 = �3 = 1 ):

Number density of the embedded nanoparticles has been considered same while estimating 
the normalised THz field amplitude in Eq. (16). The efficiency of the THz radiation genera-
tion can be estimated by calculating the ratio of the energies of THz radiation to the incident 
laser (pump). Conversion efficiency of the THz emission in present physical mechanism can 
be expressed as � = WTHz∕Wpump , where the average energy densities of the emitted radiation 
WTHz and the incident pump lasers Wpump are ,

(14)�(c) = �h +
∑
ki

gcki

(�ki − �h)(�ki + 5�h)

(3 − 2gcki )�ki + (3 + 2gcki )�h
,

(15)E⃗THz = −
4𝜋i

𝜔𝜀eff
J⃗NL

(16)

����
ETHz

E0

���� =
e𝜔1𝜔2n𝛼E0𝜔

2
p

2mn0
∗

�
−
2y

w2
0

+
b

w0

sinh

�
2yb

w0

�
−

2y

w2
0

cosh

�
2yb

w0

��
*exp

�
−2y2

w2
0

�
∗

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

𝛿1 ∗

⎧⎪⎨⎪⎩

4𝜋r3
ski

3d3
ski

∗
1�

𝜀eff
�
sp

∗
1�

𝜔2 + iΓ𝜔 −
𝜔2
p

3

��
𝜔2
1
+ iΓ𝜔1 −

𝜔2
p

3

��
𝜔2
2
+ iΓ𝜔2 −

𝜔2
p

3

�
⎫⎪⎬⎪⎭

+𝛿2 ∗

⎧⎪⎨⎪⎩

𝜋r2
cki
hcki

d3
cki

∗
1�

𝜀eff
�
cy∥

∗
1�

𝜔2 + iΓ𝜔 −
𝜔2
p

2

��
𝜔2
1
+ iΓ𝜔1 −

𝜔2
p

2

��
𝜔2
2
+ iΓ𝜔2 −

𝜔2
p

2

�
⎫⎪⎬⎪⎭

+𝛿3 ∗

⎧
⎪⎨⎪⎩

𝜋r2
cki
hcki

d3
cki

∗
1�

𝜀eff
�
cy⊥

∗
1�

𝜔2 + iΓ𝜔 − 𝜔2
p

��
𝜔2
1
+ iΓ𝜔1 − 𝜔2

p

��
𝜔2
2
+ iΓ𝜔2 − 𝜔2

p

�
⎫
⎪⎬⎪⎭

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(17)
Wpump =

√
�

2

�0E
2
0

2

1√
1

w2
0

(1 + eb
2∕2)
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Equation (19) describes the efficiency of THz radiation fields under consideration for 
three different cases (i) only spherical nanoparticles (�1 = 1, & �2 = �3 = 0 ) (ii) only 
cylindrical nanoparticles (�1 = 0, & �2 = �3 = 1 ) , and (iii) the mixture of SNPs and CNPs 
(�1 = �2 = �3 = 1 ).

3  Result and discussion

This section describes the numerical results obtained from the physical model for THz 
field generation using nonlinear mixing phenomena, where laser beat wave envelope inter-
acts with the density modulated mixture of SNPs and CNPs. Laser intensity redistribution 
along the polarization direction affects the ponderomotive force strongly that influences the 
nonlinear transverse current. Since transverse current is a key source for radiation genera-
tion, laser intensity redistribution is treated as a significant parameter in present numerical 
calculations to estimate the properties of THz radiations. THz field amplitude has been 
estimated as a function of THz frequency for variation in laser intensity distribution under 

(18)

WTHz =
𝜀0E

2
0

2

�
𝜋

2
∗

�
n𝛼

n0

�2 e2𝜔2
1
𝜔2
2
𝜔4
p

4m2

⎡
⎢⎢⎢⎣

3 − b2 + 4eb
2∕2 + (1 + b2)e2b

2

2 ∗
�
1
�
w2
0

�3∕2

w4
0

⎤
⎥⎥⎥⎦
∗

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎧
⎪⎨⎪⎩

4𝜋r3
ski

3d3
ski

∗
1�

𝜀eff
�
sp

∗
𝛿1�

𝜔2 + iΓ𝜔 −
𝜔2
p

3

��
𝜔2
1
+ iΓ𝜔1 −

𝜔2
p

3

��
𝜔2
2
+ iΓ𝜔2 −

𝜔2
p

3

�
⎫
⎪⎬⎪⎭

+

⎧⎪⎨⎪⎩

𝜋r2
cki
hcki

d3
cki

∗
1�

𝜀eff
�
cy∥

∗
𝛿2�

𝜔2 + iΓ𝜔 −
𝜔2
p

2

��
𝜔2
1
+ iΓ𝜔1 −

𝜔2
p

2

��
𝜔2
2
+ iΓ𝜔2 −

𝜔2
p

2

�
⎫⎪⎬⎪⎭

+

⎧⎪⎨⎪⎩

𝜋r2
cki
hcki

d3
cki

∗
1�

𝜀eff
�
cy⊥

∗
𝛿3�

𝜔2 + iΓ𝜔 − 𝜔2
p

��
𝜔2
1
+ iΓ𝜔1 − 𝜔2

p

��
𝜔2
2
+ iΓ𝜔2 − 𝜔2

p

�
⎫⎪⎬⎪⎭

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

2

(19)

𝜂 =

�
n𝛼

n0

�2 e2𝜔2
1
𝜔2
2
𝜔4
p

8m2

�
3 − b2 + 4eb

2∕2 + (1 + b2)e2b
2

(1 + eb
2∕2)w2

0

�
∗
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2
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∗
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�
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2

��
𝜔2
2
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𝜔2
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2

�
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+
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d3
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∗
1�
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�
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∗
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different spatial field envelopes e.g. Gaussian, cosh-Gaussian, flat-Gaussian and ring shape. 
In present numerical calculations, we have considered  CO2 laser with frequency 
�1 = 2 × 1014rad∕sec

(
�l = 10.1�m

)
 , intensity I = 2 × 1015w∕cm2 and spot size of 10�m

,20�m,30�m , and 40�m respectively. Plasma frequency has been chosen as 
�p = 2� × 1012rad∕sec corresponding to the plasma density n0 = 1.24 × 1016cm−3 . Den-
sity modulation is considered as 30% of the background plasma density for individual NPs 
and mixture of NPs. Oscillatory velocity of electrons corresponding to above mentioned 
laser intensity is v1 = 0.3c . Number density of embedded NPs is the same while consider-
ing individual SNPs, CNPs or the mixture of NPs. Aspect ratio (height to width) is consid-
ered unity in present set of numerical calculations for CNPs. Transverse nonlinear current 
is the key source for the generation of THz field in laser-plasma based methods. Fig.  3 
shows the normalised THz amplitude as function of normalised frequency for spatially var-
ying laser field envelope in case of SNPs, CNPs, and the mixture of SNPs and CNPs 
respectively. THz field attains peak value when laser beat frequency (� = �1 − �2) 
approaches the resonance. Plasmon oscillations resonates at the surface of SNPs when 
�1 − �2 =

�p√
3
 , while resonance arises at �1 − �2 =

�p√
2
 and �1 − �2 = �p for CNPs in 

parallel and perpendicular orientation with laser propagation direction. The THz field 
decreases as one move away from the resonance.

Exact phase matching and resonant excitation of THz radiation is achieved by introduc-
ing density modulation with suitable ripple wave number. Exact matching of the ripple 
wave vector with the laser beat wave number provides the maximum transfer of energy 
and momentum for resonance conditions. Previously (Sharma et al. 2020), THz field esti-
mated considering the same plasmon resonance condition for both SNPs and CNPs that is 
inappropriate to consider as the plasmon resonance condition depends on the symmetry 
of NPs. From Fig. 3(b), it is observed that CNPs contribute more towards the THz field in 
comparison to the SNPs, where the radius of both the NPs and the basal plane spacing is 
considered the same. Also, the resonance appears to shift (in Figs. 3(a) and (b)) towards 
the higher value of frequency in case of CNPs that indicate the variation in timescale of 
effective energy transfer from laser beat wave to CNPs in comparison to SNPs. Nonlinear 
current density enhances as the number of conduction electrons per unit volume increases 
for mixture of SPNs and CNPs. Therefore, the mixture of the SNPs and CNPs contrib-
utes more toward the THz field as shown in Fig.  3(c). Here, variation in laser intensity 
distribution greatly affects the nonlinear current density as ponderomotive force enhances 
when laser intensity re-distributed along the polarization direction and therefore, THz 
field increases for ring shape field envelope. Twofold enhancement in THz field ampli-
tude observed in case of ring shape laser field envelope for mixture of SNPs and CNPs 
in comparison to numerical results reported previously (Javan et al. 2017), where density 
modulated SNPs are embedded in argon gas for THz field generation. Recently (Varshney 
et al. 2022), THz field of the order ≈ 10−6 reported using nonlinear mixing of laser pulses 
in semiconductor plasmas that is less than the THz field reported in present study. There-
fore, mixture of nanoparticles embedded in argon gas produces better THz field as a source 
medium in comparison to semiconductor plasmas.

Since the graphite NPs are anisotropic in nature, orientation of the basal plane and 
related spacing is the key factor to consider in present numerical calculations. Basal plane 
spacing can also affect the THz field amplitude as number density of NPs varies with basal 
plane spacing (ds)or(dc) . Therefore, the number of conduction electrons of the spherical 
and cylindrical cloud of electrons involved in plasmon excitation vary that would change 
the transverse nonlinear current. Fig. 4 shows the variation of THz field with basal plane 
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Fig. 3  Normalised THz ampli-
tude 

(
ETHz∕E0

)
 with normalised 

terahertz frequency ( �∕�p ) for 
shaped laser pulses (I) SNPs (II) 
CNPs (III) Mixture of SNPs and 
CNPs. Laser-plasma param-
eter considered with frequency 
�
1
= 2 × 10

14
rad∕sec

(
�
l
= 10.1�m

)
 , 

intensity I = 2 × 10
15w∕cm2 , 

plasma frequency 
�p = 2� × 10

12rad∕sec cor-
responding to the plasma density 
n
0
= 1.24 × 10

16cm−3
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spacing for ring shape laser field envelope in case of only SNPs and mixture of NPs (SNPs 
& CNPs). THz field decreases for increasing value of basal plane spacing.

Figure  5 show the THz field as a function of normalised frequency for varying laser 
beam width parameter. Ponderomotive force increases for smaller beam width as laser 

Fig. 4  Normalised THz amplitude 
(
ETHz∕E0

)
 as function of basal plane spacing for spherical, cylin-

drical and combination of spherical and cylindrical nanoparticles in case of ring shape field enve-
lope. Laser-plasma parameter considered with frequency �

1
= 2 × 10

14rad∕sec
(
�l = 10.1�m

)
 , inten-

sity I = 2 × 10
15w∕cm2 , Plasma frequency �p = 2� × 10

12rad∕sec corresponding to plasma density 
n
0
= 1.24 × 10

16cm−3

Fig. 5  Normalised THz amplitude 
(
ETHz∕E0

)
 as function of normalized terahertz frequency ( �∕�p ) 

and laser beam width corresponding to ring shape field envelope. Laser-plasma parameter considered 
with frequency �

1
= 2 × 10

14rad∕sec
(
�l = 10.1�m

)
 , intensity I = 2 × 10

15w∕cm2 , Plasma frequency 

�p = 2� × 10
12rad∕sec corresponding to plasma density n

0
= 1.24 × 10

16cm−3
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intensity is distributed in a small area that leads to maximum laser energy transfer to the 
NPs and hence there excite large amplitude surface plasmon. Therefore, nonlinear cur-
rent density increases and hence THz amplitude enhances for decreasing value of the laser 
beam width.

Efficiency (�) for the present physical mechanism of THz emission has been derived 
in the physical model (see Eq. 19). Conversion efficiency of the order 10−12 estimated for 
spherical NPs in case of Gaussian pulses while it enhanced significantly and estimated as 
10−6 for a mixture of spherical and cylindrical NPs using ring shape laser pulses. Laser 
energy transfers efficiently in THz field when intensity distribution is changing from 
Gaussian field envelope to ring shaped field envelope. Ponderomotive force changes sig-
nificantly when laser intensity spread spatially. Here, we also estimated theoretically the 
power and energy of emitted THz radiation as 103 Watt and 5 n Joule for incident laser 
pulse of 108 Watt and energy of 10 mJ.

4  Conclusion

Laser intensity distribution plays a significant role in tuning the THz field generated from 
the laser beat wave interaction with a mixture of nanoparticles (Spherical and cylindrical) 
in argon gas. Plasmon resonance condition depends on the symmetry of the NPs. There-
fore, surface plasmon resonates when �1 − �2 =

�p√
3
 for SNPs, �1 − �2 =

�p√
2
 and 

�1 − �2 = �p for CNPs in different orientations with the laser propagation direction. Non-
linear transverse current increases as laser intensity redistributes spatially. THz field attains 
peak value when laser beat frequency (�1 − �2) approaches the resonance. Basal plane 
spacing and laser spot size also affects the THz field significantly. Present study concludes 
that a ring shape electric field envelope produces a higher THz field in comparison to the 
Gaussian, flat Gaussian and Cosh-Gaussian field envelope being used with the mixture of 
SNPs and CNPs in Ar gas.
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