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We propose to investigate the THz field generation using nonlinear mixing mechanism of laser beat wave with inclined
rippled density plasmas. Two laser pulses with frequencies (@, @,) and wave vectors (ki,k,) co-propagate and resultant
laser beat wave forms at beat frequency (@, — @,). Laser beat wave imparts a nonlinear force on the ambient electrons and
pushes them outward with nonlinear velocity vyr.. Coupling of induced density perturbation and nonlinear velocity vNr,

generates nonlinear currents at laser beat frequency that further generates electromagnetic field £

o —a) 10 terahertz (THz)

range. In the present scheme, density ripples are introduced at an angle with respect to laser propagation and flat Gaussian
index (f) is introduced in laser field profile that transform curved top of Gaussian field envelope into flat top field envelope.
The combined effect of flat laser pulses with inclined density ripples in plasmas shows 10-fold enhancement in THz field
amplitude when flat-Gaussian index (f) varies from 1 to 4. Also, the THz field intensifies when density ripples inclination

increases upto a certain angle and then decreases.

Keywords: terahertz, inclined ripple, flat laser, laser plasma interaction

PACS: 52.38.1, 52.65.—y, 52.35.Mw

1. Introduction

Electromagnetic radiations that lie in between the mi-
crowave and infrared range of EM wave spectrum are termed
as terahertz radiations. Terahertz technology is capable
of catering variety of applications spanning over a wide
range from electronics to photonics.!!) For past few decades
terahertz technology is continuously emerging and it has
been served as an excellent radiation sources in particu-
lar for imaging purpose,”l medical diagnosis,’®! and clini-
cal applications.*! Since, terahertz radiation does not ionize
biomolecules rather terahertz energy spectrum matches with
the characteristic energies of biomolecules and specially C—
H-O bonds.

diation offers a significant advantage over x-rays due to the

Therefore, in medical diagnosis, terahertz ra-

lower energy range of former while latter is harmful to vi-
tal tissues. Henceforth, it has been a great quest to the
researchers across the globe to generate cost effective, ta-
ble top tunable terahertz radiation of wider frequency and
field range. In order to achieve this goal, several conven-
tional schemes, e.g. optical rectification,®! photoconductive
antenna,!%7! dielectrics,!® monolayer graphene,”! quantum
cascade lasers, % have been proposed and investigated for ter-
ahertz radiation sources. Of all the above-mentioned genera-
tion schemes of terahertz radiation involve their benefits and
drawbacks. There arise chances of material damage and break-
down of crystal, semiconductor, and dielectrics, when high

power lasers are used. Plasma based schemes are at par with

fCorresponding author. E-mail: dsingh@rajdhani.du.ac.in
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/aca9¢9

damage limit, preferably because plasma can sustain and eas-
ily handle highly energetic laser pulses as plasma by its own
virtue is in ionized form that is electrically neutral and ex-
hibits collective behavior. Also, the peak power of THz radia-
tions can be enhanced with power of pulsed laser as laser tech-
nologies advances in future. Therefore, laser-plasma-based
schemes for generation of THz radiations have attracted much
interest since last two decades.

Hamster!'!] and coworkers experimentally demonstrated
generation of intense THz pulse from relativistic highly in-
tense laser—plasma interaction via gaseous as well as solid tar-
gets. Most recently, decoherence effects of terahertz gener-
ation in solids under two-color femtosecond laser fields has
been studied by Peng er al.!'?! An intense laser pulse excites
electrostatic plasma oscillations in underdense plasma; under
ordinary condition, the dispersion relations of excited high
amplitude electrostatic wakefield plasma oscillations do not
match with electromagnetic radiation, however radiation does
not emit. The linear-mode conversion (LMC) from laser wake-
field to electromagnetic pulses (in THz range) can occur in in-
homogeneous plasma under certain conditions is demonstrated
by Sheng et al.!'3! Terahertz pulses can also be obtained
by interaction between laser wakefield and a static magnetic
field in Cherenkov wake radiation mechanism.!'# Several re-
search groups across the globe have investigated laser—plasma
interaction!">! in view of generation of THz radiation by con-

sidering different kinds of inhomogeneous plasmal'®!7! with
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tailored lasers,[!8] collisional plasma with super-Gaussian

lasers,!!”! and collisional anisotropic magnetized plasma.>°!

Some groups have obtained Bessel terahertz pulses from mid

211 and enhanced

22]

infrared two color laser plasma filaments
terahertz by fs laser fields assisted with sub-cycle pulses.!
Most recent, Bessel terahertz pulses from superluminal laser
plasma filaments have also been reported.>3! Also, Himani
et al.** have investigated THz radiations where they consid-
ered the propagation of amplitude modulated Gaussian beam
at modulation frequency in non-uniform plasma channel; they
demonstrated that the self-focusing of modulated pulse sig-
nificantly enhance the power of emitted THz radiations. Li
and coworkers!>! in a recent study reported the creation of
multi-frequency terahertz waves by optimized cascaded differ-
ence frequency generation. Also, the propagation of terahertz
waves in nonuniform plasma slab under “electromagnetic win-
dow” is extensively studied by Li & Zhang. >

Another scheme of terahertz emission is governed by the
nonlinear mixing of laser pulses which requires the energy mo-
mentum balance to achieve resonance for maximum transfer
of energy from lasers to terahertz radiation using a nonlinear
medium called as “plasma”. In order to establish resonant
transfer of energy for maximized terahertz field excitation,
the density rippled plasma is being employed so that a tun-
able phase matching condition may be achieved. Such phase
matching may also be attempted by the employment of mag-
netic wigglers'?”! but magnetic field controlled phase match-
ing is difficult to handle experimentally and even the range is
poor. On the other hand, Singh & Malik!?®! have applied exter-
nal periodic electrostatic field and reported terahertz emission
by achieving multiple resonances. Other groups?®! have ob-
served significant enhancement in THz field amplitude with
increasing value of electric field and also reported the changed
polarization of produced THz radiations from linear to ellip-
tical one. Most recently, intense low-noise terahertz genera-
tion have been reported by relativistic laser irradiating near-
critical-density plasma by Zhang and coworkers.?") Instead, a
more probable and practical technique to achieve phase match-
ing is to apply density ripples in plasma which can be created
by different masked patterns or machining laser beams or by
circular grating axicon assembly to focus the laser in a peri-
odic manner.

In the present work, we study the generation of terahertz
radiation by nonlinear optical mixing of two lasers of nearly
varied frequency in the presence of inclined density ripples in
cold plasma. We examine the effect of inclination of density
ripple in plasma to ensure the resonant excitation of terahertz
field by active control over phase matching condition. We also

employ flat laser beam profile in place of normal distribution

Gaussian pulse to see the effect of flatness of laser pulses on
the mechanism of terahertz generation. The schematic dia-
gram of the paper follows (see Fig. 1), after introduction in the
first section, we discuss physical model in the second section
using the above-mentioned laser—plasma arrangement. In the
third section, results are discussed and conclusion is presented
in the last section.

#).  n
Ql
Lasers (nq)z a)THz
92
> 2, Inclined rippled
"o density plasma

Fig. 1. The schematic diagram for nonlinear mixing mechanism in inclined
density rippled plasma.

2. Physical model

Present physical model deals with the generation of the
THz field during the laser beat wave interaction with the in-
clined rippled density plasma. Here, we consider two co-

propagating laser pulses having electric field profile®!! as
E; =Aoexp|(y*/rg) f]expli(kjz — Qj)], M

where Ag is the peak amplitude of the laser pulses, f is flat-
Gaussian (FG) index, and ry is the laser spot size. Peak ampli-
tude of the laser pulse changes from round top to flat top when
flat-Gaussian index changes from f = 1-4.

Thus, the variation of the parameter ‘f” induces the flat-
ness in the laser field profile and therefore intensity redistribu-
tion takes place in space which significantly affects the laser—
plasma interaction. Inhomogeneous plasma is considered in
the form of inclined density ripples with respect to the laser

propagation, therefore, plasma density is considered as!*?!

n=no+ng, ny=nge @) )

where, ripple wave vector q is supposed to subtend an angle
0 with respect to the laser propagation direction, ¢ = 27/A,,
with A, being the ripple wave vector. Experimentally, laser
machining is the process to form the density ripples during
plasma density structure formation.**! Inclusions of the den-
sity ripples conserve the extra momentum required for THz
field generation.

Above-mentioned laser field profiles in Eq. (1) comprise
electric field oscillations with varying peak amplitude that give
rise to an inhomogeneous field in space. Plasma electrons at-
tain oscillatory velocity v; = eE;/mif; in laser field direc-

tion. Inhomogeneous electric field of the laser pulse imparts a
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nonlinear ponderomotive force on plasma electrons expressed
as follows:
m * *
F,= —E(va'vj +vj-Vvj)
e * *

where v; = eE;/mig; is the oscillatory velocity attained by
plasma electrons in the influence of laser field. Pondero-
motive force generates at laser beat frequency () — ) in
case of the laser beat wave; therefore, other nonlinear terms,
e.g., v1 X By and v, X B, are neglected as they contribute at
2Q frequency.** Dynamical equation of plasma electrons in
the influence of the ponderomotive force can be expressed as
81}_(N2L /0t = F,/m that gives nonlinear velocity at laser beat
frequency (2 = Q) — ) as follows:
VgL _: e? (k1 — /Q)E]Eik
2m2.(2.(21.(22
where Q = Q| — (, lies in the terahertz range. Since the di-

“4)

vergence of the nonlinear velocity is non-zero, it gives rise to
nonlinear current density perturbation at Q = Q) — 2, and
k1 — kp. Expression of the nonlinear density perturbation can
be obtained from the continuity equation
onRt
ot

+V. (novgl‘) =0,

and its solution is

Q 2m2020,Q,

NL AGanO(kl _ kz)_QEOlEakzei[Qtf(quszqcosG)Zf(qsine)x]

Space charge field Eg = V¢ is generated by the linear density

perturbation and expressed as

n]fg = (kl _k2)zle¢5/(47re)v

where Y. = .Qg / Q7 is the free electron susceptibility. There-
fore, net space charge potential can be estimated using the

Poisson’s equation
V29, = 4me(ny +n-)
and expressed as

eE\E3 Q2
o 2le.Qz(.Q2 — .Qg) '

s (6)

Net electron velocity due to ponderomotive force and the self-

consistent field is

B F,+eVs
T omiQ

e}k —k))E E3Q
C2mP (22 -Q2)

(N

Vo

Coupling of nonlinear velocity of plasma electrons with den-

sity ripples produces an oscillatory nonlinear current
gk = —en,vq /2

at beat frequency (2, and wave-vector k = k| —ky —q, it can

be expressed as

= 8
Ja =% IO (22— Q2) ®
\
The THz field generated by nonlinear mixing mechanism can  cess one can write d /dt = —i£2, then the above wave equation
be estimated from the Maxwell wave equations that are de-  takes the following form
rived from the third and fourth Maxwell’s equations, 3! ) )
2 . \% EThz*V(V'E)JFi Thz = Jo - ©)]
2 0°E 4TiQ , 1 AL o2 2
V=Em, —V(V-E)— Fr _7(.7_(2 +Jo ),

where j5 = ngeE/(miQ) is the linear current density due to
self-consistent field Eg at £2,k. Under the linearization pro-

)
V2Emy, + - B, = ——
C

ATHQ

Taking divergence of the above equation, one can obtain
VEm, = —471iQ - Vit /(Q% — Q,)%.
equation can be reduced as

Hence, final wave

2

-NL C

V(V-a‘SL)] : (10)

In the present numerical calculation, the laser pulse is considered non-evolutionary; one can write V as ikrty,, where kg, =

k| — ky — q and the above equation can be written as

(Q2-Q2) AmiQ
l_k%Hz+ Tp Eq=- ( 2

2

-NL ¢ NL
Jo — kaHZ(KTHZ'JQ )‘| . (1D
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The phase matching condition can be expressed as k%HZ = Also, the phase matching condition demands
(22 —7)/c*. In the case of finite spot size, the THz field will

also be observed in other than the spot size region after travel- 5 g 172
ing some distance in plasma of the order ry/sin g, where 8¢ = c cosf = <COS 0- .(22>

is the angle between THz wave vector kty, and z axis,

» gsin® The THz wave equation under the inclusion of the THz wave
O tan ( ki —ky — gcos 9) : ‘ angle and finite size approximation takes the form as
2_ 02
V2Eq + (2 ZQP)E-Q — Rye "/ ¢ 191~k ~ka—geos 0)z—(qsinO)] (12)
c

where Ry = Ro;Z+ Ro,X with

Ro. — 7i77:nq()e392(k1 —kz)A()]Aaz «[1- Cz(kl 7k27qC0S9)2

T R0 (27— QF) Q-2 ’
R _innqoe3!22(k1 —k2)A01Ag, " c?qsinB(k; — ko — qcos 6)?

0 m22Q21 (02— Q2) Q- Q2 '

The solution of wave equation can be estimated under the rotation of coordinate system clockwise by an angle 6 to align
the new z axis along 7, i.e., parallel to kty,, and x axis along «, i.e., perpendicular to kty,. Therefore, new coordinates can

[36] Similarly, ¥ and o components of Ry can be written as

be expressed as Y = zcos g —xsinBg and o = zsinBgp +xcos Og.
Roy = Ro;cos 8g — Ro,sinBg and Rog = Ro,sin g + Ro, cos 8. Since the transverse component Ryq of Ry is relevant to THz

field generation; it can be expressed as

: 302 x 2 2 2 2
innge’ Q7 (ki —ka)An1Ay, c“(ky —kp — gcos ) . c*gsin@(k; —kp — gcos 0)
Rog = — 1- 6 o |. (13

T TRR00,(Q-02) Q-2 sinfa Q-2 cosba - (1)

Equation (13) takes form in rotated coordinate system as

92 92 92 (Q2-Q2)
T},ZEQ“ + WEQa + WEQ(: + TEQa =Roge

7',2/}% efi[Qtf(kl 7k27q0059)z7(qsin6)x]7 (14)
where r? = y? + (0tcos O — ysin g )? and krp, = (ki —ky — gcos @) cos B + (¢gsin 8)sinBg. The dependence of Eqg on ¥ is
stronger than that on & and y. Therefore, the solution of equation can be given by Eqq = Ego e~ i(Qt—kmm,Y) Equation (14) is
reduced to

JEq J’E - -
ZikTHZT;)+ &Yf+<_k%ﬂz+car) Eq :Roae(—yz—‘r(acoseg—ysmeﬂ)z)/ra (15)

With the exact phase matching condition, the above equation is reduced to

J0Eo ROae(fyz+(acoseg77/sin99)2)/r(2)

8}/ ZikTHZ (16)

Hence, the final expression of normalized THz field amplitude can be expressed as

v -1
_ 90 Q720 [_4fy/ ()/Z)f 1 exp l—z (y/z)fl . ! (17)
x Ao Q(R7 1) g \rg e (1 —cos(6—0q)) {cose—(cosze—[)g/.()z)l/z}

\
3. Results and discussion index (f) introduces flatness in laser beam profile that changes

the laser intensity distribution in space, therefore, interaction
Here, we discuss the numerical results related to the THz  of Jaser beat wave with ambient plasma electrons changes

field generation, when laser beat wave interacts with inclined  significantly. Numerical simulations are performed for laser
rippled plasmas under the phase matching condition. FG-  pulses having wavelength (4;) of 800 nm and angular fre-

Eoo
Ag1
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quency Q; = 2.34 x 10'3 rad/s. The frequency of the second
laser is chosen as Q| — €2, = Q. Laser strength parameter
aj = eAgj/(m&y;) is chosen as 0.1, 0.2, and 0.3, where Ao,
is the amplitude of the laser pulse and the corresponding in-
tensity lies in the range of 10'® W/cm?. The plasma density
is chosen in the range 10'® cm—3-10'7 cm~3. Density ripples
are introduced with modulation of plasma electrons density
of 10%, 20%, 30%, and 40% with respect to the equilibrium
plasma density (ng). Density ripples are introduced at an an-
gle 6 with respect to the laser propagation and, also, THz field
is observed at an angle 6, with respect to the laser propaga-
tion. Normalized THz field is estimated in present numerical
calculations with respect to THz frequency, inclination angle
of density ripples, and the amplitude of the density ripples for
different FG-index (f). Figure 2 describes the generated elec-
tromagnetic field in the THz range with respect to the THz
frequency for different values of the FG-index (f). It shows
the importance of pulse flatness that how it may control the
terahertz field energy.

0.06 +

0.04

EThz/ EO

0.02

1.16 1.20 1.24 1.28

Fig. 2. Variation of the THz field amplitude with normalized frequency

for varying FG-index (f). Laser strength parameter a; = eEp;/(m&;) is

chosen as 0.1, the laser intensity is 10'© W/cm? and the plasma density is

107 ¢cm™3. Density ripples are inclined at 7/6 with respect to the laser

propagation.

Terahertz field enhances for higher value of FG-index

“f = 4“as compared to lower FG-index f =1, f =2, and
f = 3 respectively. Generated THz field attains peak value
near the resonance and it decreases sharply away from the res-
onance condition. Maximum laser beat wave energy transfers
into the THz field at resonance. The THz field amplitude is
observed to increase with the value of FG index increasing,
the gradient force imparted by the laser beat wave is enhanced
with FG-index (f) increasing and thus further improving the
generated current density. Extra current component is gener-
ated with inclined density ripples (mentioned in the physical
model) that implies the enhancement in the THz field ampli-
tude. The present results show that the intensity of THz field
is increased by 10-fold in comparison with the intensity pre-
viously reported THz field,*”) which is of the order 10~3 for
curved-Gaussian laser with density ripples in laser propagation

direction in electron—ion plasmas. In other research, Divya!3’]
has studied the influence of hot electrons on optical excitation
of terahertz radiation by the beating of super-Gaussian lasers
in electron—positron collisional plasma and found decayed am-
plitude of the THz field due to thermal effects. Comparatively,
the present scheme of inclined ripples in plasma for propagat-
ing flat Gaussian laser offers better enhancement in the THz
field amplitude than previously reported study. Considering
the generation mechanism of the THz radiation, the present
approach will be a good choice to deal with collisional plasma
with thermal effects.

- — f=1

0.06 | J=2

— f=3

- PE— f: 4
S 0.04
= i
0.02

0 1 1 L N
0 02 04 06 08 1.0 1.2 14 1.6 1.8
vir,

0

Fig. 3. The variation of the THz field amplitude with transverse distance
for different FG-indexes (f). Laser strength parameter a; = eEy;/(m&£;) is
chosen as 0.1, the laser intensity is 10'® W/cm? and the plasma density is

10'7 ¢cm™3, and 2/Q7 = 1.16.

Also, the present physical model reports the enhanced
THz field with previously reported studies of the THz field
generation in semiconductor plasmas>®! and the mixture of
nanoparticles and argon gas.!*! Figure 3 depicts the variation
of the normalized terahertz field amplitude with normalized
transverse distance for different FG-indices (f) of lasers. One
can see obvious results of significant enhancement in terahertz
field for f = 4, showing subsequently decays for lower val-
ues of “f”, i.e., large values of FG-index (f) corresponding to
the flat top lasers provide better enhancement than lower flat
index parameter which is more alike Gaussian pulse. If we
analyze the energy distribution of the terahertz pulse through
Fig. 3, it is more symmetric for f =4 and least symmetric for
f = 1. This symmetric energy distribution may be regarded as
the focal spot of the emitted terahertz. Thus larger flat index
provides tight focused terahertz radiation. Since, the present
approach to the generation of the terahertz radiation mainly
deals with the active control of mechanism by inclined density
ripple. In Fig. 4, the variations of the normalized terahertz field
with the normalized ripple density for different FG-indices of
lasers are discussed.

Obviously, the ripples in the plasma density are found
to support this mechanism via proper phase matching, which
leads to the conservation of momentum in nonlinear mix-
ing mechanism, and finally leads to the resonance condition,
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where the maximum laser energy is converted into the THz
field energy. Hence, the THz amplitude reaches a peak value
at resonance and decreases with distance from the resonance
increasing. Whereas, in uniform density plasma it becomes
difficult to achieve resonance via exact phase matching ex-
perimentally. The number of electrons is enhanceed in laser—
plasma interaction as density ripple amplitude increases and
therefore, current density increases, resulting in intensified
THz emission. Also, flat Gaussian pulses affect the stronger
ponderomotive force due to their large intensity gradient, cre-
ating a larger nonlinear velocity to free electrons and hence
amplifying the nonlinear current density during laser—plasma
interaction in nonlinear mixing mechanism.

0.24
_‘le
0.20F — /=2
— /=3
0.16F — f=4
Lllc
™~
& o2f
0.08
0.04 /
0L L 1 1 1 1 1

Fig. 4. Variations of the THz field amplitude with density ripple amplitude
for different FG-indexes (f). Laser strength parameter a; = eEg;/(m€2;)
is chosen as 0.1, the laser intensity is 10'® W/cm?, the plasma density is
10" em™3, and Q/Qr = 1.16.

105 %0 75
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0180
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210
0.02 0.04
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0.10 ; (¢ 0.12
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0 180 0
002145 oos
0.04 :
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: 0.08
0.08
0.10 0.12
255 5g0 285

(b)

Figure 5 shows the distribution of the THz field with re-
spect to the density ripple angle for different flat indexes. It is
evident from the results that the THz field attains peak value
at an inclination of 60° relative to the laser propagation and
then decreases successively. Further, figures 5(b)-5(d) show
four-fold enhancement in generated THz field energy when FI
parameter (f) varies from f =1 to f = 4. It is important to
report that the angular distribution of the THz field energy is
the same as that with respect to inclined rippled plasmas for
varying flat-Gaussian index (f), so that the THz polarisation
ellipse will not change with the flat-Gaussian index. There-
fore, the combined effect of the laser pulse flatness and density
ripple inclination produces intensified THz radiations in com-
parison with previously reported arrangement of laser—plasma
parameters for THz field generation. Also, the efficiency!'*! of
the present physical mechanism can be described as the ratio
1N = Wrh, /WL, where

1 1 bl
Wrh, = §8<E%hz> = 5%[ Efy, dy

is the average electromagnetic energy density for emitted THz
emission and W, = J&(E}) = 1€ [, E}dy is the average
electromagnetic energy density for the incident laser. THz
field efficiency (7n) is estimated numerically in the range of
1073-10~* for varying values of the FG-index (f) for an op-
timized inclination of the density ripples that is significantly
higher than that from previously reported mechanism!!!38] of
the THz emission.

105 %0

255 270 285

Fig. 5. THz field distributions with respect to density ripple angle for different values of the flat-index. Laser plasma parameters are considered to be the

same as in previous figures.
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4. Conclusion

The THz field generation is reported by using the non-
linear mixing mechanism in laser—plasma interactions, where
inclined density ripples and laser pulse flatness are proposed
as controlling parameters. The THz field attains a peak value
at resonance and decreases sharply away from the resonance.
The THz field energy reaches a peak value as inclination of the
density ripples increases upto a certain value and then it starts
to decrease. Also, the field amplitude is observed to increase
significantly with the value of the FG-index (f) increasing.
Therefore, the THz field with a desired frequency and ampli-
tude can be obtained by tuning the laser and plasma property.
The present study can also be extended to the case in presence
of external magnetic field that would act as an additional con-
trolling parameter, for it will affect the dynamics of plasma

electrons during interactions with lasers.

Acknowledgement

The authors acknowledge Rajdhani College, University
of Delhi, their parent institution for providing adequate re-

sources to conduct this research.

References
[1] Dragoman D and Dragoman M 2004 Progress in Quantum Electron 28
1

[2] Mittleman D M, Jacobsen R H and Nuss M C 1996 IEEE J. Select. Top.
Quantum Electron. 2 679

[3] Chen M, Wang Y, Wang Y and Li L 2022 Front. Phys. 10 855623
[4] SonJH, OhJ S and Cheon H 2019 J. Appl. Phys. 125 190901
[5] Bhasin L and Tripathi V K 2009 Phys. Plasmas 16 103105

[6] Shi W, Wang Z, Hou L, Wang H, Wu M and Li C A 2021 Front. Phys.
9751128

[7] Liu X, Meng Q H, Ding J, Bai, Wang J H, Zhang C, Su B and Zhang C
L 2022 Chin. Phys. B 31 028701
[8] Lan C, Bi K, Li B, Zhao Y and Qu Z 2017 Opt. Express 25 29155

[9] Guan Z, Wang G L, Zhang L, Jiao Z H, Zhao S F and Zhou X X 2021
Chin. Phys. Lett. 38 054201

[10]
(11]
(12]
[13]
[14]

[15]
[16]

(171
[18]

[19]
[20]

[21]

[22]
[23]

[24]
[25]

[26]
(271
(28]
[29]
[30]
[31]

(32]
[33]

[34]
[35]

[36]

(37]
[38]

[39]

065202-7

Szymariki M, Szerling A and Kosiel K 2015 Opt. Quantum Electron.
47 843

Hamster H, Sullivan A, Gordon S, White W and Falcone R W 1993
Phys. Rev. Lett. 71 2725

Peng Q, Peng Z, Lang Y, Zhu Y, Zhang D, Lii Z and Zhao Z 2022 Chin.
Phys. Lett. 39 053301

Sheng Z M, Mima K, Zhang J and Sanuki H 2005 Phys. Rev. Lett. 94
095003

Yoshii J, Lai C H, Katsouleas T, Joshi C and Mori W B 1997 Phys. Rev.
Lett. 79 4194

Li Y T, Wang W M, Li C and Sheng Z M 2012 Chin. Phys. B 21 095203
Wu H C, Meyer-Ter-Vehn J, Ruhl H and Sheng Z M 2011 Phys. Rev. E
83 036407

Rizaev G E, Seleznev L V, Mokrousova D V, Pushkarev D V and Ionin
A A 2022 Opt. Lett. 47 5917

Sheng W, Tang F, Zhang Z, Chen Y, Peng X Y and Sheng Z M 2011
Opt. Express 29 8676

Singh D and Malik H K 2014 Phys. Plasmas 21 083105

Singh D and Malik H K 2015 Plasma Sources Sci. Technology 24
045001

Koulouklidis A D, Gollner C, Shumakova V, et al. 2020 Nat. Commun.
11292

Shu X F, Yu C X and Liu J 2019 Opt. Express 27 7751

Zhang Z, Zhang J, Chen Y, Xia T, Wang L, Han B, He F, Sheng Z and
Zhang J 2022 Ultrafast Science 2022 9870325

Juneja H, Chauhan P and Panwar A 2022 Optik 268 169791

LiZ Y, Zhao J, Yuan S, Jiao B Z, Bing P B, Zhang H T, Chen Z L, Tan
L and Yao J Q 2022 Chin. Phys. B 31 044205

Li H, Zhang Z P and Yang X 2022 Chin. Phys. B 31 035202

Kumar M and Tripathi V K 2012 Phys. Plasmas 19 073109

Singh D and Malik H K 2020 Phys. Rev. E 101 043207

LiM, Li AY, He B Q, Yuan S and Zeng H P 2016 Chin. Phys. B 25
044209

Zhang S, Zhou W, Yin Y, Zou D, Zhao N, Xie D and Zhuo H 2022
Chin. Phys. B 32 035201

Gillen-Christandl K, Gillen G D, Piotrowicz M J and Saffman M 2016
Appl. Phys. B122 1

Pathak V B, Dahiya D and Tripathi V K 2009 J. Appl. Phys. 105013315
Pai C H, Huang S Y, Kuo C C, Lin M W, Wang J and Chen S Y 2005
Phys. Plasmas 12 070707

Bhasin L and Tripathi V K 2011 Phys. Plasmas 18 123106

Varshney P, Singh A P, Kundu M and Gopal K 2022 Opt. Quantum
Electron. 54 222

Arfken G and Weber H 2005 Mathematical Methods for Physicists, 6th
edn. (Boston: Elsevier AP)

Malik A K, Malik H K and Nishida Y 2011 Phys. Lett. A 375 1191
Varshney P, Singh A P, Upadhyaay A, Kundu M and Gopal K 2022
Optik 250 168353

Divya S 2020 Plasma Res. Express 2 045003


http://dx.doi.org/10.1016/S0079-6727(03)00058-2
http://dx.doi.org/10.1016/S0079-6727(03)00058-2
http://dx.doi.org/10.1109/2944.571768
http://dx.doi.org/10.1109/2944.571768
http://dx.doi.org/10.3389/fphy.2022.855623
http://dx.doi.org/10.1063/1.5080205
http://dx.doi.org/10.1063/1.3248303
http://dx.doi.org/10.3389/fphy.2021.751128
http://dx.doi.org/10.3389/fphy.2021.751128
http://dx.doi.org/10.1088/1674-1056/ac0cd5
http://dx.doi.org/10.1364/OE.25.029155
http://dx.doi.org/10.1088/0256-307X/38/5/054201
http://dx.doi.org/10.1088/0256-307X/38/5/054201
http://dx.doi.org/10.1007/s11082-014-0007-z
http://dx.doi.org/10.1007/s11082-014-0007-z
http://dx.doi.org/10.1103/PhysRevLett.71.2725
http://dx.doi.org/10.1103/PhysRevLett.71.2725
http://dx.doi.org/10.1088/0256-307X/39/5/053301
http://dx.doi.org/10.1088/0256-307X/39/5/053301
http://dx.doi.org/10.1103/PhysRevLett.94.095003
http://dx.doi.org/10.1103/PhysRevLett.94.095003
http://dx.doi.org/10.1103/PhysRevLett.79.4194
http://dx.doi.org/10.1103/PhysRevLett.79.4194
http://dx.doi.org/10.1088/1674-1056/21/9/095203
http://dx.doi.org/10.1103/PhysRevE.83.036407
http://dx.doi.org/10.1103/PhysRevE.83.036407
http://dx.doi.org/10.1364/OL.476382
http://dx.doi.org/10.1364/OE.417515
http://dx.doi.org/10.1364/OE.417515
http://dx.doi.org/10.1063/1.4891878
http://dx.doi.org/10.1088/0963-0252/24/4/045001
http://dx.doi.org/10.1088/0963-0252/24/4/045001
http://dx.doi.org/10.1038/s41467-019-14206-x
http://dx.doi.org/10.1038/s41467-019-14206-x
http://dx.doi.org/10.1364/OE.27.007751
http://dx.doi.org/10.34133/2022/9870325
http://dx.doi.org/10.1016/j.ijleo.2022.169791
http://dx.doi.org/10.1088/1674-1056/ac29b4
http://dx.doi.org/10.1088/1674-1056/ac1b90
http://dx.doi.org/10.1063/1.4737112
http://dx.doi.org/10.1103/PhysRevE.101.043207
http://dx.doi.org/10.1088/1674-1056/25/4/044209
http://dx.doi.org/10.1088/1674-1056/25/4/044209
http://dx.doi.org/10.1088/1674-1056/ac872c
http://dx.doi.org/10.1088/1674-1056/ac872c
http://dx.doi.org/10.1007/s00340-015-6287-6
http://dx.doi.org/10.1007/s00340-015-6287-6
http://dx.doi.org/10.1063/1.3065526
http://dx.doi.org/10.1063/1.1986971
http://dx.doi.org/10.1063/1.1986971
http://dx.doi.org/10.1063/1.3671973
http://dx.doi.org/10.1007/s11082-022-03597-9
http://dx.doi.org/10.1007/s11082-022-03597-9
http://dx.doi.org/10.1016/j.physleta.2011.01.032
http://dx.doi.org/10.1016/j.ijleo.2021.168353
http://dx.doi.org/10.1016/j.ijleo.2021.168353
http://dx.doi.org/10.1088/2516-1067/abc311

	1. Introduction
	2. Physical model
	3. Results and discussion
	4. Conclusion
	References

