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Abstract

The present work explores the study of terahertz (THz) wave generation by the cross-focusing of
two Gaussian laser beams in a bulk medium containing graphite nanoparticles (NPs). This
system acts as a nonlinear medium behaving like plasma. The ripple is applied on the density of
NPs to increase the conversion efficiency. Using the perturbative technique, a wave equation is
derived which describes the nonlinear interaction of the laser beam with NPs. The nonlinear
current at THz frequency arises due to the ponderomotive force exerted on the electrons of
graphite NPs by the incident laser beams in the presence of density ripple. This nonlinearity
depends on the intensities of both the beams. Hence the focusing of one beam affects the
focusing of the other, resulting in the cross-focusing of the beams. Numerical results show that
the normalized amplitude of the generated THz wave increases by 3.5 times with the
consideration of the phenomenon of cross-focusing. The results show the enhancement in the
efficiency of generated THz wave on application of density ripple, due to the fulfillment of the

phase matching condition.
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1. Introduction

In the past few decades, investigations related to the synthesis
of the nanoparticles (NPs) and study of their properties have
become an active area of interest in different scientific areas
like nano-optics, nanoelectronics, telecommunications, plas-
monics etc [1-3]. It has been seen that, when the high power
laser interacts with graphite NPs, ionization of NPs takes
place due to the significant absorption of laser energy leading
to the formation of high-temperature micro plasmas. In this
medium, all free electrons undergo collective oscillations and
make it to show the very high nonlinearity near the plasmon
frequency. Thus, the efficiency of generated radiation or
energetic particles in a medium containing NPs is very high
compared to solid plasma.

Over the last two decades, the terahertz region of the
electromagnetic radiation spectrum has been explored by
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various researchers. THz radiation sources have extensive
applications in the field of remote sensing, short distance
wireless communications, biological and chemical imaging,
non destructive testing, high field condensed-matter studies
and explosives detections etc [4—7]. A variety of schemes
have been proposed to produce THz radiations [8§-10]. As we
know, plasma is capable of dealing with the high power laser
and of generation of THz radiation with a high electric field
without any physical damage to the medium. So, there are a
number of mechanisms based on laser-plasma interaction
with which high powered THz sources can be generated. In a
report of Wu et al [11], we can observe the phenomenon of
generation of THz radiations by a plasma filament created by
short, intense laser pulse. Ladouceur et al [12] have reported a
study of the generation of broadband THz within the plasma
filaments on account of the short intense pulsed laser. Kumar
et al [13] have studied the effect of self-focusing on the THz
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radiation generation by considering the propagation of
amplitude-modulated Gaussian laser beam in rippled density
plasma. They observed that plasma density ripple provides
the sufficient phase matching condition and plays a key role
in the generation of THz radiation. Sharma and Singh [14]
have investigated the effect of an external static electric field
on THz radiation generation and concluded that the amplitude
and power of the THz radiations increase with the increase in
the amplitude of the static electric field.

Generation of twisted THz radiation by the interaction of
the laser beam with plasma has been done by Sobhani and his
group [15-18]. In their recent study they have proposed the
generation of twisted THz radiation by the interaction of a laser
beam with helical rippled density plasma [15]. They observed
that when an intense laser propagates in plasma, the ponder-
omotive force pushes the electrons out of the region of high
intensity. So a nonlinear interaction between laser and plasma
vortex is produced, which generates a nonlinear current at the
beating frequency of laser and plasma wave. In another study,
Sobhani ef al [16] have investigated the resonant vortex THz
beam generation by the cross-focusing of two twisted coaxial
laser beams. In order to satisfy the phase matching condition
for the resonant excitation of terahertz radiation, the rippled
density amplitude and the ripple wave number were suitably
chosen. Various laser and plasma parameters were employed to
yield vortex terahertz radiation with higher efficiency. Further,
a new scheme to create a twisted terahertz wave in a static
plasma vortex has been proposed [17], in which a static plasma
vortex with a helical structure, submerged in the static electric
field was taken. The torsion of the emitted THz radiation is
provoked by the charge numbers of the lasers or the helical
structure of static plasma vortex.

In the present analysis, we propose a model for the THz
radiation generation by the beating of two Gaussian laser
beams in a bulk medium consisting of graphite NPs under the
influence of density ripple of NPs. The use of NPs as the THz
radiation source is very effective due to their nanoscale
dimensions and high conversion efficiency as explained ear-
lier. The incident laser beams have non-uniform transverse
spatial profile; hence the redistribution of charge carriers
occurs leading to the cross-focusing of laser beams. Since,
self-focusing of the laser beam in periodically arranged NPs
have a number of practical applications [19, 20]. So it would
be interesting to observe the effect of self-focusing of the
incident laser beams on THz generation process in NPs.
Hence, our goal is two fold: (1) to study the effect of density
ripple amplitude on THz radiation generation, (2) to explore
the effect of cross-focusing of laser beams on the THz gen-
eration efficiency. The lasers field exert ponderomotive force
on the free electrons of graphite NPs generating a nonlinear
velocity. This oscillatory velocity couples with density gra-
dient to generate a macroscopic electron current at the beat
frequency (w, — 2w;), which generates THz radiation. The
interesting property of NPs is that, the optical properties of
graphite NPs can be varied by changing the orientation of the
electric field of the incident beam with respect to the basal-
plane of NPs. Section 2 of the present work includes the
theoretical considerations of nonlinear current density.

Section 3 gives the formalism of THz radiation generation.
Observations are discussed in section 4 and in the last section
the present scheme is concluded.

2. Theoretical consideration

Consider the propagation of two intense laser beams (wy, la)
and (w,, 122) polarized in the x direction and propagating
along the z direction in the bulk medium of graphite NPs. The
periodic array of NPs is generated with an average particle
radius r,., average separation between particles d and the
density of the conduction electrons of NPs ny. The macro-
scopic density of NPs is modulated using a structured nozzle
[21]. The homogenous nucleation with subsequent con-
densation and agglomeration of the stream of noble gas
coming out of this nozzle produces graphite NPs of rippled
density as n = n, exp(ik,z), where n, is the initial ripple
density of NPs and k, is the ripple wave number.

In graphite there are four valence electrons per atom and
four atoms per unit cell which are regularly located on
equidistant planes called basal planes. It is considered that,
the medium of our model contains two types of graphite NPs
having parallel or perpendicular orientation of the electric
field with respect to the graphite basal plane. The total mac-
roscopic density of all NPs is n = Za 4ml,ng./3, where
a = 1, || indicates the cases when an electric field vector is
perpendicular and parallel to the unit vector normal to the
basal plane, respectively. Here, I, = (7.o/d.)?, 7o and d, are
the average particle radius and average particle separation of
a configured NPs, respectively.

The electric and magnetic fields of the laser beams can be
represented as

E/ — .fAje_i(wff_ij),

(1a)

Ej _ (kj x EJ), (1b)
Wi
where A; = (Ao, / fj)e*’Z/ 215,17 is the amplitude of the laser, f
is the beam width parameter, r; is the initial beam radius, ; is
the propagation constant and j = 1, 2.
The propagation constant k; can be derived from dis-

persion relation [22] as

A 2 1/2

Wi ™ l¢3

kj= = et — > —la 2 . @
S 2 3 w% + il'w; — w?m/S

where e is the effective electric permittivity of the medium,
whose real and imaginary parts respectively can be written as
(22]

2 2
47l W (W — Wy /3)

3P — Wl /3) + Wi

Eefir = 1

47rlaw?me‘
3(w? — why/3)? + w2

Eeffi =

Here, I" is the damping factor related to the electron scatter-
ing, w, = \/4mnge?/m is the plasma frequency, m and e are
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electronic mass and charge, respectively. Due to the presence
of damping factor, k; will be imaginary, which leads to the
absorption of waves.

We assume that, in the interaction of high frequency laser
beams, only the spherical electronic cloud of NPs displaces
through distance x with respect to immobile ions. The
restoration force due to this displacement is —4mn,e?x/3.
Hence, the equation of motion of an electron in the electron
cloud of NPs is [22]

N mw2

—eE; — —L% — Ty,
3

3

dvj

t

Solving this equation of motion, the oscillatory velocity
acquired by an electron can be derived as

iw;jek;

_m[wi + il'w; — w?,/3].

—

Vi =

“

Due to this oscillatory velocity, laser exerts ponder-
omotive force on electrons of NPs at (w, — wy) and 2w
respectively as

. TMe
s~ G

—wlcU2€2i(k] — kZ)E1E2*2

= , (Sa)
2mlwi + iTw; — w}/3][w] — iTw; — w5 /3]
—e,, = ie?kE22
Fp(zm = _e(Vl X By = I i 5 . (5b)
2 2mlwy + il'wy — w},/3]

The oscillatory velocities of the electrons of NPs due to
these forces can be derived as

_ (WZ - c")l)ﬁp(wz—wl)
mil(wy — w)? + il(ws — wp) — w3 /3]
(6a)

—NL _
Viwa—wp) =

B —2w1Fp0u)
mil4w} + 2iTw; — w3/3]

>NL __
2w —

(6D)

These velocities give rise to density oscillations at
(wy — wy, ko — k) and (2w, 2k;) which can be derived
using an equation of continuity as

—10Fy(,—wp(ka — k)
iy = — Sy —. (a)
mi[(wy — w)” + il'(w2 — w1) — w,/3]
>NL e e

_ X =
5 w2

2

* -k
5 Mwr—wp)Vw,

v 2

—}’loﬁp(zwl)zkl
mif4wi + 2iTw; — w3 /3]

NL __
n2W| -

(7b)

These nonlinear density perturbations at (wp; — wy,
ko — ki) produce a self-consistent space charge electrostatic
potential &, = &, e~ ilw2—wnr—ite—kizl and hence, electrostatic
field E, = —V®,. This field perturbs the electron density of
NPs linearly as

L (ka — k1)*x D
n wr—wy) — ’ 8
() = T @®)
where, y = —w}/[(wy — w)? + il'(wr — wy) — w3/3] is

the susceptibility of the electrons of NPs. From Poisson’s
equation, we can derive

NL
—47Ten(w2,w])

= : 9
(A + X)(ka — ky)?
Putting equation (9) in (8) we get
-n lu\ijw X
n(ﬁ‘z*w]) = # (10)
(I +x)

Hence, total density perturbations at (w, — wy, kp» — k) is

ne _ M (11)
RGNV
Similarly, at Qw;, 2k;)
Py = % (12)
where y/ = —wi/[4w12 + 2il'w; — w§/3] and
v —47ren(lzv,f,]) ' (13)
T+ )4k
The total density perturbation at (2w;, 2k;) is
NL
Nwn) = 1”?‘;(/. (14)

The nonlinear current density at THz frequency w =
w2—2w1 andk:szZIqukois

2

*
i(ky — k)2ngeE, Eywlw,?

. 2 4 *2 A
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Total nonlinear macroscopic current density because of
the whole system is

-NL
( )TO[ - 247.(1 w,a /3

i(ka—kp)2ew? wy ngo

_ 2 2 _ 2,2
where, o = e°/8mwikpT, gy = 1 — w),/wj.

2
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(1 + X®)6m? ny [4? — 2iThw; —

We can write the linear current density of system of NPs
at (w, k) as

7y = Z—z [_”Oe E, ) (17)

miw

3. Formalism of terahertz generation

For the initial transverse intensity profile of the incident laser
beams, the radial gradient of refractive index of the medium is
created. This results in the focusing of the beams in the
medium, where the convergence of light takes place macro-
scopically in the region of interaction. Using paraxial ray &
WKB approximation, the coupled cross-focusing equations
for two incident laser beams, governing the dimensionless

wh o /3 wi—ilw — w3, /3][w; + iTwws — W), /3]

e~ ilw2—2w)r—(ka—2k+ko)z].

(16)

The THz wave propagation equation can be written as

-NL N
VZEM - ?(?EHW) = 4—71- a[(JaV )TOI + (Jav)Tot]
c? ot
Eett O°E.s
19
¢t o 19)
Here, E, is THz field which varies as E,=

XAAW(Z, t)efi(wisz)_
Neglecting V(V.E,), which is valid almost for all
practical situations, equation (19) can be written as

Qu= -2

ik12c2a1a2 (kz

2 2
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2
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1J2
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2 1 2
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w1

beam width parameters in above described collisionless
plasma can be derived as [23, 24]

2
82fj 1 fJ wp alE(n n wEg)
0z k2rojf3 2e0i\ wj f1 701 f24 r022
xexp ——O‘lb;"l - —0‘2]1;02 : (18)
fi 5

2D

a; = eAg; /mwic and a, = eAg, /mw,c. On simplification,
equation (20) can be written as

2 _.rr
0A, + KA, = MQ ﬂe e 2t (22)
6 w 2 « 2 ’
Z kc fl é

where k' = (ew? — w?,47rla/3 — k2c?) / Qikc?).
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Figure 1. Variation of beam width parameters f, and f, with

normalized distance of propagation ¢ at ajAd; = 0.6, a,Ad = 0.4
and ny /ng = 0.5.

Defining dimensionless distance of propagation £ as
€ = z/(ki1g), the equation for THz wave amplitude can be
written as

i(i) + klrglk/(ﬂ)
06\ Aoy Ao

1 r r

T2 T 5,22
e nfie 2maf; .

_—27Tww1r021 k
- 2 Qﬂ'; 2 22
¢ K

Also, in terms of dimensionless
equation (18) can be written as

Ui L () WE aE(_)
652 f13 c 2 f14 f24 ro2

xexp| —— — —=
[

-t (e
0¢? fz3 ¢ g2 J\w2 J\ 2

041E021 042E022 701 ’ OélEozl 042E022
N—a T~ || |[*P|———F= — (%= |
f1 f2 ro2 fl f2 (25)

(23)

parameter &,

(24)

4. Observations and discussion

To draw the inferences from the above equations, these are
solved numerically using the following set of laser, plasma
and NPs parameters: CO, laser of frequencies w; = 2 x 10'*
rads™! and w, = 4.2 x 104 rads™' are chosen such that
difference w, — 2w lies in THz range. The plasma frequency
w, is1.78 x 10" rad s™". Corresponding to above mentioned
frequencies of lasers, the wavelengths are A\ = 10.2 pum,

A = 9.44 pm with peak intensities 7 ~ 10'® W cm ™2, initial

spot sizes rp; = 50 pum and rp, = 30 um. The separation
between NPs is considered to be twice of their radius. The
radius and separation between particles for both the
morphologies are considered to be same, ie. 7y =7
and d|| = dL.

Equations (24), (25) are the cross-focusing equations of
the laser beams in the nonlinear bulk medium containing
graphite NPs. The first term on the right-hand side of these
equations is the diffraction term, responsible for the diver-
gence of the beams. The second term arises due to the non-
linearity of the medium and is responsible for the
convergence of the beams. Equations (23)—(25) are the cou-
pled equations and the results obtained by solving them are
presented in the form of 3D plots. Figure 1 shows the var-
iation of beam width parameters f; and f, of two laser beams
with a normalized distance of propagation £ at laser beams
intensities alezl = 0.6 and oz2A022 = 0.4 (corresponding
a; = 1.2 and a, = 1). The nonuniform transverse intensity
profiles of incident Gaussian beams produce radial refractive
index gradient which results in the focusing of the beams. The
propagation of one beam in the medium depends not only
upon its own intensity but the intensity of the other beam as
well. During the simultaneous propagation of two Gaussian
beams, the focusing of the first beam is governed by the
second and vice versa. Hence, because of the mutual inter-
action of the two Gaussian laser beams, the cross-focusing of
both beams occurs in the plasma. This phenomenon of cross-
focusing of two beams is shown in figure 1.

Figures 2(a) and (b) show the 3D variation of the normal-
ized THz wave amplitude in the radial (r/rq;) and axial direc-
tion (¢ = z/kgy) at ny, = 0.5, without (ie. £ = £, = 1) and
with cross- focusing, respectively. One can observe from this
figure that, the amplitude of generated THz beam is maximum
along the axis of the co-propagating laser beams and it decreases
with increasing the radial distance r/rq;. In the axial direction,
THz amplitude shows an oscillatory behavior and exhibits
maxima and minima with the distance of propagation £. It is
clear from figure 2 that the amplitude of THz wave increases by
3.5 times with cross- focusing in comparison of without cross
focusing. The physical mechanism for this result can be
explained as follows: with the focusing of the beam, the intensity
of the beam increases which leads to an increase in the THz
amplitude. Such amplitude enhancement in THz generation in
the presence of cross-focusing has also been observed by
Sharma and Singh [14] in collisional plasma. In figure 2(b), the
third peak at distance £ = 4.4 is observed to have a maximum
amplitude in compared to the other two peaks. At £ = 4.4, both
the beams are focused (can be observed from figure 1), because
of which their intensities increase and the simultaneous increase
of intensity of both the beams affects the amplitude of generated
THz wave, resulting in its enhancement.

In figure 3(b), the variation of the normalized THz
amplitude A, /Ao with r and £ (with which the laser beams
show oscillatory focusing) is shown in the presence of cross-
focusing phenomenon at laser beam intensities cyAg; = 0.3
and a2A022 = 0.3 (corresponding a; = 1.2 and a, = 1). Here,
the axial distance of propagation at which one gets the highest
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(a)

THz amplitude

(b)

THz amplitude

¥
1.0

Figure 2. Variation of the normalized THz amplitude A, /A, with r and £ (a) without cross-focusing (b) with cross-focusing at

ng/no = 0.5, A = 0.6 and A = 0.4.

THz amplitude is altered. Now the THz amplitude enhance-
ment occurs at £ = 1.1 and & = 4.1. These are those distances
where both the beams are focused (figure 3(a)). Hence, the
focusing of the laser beams in NPs plays a significant role in

the conversion mechanism. These results are in accordance
with the results of Sharma et al [25], who have studied the
effect of focusing mechanism on THz radiation generation in
collisionless magnetoplasma in the presence of density ripple.
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Figure 3. (a) Variation of beam width parameters £, and f, with normalized distance of propagation ¢ at yAZ = 0.3, ;pAd = 0.3 and
ng/no = 0.5. (b) Variation of the normalized THz amplitude A, /Aq; with r and ¢ with cross-focusing at n,/ng = 0.5, A& = 0.3

and ;AG = 0.3.

The effect of density ripple of NPs on the THz amplitude
of the laser beam is shown in figure 4. It shows the variation
of normalized THz wave amplitude against the normalized
ripple amplitude n,49/no and £ at r = 0 with cross focusing
phenomenon. Here, the amplitude of THz wave increases
with the increase of ripple amplitude. This is because, with
the increase of ripple amplitude, the electron density involved
in the generation of nonlinear current at THz frequency

increases and hence, the THz amplitude increases.

Qualitatively, this observation is in accordance with the study
reported by Bhasin et al [26] who have showed that the THz
power scales as the square of density ripple amplitude in a
rippled density magnetized plasma.

Actually, the wave vector k of the generated THz wave
increases more than the wave vector corresponding to the
beating of two waves, i.e. k; — 2k;. Hence the momentum of
the system is not conserved. To conserve the momentum, the
additional momentum is provided by density ripple, which
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Figure 4. Variation of the normalized THz amplitude A, /A, with
ngo0/no and § with cross-focusing at » = 0, alezl = 0.6 and
WA = 04.

THz amplitude

Figure 5. Variation of the normalized THz amplitude A, /Ay with
w/w, and & with cross-focusing at r = 0, ny/ng = 0.5, AG =
0.6 and A = 0.4.

helps to satisfy the phase matching condition. The requisite
ripple wave number for resonant THz generation is

ko=k — ky + 2k

2 1/2
w 47 wpa

=—|1 —|eett — > —la
. w? 4+ ilw — w), /3

c 3

Hence, the purpose of applying the density ripple is to
provide a suitable phase for efficient THz radiation. Hence,
the increase in density modulation of NPs enhances the THz
amplitude.

Figure 5 depicts the variation of the normalized THz
amplitude A, /Ao with the beat frequency w/w, and § with
the cross-focusing phenomenon at r = 0. From this figure, it
is observed that the THz field amplitude gets the maximum as
the beating frequency w approaches the plasma frequency w,.
This is because at this frequency resonance occurs and we
obtain THz wave of highest amplitude. Hence, it can be

concluded that the THz radiation of desirable amplitude can
be generated in NPs by optimizing the value of ripple
amplitude n,o /no on the density of NPs, distances of propa-
gation ¢ and r/ry;, laser intensities oAy, ayAg, and beat
frequency w.

5. Conclusion

We study the effect of cross-focusing of two laser beams on
THz wave generation in the interaction of the laser beam with
bulk medium containing graphite NPs. Using paraxial ray and
Wentzel-Kramers—Brillouin approximation, the nonlinear
coupled differential equations governing the dynamics of
beam width parameters of the laser beams have been derived.
The nonlinearity arises due to ponderomotive force taken into
consideration. This nonlinearity results in the cross-focusing
of incident laser beams in the medium of periodically arran-
ged NPs in a region with characteristic dimensions smaller
than the incident wavelength. A significant magnitude
enhancement in the amplitude of the generated THz wave is
observed in the presence of a cross-focusing phenomenon, in
contrast to the case in which it is absent. Further, the ripple in
the density of NPs enhances the generation efficiency of THz
wave by satisfying the phase matching condition. Thus, the
efficiency of the THz wave generated in the proposed scheme
can be potentially used in various applications in the field of
nano-optics.
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