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Based on the beating of two Laguerre—Gaussian laser beams in a rippled plasma
medium, the effective factors such as plasma density, Gouy phase and orbital angular
momentums of input lasers on the output twisted terahertz radiation are investigated.
As a result, the amplitude of the generated vortex terahertz radiation is an increasing
function of plasma density. The vortex terahertz intensity is strongly dependent on
the orbital angular momentum of the input lasers. The terahertz output amplitude
increases by decreasing the orbital angular momentum of the Laguerre—Gaussian
input lasers. Here, by employing a suitably ripple wavenumber, the destroyer effect
of the relative Gouy phase of the input lasers is removed, and perfect phase matching
is satisfied.
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1. Introduction

Optical vortex beams have attracted a great deal of attention related to research
and for technological applications such as terabit high-speed communications, optical
manipulation, optical vortex knots and chiral nanofabrication (Paterson et al. 2001;
Grier 2003; Dennis et al. 2010; Omatsu et al. 2010; Toyoda et al. 2012; Wang et al.
2012; Bozinovic et al. 2013; Watabe et al. 2014). Vortex beams have an annular
intensity profile, a spiral wave front and quantization orbital angular momentums
(OAM) characterized by charge number [. Terahertz (THz) radiation sources (Malik
2015; Singh & Malik 2015, 2016) have been receiving increasing levels of interest
in diverse areas such as biological imaging and sensing, surface chemistry and
communications (Orenstein & Millis 2000; Lee 2009). The role of an external direct
current (DC) magnetic field and femtosecond laser pulses in tuning the frequency and
power of THz radiation have been surveyed (Malik, Malik & Kawata 2010; Malik
& Malik 2012, 2013; Malik, Malik & Stroth 2012). Recently, different profile of
lasers, such as super-Gaussian beams for obtaining more collimated THz radiation,
have been investigated (Malik, Malik & Stroth 2011b; Malik & Malik 2012; Singh
& Malik 2014).
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THz vortices have great potential for many application such as manipulation of
the rotations of a quantum condensate (because their elementary rotational excitations
are found in the THz frequency range) (Sanvitto et al. 2010), optical manipulation
of electron beams (Hebling er al. 2011), wireless communications (because they can
support an infinite number of OAM eigenstates characterized by their topological
charges) (Fickler et al. 2012), imaging and sensing in the medical fields (Pickwell
& Wallace 20006), optical tweezers and biomedical engineering (Simpson et al. 1998;
Humphreys et al. 2004). The conventional method for generating a vortex beam in
optical frequency domain such as fork-shaped holograms (Heckenberg et al. 1992) and
cylindrical lens converters (Beijersbergen et al. 2003) cannot be directly implemented
in the THz frequency domain. A few works about the generation of THz vortices
have been reported. Recently, a V-shaped antenna meta-surface structure to achieve
phase modulation for cross-polarized scattered fields has been investigated (Yu et al.
2011). The design to build a vortex phase plate and generate an optical vortex in
the infrared wave band has been utilized (Genevet et al. 2012). The complementary
V-shaped antenna structure to generate a THz vortex beam, which requires precise
control of the geometric parameters and azimuth of the V-shaped antenna structure,
has been used (He er al. 2013). Other ways for generating twisted terahertz radiation,
based on the angular momentum exchange between plasma vortex and the laser beam,
have been proposed (Sobhani, Rooholamininejad & Bahrampour 2016a).

Twisted THz radiation generated by beating Laguerre—Gaussian (LG) lasers has
been proposed in which the evolution of the beams width in plasma is considered
(Sobhani, Rooholamininejad & Bahrampour 2016b). In this research, the effective
factors such as plasma density, Gouy phase and orbital angular momentums of
the input lasers on the output twisted terahertz radiation are investigated. Here the
evolution of the beams width in plasma is ignored. The intensity variation in the
transverse direction leads to a transverse nonlinear ponderomotive force that gives
rise to a component of current oscillating at the beat frequency of the lasers. This
plasma current has superluminal Fourier components, which can emit a THz wave.
It is shown that this emitted vortex THz radiation generally is a superposition of
two OAM. Here a suitable plasma density distribution is considered to produce
THz radiation having only one OAM. Furthermore, by proposing the perfect phase
matching condition, the destroyer effects of the relative Gouy phase of the laser
beams is controlled.

The organization of this paper is as follows. In the second section, the theoretical
model for the evaluation of nonlinear current density and emitted THz radiation
amplitude is presented. The third section is dedicated to investigation of the effective
parameters on emitted THz radiation amplitude. In the last section, the results are
summarized.

2. Theoretical analysis

Consider the propagation of two coaxial high power vortex laser beams along the
z-direction in the nonlinear plasma medium. It is supposed that the lasers electric field
is polarized along the x-axis, with frequencies w;, w, and wavenumbers k;, k,. The
laser beams with LG distribution can be described by the phase singularity on axis
with strength [ that is called the optical vortex charge number, and by the radial index
p. Here, the beam width evolution is ignored and the distribution of the laser beams
is considered doughnut shaped (p =0) as:

Ej = a0, (D5 (r, e, 2.1
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where j =1, 2. In (2.1), E; is the initial electric field amplitude, ry is the beam
width, B(z) is related to the curvature of wave front and v ,;(z) is the Gouy phase.
The laser beams provide a nonlinear oscillatory velocity to the electrons due to
the ponderomotive force, at the beat wave frequency @ = w; — w, and wavenumber
k = k; — k. This oscillation is perpendicular to the propagation direction of the
lasers. Further, a space-periodically modulated plasma, n = ny + n’' is considered,
where nq is background electron density. Also n' = n,e, where n, and g are the
amplitude and wavenumber of the density ripple, respectively. The density ripple
can be created by various techniques (Hazra er al. 2004; Antonsen Jr, Palastro &
Milchberg 2007; Kuo et al. 2007), which operate as a slow wave structure that
guides the phase matching condition and induces resonant excitation for generating
higher THz radiation. The laser fields impart oscillatory velocities v; = eE;/imw; to
the electrons, and furthermore exert a ponderomotive force, F" = m/2Vv, . v;, at

the beat wave frequency @ and wavenumber k. Considering equal beam width, the
x-component of the nonlinear ponderomotive force due to beating of two LG lasers
is obtained as

L+ ~
22 2 :

PV = e°Ej (ﬁr) e—20%/) {cos¢ [11 + 1 _4”} _ llsinqs}
r r

tmw; w1 1L\ ro rg
% eﬁxpefﬂtanfl (Z/ZR)eiiczft'(Z)t (2 3)
where [ = I, — I, and zz is the Rayleigh length. The ponderomotive force is a

superposition of two OAM. This ponderomotive force gives rise to the nonlinear
perturbation, n, in the electron density, that produces a space charge field. This
space charge field self-consistently induces another type of density perturbation, n’.
Using the equations of motion and continuity of electrons we obtain n-. By employed
Poisson’s equation, the potential of the space charge field, with the combined effects
of both the perturbation in electron density, n” + n"*, can be derived. The electrostatic
potential, ¢, as the main source of perturbation, is obtained (Malik, Malik & Nishida
2011a)

d7tnge

o
ma? (1 — f)
o2

Using the equation of motion, by taking into account the contribution of the self-
consistent field, eV ¢, and the ponderomotive force, F, the response of the electrons
turns out to be

Vo=-— FM. (2.4)

NL __ 1(,() NL (2 5)
- )2 2 )
m(@® — w;
The intensity variation in the transverse direction produces a large change in the

ponderomotive force that gives rise to a component of current oscillating at the beat
frequency of the lasers. In the presence of ripple plasma density, the nonlinear current
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density is obtained as _
NL ieng,e' %@ NI
Tt (2.6)

Here the density perturbation is assumed to be small enough so that n* <« n,. As
is clear from (2.6), the current density changes in accordance with the nonlinear
ponderomotive force, FM ~ e~ Since JV' is responsible for the generation of

THz radiation, the THz field will vary as e~ Using Maxwell’s equations, the
THz wave equation is obtained as follows

~2 2

) w” — w, 4ma)
—V°Er+V(V-Er)— 2 Er=

JME. 2.7)

Taking the x-component of (2.7), the emitted THz radiation, in response to the
nonlinear current, is a superposition of two OAM. By employing a suitable plasma
density distribution, one of the OAM is eliminated. So THz radiation having one
OAM can be generated. Here, the plasma density distribution is considered as a)2 =
a)f,o[l + b(ly) + r*/a*], where wy = (4me’n)/m)'?, b(ly) = —(*/w 0)(4(|ZT| + 1)/w0)
and a = wjwy/2c. This electron density distribution can be produced by different
sources of energy (Kaur, Sharma & Salih 2009; Sobhani et al. 2016c¢,d). The
x-component of (2.7) can be deduced as

82+13+13+82E+(Z)2E 4Ttla)
- - £ —
orr  ror r:o¢ r r

JNE, (2.8)

where e =1 — a)i /@? is the permittivity of the plasma medium at the THz frequency @.
By choosing suitable plasma parameters a and b, the first three terms on the left-hand
side of (2.8) vanish, so the beam width evolution of THz field can be ignored and the
vortex charge number of the generated twisted THz radiation is predicted. Using the
separation of variables method, a homogeneous solution of (2.8) in the absence of the
nonlinear current density, is given as (Sobhani et al. 2016b)

I
2 o
Er(r, ¢, 2) =A" (fr> oMl 2.9)
0

where the amplitude of the wave, A" is a constant. It is expected on physical grounds
that, when the nonlinear source term is not too large, the solution to (2.8) will still
be of the form of (2.9), except that A" will be a slowly varying function of z. So the
solution may be written as

\/_I’ Iir]
Er(r,¢,2) = AZT(Z)< ) oW aikrzgilrd (2.10)

This solution has a doughnut LG form in which the beam width, wy is related to the
parameters of plasma density. So the plasma density distribution plays the fundamental
role in the distribution of the emitted THz radiation. Also the charge number of the
emitted THz radiation is determined by the parameters of plasma density. The fast
phase variations in E; are taken as e*7*~_ and the phase matching condition demands
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kr = ki — ky 4+ g. Substituting (2.10) into (2.8), one obtains

" s
sk L 4 (Lo i2) | o) Vor\ *'z/wﬁeik"eilw MO o)
0z c? c2

Wo

The beam width evolution of the THz radiation, wy, in the nonlinear plasma is
ignored. Using the definition of k7 = (@?/c?)e, the second term on the left-hand
side of (2.11) vanishes. Under the resonant excitation of the THz radiation, the
wavenumber of the rippled plasma density is given as ¢ = @/c[(1 — w;/@*)'* — 1].
The normalized period of the density ripple structure, gc/w,, plays an important role
in the phase matching and generation of efficient vortex THz radiation. Equation (2.11)
is multiplied by e*i""’DII;,* (€), where & =2r%/w?, and integrated over r and ¢. Using
the orthogonality relations of D/, (§) and e", the value of the THz radiation amplitude
is zero, except for two indexes. Therefore one can obtain

aAlT (Z) nq wZOwZeEé e—iitanq(Z/ZR)ei(iH—q—kT)z
9z ny wiwy  8krctmJT ! Ll
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The plasma parameters, wy and b(lr), determine the characteristics of the THz
radiation such as the beam width and the topological charge. By beating the two
LG lasers having relative topological charge, I, in a plasma medium characterized
by parameter b(ly), the THz amplitude is non-zero when Iy =1+1. Equation (2.12)
illustrates that the suitable plasma distribution, b(z + 1), is emphasized that vortex
THz radiation with only one OAM can be produced. The amplitude of the THz
radiation generated can be written as

[1+1]
) e~ @/ +1/wg) (2.13¢)

|A/i1| _ 7&)[2)06;2 eEZ[GZi] :FZ GH:]] 2

ny 1wy 8mkrc2m, (|1 + 1)IWIT b!

The features of the THz field amplitude due to the beating of the two lasers are
solved numerically. Due to the relative Gouy phase, defined as the difference of

efiitan’l(Z'/ZR)ei(/;Jrq*kT)z/ dz/. (2 14)
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the Gouy phases of the input lasers, the relative phase between the lasers plays
an important role in the generation of the THz radiation. The relative Gouy phase
induces a decrease in the amplitude of the THz radiation generation, as it is obvious
from (2.14). If the topological numbers of the lasers are equal, I = 0, the Gouy
phase shift of each laser is removed others and the amplitude of the THz radiation
generation is higher.

3. Results and discussion

Recently, the generation of THz radiation by the beating of laser beams has attracted
a great deal of attention related to research and technological applications. The interest
in vortex waves in the THz domain can also be applied to data transmission (Wang
et al. 2012), communications (Zhu et al. 2014) and active THz holography (Xie, Wang
& Zhang 2013). Also, the THz frequency region includes the eigenfrequencies of
molecules so THz imaging has been applied to biomedicine, security, and spectroscopy
(Markelz, Roitberg & Heilweil 2000; Ferguson & Zhang 2002; Kawase et al. 2003;
Chen et al. 2008; Zhang et al. 2009; Ohno et al. 2009, 2010). Here (2.14) is
solved to study the features of the THz field amplitude for the following laser and
plasma parameters; the frequencies of the laser beams are 2.4 x 10 rad s=! and
2.1 x 10" rad s~', also the initial beam width of both lasers is 50 wm and the
plasma frequency is 2.75 x 10' rad s~!. The plasma frequency should be selected
to be lower than @ so that the THz wave can propagate in the plasma medium. The
value of the normalized ripple amplitude is n,/n)=0.1 and the parameter of plasma
density, related to the THz radiation beam width, wg, is 75 wm. When an intense
laser encounters plasma, a ponderomotive force pushes the electrons out of strong
power region, decreasing the local electron density, which leads to the further growth
of the plasma dielectric function and consequently, an even stronger self-focusing of
laser take places. The diffraction causes defocusing of the laser beams. Under the
competition between the ponderomotive force effect and beam diffraction, periodic
self-focusing and defocusing occurs and a density-modulated filament is created.
Therefore intensity variation of LG lasers in the transverse direction is strong, and
the plasma current or laser ponderomotive force can generate a THz wave at the
beating frequency (Sobhani et al. 2016b).

For studying the effect of the topological charge of the incident lasers, the variation
of the normalized THz field amplitude versus normalized propagation distance, Z =
z/zg, for different values of topological charge of input lasers is presented in figure 1.
As seen, the normalized field amplitude of the emitted THz radiation for different
OAM is non-similar, through the plasma density characterized by parameter b(l &
1). One of these plasma parameters is such that the electron density is higher and
the number of charge carriers involved in the generation of the oscillatory current is
greater. Higher oscillatory current results in a higher vortex THz radiation. Because
the pumps depletion effect is ignored, the THz amplitude is a rising function of z,
and in the presence of the pump depletion effect it is expected that the output THz
amplitude approaches a saturation value. The presence of the pump depletion effect is
under study by our group and results will appear in the near future. Also, it is obvious
from figure 1 that the THz field amplitude generated is higher when a lower vortex
charge number is chosen. With the lower vortex charge number, the beam focusing—
defocusing oscillations occur strongly; the density-modulated filament induces hardly
any intensity variation in the transverse direction, and the ponderomotive force can
generate higher THz radiation at the beat frequency. This fact is clear from (2.14).
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FIGURE 1. Normalized THz amplitude versus normalized propagation distance. The cases
shown are, (a) [, =1, I, =1, for Iy =1 (solid line), I; = —1 (dashed line), (b) [, =2, [, =0,
for Iy =3 (solid line), Iz =1 (dashed line), (¢) [y =2, I, =0, for I; =3 (solid line), I; =1
(dashed line) and (d) [, =3, I, =2, for Iy =2 (solid line), Iy =0 (dashed line), in b (I7)
plasma distribution.

For instance, by beating two vortex lasers having charge numbers /; =2 and , =1,
THz radiation with OAM of Iy =2, 0 is generated. The variation of the normalized
THz field amplitude versus normalized propagation distance for different values of
the normalized ripple amplitude is presented in figure 2. As seen in this figure,
the THz field amplitude generated is higher when a larger value of the normalized
ripple amplitude is selected. For clarification, a larger value of the normalized ripple
amplitude is acquired for better phase matching and maximum energy transfer to
the THz radiation. The growth in the THz field amplitude with the ripple amplitude
is appreciable as larger numbers of electrons take part (in phase) in the oscillating
nonlinear current. In figure 3, the intensity profiles of the input lasers (having charge
numbers 2 and 1) and generated vortex THz, having charge numbers 2 and O, are
depicted.

The evolution of the normalized THz field amplitude as a function of the normalized
propagation distance for different background plasma frequencies, ), is shown in
figure 4. Similar to the effect of ripple amplitude, the enhanced field with the
growth in background plasma frequency is plausible as more electrons take part in
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FIGURE 2. Normalized THz amplitude versus normalized propagation distance by beating
of lasers having /; =2, [, =1, when the normalized ripple amplitude of n, =0.1n, (solid
line) and n, = 0.2n, (dashed line), for (a) I =2, (b) Ir =0 in corresponded plasma
distribution.

the oscillating nonlinear current. For generating strong THz radiation, the plasma
frequency should be near to the value of the beat wave frequency, w, ~ w, this
corresponds to the resonance condition so maximum energy transfer will occur.
Another parameter for generating strong THz radiation is the wavenumber of the
density ripple. The expression in (2.14) predicts a dramatic decrease in the efficiency
of the THz radiation generation process when the relative Gouy phase of the incident
lasers is non-zero. By using the ripple wavenumber, considered in the previous section,
perfect phase matching is not provided. Consequently, the THz radiation generated
will be weak. By considering a new ripple wavenumber, ¢ = &/c[(1 — w;/@*)'/* —

1] + I/z tan"'(z/zz), which can be created by various techniques (Kaur et al. 2009;
Sobhani et al. 2016¢,d), one may define the perfect phase matching condition as ky =
ky —ky — (I/z) tan~'(z/zz) + g. In the presence of this ripple wavenumber, the effect of
the relative Gouy phases of the input lasers is removed and perfect phase matching is
achieved. With this condition, the interaction length is infinite and the energy transfer
from the pump laser to the emitted THz radiation will be maximized. A comparison
of the generation of the THz radiation between the two phase matching conditions is
presented in figure 5. This new ripple wavenumber is constructed at smaller distances
and maximum energy transfer will happen. So efficient THz radiation generation will
result.

In order to uncover the role of the beam width value of the incident lasers,
the variation of the normalized THz field amplitude versus normalized propagation
distance is illustrated in figure 6. As shown, the THz field amplitude decreases for
the greater beam width. This observation is clear with regards to the beam width in
the distribution of the LG beam. The ratio of the beam width of the input lasers ry
to the parameter of plasma density, related to the beam width of the THz radiation
wy, is found to play an important role to the mechanism of generation of the THz
radiation. Figure 7 gives the variation of the normalized THz amplitude as a function
of the normalized propagation for different ry/wy. For wy = 1.4ry, the slope of
plasma density is greater than that for wy = 1.5r; so the transverse variation and
ponderomotive force of the input lasers for the first case is greater and the THz
radiation efficiency is better.
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4, Conclusion

In conclusion, the present study surveys the effective parameters for the generation
of vortex THz radiation. This work establishes that by beating of two LG lasers in
a rippled plasma medium, a THz vortex having one OAM can be generated. Based
on this method, a THz vortex with a higher charge number can be generated. The
OAM of the vortex THz radiation opens avenues for new technologies in sensing,
manipulation and telecommunication in the THz domain. For example, the annular
THz vortex can be focused beyond the diffraction limit, so the THz vortex will
potentially be used for super-resolution imaging and nonlinear spectroscopy in the
biological sciences, non-destructive evaluation and security applications.
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