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Abstract

A scheme of resonant terahertz (THz) radiation generation by non-linear beating of two lasers in hot magnetized plasma
with step density profile is investigated. Beating lasers of frequency difference w; — w, =~ wp(~1 THz) is incident
obliquely on plasma surface and exerts non-linear ponderomotive force on plasma electrons. The plasma electrons start
oscillating in the plane of incidence and give rise to space charge field to maintain plasma neutrality. In turn, both
ponderomotive force and space charge field excites a non-linear surface current, responsible for THz radiation
generation on the reflection side. The coupling between plasma wave and electromagnetic wave present (inside the
plasma as well as on reflection side) becomes stronger in the presence of the transverse DC magnetic field. THz

radiation amplitude is optimized at an angle of incidence 6 ~ 50-70°.
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1. INTRODUCTION

The interest of scientific community in the light source of the
frequency range ~1-10 terahertz (THz) is surging due to its
wide-spread applications in imaging, chemical identification,
remote sensing, material characterization, and explosive de-
tection (Jiang et al., 2000; Ferguson & Zhang, 2002; Pick-
well & Wallace, 2006; Zhong et al., 2006; Sizov, 2010).
Existing technologies, gyrotron, and magnetron can
generate the light of GHz frequencies, but they suffer from
scaling problem in THz range. Experimental schemes
based on the photoconductive antenna, free electron lasers,
quantum cascade lasers (Faist ez al., 1994), etc. have success-
fully demonstrated the generation of THz radiation. The in-
teraction of super-luminous laser pulse with electro-optic
crystals and wide band gap semiconductors (like GaSe,
LiNbOs3, ZnTe, and ZnSe) also excite light in THz range
(Faure et al., 2004) However, these schemes have their lim-
itations due to the damage limit of non-linear crystals used,
incoherent nature of emitted radiation and high cost associat-
ed with them. These limitations can be mitigated by using
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plasma as a non-linear medium, which can handle very
high potential gradients and have no damage limit. Recent ad-
vancements in developing intense lasers in X rays and visible
regimes provide an opportunity to generate THz radiation by
frequency modulation in a plasma (Bakhtiari et al., 2015a, b;
Chauhan & Parashar, 2014; Dua et al., 2011; Hu et al.,
2010; Liu & Tripathi, 2009; Malik & Singh, 2015; Parashar
et al., 2013; Sharma et al., 2010; Varshney et al., 2014a, b).

In the present work, the frequency modulation process is
carried out by beating process in a hot plasma with step
density profile. Bhasin and Tripathi (2009) investigated
THz radiation generation by the optical rectification of a
picoseconds laser pulse in rippled plasma and observed
that THz power is proportional to the amplitude of density
ripple. Its power enhances with DC magnetic field. A ring-
shape intensity distribution is obtained in azimuthal magnetic
field. Conversion efficiency ~0.04% (in terms of power) is
achieved using laser intensity of 3 x 10'> W/cm? in 30%
density rippled plasma. Liu et al. (2007) reported THz
radiation generation in air via bifilamentation of two
co-propagating laser pulses (femtosecond) with suitable
time delay. The amplitude of radiation having 0.1 THz
frequency radiation is enhanced ten times as compared
with the one due to a single pulse for a time delay of 2 ns.
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A femtosecond laser pulse propagating through air under-
goes filamentation and self-focusing, and form a plasma
channel; a strong dipole moment is developed, which emits
electromagnetic radiation. Yampolsky and Frainman (2006)
utilized four wave coupling to excite THz radiation in a
plasma-filled capillary. Two counterpropagating beating
lasers exert an axial ponderomotive force on plasma electrons
that drives longitudinal oscillations at plasma frequency. The
beat wave parametrically excites a pair of plasma wave and a
THz wave. The THz radiation propagates as transverse mag-
netic mode (with a small but finite electric field component
in longitudinal direction) in the plasma channel. Varshney
et al. (2013) proposed the scheme of beating by extraordinary
mode lasers in a rippled density magnetized plasma. With
the optimization of the parameters, the efficiency ~1077 is
achieved. Hematizadeh ez al. (2016) investigated the THz ra-
diation generation by beating of two lasers in magnetized
overdense plasma. Beating process achieved significant im-
portance as a source of producing high-power THz genera-
tion utilizing its non-linear longitudinal ponderomotive
force. THz radiation generation by beating lasers in a hot
plasma with step density profile is proposed by Kumar
et al. (2015). In this scheme, the efficiency of THz radiation
is enhanced by self-generated plasma wave. The THz power
becomes zero at normal incidence and increases with the
angle of incidence upto a maximum value.

In the present scheme, excitation of THz radiation genera-
tion by beating of two lasers in a hot magnetized plasma with
step density profile is proposed. Step density profile plays a
significant role when lasers incident obliquely on the plasma
surface. Strong coupling exists between self-generated
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2. PONDEROMOTIVE FORCE AND NON-LINEAR
DENSITY

Consider a hot magnetized plasma of electron temperature T,
with step density profile

for x > 0,
for x <0,

n = no,
-0 )]
where n is electron plasma density. The plasma has an embed-
ded static magnetic field B; = Byy. The temperature of plasma
electrons is T,. Two co-propagating lasers of frequencies w; and
w, are obliquely incident on step profile plasma at an angle 6
(Fig. 1). The electric field profile of beating is as follows:

E; = (2 — & tan 0) cos 0 Aje (@ ki@ sinO+xcost) ?
wherej = 1, 2. The electric field imparts electric force on plasma
electrons, and under the influence of this force, plasma electrons
start oscillating in x—z plane. Velocity components are calculated
by solving equation of motion for plasma electrons.

eAj .

= cos 0 + iw; sin B,

Vijx m(wf—wg)[wc + icw; sin 0] o
eAj .

= sin 0 — iw; cos O .

Vi m(wf—wg)[wc 1 iw; ]

Beating lasers couple non-linearly at difference frequency
w = w; — w, and wave vector K= El — 122, and exert a non-
linear ponderomotive force on plasma electrons in hot mag-
netized plasma.

)
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plasma wave and electromagnetic waves (excited in the
plasma). Due to beating of lasers, plasma electrons undergo
oscillatory motion at difference frequency and give rise to a
non-linear ponderomotive force. This force may drive a non-
linear current (at the beat frequency), which lies in the
x—z-plane. It can excite THz radiation if resonance conditions
are satisfied. In Sections 2 and 3, the expression of ponder-
omotive force and non-linear current density, and amplitude
of THz radiation are derived, respectively. Sections 4 and 5
are dedicated for results and discussion part.
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where —e and m are the electronic charge and electron mass,
respectively. Here * represents the complex conjugate.
Here ponderomotive force is an oscillating quantity at fre-
quency w = w; — w; and it is represented in the complex
form. Figures 2 and 3 exhibit the variation of non-linear
ponderomotive force as a function of angle of incidence 6
for different values of applied magnetic field and THz
radiation frequencies, respectively. The non-linear pondero-
motive force disturbs the plasma neutrality and plasma
electrons start oscillating (at frequency w and wave number k)
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Fig. 1. Schematic for terahertz generation for the step density profile.

in xz plane inside the plasma.
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The non-linear current density is calculated by solving
continuity equation.

ul\)IL _ m(%ﬁi@ [0 4 @) Fpek 4 (i0 — W) Fp, 2]. ©6)
The non-linear current density in xz plane would excite
p-polarized THz wave associated with a space charge
mode. Suppose the self-consistent electric field of this
combined mode be E, = A(x)e™“~%3 where k, =k, —
k. The plasma electrons start oscillating under the influence
of this self-consistent field. The oscillatory velocity of
plasma electrons is calculated by solving equation of

motion  [mov /ot =[—eE, — mv}, Vng/ng — e(v's x Bs)]
0.08 ——
0_07_' ——B_=357G
| —B.=1071G
0.06 4 ——B.=1785G
0.05
Qﬂ.
£ 0.04 -
$ 0.03
0.02 4
0.014
0.00 —l—s —
0 20 40 60 80

6

Fig. 2. Real and imagionary parts (f, and f g?) of normalized amplitude of
the reflected THz wave (eA,/mwyc)as a function of angle of incidence 6 for
different values of magnetic field at frequency 1.1 THz.
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x
n=n,
x>0
5
x<0
n=0
and Poisson’s equation (V.E = —nye/gp) simultaneously.

Here ¢, and vy, are the permittivity of the free space and ther-
mal velocity of the electron, respectively. The oscillatory ve-
locity v of plasma electrons is given by

SL eEw e
0= . +—
miw miw

2
VLSZ)V(V.E). )

L =4
(V w X Bs) - .
nple

The linear current density due to oscillatory motion of
plasma electrons is as follows:

: 2
L oL VgEo

To =T+ V(V.E), ®)
where
o 2E, 2 . .
Jh= MR T Gy B = G.E.
miw miw

Here G is conductivity tensor. One should note that oscillat-
ing physical quantities like plasma velocity and conductivity
tensors are used in complex notations in the present
manuscript.
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Fig. 3. Normalized ponderomotive force (f;,;) as a function of angle of in-
cidence 6 for different values of magnetic field B at normalized frequency
w=1.1THz.
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3. AMPLITUDE OF THz RADIATION

The wave equation governing THz radiation is given by
V2E, — ( V‘*‘)V(v E,) = —SJ -
0

where

This equation offers two solutions in the absence 9f the non-
linear source. First solution is a Langmuir wave Ex = A(X+
(k. /ksp)2)e*s*e~1@=k2) with V x E = 0; and second solution
is an electromagnetic wave

Ep = An(& — (kny/k,)2)efmxe= 01—k with V. E = 0 where

12
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kg = E |: h + P — kz Vih >
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Above-mentioned expressions of kg, and k,, also represent
the dispersion relation for Langmuir wave and electromag-
netic waves (in the absence of non-linear source term) in
plasma, respectively. One should note that hot plasma is
must for propagating electrostatic wave mentioned in
Eq. (9). In a cold plasma, one will have only damped
oscillations.

In the presence of a non-linear source term on the right-
hand side of Eq. (9), a particular solution exists. The oscillat-
ing field still varies as e~ "“/~ k7 and can be written as,

Ey = iwJN"/[eo(w® — w2 — K*v})] whose amplitude in the x
and z directions are as follows:

Agp = %[(wzsﬂ — IV — 02 N ey ks
0 (10)

2.2\ JNL 2 JNL
Ap = —[(u) e — K7V Jor — wend 1/&0xs

where £k = €8 — (W2ey — K2V3 )1/2/w4) There is no
magnetic field associated with E and E because V x E, = 0
and V x E = 0. The magnetic field a55001ated with Ey, is

(k2. +K2)

calculated by solving third Maxwell’s equation.

. k2 K2
)24 :5} " :)'k zA elkmx —i(wt—. kz) (11)
oWk

As compared with fields E;, Em, and Ep, which exist in x > 0
region, there exists only outgoing THz field in x < O region.
The electric field profile of outgoing THz wave can be written
as follow:

ER — Ar <A + &2) e—ikxxe—i(wt—kzz),
) (12)
X

A efikkxefi(u)tfk;z)
r .

Boundary conditions are employed to correlate fields in re-
gions x <0 and x> 0. E, and H, must be continuous at
vacuum plasma interface x = 0. The third boundary condition
is calculated from the z-component of Eq. (9), by integrating it
over x from 0~ to 0", to obtain

OF, s _ (0E.
(a k(1 Vth/C)E*>0r(ax

Using above mentioned boundary conditions, we have
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The amplitude of outgoing THz wave is obtained by solving
Egs (14)—(16) simultaneously
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Fig. 4. Real and imagionary parts (f},, and f;‘?) of normalized ponderomo-
tive force (fp.) as a function of angle of incidence 6for different values of
normalized frequency at magnetic field B; = 1071 G.

4. RESULTS

Equation (17) is solved numerically for the given parameters:
a; =eA;/mw;c=0.1, a, = eA,/mw, c=0.1, 0 = 5° — 90°,
and vy, = 0.03c. Figure 2 exhibits the variation in normalized
amplitude of the reflected THz wave (eA,/mw,c) as a func-
tion of angle of incidence 0 for different values of magnetic
field at w = 1.1 THz. The amplitude of THz radiation in-
creases with applied (transverse) DC magnetic field. Two
peaks are obtained corresponding to 6 ~ 10° and 6, ~
50°-60°. The dip between two peaks shifts toward higher
value of 0 as magnetic field increases. These peaks are cor-
responding to the variation of non-linear ponderomotive
force as shown in Figures 3 and 4. Real part of ponderomo-
tive force is in z-direction, f,, is responsible for amplitude
peak at 05 ~ 10°,while imaginary part of ponderomotive
force fg? is responsible for peak at 65 ~ 50°-60°. In the
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0.054 :: ._=11ITQTTF:-IZ
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o_ 4
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<
@
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Fig. 5. Normalized amplitude of the reflected THz wave (eA,/mwyc)as a
function of angle of incidence 8 for different values of THz wave frequency
without any external field.
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Fig. 6. Normalized amplitude of the reflected THz wave (eA,/mw,c)as a
function of angle of incidence 8 for different values of THz wave frequency
with applied DC field B, = 1071 G.

absence of magnetic field f),, = 0; only f i,"; exists; conse-
quently only one peak at 05 ~ 50° survives without DC mag-
netic field (Fig. 5). Figure 6 shows the variation of THz wave
amplitude as a function of angle of incidence 8 for different
values of radiation frequency at magnetic field B; = 1071 G.
Again, two THz amplitude peaks are obtained at 6 ~ 12° and
0 = 50-70°. Peak height of THz amplitude at lower angle re-
duces with radiation frequency, while peak at higher angle
enhances in height but shifts toward higher angle with radia-
tion frequency. This trend is corresponding to the variation of
fh. and f7 with radiation frequency in Figures 3 and 4).

5. DISCUSSION

Excitation of THz radiation by non-linear mixing of two
obliquely incident laser beams in step density magnetized
plasma is an attractive alternative because (i) the scheme
can be easily realized and (ii) it provides higher efficiency
due to coupling between THz radiation and plasma wave.
In the presence of transverse magnetic field, obliquely inci-
dent p-polarized beating lasers excite a non-linear surface
current, which is responsible for THz radiation generation
at resonance. For a particular (applied) magnetic field, THz
amplitude can be optimized at a particular angle (i.e. incident
angle of lasers), for example, maximum THz radiation ampli-
tude of frequency 1.1 THz is achieved at an optimum angle
~60° for B; = 1785 G. Optimum angle changes its position
with THz radiation frequency and applied magnetic field due
to change in resonance position. In the absence of transverse
magnetic field, only one peak in THz amplitude is observed
(Fig. 5), while two peaks along with a dip are observed in the
presence of applied magnetic field (Fig. 6). Two peaks are
obtained due to change in polarization of THz radiation.
Now, THz radiation propagates in the form of extraordinary
wave, which has two branches at different frequencies. Two
peaks in Figure 6 are corresponding to these branches. The
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dip between two peaks represents the damping regime, which
is corresponding to resonance at which wave dumps its
energy to plasma electrons. Applied magnetic field changes
not only the amplitude and the polarization of THz wave, but
it also introduces an imaginary part to the ponderomotive
force, which represents the phase difference between F, and

ELQ of beating lasers. Transverse magnetic field also controls
the phase velocity and group velocity of THz radiation. Hot
plasma is used to introduce frequency selectivity and for
better coupling between Langmuir wave and THz radiation.
In the present scheme, frequencies of beating lasers are
~100 THz, which corresponding to CO, laser. THz ampli-
tude increases with applied magnetic field and radiation fre-
quency due to enhanced coupling. Reduction in efficiency
due to the collision of electrons is ignored in this scheme.
In the present scheme, the kinetic effects are also ignored
in deducing drift velocity due to ponderomotive force be-
cause w > kvy,. For the electron response, isothermal ap-
proximation is inferred. The adiabatic approximation can
be valid by appropriately multiplying the temperature of elec-
tron with the ratio of specific heats at constant volume and
constant pressure. In this analysis, the effect of finite beam
size is ignored as beating lasers are incident obliquely on
plasma—vacuum interface. When angle of incidence becomes
zero, non-linear current density does not have the transverse
component and THz emission does not take place. The THz
amplitude 8 x 10° V/m is turned out for laser intensity 3 x
10® W/cm?, wavelength 1 pum and spot size 100 um. Analyt-
ical investigations show that the present scheme is quite ef-
fective for excitation of THz wave.
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