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Abstract

Terahertz (THz) radiation generation by nonlinear mixing of two laser beams, obliquely incident on an overdense plasma is
investigated. In an overdense plasma, the laser beams penetrate to only thin layer of a plasma surface and reflected. At this
thin layer, the laser beams exert a ponderomotive force on the electrons of plasma and impart them oscillatory velocity at
the different frequency of lasers. THz waves appear in the reflected component from the plasma surface. The amplitude of
THz waves can be augmented by applying the magnetic field perpendicular to the direction of propagation of lasers. It is
found that the field strength of the emitted THz radiations is sensitive to the angle of incident of the laser beams, beat
frequency, and magnetic field strength. In this scheme, the magnetic field strength plays an important role for strong

THz wave generation.
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1. INTRODUCTION

The problem of efficient generation of terahertz (THz) radia-
tion, frequency range 0.1-10 THz, has attracted considerable
interest over the past 10 years due to a lot of important prom-
ising applications. Numerous applications can be found in a
wide range of fields such as physics, chemistry, biology, in-
formation, and security (Cooke & Jespen, 2009; Bartman
etal.,2011; Tao et al.,2011; Kim et al., 2012). Various tech-
niques have been employed for THz generation using high-
power lasers. Many laser-based THz emitters have been pro-
posed to generate THz wave, using electro-optic crystals
(ZnTe, GaAs, LiNbo3, etc.), semiconductors and photocon-
ductive antennas (Jepsen et al., 1996; Hashimshony et al.,
1999; Lee et al., 2000; Faure et al., 2004; Vodopyanov,
2008; Chen et al., 2011). When the energy or focusing inten-
sity of the pump laser is high, the materials may be damaged
(Li et al., 2012b). In contrast, plasmas can overcome the
damage problem of neutral materials. Recent studies have
shown that plasmas are promising media to generate strong
THz radiation (Sheng et al., 2005). In principle, the laser in-
tensity can be arbitrarily high for plasmas. The typical inten-
sity of a multi-terawatt (TW) laser system is higher than
10'® w/cm? (up to 10?' w/cm? with a Petawatt laser) (Li
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et al., 2012b). Hamster et al. (1993) observed a high-power
THz radiation from a plasma short pulse produced by laser,
employing 1 TW, 100 fs laser beam focused on gas and
solid targets. They also observed THz radiation in a laser-
induced plasma channel where ponderomotive force drives
radiation. Antonsen et al. (2007) examined the ponderomo-
tive force-driven THz radiation generation in a plasma with
space periodic axial density variation. Wu et al. (2007)
have studied the effect of transverse magnetic field on the
wakefield process and found a significant enhancement in
the efficiency of THz generation. Fedele et al. (1986) have
reported radial electric field components generated by the
propagation of two electromagnetic waves resonantly beating
in a plasma. Malik et al. (2010) investigated the THz gener-
ation by tunnel ionization of a gas jet with the help of super-
posed femtosecond laser pulses and by laser beating in
periodically modulated plasma. They also reported the gener-
ation of tunable THz radiation under the application of 2 fs
laser pulses with an external magnetic field (Malik &
Malik, 2011). The resonant excitation of THz radiation by
beating of two spatial-Gaussian laser beams has been pro-
posed by Malik er al. (2012). Bakhtiari et al. (2015a) have
studied the THz generation by beating of two dark hollow
laser beams and two circular flat-topped laser beams. Bakh-
tiari et al. (2015b) have showed strongly THz radiation gen-
eration through shape control of emitted THz radiation in
collisional plasmas. Chauhan and Parashar (2014) have
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considered two laser beams, which obliquely incident on a
plasma slab for two different electron density profiles. Para-
shar (2014) has reported THz radiation by beating of two
laser beams, which obliquely incident on the plasma.
Kumar et al. (2015) investigated THz generation in hot
plasma with step density profile by two obliquely incident
of lasers on the plasma. Compared with low-density gases,
overdense plasmas of solids have higher electron density
thus holding the promise of producing higher-power THz
pulses (Li er al. 2012b). Interaction of laser with an over-
dense plasma also results in generation of electromagnetic ra-
diation at harmonics of incident wave in the reflected
component. Gopal et al. (2012) have reported experimental
observation of THz radiation from the rear surface of a
solid target with an intense laser pulse and showed THz radi-
ation is mostly emitted at large angles to the target normal.
Adak et al. (2015) have observed experimentally THz radia-
tion by a pump pulse at an angle of 45° and a probe pulse at
near normal incident, which are focused on a polished BK-7
glass target. Weiss et al. (2000) have showed experimentally
by applying an external magnetic field, the power of the gen-
erated THz radiation is increased for all examined semicon-
ductor materials. Hangyo et al. (2001) have studied
experimentally THz radiation from indium arsenide (InAs)
surfaces in the presence of the magnetic field, which excited
by femtosecond laser pulses. McLaughlin et al. (2000) have
demonstrated experimentally enhancement of THz emission
from InAs in the presence of magnetic fields up to 8 T.
Migita and Hangyo (2001) have reported experimentally en-
hancement of THz radiation from InAs surfaces under mag-
netic fields excited by ultrashort laser pulses for low and high
pump power densities. Li et al. (2012a) have reported a
plasma-based strong THz source generated in intense
laser—solid interactions at relativistic intensities when the
laser pulses are incident onto a copper foil at 67.5° Li
et al. (2011) have studied interactions of 100 fs laser pulses
with solid targets. Shvartsburg and Stenflo (1994) have for-
mulated a new method to study reflection of wideband elec-
tromagnetic pulses at a plasma boundary. Aliev et al. (1993)
have studied total backward reflection of electromagnetic ra-
diation due to resonant excitation of surface wave over
plasma. Parashar et al. (2013) have studied THz radiation
in the overdense plasma. Chen et al. (2013) have studied
THz radiation by interaction of a relativistic circularly polar-
ized laser pulse with an overdense plasma and have showed
remarkably intense THz pulses.

In this work, we study THz radiation generation via non-
linear mixing of two obliquely incident laser beams over
an overdense plasma in the presence of magnetic field. Over-
dense plasmas have been considered since it can be easily re-
alized by employing a metallic sheet or a semiconductor.
Also contrary to neutral materials and plasma filaments,
almost arbitrarily high laser energies and intensities can be
used in laser—solid interactions (Li et al., 2012b).

This paper is organized as follows: In Section 2, we study
nonlinear oscillatory current density due to the ponderomotive
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force developed during photo mixing of two laser beams in the
presence of static magnetic field. In Sections 3 and 4, we eval-
uate the THz radiation field and efficiency. In Section 5, we
present the results of analytical investigations. Conclusions
are presented in Section 6.

2. CALCULATION OF NONLINEAR CURRENT
DENSITY

We consider two p-polarized lasers with frequencies w;, w,
and wave vector ki, k», propagating and polarized in the xy-
plane that obliquely incident on an overdense plasma in the
presence of a static magnetic field B, along the z-direction
(Fig. 1).

We consider the electric field of incident lasers as

E :Ifjoexp<—i<wjt—ﬁcos&x—ﬁsin&y)), (1)
c c

where Ejo = Ajo(— tan 0% + 9), j = 1,2.

In an overdense plasma, where the frequency of incident
laser beam smaller than plasma frequency, the electromag-
netic radiation cannot penetrate deeply into the plasma. It
penetrates into the plasma as far as the evanescence length,
which is of the order of ~c/w, (Bulanov et al., 2001),
where, c is the speed of light in the vacuum and w,, is the
plasma frequency. Therefore the transmitted fields of laser
in the plasma, can be written as (Parashar et al., 2013).

R w; sin 6;
Eqx=(y——2L1"—%]|TA;
JjT <y ¢ i(lj )] Jjo

X exp(—i(wjt - %Sin 0y — %COS eix)> @

X exp(—a;x),

where a; = (u)f)/c2 - wjz cos? 0;/cA)'2, w, = (dnnge*/m)''?,
T;=2/(1 + (iw;/ ajc)cosB)), ng is equilibrium electron density,
m and e are the electron mass and charge. Since the plasma is
overdense, the plasma frequency w, must be larger than w; and
w;,. Itis supposed that w; > w,, therefore ny > n.. n. is the crit-
ical density and given by n. = mw?}/4me®. Lasers impart
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Fig. 1. Schematic diagram of THz radiation generation from overdense
plasma.
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oscillatory velocity to the electrons of plasma v = eE;/miw;
and exert beat frequency ponderomotive force on them.

F’NL

> V(i e 7). 3)

NIS

The nonlinear perturbations in the electron density nNL due to
nonlinear ponderomotive force F _NL are obtained by solvmg of
continuity equation

Moo MG (N N O 4
e m(w? — w?) ’(p T iw )’ “)

where w, = eBg/mc, w = w; — w, are the electron cyclotron
frequency and beating frequency. The dens1ty perturbation pro-
duces a self-consistent space charge ﬁeld E= —qu that also
produces a density perturbatlon nt = —(x. /4ne)V (V ),
where ¥, = —wz/ (w — w?). Llnear ponderomotive _ force
is given by FL = qub Using Poisson’s equation V. (Vd))
4me(nt 4 nd') and equation of motion m(dv\"/df) = F“+
FNL EJIL X (eBp/c)z the nonlinear electron velocity ob-
tained as follows:

W = [ £k +£5] exp(—(aq + ap)x)

X exp(—i[u)t — kyx — k_vy]), ©)

where f., f,, fo, ky, and k, are defined as

fo
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From Eq. (5) we can calculate the nonlinear current density
TN as

NL _ NL
Jo = —ngevy-,
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x exp(—i[wt — kex — kyy]). ©)

3. THZ RADIATION GENERATION

The wave equation governing the THz wave is derived from
the third and fourth Maxwell’s equations

2 . —Ai
Y E, = N (7)
C

= w

—

V2E, — V(V.E) +

where € is the electric permittivity tensor with compon-
ents ey =g, =1 — (wg/(w2 — @), ey = —g = (iwgwc/
w(w? — wz)), g, =1— (wg/wz), and &, =g, =€, =¢;,=
0 (Bittencourt, 2004). The solution of wave equation in the
vacuum x < 0 is given by plane wave as

_ _. k, . .
Ey = Ery, =AR|:k—"X+Yi|
X

®)
X exp(—i[wr + kex + kyy]).

Equation (7) is nonhomogeneous second-order partial differ-
ential equation. The general solution of this equation compris-
es fromits particular solution and solution of homogeneous part.
Homogeneous part of Eq. (7) is V2E, — V(V.E,) + (0?/c?)
sz = 0, which its solution is as
Atr[8% + y]exp(—i[wt — kex — kyy]),

where

_ (_ky[3 + (wz/cz)syx)
TR+ (@A)

w? Sfx
= |—lea+2) -k
p J 2\ + .~ y

Particular solution of Eq. (7) is given by

[E'0xk + E'0,9] exp(—(a + a2)x)
x exp(—i[wr — kex — kyy]).

where
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!
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2

Fullik, — (a1 + a2))iky — e

X >

H(—k; + 2 &)

Therefore, general solution of Eq. (7) in the plasma x > 0 is

= At [6x -+ y]
e +[E 0 + E'oy9] exp(—(a; + az)x) )
X exp(—i[wt —kex — kyy]).

Ag and At are the constant coefficients. On applying the boun-

dary conditions atx = 0, (Ep), = (En)yand (eg_px = (enEmy-We
obtain from Egs (8) and (9)
AR = Ar + Ep, (10)
and
ky / /
AR;: ex[ATS + E'o] — en[Ar + E'oy ). (1D

From Eqs (10) and (11), the amplitude of generated THz wave in
the reflected component is obtained as follows:

_sxx(SE/Oy + E)ch/Ox

A =\ |.
| Rl ky/kx - 8)“6 + Syx

(12)

4. THZ RADIATION EFFICIENCY

The efficiency of the emitted radiation is the ratio of the
energy of THz radiation and the energy of the incident
lasers. According to Rothwell and Cloud (2009) in general,
the average electromagnetic energy stored per unit volume
is given by the formula:

e 0 }2,
WEizga—wi w; ——2 <|E| > (13)

The energy densities of the incident lasers and THz radiation
are evaluated as

2
2
Wpump 87'[ 6(0 |: ( - _§>:|<|Epump’ ) and
& 0 w? 2
WTH =g |: (1 _w_g)i|<‘ETHz’ ),

respectively. Based on this and following the method used by
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Malik et al. (2014), the efficiency of the THz radiation (1)) is
calculated as

1 |—&udEoy + enElo

_WrH _ (|Eru|*) _ L
A2 Uy fh) — £ + eyl

Wpump B <’Epump|2> B

14

5. RESULTS AND DISCUSSION

We have used the following set of parameters A; = 9.6, A, =
9.75 um, and eAo/w;mc = 0.003. The typical parameters
can be belonged to a CO2 laser. Plasma frequency supposed
as w, =2.25X 10'* rad/s, which is corresponding to the
electron density ny = 1.6 X 10" ecm ™. Critical density sup-
posed as n, = 1.2x 10'"” cm ™. In Figure 2, the normalized
THz wave amplitude |Agx/A ol versus angle of incident
lasers 6; is plotted. As the figure shows, in the absence of
magnetic field the normalized THz amplitude has a mini-
mum about 6; = 20° and a maximum about 0; = 70°. In the
presence of a magnetic field, the form of curve roughly
does not change, but the magnetic field increases generated
THz amplitude for all angles of incident.

Figure 3 shows the variation of efficiency of THz radiation
with normalized beating frequency for different values of
magnetic field strength. From this figure it is clear that the
effect of magnetic field gradually disappears in large beating
frequency. Also by increasing of beating frequency the effi-
ciency is decreasing, the similar behavior occurs in the
underdense plasma (Malik et al, 2014). This figure and
Figure 4 illustrate that the present scheme of frequency-
mixing of two laser beams in an overdense magnetized
plasma is very effective. High efficiency can be obtained if

x 10

14

12}
B~4kG .-

101

20 40 60 80

Fig. 2. Normalized THz amplitude |Ag /A ¢l versus angle of incident 6, for
different values of magnetic field strength.
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Fig. 3. Variation of efficiency of THz radiation versus normalized beating
frequency for different values of strength of magnetic field.

large angle of incident lasers and strong magnetic field are
used. Figure 3 also shows that the efficiency of THz radiation
from an overdense magnetized plasma is greater than the
underdense plasma (Malik et al. 2010, 2012, 2014; Malik
& Malik, 2011; Bakhtiari et al. 2015a, b). Malik and
Singh (2015) have proposed THz radiation generation by
beating of two super-Gaussian lasers in rippled density
plasma and realized the efficiency about 0.25 for an applied
magnetic field about 60 kG, where the present scheme can be
realized efficiency about 0.27 for the applied magnetic field
about 50 kG.

0.4
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= o02f 3 \ |
) g ]
LY f”” ‘\\\
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Fig. 4. Efficiency of THz radiation versus angle of incident 6; for different
values of strength of magnetic field, when w/w, = 0.01338.
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6. CONCLUSION

We have presented a scheme for THz generation based on
nonlinear mixing of two obliquely incident laser beams on
an overdense magnetized plasma. It is investigated that the
amplitude and efficiency of the THz wave increases with in-
creasing of magnetic field also THz wave amplitude can be
optimized at a particular angle which occurred in large inci-
dent angle of lasers. Our analytical investigations show that
this scheme is quite effective for getting the strong THz radi-
ation and the efficiency of THz radiation from an overdense
magnetized plasma is greater than the underdense plasma. A
natural extension for future works is to include collision into
this scheme.
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