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Abstract: The paper presents a theoretical model for terahertz (THz) radiation generation at the difference
frequency of two waves namely x-mode laser and upper hybrid wave (UHW). By considering relativistic
nonlinearity, filamentation (self focusing) of x-mode laser propagating perpendicular to the direction of ambient
magnetic field in plasma is first investigated. This resulting localized beam interacts with the UHW to produce a
nonlinear current at the THz frequency range. The differential equation for beam-width parameter is obtained by
using the dielectric function within the paraxial ray approximations. Subsequently, an expression for THz electric
field is derived by including the effect of relativistic self-focusing of pump laser. Our analytical and numerical
calculations show that the relativistic self focusing and magnetic field play a crucial role to enhance the THz
radiation generation.
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I.  Introduction

From the few decades, THz domain has witnessed significant attention and improvements and has
become an important research tool in many important areas of science and engineering because of its sources
got diverse applications in biological imaging, remote sensing and inspections for illegal drugs and bombs in
mail [1-3].

Plasma [4], as a nonlinear medium, has the ability to generate high power coherent and incoherent THz
radiations in comparison to other conventional THz generation mechanisms [5, 6].

The self-focusing phenomenon [7, 8] is dependent on the intensity distribution along the beam wave
front. It is a topic of utmost importance and it effects a lot of fields such as optical harmonic generation [9, 10],
inertial confinement fusion [11, 12], ionospheric modification [13,14], laser-electron acceleration [15,16] and
THz emission obtained by the nonlinear Laser-plasma interactions [17-24]. The generation of THz radiations
from laser filaments is also high and has been investigated extensively. The THz frequency waves of few
hundred nJ pulse energy was experimentally observed [23] with two fold magnitude magnification in the power
level of THz radiation which is due to the filamentation of air by the two colour femtosecond lasers. A scheme
of THz wave’s emission by the plasma filament created by a high power {5 laser pulse has been investigated by
a 2D-PIC simulation [24]. A THz wave having linear polarisation (in the plane containing the static electric
field) was investigated from laser filaments in the presence of a static, transverse electric field 10KV/cm in
plasma. Filamentation is also found responsible for three fold energy enhancement of THz wave by Houard et
al. [20] .

It has become possible to investigate the advanced regime of relativistic laser—matter interactions
because of the occurrence of tetra watt lasers at centred intensities as high as 10*® W/cm?. The self-focusing and
self-channelling of an intense laser beam at relativistic power in a review comprehensively [33, 34].

Three dimensional particles in cell simulations have been used to form the filaments and generate the
multimegagauss magnetic field during the laser plasma interaction in relativistic regime [35].

We study THz frequency radiation generation scheme, based on the non-linear interaction of x-mode
laser with UHW. For this purpose we have studied the relativistic self-focusing associated with x-mode laser in

the magnetized plasma. A proper match of pump wave frequency (a)o) and UHW frequency(a)l)gives an

electromagnetic radiation of THz frequency ((02) via the beating current. Thus, there is a resonant excitation of
the THz radiation through the proper matching condition.
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Section 2 describes the analytical study of the self focusing of extraordinary mode of laser beam
through the magnetized plasma in the relativistic domain. Section 3 represents the UHW and THz dispersion
relations respectively. We have given the discussion and conclusion of results in sections 4and 5.

I1. Relativistic Self Focusing of X- Mode Laser Beam
The extraordinary laser beam (x-mode) propagation inside a homogeneous magnetized plasma along X -

direction and perpendicular on an external magnetic field B, aligned in Z -direction. The variation of x-mode
electric field EO may be written as follows

Eo=(E, X +E, Y Jexp—i (et —kox ), o)

where, @, and k0 represents the angular frequency and propagation wave vector respectively which is related
by

1
ko =(& )2 (%) @)

C isthe light speed and &, is the dielectric constant in relativistic case which is given by
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where, @y, =| ——— | @, =(a)pe +a)ce) and @, =—— are the angular frequencies of the electron
m, m.C

plasma wave , upper hybrid wave and electron cyclotron respectively, also N,, M, and —e represent the

plasma density , electron rest mass and electron charge respectively.
The relativistic factor y in Eq. (3) refers to the variation of the dielectric constant due to the increase in

the electron mass at relativistic case is given by [36]

2
L,
=1+ |, @)
where v is the electron oscillating velocity imparted by electric field of laser beam
l * * 1
UO - ﬁ(UOx .UOX +UOy 'on )2 ! (5)
The equation for the electric field of high power laser beam is given as
0 . - e/, =
m,y—u, =—E,——(0,xB, ), (6)
AP 0 ( 0 0)
From Eqg. (6), one may get the velocity components U, and v, of the electron as
—ie )
Uoy = e E, - = e E,. )
My ya, (1_ zcezJ m072a’§ (1_ zcezJ
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For the x-mode laser, one can introduce the following equations [37]
V-g-E, =0, ©)
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using Egs.(9-12) , then Eq.(7) and Eq.(8) will take the following forms
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Taking the complex conjugates ugx and U;y of v,, and Upy then substituting in Eq. (5) and Eq.(4),
the relativistic factor y can be written as

2 2
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The relativistic factor y may be written as following [38]
y=1+aEE].
By equating Eq.(15) and Eq.(16), we get

(16)
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where, o refers to the relativistic nonlinearity which is occurring due to electron mass increment which oscillating
in high intense laser field.

By putting the value of y from Eq. (16) into Eq. (4), we get

) ) > > 2 2
a)pe 1_ a)pe pze 1_ pze + Cze
a)02 a)g Wy @, Wy .
: aEE]. (18)
2
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In the above equation &, includes the non relativistic part &, and the relativistic part &,,
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where,

& =1- 5 : (19)
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The wave equation of laser beam inside the plasma can be written as follows:
2
2 = @ =
\Y E0=V(V~E0)—C—2(g,-EO). (21)
Using EQ.(9) and Eq.(10) we can write[36]
. —&.(¢&, 0E, OE
o, 0%
SXX (("XX ay ax
Substituting Eq. (18) and Eq. (22) into Eq. (21)
0°E, O°E P
y y _ 2 0 *
W'F?—(ko +C—282EyEy Ey’ (23)
where the products of nonlinear terms with second order space derivatives have been ignored and assuming — =0
in two dimensional beam case.
To solve Eq.(23) we introduce
E, = A, exp—i(apt—kx), (24)
where Ay is a function of space which may be written as [7]
A, =A,(x z)expi(k,S), (25)
A, isareal functionand S is the phase of the laser beam.
Putting Eq.(24) and Eq.(25) in Eq.(23) and on solving for the real and imaginary parts we get
2 2
oS 0S 1 0°A
2— 4| — :iAOZ+ - 2, (26)
ox \ oz & koA, oz
A 2 A 2 2
N L[5 Ao +—aiA02=O, (27)
OX oz oz oz
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Assuming S = EZ Zﬁ(x )+¢ and introducing Gaussian laser beam A7 = —2 exp

where [ (X) is the curvature of the wave front and

approximation then substituting in Eq.(27) we get ,B(X) =

fo

|

_22

r’f,

J

fO(X) beam width parameter also using paraxial ray

1,
f, dx
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Employing A(Z) and B(X) in Eg. (26) thus for initially plane wavefront conditions (i.e.
df
f,=1and d—°:0 at x=0) we obtain
X

2 2
d<f, _ 1 &Ey 28)
2 2¢3 2¢27
dx*  Ryf,” &Iy f,
where R, =K, I’ represents diffraction length and I is the initial radius beam.

The first term in RHS of Eq. (28) is responsible for the diffraction of the beam (linear term) and the other
term is the converging term (nonlinear term) resulting in self focusing of the laser beam. When the initial laser power

is greater than critical power, the nonlinear term will overcome the linear term and hence the laser beam spot size f0

will decrease along beam propagation direction. One can expect that at the balance of the diffraction and converging
terms the laser beam will propagate inside plasma with constant spot size.

I11. THZ Dynamics

The mechanism of the THz wave (Et N ,IZI) production depends upon the nonlinear interaction

between x-mode high intense laser beam (Eo,wo,lzo) and the UHW (El,a)l,kz) introducing the phase

matching, k: = k} - kl and @} = @y, — @ conditions. The electric fields for the UHW and THz waves are given
by-
E, = RE, exp—i(ayt —kx), (29)

E, = YE, exp—i(agt—kXx), (30)
where (k1 = (a)g N )/th ) is the propagation wave vector of UHW and (Uth = JKgT, /mo) is electron

thermal velocity.
The essential equations which govern the interactions between above electric fields inside plasma are
(@ The momentum equation

o0 oy = 1. s =\ keT;VN,
mj[ - +(J.-V)Uj:|=ej[E+EujX(BO+B):‘—W, (31)

(b) The continuity equation
on;, ~
—L+V-(n;5;)=0, (32)
at 17
(c) Faraday equation

VxE = _%%, (33)
(d) Ampere equation
a *+1%, (34)
C C

where  m;,y; ,Tj ,N; denotes the mass, fluid velocity, temperature and the particle density of jth species

and j stand for electron and ions respectively. kB and C are Boltzmann constant and light velocity in vacuum.

B, is the external magnetic field whereas E and B are the electric and magnetic fields of waves.

The total current density J, for THz field Et may be governed by the following wave equation [39]
0°E, 4rdl, 1 0°E
2t =2 : T 2t ' (35)
OX c° ot c° ot
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the total current density th is given by
= i 1\ (n;
_ —i —e
Ji =eny (0 — Ty _[E e n—“ NyVy , (36)
0
where N, represent fluctuation density in UHW , superscript * denotes the complex conjugate of that quantity. In

low frequency field, using Eq.(31) , the ion and electron velocities z) and th, may be given as

i a)zl N ie = (0% Kk T
Uy :(1_ 7 ZJ Ey +—= > (37)
L a ym; Va
2 N\ kT,
— :[1_ Czt)cezj ( —le Ety+ a) V [ jJ’ (38)
L @, yMy 7 a)t m, Ny

where N, is the fluctuation density in THz field.

Using continuity equation, the fluctuation density N, may be written as:

_ ieE, @ . . ,
here, v, = — 5y 8 the electron velocity in UHW field.
m, ((01 — W )
Substituting equation of fluctuation density N, and Egs. (37) and (38) in Eq.(36), one can rewrite Eq. (35) to be
’Ey 10°Ey 1 0°Ey|_ 4an T, 6°Ey Y i eeL . (39)
arara RV B o AT 2t

n

where g1 =—=is normalized fluctuation density of UHW and V , = \/BOZ/(47znO]/mi ) is Alfvén velocity.
r]0

It is important to mention that Eq.(39) has been written by introducing a quasi-neutrality condition (ni =N, = no)

and cold ion plasma (Ti = O) also by assuming (a)t2 0 ktzutf]) and (a)t2 [ a)ci) . Ny is background density of

plasma.

We can get Eg. (39) in the following form

82Ety t pek1 kT Cot € )

o | & 2 v [ T o (1+(a)cea)pe/( o)) (@ -a)kEL (40

IV. Discussion of Numerical Results
We have solved equation Eq. (28) numerically by using initial conditions fo =1 and d_o =0 at
X
X =0, by using the following set of parameters from experimental observations [40]:Pump beam intensity

(1)=10"W /cm? 1, =10um, e, = 2.395x10*rad /sec, ¢/ @, =0.1285.m

o= 2.393x10"rad /sec. In Eq. (28), the diffraction phenomenon leads to the divergence of the beam and

second term arises due to the relativistic non linearity which is responsible for self-focusing. The difference in
magnitude of these two terms, governs the focusing/defocusing behaviour of the beam. If the magnitude of the
first term exceeds the second term, then divergence of the beam occurs and for a reverse situation focusing of

the beam is observed.
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Figure (1) is the plot between beam width parameter fO and & for three distinct values of magnetic

field viz. B, =4.6,4.7and 4.8 MG . The diffraction of beam begins with increasing the magnetic field. This

is due to dominance of diffraction term over the non-linear self-focusing term with increase in magnetic field.
Fig. 1 shows that the self-focusing length reduces with magnetic field because quasi stationary magnetic field is
generated at relativistic power. There is an increase in the self focusing with plasma density because at very high
power, relativistic electrons propagate with the laser pulse, which produces a huge amount of current, resulting
an enhancement in the self focusing due to the higher pinching effect of magnetic field.

Now our goal here is to make theoretical predictions that are possible to verify experimentally for
efficient methods for qualitative as well as quantitative calculations for THz generation. For this purpose, we
solve Eq. (40), numerically by using the above parameters.

Figure 2 depicts the THz field variation versus the normalized distance of propagation when laser
beam exhibit oscillatory focusing at varying magnetic field. There is an enhancement in the normalized THz
amplitude by increasing the magnetic field. These parameters, for laser frequency

@, =2.395 x10"rad /sec, plasma frequency C/a)p =0.1277um, correspond to

B, =4.6,4.7and 4.8 MG. The huge magnetic fields of up to 10° G [41-45] have been observed in the
regards of THz generation [46] in nonlinear coupling of high -intensity short-pulse laser and plasmas. We find
that the THz wave has the fields approximately 0.04194 E,,, 0.08316 E,, and 0.2827 E,, for the different

values of magnetic field B, =4.6,4.7and 4.8 MG as shown in Fig. 2. The generated field at THz

frequency in the current scheme is larger than some other schemes of THz generation [47, 48].
THz radiation power spectres’ are shown in Fig. (3) for increasing values of magnetic field

B, =4.8,4.9and 5 MG. In this figure THz field acquires a larger value as electron cyclotron frequency
increases. The THz power comes out to be 1.262x107*P,,1.884x107°P,, 3.011x107*P,, for the different

values of magnetic field, where P0 is the incident laser power.

V. Conclusion

A significant effect of relativistic self-focusing of x-mode laser beam (with paraxial approximation) on
the amplitude and power of THz generation has been observed. We have also shown that the increase in the laser
intensity due to self-focusing effect leads to higher amplitude of THz radiation and hence THz generation is
dominated by self-focusing of laser beam. The resulting self focused beam couples with the UHW which
produces to generate the THz frequency radiation. The magnetic field also affects the nonlinear coupling. The self
focusing of a x-mode relativistic laser beam in magneto plasma is significantly enhanced by the ambient magnetic
field. We get the enhancement in the THz wave amplitude with increase in the magnetic field because of the
linear dependency of THz radiation amplitude on the x-mode laser amplitude obvious from Eq. (40).
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FIG.1. (Color online) Variation of beam width parameter f, with normalized distance & =
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FIG. 1
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electron cyclotron frequency @, /@, = 0.0353, 0.0360, 0.0367 .
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FI1G.2. Normalized THz radiation field amplitude and vs. normalized distance for different values of electron
cyclotron frequency @, /@, = 0.0353, 0.0360, 0.0367 for the same parameters as in Fig. 1.
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FIG.3. Power spectra of THz radiation at the end of simulation for different values of magnetic field
B, =4.8,4.9and 5 MG for the same parameters as in Fig. 1.
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