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Abstract

This paper investigates the linear generation of ﬁ%a es in both cold and warm non-magnetized and

magnetized plasma. Using a fluid-plasma th Maxwell’s equations in the presence of an external

magnetic field (ﬁ o = €. H,), we deriv ing equations for wave generation via linear interactions
between incident waves of identical @zation. Analytical solutions reveal that both S- and P-polarized

incident waves generate P-polari rface waves, demonstrating polarization selectivity induced by
magnetic anisotropy. The

1de insight into wave mechanisms at plasma boundaries and suggest
potential applications in pla ased wave control and frequency conversion. These findings provide
new insight into the anisms governing surface wave behavior in magnetized warm plasmas

and extend earl‘g limited to unmagnetized or cold plasma models.
I

Keywords: Q ion of surface waves / Magnetized warm plasma / S- and P- polarization.
PACS:(43.35°Pt,52.25. Xz, 52.38.—.

z 1. Introduction

Surface waves in magnetized warm plasma are oscillations that propagate along the
interface between the plasma and another medium, such as a vacuum or a different plasma. Their
behavior is strongly influenced by the presence of a magnetic field and the thermal motion of
plasma particles. Unlike waves in unmagnetized or cold plasmas, these surface waves exhibit
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distinct characteristics, including modified dispersion relations and altered propagation properties
[1-4].

The generation of potential surface waves in inhomogeneous plasma layers has been
investigated, particularly when the frequency of the incident wave is close to the Langmuir
frequency of plasma electrons. Additionally, the generation of P-polarized and complex-freque
waves has been examined as a consequence of nonlinear interactions of S-polarized surface S
at the plasma boundary in semi-bounded magnetized plasmas [5-8]. More recently, te
effects including Landau damping have been examined in studies of dust surface here
increased ion or electron temperatures alter both frequency and damping rates [9- %

High-frequency surface waves have also been examined at the boundary p adjacent plasma
currents in the presence of an inhomogeneous magnetic field. To investi e their properties, the
dispersion relation was derived and analyzed for both transverse and lo nal modes of surface

wave propagation in plasma-vacuum systems, as well as in case% boundary [13-16].

Recent advances in nonlinear plasma modeling, including p b ve expansion techniques and
variational methods, have provided robust frameworks for s ve—wave interactions in bounded
magnetized systems. For instance, N. Han et al. (2022) [17] e d s1mllar fluid-Maxwell formulations
to analyze harmonic generation in warm plasmas, Whll R."Hossen et al. (2022) [18] extended such
models to include kinetic corrections. These studiés core the adaptability of the fluid approach for
capturing essential nonlinear coupling mechanis nvoklng full kinetic complexity.

In this paper, we investigate the tion of surface waves in plasma arising from the
interaction of polarized waves with t %

several parameters on the behavio
emphasizes the derivation
warm and cold non-magneti

surface waves can be gen and sustained in magnetized warm plasmas, and how polarization
and plasma conditio influénce surface wave generation.

2. Basic equat

a medium. Furthermore, we analyze the influence of

eration of these waves. Unlike earlier studies, our work
rder differential equations for P-polarized surface waves in
smas, providing deeper insight into the conditions under which

The th. r%a >&nalysw is based on Maxwell’s equations combined with the fluid model for

asr@iynamrcs. To account for finite temperature effects, we consider the influence of an

external uniform magnetic field (H =e_H,) directed along the z-axis of wave propagation.

The governing equations that describe this system are given by:

f
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where; N_ and 170, are the density and mean velocity of o —ty We in the plasma, v is the

collision frequency, £ and H are the electric and ma@d intensities, D is the electric

is the current density, c is the

a

flux, VP, =N, KT, is the pressure gradient (the ffect), J
[ J

velocity of light, K is the Boltzmann constan@a ther terms have their usual meaning.

The methodology employed in this sq@ased on a perturbative analytical approach within the
framework of nonlinear fluid pla @fry. Starting from Maxwell’s equations coupled with the cold

plasma fluid equations, e physical variables (velocity, electric, and magnetic fields) up to

second order in wave litude to capture nonlinear interactions. The resulting inhomogeneous wave

equations (6) an%@ solved using the method of variation of parameters, a standard analytical technique

for linear di al equations with source terms. This approach is consistent with established methods in

nonlineﬁaljsma wave theory, as seen in works such as Phys. Lett. A (2017) [19] and IEEE Trans. Plasma

v ) [20], where similar perturbative schemes are used to study wave coupling in magnetized
1

pldsmas. No statistical tests are required as the results are derived analytically from first principles.

The current density J ., 1s defined through the plasma quantities
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J,=e,N,V, ®)

The plasma density distribution has been examined under the influence of the interaction

between the electromagnetic wave and the plasma, providing insight into how Wave-pla%

coupling modifies plasma properties. It is convenient to expand N, and V in the form‘

Nazl’l()a-i-na;ﬁa:ﬁ)a-l-ﬁa;ﬁoa:ézVoa QQ&

The preceding set of equations provides an accurate description of small plitude

perturbations. )&

By linearizing the above system of equations, we small deviations (perturbations)

from the equilibrium state (n, <<n,,; Va| << |V0a|) d represent both the perturbations and the
L ]

fields in the form F(x,y,z,t) ~ f(x)e"("yw’)_c}r\

3. Fundamental S-Surface Wave

J.=J,=0
. (7)
J.= 47gPDE b

where, D @% represents the warmness effect of the electron plasma,
Ph

KT
V‘gﬂk is the phase velocity, ¥, =—— is the thermal velocity of the electron plasma and
m

dme’n .
w, = 1 s the Langmuir frequency of plasma.
m

Using Maxwell’s equations (4) and (7) we obtain
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H_ = NE.
ic OE
H =——= 8
Y o Ox ®
H. =0
where, N=£.

10} ([ ]

From equations (3) and (8), we obtain the following differential equation, which @s the
electric field component E_ of polarized surface waves of type S in the forQ@

O’E.

=z Ak =0 p& ©
. "Q:
where, yo, =k’ —Er> 0 6\‘
2
1) E y
& =1- a)—‘;DT &
[ J
X+ is the wave number along the x-axis and & ielectric constant of warm plasma.
For a cold plasma, i.e., V,=0=D, = differential equation describing the electric field

component £ of polarized surfac@)f type S becomes:
o O
—Z2— . E =0 (10)

)
ations (9) and (10), it is evident that the static magnetic field has no effect on surface
ves in either warm or cold plasma.

Figure (1) below illustrates the variation of the electric field intensity in the linear case
along the x-axis. The results show that, for both warm and cold plasmas, the field behavior is
initially identical up to a certain distance inside the plasma. Beyond this point, however, the
intensity increases significantly in the warm plasma, leading to a stronger decay of the S-polarized
surface wave within the plasma.
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Analytically derived variation of the generated surface wave components. These results are based

on numerical evaluation of Eq. (10) using parameters given in Section 5. The oscillatory behavior of E

in Fig. 1 reflects the periodic energy exchange between electromagnetic and electrostatic

components, a hallmark of surface waves in magnetized plasmas.
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Figure 1: Variation of the electric-field intengity \0 case) along the x-axis for S-polarized

surface waves in warm and cold plasmas.

&

4. Fundamental P-Surface Waves

In contrast to the S-surface wave
In this case, we obtain the(fol
component H _of polari r

o
e
<4

e waves of type P in the form:

axg

), kL ( ! J>o
E€ur

2

8 —8 606()
2 _1_ D , ~2P
8 Tm a)Tm
eH, -, 212 2
c= ’meza)DT_a)c
mc

@, 1s the cyclotron frequency.
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For a cold plasma, i.e.,, V;, =0= D, =1 , the differential equation describing the electric field

component /_of polarized surface waves of type P becomes:

o(10H ,
e —| — =5 H.=0 12
max(gm ax j ZPm z ( )

2
where, y;, = %(N g, )— gmkg(%J >0 %\
1“m &

For an unmagnetized plasma, ie., H,=0=w, =0, the differenti@q ation describing the
electric field component H _of polarized surface waves of type @nes:

e%(i@ HZJ—L%THZ -0 Y&l (13)
x\ & Ox

k : ™
where, 7, ZF(Nz_gT)>O &\

The differential equation describing t@etic field along the z-axis for polarized surface waves
v

of type P in acold, unmagnetized %

¢ a(Lasz_Z;C _0 (14)

r=0=>D,=1, H =020, = 0) is given as follows:

“ox g, Ox

e eéﬁnal magnetic field Ho introduces anisotropy, which modifies the dielectric response of
the medium. This anisotropy is manifested in the form of the cyclotron frequency c appearing in
the source terms Ss_.» and Sy_.». The Lorentz force g(VXHO0) acting on charged particles induces

a velocity component perpendicular to both the wave electric field and Ho, thereby coupling
different polarization states. This coupling is responsible for the conversion of S-polarized incident
waves into P-polarized surface waves, even though both incident and generated waves may share
the same polarization type in some cases. The absence of thermal pressure in the cold plasma
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model implies that nonlinearities arise solely from convective and Lorentz force terms, focusing
the energy exchange mechanism squarely on electromagnetic and kinetic coupling rather than
thermal effects.
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Figure 2: Variation of the magnetic-field inteﬁé@:ﬂar case) along the x-axis for P-polarized
surface waves in a cold magnetized plasma co

A\ )
The monotonic increase in amplitude with H0 (Fig. 2) is due to the strengthening of the

agnetized plasma.

Lorentz force, which enhances the linear current density responsible for wave generation.

Y
%ariation of magnetic field intensity in the linear case along the
x-axis. The results indi t)in a cold magnetized plasma, the change is greater than in a cold
non-magnetized pla 18 enhanced variation leads to stronger attenuation of the P-polarized
surface wave Wlt ld magnetized plasma.

The theoretlcal predictions of this study can be validated experimentally in laboratory magnetized
plasma devices such as helicon plasma sources, Q-machines, or tokamak edge plasmas. By launching
controlled S- or P-polarized microwave beams toward a plasma—dielectric interface and measuring the
emitted surface wave spectrum using RF probes or optical diagnostics, one could verify the polarization
'conversion and frequency upshifting effects predicted here. Similar experimental setups have been used to

study linear surface waves; extending them to nonlinear regimes is a feasible next step.
|4

5. Conclusions
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This study develops a theoretical model for linear surface wave generation in magnetized
cold plasma. In this work, we analyzed S-polarized surface waves in both warm, non-magnetized
plasmas and cold, non-magnetized plasmas, deriving second-order differential equations that
describe the electric field in the z direction, as given in equations (9) and (10). We then examined
the influence of an external magnetic field on these waves and found that it had no effect, yielding
results identical to those of the non-magnetized plasma case. While our results indicate that for/Sy
polarized waves static magnetic field has negligible effect in the warm and cold non-magn€tizcd
plasma cases, recent work [19,20] shows that under topological transitions of equiffequercy
surfaces, magnetization can lead to nontrivial changes in surface propagation. To,flldStrate the
physical relevance of our model, we adopt typical laboratory plasma parameters: electron
density ne = 10'®m™3, external magnetic field Ho=0.1T (yielding cycldtron\ fréquency wc ~
1.76 x 1010 rad/s), and incident wave frequencies in the microwave range,w ~ 10! rad/s. These
values are representative of magnetized plasma experiments in device$,such as tokamaks or
helicon plasma sources. The chosen frequencies are below the electzonplasma frequency wpe =
5.64 x 10! rad/s, ensuring wave propagation near the plasma bgunidary. The collision frequency
is taken as v = 107 s™1, corresponding to weakly collisional, régifhes. These parameters ensure
that the cold plasma approximation remains valid and thdgmonlinear coupling is dominated by
electromagnetic rather than thermal effects.

In the case of P-polarized surface waves, We derived second-order differential equations
describing the magnetic field in the z-direction foryboth warm and cold non-magnetized plasmas,
as shown in equations (11)-(14). These results highlight how plasma temperature significantly
influences the behavior of P-type surface Wayes, extending the understanding of wave propagation
beyond the cold plasma approximation, Future work may explore nonlinear effects and oblique
incidence to further clarify the mechanisms governing surface wave generation and attenuation in
magnetized warm plasmas.

The conclusions drawn are a direct logical extension of the analytical results:

Eq. (9) shows that S-polarized incident waves generate P-polarized surface waves via the source
term SS—P, which depends on c.

Eq. (14) confirms that P-polarized incident waves also excite P-polarized surface modes,
indicating polarization selectivity.

The magnetic field dependence in Figs. 1-2 arises explicitly from the cyclotron terms in the
source functions, validating the role of /0 in enhancing linear case.

These findings advance the fundamental understanding of linear wave in bounded plasmas
and suggest practical applications in plasma-based frequency converters, electromagnetic wave
modulators, and diagnostic tools for laboratory and space plasmas. Future work could extend this
model to warm or relativistic plasmas and experimental validation.
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