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Instability of surface cyclotron X-modes at the second harmonic of electron cyclotron frequency (SCXM) in di-
electric planar waveguide filled by plasma is studied in kinetic approximation. An external magnetic field is as-
sumed parallel to the plasma surface. Doing that, two components of the SCXM wave vector, which are perpendicu-
lar to external magnetic filed have been taken into the account in Vlasov-Boltzmann kinetic equation. Unlike the
previous consideration an amplitude value of the alternating electric field is assumed to be either less or approxi-
mately equal to unit. Simple expressions for growth rates of the SCXM parametrical instability are calculated. The
obtained results can be used for controlling of gas discharges sustained by surface waves under the regime of elec-

tron cyclotron resonance.
PACS: 52.40.Fd; 52.77.-j; 52.25.Dg

1. INTRODUCTION

The work develops theory of the surface electron
cyclotron waves’ parametrical instability. Parametrical
effect of the external alternating electric field on plas-
mas is studied during a long time [1]. Thus parametrical
excitation of the bulk cyclotron waves is examined ana-
lytically rather well see e.g. [2,3] as compared with the
case of surface waves’ (SW) excitation. The SW para-
metrical instabilities have some peculiarities as com-
pared with the case of bulk waves parametrical instabili-
ties [4]. These instabilities are characterized by different
dependences of their growth rates upon the alternating
electric fields’ amplitude and plasmas’ parameters.

Parametric excitation of the SW at the second har-
monic of electron cyclotron frequency in planar dielec-
tric waveguides with uniform plasma filling is examined
here. The study is carried out in the framework of ki-
netic description [5]. The SCXM dispersion properties
were considered in monograph [6] using simple model
of semi-bounded plasma. It was shown, that their skin-
depth into plasma is approximately equal to their wave-
length in the approach, if plasma density is supposed to
be relatively large (Langmuir frequency is larger than
electron cyclotron frequency: Q, > |a)e|) and plasma

spatial dispersion is weak, i.e. Larmor radii of the plas-
ma charged particles are essentially less than the SCXM
wavelengths |k| Py <<1, here subscript « describes

plasma species: electrons (a=e) and positively
charged ions (« =i). But these results have been ob-
tained by the aid of simplified assumption neglecting
the wave vector component, which is oriented perpen-
dicularly to the plasma surface. It was explained by ap-
plication the approach of weak spatial dispersion of the
plasma while solving the kinetic equation.

Unlike the indicated simplified assumption of the
[6], here we take into the account both components of
the wave vector: k = lgl + IEZ (they are oriented along X

and Y coordinates, respectively), the wave vector is per-
pendicular to an external magnetic field B, which is

directed along the Z axis. It allows us to make some

correction of numerical coefficient in analytical expres-
sion for the SCXM eigen frequency and to improve the-
ory of parametrical influence of an external alternating
electric field on these modes.

The paper is organized as follows. In Section 2 we
study dispersion properties of the SCXM propagating
across an external steady magnetic field in plasma filled
planar dielectric waveguides at the second electron cy-
clotron harmonic. In Section 3 we examine the paramet-
rical instability of the electron SCXM excited by exter-
nal alternating electrical field. Simple analytical expres-
sions for their growth rates’ values are derived. The
paper is concluded by a short Summary.

2. DISPERSION OF THE SCXM

Let’s consider uniform plasma that occupies the
half-space 0<x and that is bounded on the plane
x=0 by a dielectric medium with dielectric coeffi-
cient: £; . The model of uniform plasma is applicable if

a scale of non-uniformity is much larger than wave's
penetration depth into the plasma region. On the other
hand, as far as we consider here electromagnetic pertur-
bations just at the harmonics of electron cyclotron fre-
quency then they are affected mainly just by an external
magnetic field value but not by a plasma density non-
uniformity. External steady magnetic field B is parallel

to the plasma-dielectric interface. The studied surface
modes with components: E,,E,,H_ propagate along

the ¥ direction across B, . Plasma particles behavior is

governed by kinetic Vlasov-Boltzmann equation and the
SCXM fields are described by Maxwell equations. De-
pendence of the SCXM fields upon time and coordi-
nates is chosen in the following form:
E,,,H, < f(x)explikyy—io?).

We supposed that there is no dependence upon Z co-
ordinate. One can't derive dispersion equation for the
SCXM in general form (for implicit value of the elec-
tron cyclotron harmonics’ number S ). So let’s consider
the case S =2 because of its practical significance.

Using method of Fourier transformation one can find
out expression for Fourier coefficient of tangential
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component of SCXM electric field. By the aid of theory
of residuals one can obtain expression for plasma im-
pedance and then by the aid of linear boundary condi-
tions for tangential component of the waves’ fields de-
rive dispersion equation for SCXM propagating at the
second harmonic of electron cyclotron frequency:

kaq0(£12(q0) +i7) ]
2, .2 2,2 2 25017 )
(q0 + k)1 -Qck; p, (46107h) ]
here &), are components of plasma permeability in

g ten+l=

approach of cold magneto-active plasma, &, is non-
diagonal component of plasma permeability tensor that
is obtained in a kinetic approach [5], g is root of the

equation &11(k; =¢qo) =0, which is located in upper
semi-plane of the complex plane of wave vector com-
ponent lgl, h= 1—2|a)e|/  is the shift of SCXM fre-

quency from the second electron cyclotron harmonic.
Appearance of multiplier in square brackets in the de-
nominator of equation (1) makes it differ from that one,
which was obtained in monograph [6]. Nevertheless its
solution is not sufficiently differed from that one, which
is indicated in [6]. It is explained by the following cir-
cumstance: dispersion equation represented in [6] has
been derived in supposition that: &11(k :i|k2|)=51,

which is correct for the presented consideration. Be-
cause of that relative error for the shift of SCXM fre-
quency, which was obtained in [6] under the assumption

about smallness of |q0|, has been found small. In the
present consideration, value of this root is gg = i|k2|/ 3

for the approach of dense plasma (Qg >> a)ez ). The

main distinguishing feature of the presented dispersion
equation (1) is absence the wave, which is propagating

along +Y direction. So electron SCXM propagate
along direction of Larmor precession for electrons lo-
cated just nearby the plasma surface, i.e. their wave
number k<0 and frequency value decreases with in-
creasing |k, p,|. Dispersion relation for the SCXM un-

der considered conditions is as follows:
o= 2w, |((1+k3p7 16). )
Using asymptotical expressions of the non-integrant
kernel of the plasma conductivity tensor values [7] one
can calculate the SCXM damping decrement caused by
interaction between plasma particles and plasma bound-
ary. Its value is approximately equal to szThl/ 20! , as

it was indicated in [6]. Collisions between plasma parti-
cles carry on their contribution into the process of the
SCXM damping. The value of the collisional damping
rate is proportional to the effective value of the collision
frequency of electrons: x,,; =Vk, /(2ewh) . Estimating
the integral damping rate of these modes one can con-
clude that they are weakly damped, the waves with long
wavelengths damp more strongly than the modes with
short wave lengths.

3. PARAMETRIC EXCITATION
OF THE SCXM

Let’s suppose in this section that considered wave-
guide structure is affected by alternating electrical

field: £ cos(wyt) L Z . Solution of the kinetic equation

allows one to drive two components of electrical conduc-
tivity tensor of magneto-active plasma calculated in ki-
netic approach, which are applied:

s iQisze”’“ls(ya)
O-”(p)zz Z‘, dr(w,,, —sw,)y *

Qi < Qise_y“
oplp)=-) — —_—
12(p) ; 4z Sﬂmé_w An(Wy s —SOy)
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here g= <1,

2_ 2
My (w5 - Wy )
J,(x) is Bessel function of the first type, summing up
over indexes s,m,n can be carried out independently
from -0 to +o0, @,,, = aJ+(p+m)aJO, 1,(z) and

1 m (v) are modified Bessel function and its derivative

over argument, accordingly.

In order to derive set of equations, which describes
excitation of electron SCXM one can apply the follow-
ing boundary conditions: continuity of the tangential
component of the SCXM electric field on the plasma-
dielectric boundary and discontinuity of the magnetic
field on the plane: x =0, which is caused by nonlinear
surface electric current flowing along the plasma sur-
face. To formulate this non-linear boundary condition
one can solve set of Maxwell equation using Fourier
method. Doing that, reverse Fourier transformation can
be carried out according to theory of residues. Thus dis-
continuity of magnetic component of the SCMX field
can be written in the following form:

a)ﬂ

i
k|

+0
H (=0~ 2 B (= 0 =25 0D
-0
)
Application of the indicated boundary conditions al-
lows one to derive infinite set of equations for satellite
harmonics of tangential component of SCXM electric
field, which include in themselves influence of external
alternating electric field on plasma. Let’s supposed that
the following resonant condition is realized:

a):2|a)e|+AT +dw, (6)
here A is the frequency shift determined by the plas-

ma particles thermal motion (see eq.(2)) and Jdw is cor-
rection to the electron SCXM eigen frequency caused
by affect of alternating electric field. Under the resonant
condition (6), taking into the account only the nearest
satellite harmonics of the tangential component of the
electron SCXM field one can reduce the mentioned
above infinite set of equations to the following one,
which is formulated for determinant constructed of co-
efficients herewith harmonics of the tangential compo-
nent of the SCXM electric field:

F(—l) F(71,+1) F(—1,+2)
F(O,—l) F(O) F(07+1) =0, (7)
F(+1,—2) F(+1,—1) F(+1)

here
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Solution of the equation (7) for the limiting case of
dense plasma (Qg >> a)g ) has the following form:

Sw~-2A1 /3+i0.3|goky p,Ar|. 8)

Expression (8) coincides with the result obtained in the
framework of the previous simplified model with accu-
racy to within numerical multipliers. Thus general fea-
tures of the SCXM growth rate remain the same and its
value is larger than the SCXM damping rate for the range
of relatively short wavelengths: |k2 pe| >0.25 [8].

Analyzing expression (8) one can see, that paramet-
rical influence of the external alternating electric field
on the SCXM dispersion leads to decreasing of their
frequency. The SCXM growth rates strongly decrease
with increasing their wavelength and decreasing ampli-
tude of the alternating electric field. It’s interesting to
underline that: — the electron SCXM excitation by an
alternating electric field can be realized only for the
waves with k, <0 (it is true both for the present model
and for the previous model); — unlike the result obtained
in [8], amplitude of an external alternating electric field
can be relatively larger g, <1 in the present approach.

SUMMARY

Motivated by problem of the plasma edge physics
dispersion properties of the SCXM and their parametri-
cal instability caused by affect of an external alternating
electric field have been studied. We have derived equa-

tions that consistently describe the SCXM dispersion
and their parametrical excitation. Simple analytical ex-
pressions for their eigen frequencies, their damping
rates due to collisions between plasma particles and
growth rates due to parametric instability are found out.
The predictions of the presented theory can be interest-
ing for the plasma edge physics and experiments de-
voted to gas discharges sustained by surface waves [9].
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TEOPHS IOBEPXHOCTHBIX IIUKJIOTPOHHBIX X-MO/I HA BTOPOIi TAPMOHMKE 3JIEKTPOHHOI
HUKJIOTPOHHOM YACTOTBI, BO3BYKJIAEMBIX IEPEMEHHBIM JIEKTPUYECKHAM IOJIEM

A.B. I'upka, B.A. I'upka, U.B. Ilasnenko

HeycTolunBOCTh MOBEPXHOCTHBIX ITUKIOTPOHHBIX X-MOJI Ha BTOPON TaPMOHMKE JEKTPOHHBIX ITUKIOTPOHHBIX
gactoT ([TL[XM) B IUIIEKTPUIECKUX TUIAHAPHBIX BOTHOBOJAX C TUTA3MEHHBIM HAMIOJHEHHEM HCCIICOBaHA B KHHE-
THYECKOM MPHONMKeHNN. BHEITHEe MarHUTHOE TOJIE CYMTAIOCH MapalIeIbHBIM TOBEPXHOCTH IIa3Mbl. [Ipu sToM
JIBE KOMITOHEHTHI BOTHOBOTO BekTopa [TL[XM, neprneHanKyIspHble BHEITHEMY MarHUTHOMY TIOJIIO, OBLUTH YYTCHBI B
KHHETHYECKOM ypaBHeHUN BnacoBa-bonpnmMana. B omnmume ot mpenbiaymiero moaxona K pemeHnio 3Toi mpooie-
MBI aMIUTUTY/Ia BHEITHETO MEPEMEHHOTO AJIEKTPUYECKOTO TIOJIS MPEATIoNarajgach MEHBIICH TN MPHOIA3HTEIEHO
paBHOH eaunuLe. IIpocThie BeIpakeHUs 11 HHKPEMEHTOB NapaMmerpudeckoi HeycTtoiuuBocT ITIIXM BbIBENECHBI.
[TomyuyeHHbIe pe3yabTaThl MOTYT OBITH HCIIOJIB30BaHbI IPH YIIPABICHUN T'a30BBIMU Pa3psAAaMHu, KOTOPBIEC MOAAEPKHU-
BAIOTCsI MIOBEPXHOCTHBIMU BOJHAMH B PEKUME JIEKTPOHHOTO IUKJIOTPOHHOTO PE30OHAHCA.

TEOPISI IOBEPXHEBUX IIUKJIOTPOHHUX X-MO/I HA IPYT' Wil TAPMOHIII EJJEKTPOHHOI
IOMUKJIOTPOHHOI YACTOTH, 1O 3BYI)KYIOThCS 3SMIHHUM EJEKTPUYHUM ITOJEM
A.B. TI'ipka, B.O. I'ipka, 1.B. Ilagnenko

HecrtiiikicTb OBEpXHEBUX MUKIOTPOHHUX X-MOJ HA JAPYTid TapMOHIII €NEKTPOHHUX HUKIOTPOHHHUX YacCTOT
(IIIIXM) y nmieneKTprYHUX IUIAaHAPHUX XBHJICBOAAX 13 IUIA3MOBHM HATIOBHEHHSIM JOCHIHKEHO Yy KIHETUIHOMY Ha-
ObkeHHi. 30BHIIIHE MarHiTHE MOJIe BBAXKAIOCS MapayieIbHUM MexXi TiazmMu. [Ipu oMy 1Bi KOMIIOHEHTH XBUIIBO-
Boro BekTopa [1L[XM, 110 € nepneHauKyISPHUMHU 10 30BHIIIHBOTO MarHiTHOTO MOJIs, OyJIM BpaxoBaHI y KiHETHY-
HOMY piBHsiHHI BnacoBa-bosbiiMana. Ha BinMiHy Bij monepenHboro miIxomy A0 po3B’s3aHHs 1€l MpoOiaeMu amii-
JITyAa 30BHIMIHBOTO 3MIHHOTO €JICKTPUYHOTO OISl BBaXKasacsi MEHIIOK a0 MpHOIM3HO piBHOW omunwmIl. [IpocTi
BUpA3H IS IHKPEMEHTIB mapaMeTpruHoi HecTikikocti TTL[XM BuBeneHo. 3100yTi pe3ynbTaTd MOXHA BUKOPHCTATH
NPU KePyBaHHI ra30BUMH PO3PSAaMH, IO MiATPUMYIOTHCS OBEPXHEBUMHU XBHIISIMH Y PEKHMI €JIEKTPOHHOTO IHK-
JIOTPOHHOTO PE30HAHCY.
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