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It has been carried out theoretical study of phase characteristics, attenuation coefficient and wave field radial
structure of the dipolar high frequency electromagnetic wave that propagates along the waveguide structure that consists
of a slightly collisional non-uniform magnetized plasma column, enclosed by dielectric tube that is surrounded by
vacuum and placed within a cylindrical metal waveguide. External steady magnetic field is directed along the axis of
the waveguide system. The axial electron density distribution of gas discharge maintained by the wave considered in the

diffusion controlled regime was studied as well.
PACS: 52.35.Hr, 52.80.Pi

1. INTRODUCTION

The intensive theoretical and experimental studies of
gas discharges sustained by high-frequency travelling
surface wave (SW) are stipulated by their wide practical
using in numerous technological applications [1]. The SW
that sustains the discharge is the eigen wave of discharge
structure. This is the characteristic feature of such
discharges and leads to the strong influence of the SW
properties on the axial distribution of discharge
parameters. In real discharge systems plasma density is
always non-uniform in radial direction and the conditions
of upper hybrid resonance may take place at the periphery
of plasma column [2]. The efficiency of energy transfer
from SW into gas discharge plasma can be increased
substantially in such regions, where electromagnetic
waves transform into plasma waves [3]. This process can
affects greatly the plasma density axial structure in SW
sustained gas discharges. The main aim of this report is to
determine the influence of plasma density radial profile
on the SW properties and on the plasma density axial
structure in the discharges sustained by the dipolar SW in
diffusion controlled regime.

2. THEORETICAL FORMULATION
The SW considered propagates in magnetized
waveguide structure that consists of radially non-uniform
plasma column with radius R » enclosed by dielectric

tube with thickness A that is surrounded by vacuum and
placed within a cylindrical metal Waveguifie with radius
Rm . External steady magnetic field B o s directed
along the axis of the waveguide structure. Plasma is
considered in hydrodynamic approximation as cold and
slightly absorbing medium with constant effective
electron-neutral collision frequency v in the discharge
volume. In the considered case this frequency is much
less than SW generator frequency @ . Plasma density
radial profile n(r) was chosen in Bessel-like form

givenby n(r)=n(0) JO(,u r R;_l) , where J ) is

the Bessel function and g is the parameter, which
characterizes the plasma density non-uniformity. This
non-uniformity parameter u can varies from u=0
(radially uniform profile) to wu=2 .405 (perfect

ambipolar diffusion profile). The SW propagation is
governed by the system of Maxwell equations. This wave
possesses all six components of electromagnetic field. For
arbitrary discharge parameters (plasma density radial
profile, external magnetic field value, geometrical
parameters of discharge structure) in the case when
waveguide is filled by radially non-uniform magnetized
plasma this system can be solved only with the help of
numerical methods. In the case considered, when plasma
density, SW wavelength and it’s amplitude vary slightly
along the discharge column at the distances of the wave
length order, the solution of the system of Maxwell
equations in cylindrical coordinate system (r O, Z) for
SW field components E , Fl can be found in WKB
form:
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E, I_:I(r,(p,z,t)=E, I_:I(r)exp z[f k3(z')dz'—a)t
Zo
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where K5 is SW axial wavenumber.

Applying expression (1) to the system considered one
can reduce it into the system of four ordinary differential
equations for the tangential SW components in plasma

column (0<r<R p)- In spite of the low value of

collision frequency (v <<a)) it is necessary to keep
imaginary addends in the expressions of the permittivity

tensor €, 3 of magnetized plasma. These imaginary
addends give the possibility to carry out the numerical
integration of the system of ordinary differential
equations in the region when upper hybrid resonance
occurs. In dielectric and vacuum regions the system of
Maxwell equations can be solved analytically and one can
obtain the expressions for tangential wave field
components [4]. The local dispersion equation can be
obtained by applying the conditions of continuity of the
tangential field components at the plasma-glass tube and
glass tube-vacuum region interfaces. The condition of
vanishing of the SW electric field at the waveguide
metallic wall is also applied.

Therefore, the complex local dispersion equation is
obtained, the real part of its complex solution for
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wavenumber gives wavelength and imaginary part gives
SW attenuation coefficient. To solve the dispersion
equation one must firstly solve the system of ordinary
differential equations under the fixed values of k3 and
@ . Then, one solve the local dispersion equation and
find the eigen value of k5 or @ .

In the case considered it is possible to obtain axial
electron density variation as an intricate function of
attenuation coefficient. The axial profile of dimensionless

. 2 -2 . .
density N=w pe® can be theoretically determined
from the energy balance equation of gas discharge
stationary state in diffusion controlled regime [1]. When
mean power that maintains an electron in the discharge
and electron effective collision frequency for momentum
transfer v are constant in discharge volume, one can
obtain equation that governs plasma density axial
distribution in the form:

d N _ 2Na

d¢ __va)_](l —(do/dN )No™ ")
where a=Im(k3)R

.C

» is the dimensionless attenuation

coefficient and &=vz(wR p)_l is the dimensionless

axial coordinate [1].

It is necessary to mention that the SW can maintain
the stable discharge in diffusion regime only at the
regions in the phase diagrams where the Zakrzewski’s
stability condition is fulfilled. In dimensionless variables
this condition can be written as [1, 5]:

d o 3)
dN N
3. DISCUSSION

To determine axial distribution of plasma density in
gas discharge it is necessary firstly to find the phase
properties and attenuation coefficient of the wave. Unlike
the usual dispersion equation connecting wave frequency
and wave length under the fixed value of plasma density,
the local dispersion equation in the considered case,
(when wave frequency is fixed and is determined by the
generator's frequency @ ), connects local value of
plasma density and wavelength. Some results of
numerical solution of the local dispersion equation for
different external discharge parameters are presented in

the Fig. 1-4. The calculations were carried out for the
-1

dimensionless parameters Q=w PONENR
_ -1 _ 4p-1 _ -1

O'—Rpwc , 5—ARP , ﬂ—Rme and

P=vew ! (where @, is electron cyclotron frequency

and c¢ is light velocity in vacuum).

Fig. 1,2 present the influence of the vacuum gap
thickness on the SW properties. The numerical
calculations have shown that at a fixed wavelength the
decrease of the vacuum gap thickness leads to the
decrease the wave phase velocity (Fig. 1) and to the
increase of its attenuation coefficient o (Fig.2), as in
the case of symmetric waves. It is necessary to mention
the fact that at some value of parameter # the SW
attenuation  coefficient increases sharply (curves
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corresponds to #=1.7 =1 .74 at Fig.2), but the
wavenumber remains finite. Thus, variation of the
parameter 7 value strongly affects the region on phase
diagrams where SW can maintain the stable discharge in
diffusion controlled regime. At all figures the boundaries
of the stable regions on phase and attenuation diagrams
are marked by circles (left boundary) and triangles (right
boundary). The existence on the same phase curve the
regions with two opposite slopes leads to the strong
restriction of the stable discharge region (compare the
curves  corresponds to  x=1.51.6 and

n=1.7+1 .74 onFigs. 1,2).
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Fig. 1. The dependence of the SW phase properties on the
value of the vacuum gap thickness for radially uniform
plasma. Numbers at the curves correspond to the
parameter ¥ value. Other dimensionless parameters are

equal to $=0.001, ¢,=4.5, 0Q=0.2,
c=0.3, 0=0.3 and m=—1
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Fig. 2. The dependence of the SW attenuation coefficient
o on the value of the vacuum gap thickness for radially
uniform plasma. The parameters are the same as in Fig. |

The increase of dimensionless plasma column radius
o (when o<1 ) leads to the decrease of SW phase
velocity and SW attenuation coefficient. The analysis has
shown that one can mark out the regions with two
different SW behavior. When parameter ¢ is rather

small (0 <0, ) the dispersion equation possesses the

solutions with Re (k3) R =0 . When o >0, thereis

7

p
a region on the phase curve at small Re (k 3) R p Values
where SW cannot exist.

In real conditions the dimensions of discharge vessel
are fixed and they are determined by the diameter of
dielectric and metal tubes, where the discharge occurs.



So, it is possible to control discharge parameters due to  be maintained in the discharge by the SW considered
variation of an external magnetic field value. The  grows with the increase of parameter u value. At the
dependence of the phase and attenuation properties of the  same time the dimensional length of the discharge
wave on the several values of dimensionless magnetic  becomes smaller.

field value (2 are given in Fig. 3,4. The study has

0.18
shown that the increase of the parameter (2 results in o m(sRy)
the retardation of the wave in the region of small 0.15 0.2
Re (k4R values and acceleration of SW in the region 0001
3 p g
of large Re (k 3)R p (Fig.3). The SW attenuation 0044
coefficient grows with the increase of the parameter (2 0034 06
value (Fig. 4). 0029 0.9
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Fig. 4. The dependence of the SW attenuation coefficient

051 0o o on the external magnetic field value for radially
04 06 uniform plasma. The parameters are the same as in Fig. 3
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SJEKTPOMATHUTHASA TUITOJIBHAS BOJTHA B MATHUTOAKTUBHOM HEOJHOPOJHOM
CTOJIBE IIVIA3MBbI

B.I1. Onegup, A.E.Cnopos

[IpoBeneHo Teopernueckoe ucciaegOBaHHE (DA30BBIX XapaKTEPUCTHK, KOI(PPHUIMEHTa IPOCTPAHCTBEHHOTO
3aTyXaHusl ¥ PaauanbHOM CTPYKTYpbl MOJS JUIOJBHOW 3JEKTPOMAarHUTHOM BOJIHBI, PacHpOCTpaHSIOMIEHCS BAOJb
CTPYKTYPBI, COCTOSIICH M3 CIa00CTOJKHOBHUTEIBHOW HEOIHOPOMHOW MAarHUTOAKTHBHOM IUIa3Mbl, OrpaHHYCHHOMN
JIMDJIEKTPUYECKONH TpPyOKOW, OKPY)KEHHOH BaKyyMOM W MOMENIEHHOW BHYTPh LWJIMHIPUYECKOTO METAUIMYECKOTO
BOJHOBOZAA. BHeIIHee MarHUTHOE II0J€ HAIpaBJICHO BIOJIb OCH CTPYKTypbl. MccienoBaHO TakkKe aKCHAaJIbHOE
pacmpenelieHde IUIOTHOCTH IUIa3Mbl B paspsize, IMOANEPKUBAEMOM JUIOIbHOW BOJHOM M IPOTEKAIOLIEM B
I Y3HOHHOM peKAME.

EJEKTPOMATI'HUTHA JUITOJIBHA XBWJIA B MATHITOAKTUBHOMY HEOJHOPIJTHOMY CTOBIII
IIJIAZMHA

B.I1. Onegip, A.E.Cnopos

[IpoBeneHo TeopeTnyHe AOCTIKEHHS ()Aa30BUX XapaKTEPUCTHK, KOedilieHTa MPOCTOPOBOTO 3aracaHHs Ta palialibHOT
CTPYKTYPH IOJIS AWUIOJBHOI €IEeKTPOMArHiTHOI XBWII, IO PO3MOBCIOKY€ETHCS B3IOBXK CTPYKTYPH, KA CKIANAETHCS 3
HEOJHOPIHOI MAarHiTOaKTUBHOI IUIa3MHM 3 MO0 YacTOTOI 3iTKHEHb E€JEKTPOHIB, OOMEXEHOI JieNeKTPHYHOIO
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TpyOKOIO, OTOYCHOI0 BaKyyMOM Ta PO3TAIIOBAHOI BCEPEAWHI IMIIHAPHIHOTO METaJIeBOTO XBWIJIEBOAY. 3O0BHIIIHE
MarHiTHE TOJIe CHPSIMOBAaHE B3JIOBXK OCI CTPYKTYpH. JIOCHIIPKEHO TaKOXX akCiaJbHUI pPO3MONLNT TYCTHHH IIa3MH B
PO3psizli, IO MiATPUMYETHCS TUIIOJIBHOIO XBIJICIO Ta MPOTIKAE B ANPY31HHOMY PEXHUMI.
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