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This paper is devoted to the dispersion properties of high-frequency axial symmetric potential surface waves propa-
gating in a cylindrical waveguide structure. The structure is supposed to consist of a radially non-uniform plasma layer,
partially filling a metal waveguide and immersed in an external axial magnetic field. The influence of the waveguide
structure parameters, as well as the magnetic field value, on frequency, phase and group velocities, resonance damping
of the surface waves is investigated both numerically and analytically.
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1. INTRODUCTION

To increase the plasma heating efficiency is one of the
important problems in discharge maintenance by traveling
surface waves (SWs) under low gas pressure [1, 2]. At
those conditions, the collision mechanism of SW power
transfer to a plasma becomes ineffective. It motivates the
study of collisionless methods of plasma heating. One of
them is resonant absorption of SWs that takes place in
those plasma regions where the wave frequency is close
to the upper hybrid one [3, 4]. The aim of this paper is to
study the plasma parameter and external magnetic field
influence on propagation and resonant damping of sym-
metric SWs in coaxial vacuum-plasma-vacuum-metal
structures.

2. TASK STATEMENT

Let us consider high-frequency axial symmetric poten-
tial SWs that propagate along a cylindrical waveguide
structure, which consists of a radially non-uniform plasma
layer partially filling a metal waveguide with a radius R .
The radial distribution of the plasma density is uniform,
n=nqy, in the region R +d <r<Ry—d and varies

from ny to zero in the narrow (d << R)) transition re-
gions Ry <r<R;y+d and R, <r<R,—d, where R
and R, are the internal and external radiuses of the
plasma layer. An external steady magnetic field, H, is

supposed to be directed along the waveguide structure
axis. The plasma is considered to be a cold weakly colli-
sion medium with an effective electron collision fre-
quency v << @, where @ is the wave frequency.

The dispersion relation of the considered surface
waves has the following form
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; k3 is the axial wavenumber; 2
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@, >0 are the electron plasma and cyclotron frequencies;
X1 =k3~/€3/ & is the inverse depth of the SW penetra-

tion into the plasma; r; are the points inside the transient

regions, where the upper hybrid resonance & (r;)="0
takes place, r; ~ R;; Iy and K are the modified cylin-

drical Bessel and McDonald functions of the zero order.
3. RESULTS AND DISCUSSION

Dispersion relation (1) describes propagation of two
symmetric surface waves. The first wave propagates
along the internal interface of the non-uniform plasma
layer, whereas the second one does along the external
border. General solution of dispersion equation (1) at ar-
bitrary values of the waveguide parameters and external
magnetic field can be obtained numerically only (fig. 1).
Nevertheless, in some cases, analytical solution of equa-
tion (1) can be found.

3.1 LONG SURFACE WAVES

Firstly, we consider long symmetric SWs, when

k3R, y1R, <<1. For the waves propagating at the inter-

nal border of the plasma layer, for an arbitrary ratio of the
radiuses R; and R,, one can write
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The presented expressions demonstrate that these waves
are backward. Their frequency grows with an increase of
the external magnetic field (fig. 1a) and weakly depends
on the ratio of the external and internal radiuses of the
plasma. It does not depend on value of the metal
waveguide radius also (fig. 2a).
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Fig.1. Influence of the external magnetic field on disper-
sion of the SWs propagating at the internal (a) and exter-
nal (b) interfaces of the cylindrical plasma layer, in the
case of Ry/ Ry =2 and R/ R, =2.1. The curves 1-3 corre-

spond to w,/2,=0;0.3; 0.5

The frequency, w , of the long SWs propagating at the
external boundary of the plasma layer is described by
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It is necessary to mark, the condition y;R, <<1 holds for

weak magnetic fields only, w2 << Q7. At that, the waves

propagating at the external boundary are forward, in con-
trast to the waves propagating at the internal boundary of
the layer (2). The frequency of these waves slightly de-
pends on the magnetic field (fig. 1b) and is determined by
the plasma layer width, as well as by the metal radius. As
the metal comes to the plasma, the wave frequency de-
creases (fig. 2b). In the limit R, = R, the SWs do not
exist at the external boundary of the plasma. In the ab-
sence of the metal, expressions for the frequency and

damping rate for the waves at the external boundary be-
come
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Thus, the efficiency of resonant damping is proportional
to the plasma layer width.
3.2 SHORT SURFACE WAVES
Now we consider short symmetric SWs, when
k3R, 1Ry, 71 (R, —Ry) >>1. For the waves propagat-

(4)

b
o 20

ing at the internal border of the plasma layer,

2 2
a)zz.Qg + @, |:1+ 1 :|’

2 2R,
2 2 4 2 202 ®)
/4 14 Qea) — @, (a) —, )
P P e NI sy S ”|771|k3'
@ Za)a) (Qg _a)g) Qe (‘Qe _a)e)

ol
e
1.004
0.954
0.904
0.85
0.80
1,2,3
0.754
0.70
0 2 4 6 8 kaR1
a
wlQ2
e
0.7 8
2
0.6
1
05
0.4
03 T T T T KR
0 2 4 6 8
b 3 1

Fig.2. Influence of the metal on dispersion of the SWs
propagating at the internal (a) and external (b) interfaces
of the cylindrical plasma layer, in the case of Ry / R; =2

and ®, /2, =0.3. The curves 1-3 correspond to
R/Ry=2.1;2.3; 5.0

In this region, SWs at the internal border of the plasma
layer are backward with small group velocity and strong
dependence on the external magnetic field (fig. 1a). They
do not depend on the metal, as the long waves (fig. 2a).

Below, we study the influence of the metal waveguide
on properties of the short SWs propagating at the external
plasma boundary. Their frequency and damping rate look
like
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The resonant item in damping rate (6) increases as the
metal comes close to the plasma, whereas the frequency
decreases (fig. 2b). In the case, when the plasma bounds
with the metal, the SWs do not propagate. In the metal

waveguide absence, we obtain
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Thus, the frequency of SWs at the external border of the
plasma layer increases from w, at k3R, <<1 up to the

value (22 +®?2)/2 at k3R, >>1 (fig. 1b).




3.3 PLASMA THICKNESS INFLUENCE
Influence of the ratio of the external and internal radi-
uses of the plasma layer, R,/R;, on properties of the

SWs is investigated also. It is shown both numerically
(fig. 3a) and analytically (2) that an increase of the pa-
rameter R, /Ry results in a decrease of the phase velocity

of the waves propagating at the internal boundary of the
layer. The phase velocity dependence for the waves at the
external boundary of the layer on its width is more com-
plicated. So, if the vacuum gap is wide enough, an in-
crease of the layer thickness results in a growth of the SW
phase velocity. However, at a fixed value of the metal
radius, an increase of R, results in a decrease of the vac-

uum gap width. In this case, a decrease of the SW phase
velocity by the metal coming to the plasma appears more
essential, than its growth owing to the increase of the
plasma layer width. Their relation for the case of a narrow
waveguide is described by (3), and for the waveguide of a
finite size is presented in fig. 3b (curve 4).

CONCLUSIONS

In this paper, the dispersion properties and damping
rates of the high-frequency axial symmetric potential sur-
face waves propagating in the cylindrical metal
waveguide partially filled with the radially non-uniform
plasma immersed to the external steady axial magnetic
field have been studied. It has been shown that the group
velocity of the waves propagating at the internal and ex-
ternal interfaces of the cylindrical layer, have opposite
signs. It has been obtained that the frequency of SWs,
which can propagate at the internal plasma boundary, is
greater than the frequency of SWs propagating at the ex-
ternal boundary. An increase in the external magnetic
field has been shown to cause a growth of the wave fre-
quency, whereas the area of axial wavenumbers, at which
the waves exist, decreases.

Fig.3. Influence of the plasma layer thickness on the dis-
persion of SWs propagating at the internal (a) and exter-
nal (b) boundaries of the cylindrical plasma layer, in the
case of R/ Ry =2.1 and w,/€2,=0.3. The curves 1-4 cor-

respondto Ry /Ry =1.1; 1.3; 1.5; 2.0
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AKCHAJIBHO-CUMETPUYHBIE IOBEPXHOCTHBIE BOJIHBI B TPYBYATOM CTOJIBE
MATHUTOAKTUBHOM IJIA3MBI

10.A. Akumoes, B.Il. Onegup, H.A. A3apenkos

B naHHOM cTaThe U3y4eHBl AUCHEPCHOHHBIE CBOMCTBA BBICOKOYACTOTHBIX aKCHUAIbHO-CUMMETPUYHBIX MOTEHIUAIIb-
HBIX [TOBEPXHOCTHBIX BOJIH, PaCIPOCTPAHSIOUINXCS B IMIMHAPUYECKON BOTHOBOJHON CTPYKTYpE, COCTOSIIEN U3 paau-
aJIBHO HEOJHOPOAHOrO IUIAMEHHOI'O CJOs, YACTUYHO 3alOJIHSIOIIEr0 METANIMUYECKUil BOJHOBOJ U MOMELIEHHOTO BO
BHEIITHEE aKCHAJIbHOE MarHUTHOE ToJie. YUCICHHO W aHAIMTHYECKH MCCIEAYETCs] BIMSIHUE MapaMeTpOB BOJHOBOIHON
CTPYKTYPBI M BHEITHETO MarHUTHOTO TIOJIS1 HA YacTOTHI, ()a30BBIC M TPYIIOBEIE CKOPOCTH TOBEPXHOCTHBIX BOJIH, @ TaK-
e Ha JEKPEMEHTHI UX 3aTyXaHus.

AKCHAJIBHO-CUMETPHUYHI TOBEPXHEBI XBWJII Y TPYBYHATOMY CTOBIII
MATHITOAKTUBHOI IUVIA3MH

10.0. Aximos, B.I1. Onegpip, M.O. Azapenkos

B po6oti BUBUEHO IUCTIEPCiiiHI BIACTUBOCTI BUCOKOYACTOTHUX aKCHAIbHO-CUMETPUYHHUX IOTEHIIaJIbHUX TOBEpPX-
HEBHX XBHIIb, 10 PO3MOBCIOKYIOTHCS B IMITIHAPHYHINA XBUICBOJHIN CTPYKTYpI, sIKa MICTUTbD PajialbHO HEOJAHOPITHUN
IUIA3MOBHH [Iap, 10 YaCTKOBO 3allOBHIOE METAJICBHI XBHJIEBO/I 1 3HAXOAUTHCS Y 30BHIIIHBOMY aKCiaJbHOMY MarHiTHO-
My mofti. JIocmipkeHO BIUIMB TapaMeTpiB XBUIIEBOJHOI CTPYKTYPHU Ta 30BHINIHHOTO MAarHITHOTO TOJIS HA YacTOTH, (a-
30Bi Ta TPYIMOBI IBHIKOCTI MOBEPXHEBUX XBHJIb,  TAKOXK Ha JICKPEMEHTH iXHBOTO 3aracaHHsl.



