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The resonance properties of plasma g/linder are carried out for nonzero axia wave vector. Waves with
frequency greater then ion cyclotron frequency but less then electron frequency are considered. From Maxwell
equations we get the system of two coupling differential equations of second order for thesewaves. There exist two
types of coaxial wavesin the vacuum gap. One of them has zero axial electric field (TE-mode). Thisisthe analog of
azimuthal surface waves. Another one has zero axia magnetic field (TB-mode). Asit is shown, in the broad range
of plasmaand device parameters the resonance frequencies of TB-maode are close to resonance frequencies of TE-
mode. This leads to effective coupling of these modes and energy transfer from one mode to another. The time of
transfer is much shorter, then collisional absorption time. Asan consequence, thewavefields change significantly in

plasma and vacuum.

The surface waves are applied in plasma sources
and plasma electronics. Also they are excited a RF
plasma in magnetic traps (so called coaxial modes) and
effect plasma periphery. These stimulate theoretical
investigations of surface waves. They often use the
model of homogeneous circular plasma cylinder with
axial magnetic field, separated from metal wall by
vacuum for surface waves studies. The axidly
symmetric m =0 surface waves with k; * 0 (k; isa
wave vector along confining magnetic field) were
analyzed in details eg. in [1]. Since [2] axidly
nonsymmetric (m?* 0, k; =0, E, =0) surface
waves are intensively studied. Such waves is named as
azimuth surface waves. Asfor fast magnetosonic waves
the azimuth surface waves with m >0 and with m <0
propagates in different ways due to plasma gyrotropy.

Both for m =0 case and for ky = 0 case one can

extract from Maxwell equations two independent
deferential equations of the second order. One of them

isfor the B, component. of wave and by analogy
to the theory of waveguides we shall call these waves as
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TE coaxial modes. And another is for E, component
of wave. We shal cal these waves as TB coaxia
modes. At the boundary plasma - the metal TB coaxial
modes does not exist. Moreover even in systems with
vacuum gap it was not considered as a rule. The real
plasma devices have finad length along confining
magnetic field. Therefore it is worthwhile to take into
account k;, * 0 incoaxial modes studies.

The paper presented concernswith analytical studies
of the excitation and propagation of this waves. We
consider a homogeneous plasma cylinder of radius
r=a with axial magnetic field B, |j0z. It is
separated from metal wall of r =b (a<b) by
vacuum gap. The waves are exited by an azimuth
surface current f:§ joexpi(mj +k,;z-wt) of radius
r =d (a<d <b).Wetakeinto account presence of a
surface charge r = -idivj /w . The RF field takes the
form B,E~B,E(r)expi(mj +k,z- wt). From Maxwell
equations we have
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Here e, are components of dielectric permeability
tensor of cold two-component (ions and electrons)
plasma. The collisional absorption of waves is taken
into account. The effective coallision frequency
n <<w isincludedin e, . We carry out our research
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for wy <w <w,, (wCa is cyclotron frequency). The
solutions of (1) can be written as B, (r) =Bl (k) ,
E,(r) =El. (kar) (B, E are constants, I, (x) is
modified Bessel function). Thenfor N. =ka.c/w we
have
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Thesign“+” meets TE coaxial modesand sign “-* -
TB coaxid modes. The electro-magnetic field in
vacuum consist of two independent modes. One of them
is TE,, mode with E, =0 and another is TB,, with
B, =0. In the space between plasma and surface
current they look like

B,(r) =AV (K, k,b) - 92 joV (k,r.k,d)k,d,

Ez(r):CW(kvr,kvb)+i?pj0W(kvr,kvd)mN|. 3)

Here W(K/r 'kvb) :Ym(kvb)‘]m(kvr) - Ym(K/r)‘]m(K/b) y
Vk kb =YK D I (k) - Y k)IGKD) Y (X)),
J,(x)- Bessel functions. Equeting tangential

components of electric and magnetic fields a the
plasma - vacuum boundary we have a system of four
linear equations to obtain A,C,B and E. The right side of
this systemisproportional to j, . Puttingto zerothereal
part of determinant of this system we get the
eigenfrequencies that is resonance curves of coaxia
modes. We investigate resonance properties of coaxial
modes using W- N2 plane (here W=w/w, and
N, =c/v,, v, is Alfven velocity) (see Fig.1). To
number of parameters which characterize device and
remain fixed a resonance curve we shal refer
a,b,d, By ad k;. They areincluded in smulations as

by =bwg /c, arsb, d/b ad N, =kc/wg . Then

changing the plasma density we change N,f.

There are two ways of coaxial modes absorption.
One of them is absorption of power, oscillating in the
vacuum gap by the metdlic wal due to finite
conductivity of the wall. As the calculations show this
absorption is negligibly small both for TE,, and for

TB,, modes. Another one is collisional absorption of

the power oscillating in the plasma We shdl
characterize this absorptionby g = P, / P, . Here P,

is the power absorbed in the plasma and P, is the
power oscillating in the plasma. The vaue of g changes

with frequency within the resonance range (see Fig.2).
This is due to different absorption value of TE mode
and TB mode. But this difference strongly depends on
plasma density asit isshownin Fig.3.

Now we turn to resonance properties of the coaxial
modes of magnetized plasma cylinder. Inprinciplethese
properties are well described by therelations
V &k,b,k,a) + 1 1&kkarca) LM 1 e,

=0
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These equations turn out from (1) ignoring the

interaction of TE and TB coaxial modesin the plasma.

As we can see in Fig.1, the difference between the
eigenfrequencies of TB coaxial mode and TE coaxia
mode approachesto zerowith density increase. Thiseasy

to understand analyzing Eqs.(4). With N 2 growth N ? is
increased both for TE coaxial mode and TB coaxial

mode. Therefore zero of the first equation in (4) are
determined by zero of anumerator of thefirst addend and
the zero of the second equation are determined by zero of
a denominator of the first addend of thisequation. The
roots of these functions arevery close. That iswhy itis
interesting to investigate excitation of coaxial modesin
arange of such "collective" resonance. In this range we
can consider the plasma cylinder as the two resonators
system. Neglecting the coupling of resonatorswe get the

eigenfrequencies w; g, and w;g4 from (4). Taking into
account the coupling of coaxial modes we have another
pare of resonance frequencies Wiz, and W;g,. The
differencesbetween these paresarerather small (Fig.4) but
very important from the point of view of theory of
oscillations.

L et usconsider the system of two coupling contoursand
put x;cand x;; as the generalized coordinates of
contours. Then the potential and kinetic energy of the
system are
U (Xrg.X7) = alleZE +2a 5 XreXyp t aZZXTZB )

T= blleZE +2DgpXre X + bZZXTZB .

The partial resonance frequencies are defined as

Vg =+jag; /by and V., =+an/by,. The
resonance frequencies of system can be obtained from
(biyby, - BHW! - (@y1by, +ay,b, - 283,b)W +aya,, - aj =0

Consequently, having partial resonance frequencies and
resonance frequencies of coupling system, we can

calculate the coupling coefficients g7 = b 7 (by10,0)

(inductive) and g2 =a 2 /(a14a ) (capacitive). They
characterize the swap time between the resonators
t,»p/(v@). §°=0f +93- 90, (Figh). As we
can see from Fig.5 the time of power transfer from one

mode to another isthe order of few periods.
Now we define A;. - amplitude of TE mode with

frequency w;., B, - amplitude of TB mode with
frequency Ww;p, A;g- amplitude of TE mode with
frequency w5, B;g- amplitude of TB mode with
frequency w;; , and coefficients of amplitudes
distribution k; = Az /B and ky, = Arg / Brg . These
coefficients are connected to the contours tie-up

coefficient s like
o = [ l-41+s® byy 1+41+s?2
Vb, 23 " 27 \b, 25 ’

. In the case of

where s =@2V ¢V g /’\/TzB Vi

weak coupling or great difference between partia
frequencies of resonators, s ® 0, k;® 0, k, ® ¥

and excitation of resonator (TE mode) does not
influence another resonator (TB mode). But thisis not
our case (Fig.6). Even if the externa currents is
managed so as to excite only TE mode, then in the swap
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time t, RF power transfers to the TB mode (and then
back).

CONCLUSION
- strong coupling of fast (TE,,) and ow (TB,,) coaxia
modes determined
- this coupling does not depend on wave damping value
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Fig.1. Resonance curves of TE and TB modes,
calculated with use of system (1).
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Fig.3. Dependencies of g = P, / P, on fregquency for
different density values. Here w; ., w5 - resonance
frequencies of TE , TB modes, w,, = (W;g +W55) /2.
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Fig.5. Dependence of the coupling of TE and TB
coaxial modes on plasma density.
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- dependencies of coupling on plasmadensity and
longitudina wave number established

- absorption of coaxial modesin thewall is negligible
- collisional absorption of these modesin plasmais
rather wesk.
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Fig.2. Dependenciesof g = P, / P, on frequency for
TE, TB modes and total. Here w; ¢, W, - resonance
frequencies of TE , TB modes, w,, = (W;g tW.g) /2.
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Fig.4. Dependencies of difference Dw between

resonance freguencies, calculated for coupling and
isolated TE and TB modes, on plasma density.
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Fig.6. Dependence of the tie-up of TE and TB coaxial
modes on plasma density
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