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This report is devoted to the investigation of dispersion properties, attenuation coefficient and radial wave field
structure of high-frequency electromagnetic wave that propagates in coaxial magnetized waveguide structure with non-
uniform azimuth magnetic field, partialy filled by radia non-uniform collisional plasma. The influence of geometric
parameters of waveguide structure, plasma non-uniformity, effective collision rate, direction and value of azimuth
magnetic field on phase characteristics, attenuation coefficient and radial wave field structure of the considered wave is
studied. It was shown that it is possible to control effectively the dispersion properties and spatial attenuation of the
considered wave by varying the val ue and direction of external azimuth magnetic field.
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1. INTRODUCTION

The study of eigen electromagnetic waves of plasma
filled metal waveguide structures is of a great importance
for plasma dectronics, various plasma technologies, etc.
Among different types of plasma filled waveguide
structures it is possible to separate the cylindrical devices
with coaxia dements. The readized experimental study of
coaxial waveguide structures with centra metdlic rod
have shown that properties of electromagnetic waves and
gas discharge plasma maintained by these waves, differ
considerably from the corresponding properties of
cylindricd plasma — metal waveguide structures without
central conductor [1]. Properties of plasma maintained in
coaxial structure with dielectric rod inside have been
study in paper [2]. It is necessary to note that in spite of
perfect plasma parameters obtained in experimenta
devices with coaxial structures, theoretical study of eigen
wave properties of coaxial waveguide structures and
efficiency of such structure use in various applications is
insufficient. This especially concerns the theoretical study
of plasma density, radia non—uniformity and edectron
callision rate influence on the phase characteristics and
spatial attenuation of electromagnetic eigen waves of
coaxial structure with centra metal conductor. These
circumgtances greatly determine the urgency of
theoretical study of eigen wave properties of coaxial
structures.

2. TASK SETTING

Let us consider the axialy—-symmetric (azimuth
wavenumber m=0) high—frequency electromagnetic
wave that propagates in the cylindrica coaxia
magnetized waveguide structure, partialy filled by radia
non—uniform dissipative plasma. Let suppose that the
wave propagatesalong z — axis of cylindrical coordinate
system (r, j , z), which is directed dong the axis of
waveguide structure The waveguide structure consists of
metal rod of radius R;, which is placed at the axis of

plasma column. The direct current J, flows dong this

rod, creating radia non-uniform azimuth magnetic field
Ho(r) . This rod is enclosed by the cylindrical plasma
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layer with radius R,. The vacuum region (R, <r <Ry)
separates the cylindrical plasma layer from waveguide
metal wall with radius Rs. It was supposed, that plasma

density is radia non—uniform and possesses the bdl-
shaped profile of the fallowing form:

n(r) = n(rmax)eXp(' n(r " T'max )zrd 2)- (1)

Here, o — istheradius value where plasma density
culminates its maximum, parameters ry and
(O£ m £1) describes the width and the slope of the bel-
shaped profile, respectively. Plasma was considered in the
hydrodynamic approach as cold medium with collisions,
that were characterized by the effective collison rate n .
This quantity is constant in the whole volume of
cylindrical plasma layer and is supposed to be small
(n/w <1, where w iswave frequency).

From the system of Maxwell equations one can find,
that the electromagnetic fidd of considered axidly
symmetric E —-wave consists of only three components
E,, E; and H; . In the region of cylindrica plasma

layer (R <r<R,) the eguations that govern these
components of E —wave can be written in the form [3]:
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electron plasma and cyclotron frequencies, respectively,
ks =k - k%(r), k=w/c is the vacuum wavenumber,

ks is complex axia wavevector, real part of it determines

the wavenumber and imaginary part determined wave
attenuation coefficient.
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It is necessary to mention, that in spite of low value of
effective electron collison frequency (n <w) it is
necessary to keep imaginary terms in the expressions for
components of permittivity tensor of magnetized plasma.
This imaginary terms give the possibility to carry out
numerical integration of the system (2) in the region
where the conditions of upper hybrid resonance may take
place[4].

In the cylindrical vacuum region (R, <r <Ry) the
wave components E,(r), E.(r) and H; (r) can be
analytically expressed in terms of Bessdl functions:

i
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| \
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where k\f = kg- k2, lo1, Koy are Bessd functions of
the first kind and second kind, C; and C, are the wave
field constants. The boundary conditions for E,(r) and
Hj (r) consisting in continuity of these quantities at
plasma-vacuum interface (r = R,) give the linear system
for the matching constants C; and C,.

The boundary condition for E,(r) wave field
component a the waveguide metallic wal r=Rs
consisting in the vanishing EZ(R3) gives the disperson
equation that can be written in the following form:

CilolkyRs) +CoKolkyRs) =0, 4

The initial conditions for integration of the system of
ordinary differential equations (2) can be obtained from
the conditions at the inner conductive rod.

The obtained dispersion eguation (4) is solved in
complex algebra. For this purpose the system of ordinary
differential equations was numerically solved with the
help of Badler and Deuflhard version of semi-implicit
extrapolation method [5]. This method gives the
possibility to obtain accurately numerical solution even in
the region where the conditions of upper hybrid resonance

take place. The dispersion equation (4) was solved with
the help of Muller method [5].

3. MAIN RESULTS

In the case when externa current flows aong the
propagation direction of the considered wave the
dispersion equation (4) possesses two solutions with
different values of frequency for the fixed value of
dimensionless wavenumber Re(k3)Rl. One of them with

comparatively more high frequency will be called further
high frequency (HF) wave, and other — low frequency
(LF) wave. Properties of these waves substantialy
determined by the value and direction of direct current.
Thus, in the limiting case, when the azimuth magnetic
fild Ho(r) trends to zero the LF wave vanishes. The

increase of the direct current leads to the decrease of the
HF wave frequency and to the increase of the LF wave
frequency. So, for rather high dimensionless direct current
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value ( j = eJ, /(2m,c®) » 2.0) the frequencies of HF and
LF wavesfor rather high Re(k3)R1 values are close.

The influence of parameter n/w vaue on the
dispersion and attenuation properties of HF and LW
waves was study for the case of radia uniform plasma
(rr=0). For rather small values of effective collision rate

(n/w<1) the increase of n/w vaue leads to the
increase of the LF dimensionless frequency w/w,, and

attenuation  coefficient Im(k3)R1. Dispersion and

attenuation properties of HF wave depend on the n /w
parameter much weaker. It is necessary to note that the
attenuation coefficient value of LF wave is approximately
of one order greater than the value of attenuation
coefficient of LF wave.

The influence of plasma densty radia profile (non-
uniformity parameter m value) on the dimensionless

frequency and attenuation coefficient for HF and LF wave
at fixed point of dispersion curve (for Re(kg)R, =0.01) is
shown on Fig. 1. Other external parameters were equal to
r=Rwp(rmax)/c =40, ro = RoWp (fmax) /¢ =5.0,

r3=RaWp(fmax)/€¢=6.0, n/w=0.001, Iy =45,

ry =01, j=el,/(2mc3)=20. One can see tha the
increase of non-uniformity parameter m leads to the

increase of the dimensionless wave frequency of HF wave
and to the decrease of the dimensionless wave frequency
of LF wave. The wave attenuation coefficient shows more
complicated behaviour (Fig. 2). The cdculations carried
out have shown that the spatia attenuation coefficient for
HF wave possesses the maximum in the range of rather
smal m vaues (m»0.2). In contrast, the attenuation

coefficient for LF possesses the minimum for
approximately the same nm values. Such complicated

dependence may be very important for the determination
of the frequency range, where the considered wave can
maintain the stable discharge [6].
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Fig. 1. The dependence of dimensonless wave
frequency w/w,, on the non—uniformity parameter m for

the fixed point on the dispersion curve (Re(ks)R; = 0.01)
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The influence of plasma density radiad non—
uniformity, electron effective collision frequency,
direction and direct current value on phase characteristics,
attenuation coefficient and radial wave field structure of
the considered wave was studied. It was shown that it is
possible to control effectively the dispersion properties of
E —wave by varying the value and direction of direct
current. The influence of dimensionless collision rate on

BJIMSTHUE CTOJKHOBEHUM U PAITMATIBHOM HEOJTHOPOJTHOCTH ILJIA3MBI
HA DJIEKTPOMATHUTHBIE BOJIHBI B KOAKCHAJIBHOM CTPYKTYPE
C BHEHTHUM A3UMYTAJIbHBIM MAT'HAUTHBIM IIOJIEM

B.I1. Oneghup, A.E. Cnopos

HccnenoBanbl AUCIIEPCHOHHBIE CBOWCTBA, KO3()(UIIMEHT MPOCTPAHCTBEHHOIO 3aTyXaHUs U pajnalibHas CTPYKTypa
I0JIs1 BBICOKOYAaCTOTHOM 3JIEKTPOMArHUTHOM BOJIHBI, PACIPOCTPAHSIOLIEICS B KOAKCHAIIbHOM BOJIHOBOJHOU CTPYKTYPE,
YaCTUYHO 3aIIOJHEHHOW pajuajibHO HEOAHOPOJHOW CTOJIKHOBUTEIBHOW IUIa3MOM, KOTOpas HaxXOIUTCS B pagualibHO
HEOJHOPOAHOM Aa3MMYTaJbHOM MAarHWTHOM IIoji€. V3ydeHO BNHSHHE TI'€OMETPHUYECKHX IapaMeTpOB BOJHOBOIHOMN
CTPYKTYpBI, pagualbHOW HEOJHOPOJHOCTH IIOTHOCTH IIIa3Mbl, 3(Q(EKTHBHONW YacTOTHI CTOJKHOBEHHH 3JIEKTPOHOB,
BEJIMYMHBI M HANpaBJICHWs] IOCTOSHHOIO TOKAa Ha (PAa30BblE XApaKTEPUCTHKH, KO3(D(HUIMEHT NPOCTPAHCTBEHHOTO
3aTyXaHUs W pPagUalbHYI0 CTPYKTypy IIOIs paccMaTpuBaeMoil BONHBL IlokazaHa BO3MOXHOCTH 3((HEKTHBHOTO
YIPaBICHUS AUCIEPCHOHHBIMH CBOIMCTBAMH M KOI((HIIMEHTOM MPOCTPAHCTBEHHOI'O 3aTyXaHMS ITyTeM H3MEHCHHUS
BEJIMYMHBI ¥ HAITPABJICHUS TOCTOSIHHOTO TOKa.

BILJIMB 3ITKHEHD TA PAJIIAJIbHOI HEOJHOPITHOCTI ILJTA3MHA
HA EJIEKTPOMATHITHI XBIJII B KOAKCIAJIBHIN CTPYKTYPI
3 30BHIINHIM ABUMYTAJIbHUM MAT'HITHUM IIOJIEM

B.II. Onegip, O.€. Cnopos

JocmimkeHo TUCTIepCiiiHi BIACTUBOCTI, KOEQIIIEHT IPOCTOPOBOTO 3aracaHHA Ta padialbHy CTPYKTYPY OIS
BHCOKOYACTOTHOI EJIEKTPOMATHITHOI XBWII, IO PO3MOBCIOKYETHCS B KOAKCialbHIA MAarHITOAKTHBHIA XBWIJIEBiNHIN
CTPYKTYpl 3 paJialbHO HEOTHOPIAHAM a3WMYTalbHAM MATHITHUM IIOJI€M, YaCTKOBO 3allOBHEHOIO pajialbHO
HEOJHOPITHOIO IUIA3MOI0 13 3ITKHEHHSAMH. BHBYCHO BIUTMB TEOMETPUYHHX ITapaMeTPiB XBWJIEBINHOI CTPYKTYpH,
pamianpHIH HEOTHOPIMHOCTI TYCTHHH IUIa3MH, €(EeKTHBHOI YaCTOTH 3iTKHEHH CNIEKTPOHIB, HANPSAMKY Ta BEIWIHHU
MOCTIHOTO TOKY Ha (a30Bi XapaKTEPUCTUKH, KOE]Ii€HT MPOCTOPOBOTO 3aracaHHs Ta pajialbHy CTPYKTYPY OIS
nmociimkyBaHoi xBuii. [loka3aHO MOXKIHBICTH €(QEKTHBHOTO KepyBaHHS IUCIIEPCIHHUMH BJIACTHBOCTSMH Ta
KOe]iIiEHTOM TIPOCTOPOBOTO 3aracaHHs 3MIHOIO BETMUMHH Ta HATIPSIMKY TOCTIHHOTO CTPyMY.
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