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The dispersion properties of flute electromagnetic waves propagating across an external axial static magnetic
field in traveling-wave-tube-like waveguides with low-density plasma filling are investigated. The cylindrical struc-
ture consists of a central dielectric rod, placed inside a plasma coaxial layer with a metallic helix sheath on its outer
interface, and a metal screen separated from the helix by another dielectric layer.

PACS: 52.40.Fd

INTRODUCTION

Traveling wave tubes (TWTs) are widely applied in
telecommunication. That is why they are intensively
studied in the leading scientific centers. A comprehen-
sive overview of their development was presented in
[1]. Their potential impact on commercial and industrial
applications explains continuous interest in further im-
proving their technical characteristics.

The dielectric-plasma-vacuum-metal structure con-
sidered in the present paper is almost the same as that
studied in [2]. However, the following essential features
are different. First, in [2] the azimuthal wavenumber m
was equal to zero and wave propagation in axial direc-
tion was studied. On the contrary, flute electromagnetic
waves with £,=0 and m#0 are considered in the present
paper. Second, in [2] the plasma was assumed to be de-
generate, whereas a magnetoactive gas plasma is con-
sidered here.

Azimuthal surface waves (ASWs) are known to be
eigen-electromagnetic waves of cylindrical plasma
waveguides [3]. Therefore, they are studied in cylindri-
cal coordinates (7 is the radial coordinate, ¢ is the azi-
muthal angle), wherein the axis is directed along both
the waveguide axis and the external static magnetic
field. ASWs are intensively studied due to their possible
applications in plasma electronics, plasma-antenna sys-
tems, plasma production and nano-technologies [4 - 11].

The spatial and temporal dependencies of ASW
electromagnetic fields are as follows: f{r)exp[i(mp—arx)]
(the integer m is the azimuthal wavenumber, o is the
wave angular frequency, and ¢ is the time). ASWs of
ordinary polarization (OASWs) with the field compo-
nents H,, H,, E. and those with extraordinary polariza-
tion (XASWs) with the components E,, E,, H. are
known to propagate independently in the external axial
static magnetic field.

In the present paper, the dispersion properties of cou-
pled ASWs are studied in the case when the coupling is
caused by the presence of a metallic helix, the slow-wave
structure in TWTs. The following structure is considered:
a cylindrical dielectric rod (for helix support) is placed
inside a coaxial plasma layer with a cylindrical helix me-
tallic sheath on its outer interface, and an additional di-
electric coaxial layer, which is located between the helix
and the outer cylindrical metal wall (Fig. 1). The latter
dielectric layer is usually vacuum and is used in TWTs
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for transmission of an annular electron beam in axial di-
rection.

The dispersion properties of ASWs in the same
structure was studied in details in [12]. The case of a
dense plasma, £2>|w,|, was considered there in contrast
to the present paper, where the case of a low-density
plasma, Q<|w,|, is studied. Here £, is plasma fre-
quency of the particle of species a (o= i for ions and
o = e for electrons), and @, is the corresponding cyclo-
tron frequency.

The paper is arranged as follows. After the present in-
troduction the model of the plasma waveguide is de-
scribed in Section 2. The spatial distribution of the ASW
fields and the boundary conditions are presented, and the
dispersion relation is derived there in the form of the de-
terminant of an 8x8 matrix (the elements are listed in the
Appendix). The dispersion relation is analyzed numeri-
cally in Section 3. Finally, the conclusions are summa-
rized in Section 4.

1. PLASMA WAVEGUIDE MODEL AND
DERIVATION OF DISPERSION RELATION
The three-component cylindrical waveguide struc-

ture (see Fig. 1) is assumed to be infinite and uniform in
axial z-direction.
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Fig. 1. Cross-section of the waveguide. The space r<R,;
is occupied by a dielectric rod. The plasma
is placed in the layer R;<r<R,. The metallic helix sheath
(similar to a tape helix) is placed at the interface r=R,.
The other dielectric layer, Ry<r<R;, is located between
the helix and the metal wall
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The external static magnetic field is directed axially
(B,||Z). A dielectric rod with dielectric constant &

and radius R; is placed in the center of the metal
waveguide with radius R;. The radial distribution of the
ASW axial magnetic field within the rod with account
for the boundary condition at the axis of the system is
written in terms of the Bessel function of the first kind

of the order m [13], J,, (f), as,
Bz(r)zAlJm (kdlr),r<Rl. €))
In (1), A, is a constant of integration, k, =k./¢,,,

k=w/c, and c is the speed of light in vacuum. The
amplitudes of the radial and azimuthal components of
the electric fields of ASWs can be derived in terms of

B, (r)[3]
The radial distribution of the axial electric field
reads as:
E_(r)=4,J, (k,r).,r <R. (2)
Then the amplitudes of the radial and azimuthal com-
ponents of ASW magnetic fields can be written in terms of
E. (r) [3], where A4, is a constant.

The inner rod in covered by the coaxial plasma layer
with internal radius R; and outer radius R,. The tangen-
tial components of the electric and magnetic fields of
ASWs should be continuous at the boundary = R;. The
plasma is assumed to be cold and collisionless. In such a
plasma, the electric displacement vector D is linked
with the electric field £ via the permittivity tensor [14].

The dispersion properties of XASWs in the case of
strongly magnetized plasma, 2.>|w@,|, were studied in
[15]. In this case, surface type oscillations of ion species
were demonstrated to be possible. Excitation of XASWs
by annular ion beams was shown in [16] to take place
under extremely strong external static axial magnetic
field.

Within the plasma layer, the amplitude of the ASW
axial magnetic field can be written in terms of the modi-
fied Bessel functions of the first, / (cf), and second,

K, (&), kinds [13]:
B.(r)=Bl1,(k,r)+B,K, (k,r),R <r<R,. (3)
Here B, and B, are the constants of integration.
The penetration depth kf of the XASW into the
plasma is defined as follows: kakzsl(,uz—l), with
u=¢,/ ¢ The electromagnetic wave field is of surface

nature just inside the plasma coaxial layer. Outside of
the plasma, the considered waves are of bulk nature.
This is true within specific frequency ranges only.
These ranges were presented in [15] from the inequality
kI>0:

Oy <0<,

and Oy <0< o, (4

where @, = i0.5|a)e|+\/0.25we2 +o,|o|+Q)  are
the cut-off frequencies for bulk modes, and ®,, and
@ are the lower and upper hybrid frequencies, re-
spectively. The LF range, ®,, < ® < ®,, is consid-
ered in the present paper.
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The amplitudes of XASW electric fields can be writ-
ten in terms of B, (r) :

k dB. m
E(r)=2|u%=1"p |
() k? (/J dr r 2)

ik (dB., um
E (r)=—| —=+"—B_ |- (%)
o(7) kj(dr+ r Zj

Within the plasma layer, OASWs are also of surface
nature. The amplitude of their electric field reads as
follows:

E.(r)=B,(k,r)+BK, (kr),R <r<R,. (6)
The penetration depth of OASWs into the plasma
k! is defined as follows: k,=k\—¢, .

o

The outer interface of the plasma layer at =R, is de-
fined by the metallic helix sheath (tape helix). This
sheath is assumed to be a surface with zero thickness
and anisotropic electrical conductivity. The sheath is
characterized by  the  helix  pitch  angle
O=arctan(d/(27R,)) with d being the axial progression
length of the tape helix, which is the angle between the
tangent to the tape and the azimuthal direction. The
electrical conductivity is assumed to be infinite along
the tape and zero in the direction perpendicular to the
tape. That is why at this interface, the tangential com-
ponents of the ASW electric fields E, and E. should be
continuous, the longitudinal ASW electric field should
vanish, which means siné E. + (+cosf)E, = 0, and the
longitudinal ASW magnetic field should be continuous
as well. These two last boundary conditions cause the
coupling of XASWs and OASWs.

The coaxial plasma layer with the outer helix sheath
is separated from the cylindrical metal wall by a coaxial
dielectric layer with the dielectric constant &,. The ra-
dial distribution of the ASW fields within this layer can
be written in terms of Bessel functions of the first and
second, N, (5) , kinds [13]:

B.(r)=ClJ, (k,r)N,, (k,,Ry)—
=N, (kyor)J,, (kR ) Ry <r <Ry, (7)
E (r)=C,J, (kyr)N,, (k,yR;) -
=N, (ky,r)J, (k,Ry), R, <r<R;. (8)
In (7) and (8), C, and C, are constants of integra-
tion, and k , = k\/a . A prime denotes the derivative

of the function with respect to the argument. The ex-
pressions (7) and (8) already satisfy the boundary condi-
tions at the metal wall, which mean that the ASW tan-

gential electric fields £ ” (I”) and E_ (I”) vanish at the

interface r=R;.

The boundary conditions mentioned above make it
possible to derive the dispersion relation for ASWs in
the considered waveguide in the form of the determinant
of an 8x8 matrix:

deta; =0 . ©)
The elements of the matrix a; are given in the Ap-

pendix.
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2. NUMERICAL ANALYSIS
OF THE DISPERSION RELATION

The effective azimuthal wavenumber, k=|m| /R, is
chosen as abscissa (0=c/(2, is the skin-depth) in Figs. 2-
7. Thus, these figures show the dependencies of the
ASW eigenfrequencies on either the plasma particle

density n, (since k,ocn;"?) or the dielectric rod radius
R
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Fig. 2. ASW eigenfrequency vs ks for different |m|.
9=7Z/3, €d1:6.4, €d2:1, R2:2R1, R3:3R1, Z=0.2.
m=+1 (solid curves), m=+2 (dashed curves),
m=+3 (dotted curves)
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Fig. 3. ASW eigenfrequency vs k. for opposite
directions of propagation. O=1/3, £,,=6.4, €;,=1,
R>=2R,;, R3=3R,;, Z=0.2. m=+1 (solid curves),
m=-1 (dashed curves)

The higher the radial wavenumber (the number of
nodes of the radial field distribution within the dielec-
trics except of those at the axis and at the metal wall) is,
the less efficient is the excitation of this wave (see, e.g.
[17]). That is why the zeroth radial modes are consid-
ered in the present paper. To be sure that the calculated
frequency relates to just the zeroth radial mode one has
to check whether the frequency shift,
[ka Rk pn(R3—R,)], is smaller than 7.

To study the influence of the absolute value of the
azimuthal wavenumber on the dispersion properties of

ASWs the dependence of ASW eigenfrequencies on ks

is plotted in Fig 2 for the azimuthal wavenumbers
m=+1, +2, +3. The dielectric constant of the inner rod is
£,1=6.4 (mica), and the outer coaxial dielectric layer has
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&n=1 (vacuum), since its purpose in a TWT is to carry
the annular electron beam. The following other parame-
ters of the waveguide structure are chosen for the calcu-
lations: 0=m/3, Z=Q/|®.|=0.2, R)y/R=2.0, R;/R;=3.0.
The difference between the three frequencies which
corresponds to the given magnitude of the azimuthal
wavenumber successively increases with increasing k.

The difference between the ASW frequencies of the
lower branch is almost invisible in Fig. 2. The lower
frequency branch of the ASW with m=2 is larger than
that for the ASW with m=1 by 2% for k., =2.0, and
smaller than that for m=3 by ~5%. The middle fre-
quency branch monotonously increases with increasing
|m|. The middle frequency branch of the ASW with m=2
is larger than that for the ASW with m=1 by =5% for
ke =0.4, and smaller than that for m=3 by ~5%. The
upper frequency branch monotonously decreases with
increasing |m|. The upper frequency branch of the ASW
with m=2 is smaller than that for the ASW with m=2 by
~11% for k.,,=0.3, and larger than that for m=3 by ~ 4%.

To demonstrate the difference between the disper-
sion properties of ASWs propagating in opposite direc-
tions, the dependencies of their eigenfrequencies on the
effective wavenumber are presented in Fig. 3 for the
azimuthal wavenumbers m=+1. The other plasma
waveguide parameters are the same as in Fig. 2. The
main qualitative difference between the dispersion
properties of ASWs with opposite signs of azimuthal
wavenumbers is that the dispersion relation for ASWs
with positive m have three roots rather than two as for
the case of m<0. This peculiarity was noticed also for
the case of dense plasmas [12]. These additional fre-
quencies (©<0.006 | @,| in Fig. 2) of ASWs with posi-
tive m are much lower than those in the middle and up-
per branches, which make them less important for exci-
tation in TWTs. The frequencies of both upper and mid-
dle branches of ASWs with m>0 are smaller than those
of ASWs with m<0 . For example, for k., =0.6, the dif-
ference is =13%.

The influence of the helix pitch angle 6 on the ASW
eigenfrequency is shown in Fig. 4. In the case 8 =n/2
(see dashed curves), the infinite electrical conductivity
of the metal helix sheath in axial direction suppresses
the axial electric wave field, £.=0. In this case ASWs
propagate in the form of XASWs, and the dispersion
relation has two roots. The dependence of the ASW
eigenfrequency on k., for the helix pitch angle 0=n/3 is
presented in Fig. 4 by the solid curves, and for 0=2/6 by
the dotted curves. One can see a gradual decrease of the
ASW frequency with increasing pitch angle of the helix
sheath.

The influence of the geometrical dimensions of the
waveguide components on the ASW eigenfrequency is
studied in Fig. 5. The thin dash-dotted curves are pre-
sented for comparison of various different geometries
with the case of equal widths of all the components of
the waveguide structure under study: R,/R;=2.0,
R3/R1=3.0. An increase of the dielectric rod radius R; by
the factor 1.25, while keeping the same ratio of the two
other radii, R3/R,, is shown by the dashed curves in
Fig. 5 to cause an increase of the ASW eigenfrequen-
cies.

ISSN 1562-6016. BAHT. 2021. Ne4(134)



60

40

20

Fig. 4. ASW eigenfrequency vs k,yfor different pitch
angles. €d1:6.4, €d2:1, R2:2R1, R3:3R1, Z=0.2.
m=+1. 0=m/3 (solid curves);, O=m/2 (dashed curves);
0=r/6 (dotted curves)

Fig. 5. ASW eigenfrequency vs ks for different dimen-
sions of the elements. O=m/3, €,;=6.4, g;5=1, m=+1,
Z=0.2. R,=2R;, R;=3R; (dash-dotted curves); R,=3R,,
R;=4R; (solid curves); R;=1.6R,, R;=2.4R; (dashed
curves); R,=2R,;, R3=4R, (dotted curves)
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Fig. 6. ASW eigenfrequency vs k,y for different dielec-
trics. 9=71/3, m=+1, Z=0.2. R2:2R1, R3:3R1.
£11=0.4, g;,=1 (dash-dotted curves), &,,=4.0, ;=1
(solid curves), €,;=6.4, €;,=2 (dashed curves)
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Increasing radius of the metal wall and the resulting
increase of the width of the external dielectric layer,
while keeping the same ratio of the two other radii,
Ry/R=2.0, results in decreasing ASW frequencies (see
dotted curves in Fig. 5). An increase of the width of the
plasma layer, while keeping the same ratio of the exter-
nal dielectric width to the radius of the dielectric rod,
(R3—R»)/R;, causes decreasing ASW frequencies (see
solid curves). All the changes in the geometrical dimen-
sions mentioned above only have a weak influence on
the lower branch of ASW frequencies. The difference
between the ASW frequencies in this branch is smaller
than 4% for k,=2.

A decrease of the magnitude of the permittivity of
the dielectric rod from ¢g;=6.4 (dash-dotted curves) to
&n=4.0 (solid curves) is shown in Fig. 6 to result in de-
creasing ASW eigenfrequencies of the upper branch, in-
creasing eigenfrequencies of the lower branch with al-
most no change in the middle branch. Increasing magni-
tude of the dielectric constant of the outer dielectric layer
from g;,=1.0 (dashed-dotted curves) to &£,=2.0 (dashed
curves) causes decreasing ASW eigenfrequencies of the
upper and middle branches with almost no change in the
lower branch.
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Fig. 7. ASW eigenfrequency vs ks for different
magnitudes of the external static magnetic field.
927273, €d1:6.4, €d2:1, m=+1, R2:2R1, R3:3R1.
Z=0.2 (solid curves); Z=0.1 (dashed curves)

Fig. 7 shows that the increase of the external static
axial magnetic field by the factor of two causes a weak
increase of the ASW frequencies in the upper and mid-
dle branches and a shift of the ranges of the waveguide
parameters, wherein ASWs propagate, to larger plasma
particle densities and radii of the waveguide elements.
No lower frequency was found for the case of Z=0.1.

In the following, the parameters of a practical labo-
ratory device are estimated for which the results ob-
tained in the present paper can be applied. If the exter-
nal static axial magnetic field is By=1.5 kG, which is a
typical magnitude for small-size TWTs, the angular
electron cyclotron frequency is |w,[=2.64-10'" rad/s. The
highest frequency @=0.038|w,| is obtained in calcula-
tions for k,~0.8, as shown in Figs. 2 and 3. Since
7=0/|@,|=0.2, the electron plasma frequency is
0,=5.3-10° rad/s which corresponds to the plasma parti-
cle density n= 8.6-10° cm™. Applying this magnitude

0.00
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for k. and taking the azimuthal wavenumber m =1 lead
to the radius of the internal dielectric rod R;=7.1 cm, the
outer radius of the plasma coaxial layer R,=14.2 cm,
and that of the metal wall R;=21.3 cm. These parame-
ters look like achievable in a University Laboratory.
The ASW frequency is expected to belong to the giga-
hertz range, v=0.16 GHz.

CONCLUSIONS

The dispersion properties of ASWs along with their
excitation by annular beams of charged particles were
studied in detail for the case of the cylindrical
waveguide structure: central plasma column — coaxial
dielectric layer — outer metal waveguide wall [3]. Two
modes of ASWs: ordinary ASWs with the components
E. B, B,, and ASWs with the components B., E,, E,,
were demonstrated to propagate independently in such
structures.

Introduction of an internal dielectric rod (e.g. as he-
lix support in a TWT) causes the appearance of an addi-
tional interface dielectric — plasma, which in turn gives
rise to the existence of one more solution of the disper-
sion relation for the studied surface-type waves. This
can be of practical interest for designing plasma elec-
tronic devices for wide-band communication systems.

Introduction of the cylindrical metallic helix sheath
results in coupling of OASWs and XASWs. In this case,
the zeroth radial modes of OASWs play the role of
driven waves. The coupling causes the appearance of
one solution more of the dispersion relation of ASWs
with positive azimuthal wavenumbers. Since ASWs do
not transfer their energy in axial direction, their excita-
tion should be considered as an undesired parasitic phe-
nomenon in such coaxial TWTs. Therefore, the analysis
provided in the present paper can be useful to avoid
parasitic energy losses. Decrease of the helix pitch angle
is shown to result in an increase of the eigenfrequency
of the undesired ASWs.

The waveguide structure under consideration is the
same as studied in the previous paper [12]. The main
difference of the present analysis from that carried out
in [12] is that the plasma particle density of the coaxial
plasma layer is assumed here to be small, ®,>02,
which is more typical for TWTs, rather than dense
plasma particle density, @, <02, considered in [12].

Thus, the present detailed analysis of ASW disper-
sion properties in dependence on the waveguide pa-
rameters: geometrical dimensions, plasma particle den-
sity, external axial static magnetic field, magnitude and
sign of azimuthal wavenumber, pitch angle of the metal-
lic helix, and dielectric constants, can be of interest for
suppression of parasitic waves in plasma loaded coaxial
TWTs, operating in the GHz-range of frequencies.

APPENDIX

In (9), the matrix elements are as follows:
a,=J, (xl), a,=-1, (x3), a,=-K, (x3),
A =5 =g =0a; = a3 =0;

a, =J, (xl)’ ays =—1, (xz)a a,, =—K, (xz)’

Ay = Uy = Uy = Uy; =0y =0
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ay, =xJ,, (xl )’ s =-x,1, (xz)’
Ay = _XZK;n (xz )’
Uy =y =y = Ay =y =05 (A3)
ay=x"J, (%), a; = X' (x3)+m,ux3_21m (x3),
a,=x,'K, (x3)+m,ux3_2Km (x, ),
Ap =045 =0y =0ay; =ax=0; (Ad)
as) = a5, =053 =05, = a5, = 0,05, =1, (x4); (A5)
ass =K, (x,)> az =N, (x)J,, (%)=, (%) N, (x,)
g, :xs_ll;n(xs)erux;zlm (xs),
ag, = x5 K, (x5)+mux;’K, (x5
ag = Xg |:Jm (x6) N, (x;) =N, (x,)J, (x7)];
g =g = Qg5 = dgg =dgg =05 (A6)
Ay = lgy = Ay = gy = s = Gy =0,
a,; = Xgx, ' cosO [J,'n (x )N, (x;)=N,, (x4)J,, (x7)J >
ay =sind[ J,, (x, )N, (x,) =N, (x,)/,, (x,) s (A7)
ag, =ay, =0, ag =sindl,(x;), ag, =sinbK,, (x;),
ags = cosOx,x;' 1, (x,), ags = cosOx,x;'K , (x4) ,
ag, = sinQ[Nm (%), (%)=, (%) N, (x7)]; (A)
Agg = xéxg‘lcosﬁ[N;n (x5),, (x,) =, (x6) NI, (x, )J .
The following notations are used in egs. (A1)-(A8):

x =k,R, X,= koRl s X3 = kR, x,= koRz >
Xs=k Ry, Xg =k, Ry, x, =k, Ry, x,=kR, .
ACKNOWLEDGEMENTS

This work is partially supported by the Ministry of
Education and Science of Ukraine Research Grant
0119U002526.

REFERENCES

1. D.F.G. Minenna, F. André, Y. Elskens, J.-F. Auboin,
F. Doveil, J. Puech, E. Duverdier. The traveling-
wave tube in the history of telecommunication // The
European Physical Journal H. 2019, v. 44, p. 1-36.

2. M. Nejati, L. Rajaei. The effect of degenerate
plasma on the frequency spectra of slow waves in
helix traveling-wave tube // IEEE Trans. Plasma Sci.
2019, v. 47, Ne 5, p. 2571-2581.

3. V. Girka, 1. Girka, M. Thumm. Surface flute waves
in plasmas. Theory and applications. New York:
“Springer-Verlag”, 2014.

4. G.S. Nusinovich, Y. Carmel, A.G. Shkvarunets,
J.C. Rodgers, T.M. Antonsen, V.L. Granatstein,
Y.P. Bliokh, D.M. Goebel, J.P. Verboncoeur. The
Pasotron: progress in the theory and experiments //
IEEE Transactions on Electron Devices. 2005, v. 52,
Ne 5, p. 845-856.

5. T. Anderson. Plasma Antennas. Boston, London:
“Artech House”, 2011.

6. 1. Alexeff, T. Anderson, E. Farshi, N. Karnam,
N.R. Pulasani. Recent results for plasma antennas //
Physics of Plasmas. 2008, v. 15, Ne 5, p. 057104.

ISSN 1562-6016. BAHT. 2021. Ne4(134)



7. V.0O. Girka, 1.O. Girka, I.V. Pavlenko. Electrody-
namic model of the gas discharge sustained by
azimuthal surface waves // Contributions to Plasma
Physics. 2001, v. 41, Ne 4, p. 393-406.

8. T. Ishijima, H. Toyoda, Y. Takanishi, H. Sugai. De-
sign of large-area surface wave plasma excited by
slotted waveguide antennas with novel power di-
vider // Japanese Journal of Applied Physics. 2011,
v. 50, Ne 3R, p. 036002.

9. K. Ostrikov, E.C. Neyts, M. Meyyappan. Plasma
nanoscience: from nano-solids in plasmas to nano-
plasmas in solids // Advances in Physics. 2013,
V. 62, Ne 2, p. 113-224.

10. C.M. Ferreira, M. Moisan. Microwave Discharges:
Fundamentals and Applications. “Springer Science
and Business Media”, 2013.

11.YuM. Aliev, H. Schliiter, A. Shivarova. Guided-
Wave-Produced Plasmas. Berlin, Heidelberg:
“Springer-Verlag”, 2000.

12.1.0. Girka, 1.V. Pavlenko, M. Thumm. Zeroth radial
modes of azimuthal surface waves in dense plasma
loaded, coaxial helix traveling-wave-tube-like
waveguides // Physics of Plasmas. 2021, v. 28, Ne 4,
p. 043106.

13. M. Abramowitz, I. Stegun. Handbook of mathemati-
cal functions with formulas, graphs, and mathemati-
cal tables. Washington: ‘“National Bureau of Stan-
dards, Applied Mathematics Series”, 1972.

14. A.F. Alexandrov, L.S. Bogdankevich, A.A. Ruk-
hadze. Principles of plasma electrodynamics. Berlin:
“Springer”, 1984.

15.1.0. Girka, P.K. Kovtun. Azimuthal surface waves in
a magnetized plasma // Technical Physics. 1998,
v. 43, Ne 12, p. 1424-1427.

16.V.O. Girka, 1.O. Girka, I.V. Pavlenko. Excitation of
ion azimuthal surface modes in a magnetized plasma
by annular flow of light ions // Progress in Electro-
magnetics Research M (PIERM). 2011, v. 21,
p. 267-278.

17.1.0. Girka, 1.V. Pavlenko, M. Thumm. Excitation of
higher radial modes of azimuthal surface waves in
the electron cyclotron frequency range by rotating
relativistic flow of electrons in cylindrical wave-
guides partially filled by plasmas // Physics of Plas-
mas. 2018, v. 25, Ne 5, p. 0521009.

Article received 14.06.2021

ABUMYTAJIbHBIE HOBEPXHOCTHBIE BOJIHBI B BOJTHOBOJIAX THUIIA JIAMITbI BETYIIENA
BOJIHBI C KOAKCHAJIBHOM BCTABKOM U3 PA3SPEXKEHHOM IJIASMBI

H.A. I'upka, M. Tymm

I/ICCJ'ICZ[OBaHH JAUCIIEPCUOHHBIC CBOMCTBA KET00KOBEIX OJICKTPOMArdMTHBIX BOJIH, paClIpOCTPAHAIOMINXCA T1OIIC-
PEK BHCIIHETO aKCHUAJIbHOT'O TOCTOAHHOTI'O MAariHuTHOI'O I10JIA B BOJIHOBO/JIaX THUIIA JIaMIIbL 6ery1ue171 BOJIHbI C KOAKCH-
aJIbHOM BCTaBKOM M3 pa3pe>i<eHH0171 IJIa3MBI. MO[[CJ'IBHaH HWINHAPUYICCKasd CTPYKTypa COCTOUT M3 HCHTPAJIBHOI'O
JUBJICKTPUICCKOI'0 CTCPIKHA, OKPYKCHHOI'0 KOAKCHUAJIBHBIM INUIa3MEHHBIM CJIOEM CO CHHpaJIbIO Ha BHEIIHEH II0-
BEPXHOCTHU U MCTAJITIMYCCKUM SKpPAaHOM, OTACJICHHBIM OT CIMPAJIN APYTUM JUIJICKTPUUICCKUM CIIOCM.

ABAMYTAJIbHI IOBEPXHEBI XBWUJII Y XBUJIEBOJAX TUITY JIAMITU BIXKYYOI XBUJII
3 KOAKCIAJIbHOIO BCTABKOIO 3 PO3PIIKEHOI IIJIA3MHU

L.O. TIipxa, M. Tymm

JocmimkeHo AUCTIepCiiiHi BIACTUBOCTI KOJTOOKOBHX €IEKTPOMATHITHUX XBHJIb, SIKI OIIUPIOIOTHCS MOMEPEK 30-
BHIIITHBOT'O aKC1aJbHOTO CTAJIOr0 MarHITHOTO MOJIS Y XBUJICBOJAX THUITY JIAMITH O1%Ky40i XBHJII 3 KOAKCiaJbHOIO BCTa-
BKOIO 3 PO3pipKeHOI I1a3Mu. MoenbHa MWIIHAPUYHA CTPYKTYPa CKIIAJAETHCS 3 ICHTPAIbHOTO HieJICKTPUUHOTO
CTEepIKHS, OTOYCHOT'0 KOAKCiaJhbHUM IUIA3MOBHM IIIAPOM 31 CIIPAJIIIO HA 30BHIIIHII MOBEPXHI Ta METAaJICBUM €Kpa-
HOM, SIKMH B1JIOKPEMJIEHO BiJI CHipajii iHIINM JieJEeKTPUYHUM LIaPOM.
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