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The theory of electromagnetic eigenwaves of a cylindrical plasma waveguide located in a constant longitudinal
magnetic field has been created. A dispersion equation has been obtained under condition when the ratio of the col-
lision frequency of the majority charge carriers to their cyclotron frequency is substantially less than one. It is shown
there are bulk-surface helicons in a plasma waveguide. In the absence of charge-carrier collisions, their propagation
is accompanied by a surface current directed parallel to the longitudinal axis of symmetry of the cylinder. Collisions
of charged particles destroy the surface current and lead to the formation of additional H-type hybrid waves, the
field localizations of which are concentrated near the side surface of the waveguide. The nonreciprocity effect of the
eigenwaves, differing in the direction of propagation along the azimuthal coordinate, as well as when the direction

of the external magnetic field is changed, has been discovered.

PACS: 03.50.-z, 52.40.-w, 52.59.-f, 85.45.-w

INTRODUCTION

Dielectric waveguides and resonators are widely
used in modern radiophysics [1, 2]. In this case, the dis-
persion of the dielectric permittivity of the waveguide
structures does not demonstrate in the microwave and
millimeter ranges. However, in conductive solids the
dispersion properties of conductivities are known. Their
presence leads to different effects. For example, the
conducting media become radioparent in the microwave
and millimeter ranges in strong magnetic fields, when
the cyclotron frequency of the majority charge carriers
is substantiality higher than their collision frequency
[3 - 5]. Particular interest is studied of conducting solids
in which there are plasma properties. In the physics of
magnetized plasma, slow electromagnetic waves of el-
liptical polarization — helicons — are well known [6 -
10]. Their phase velocities depend on the field frequen-
cy, but do not depend on the mass of charge carriers.
Such waves can be interpreted as perturbations of the
force lines of a constant magnetic field, on which
charged particles are strung on like a string of beads.

The goal of this work is to determine the spectrum
of natural oscillations of a plasma solid-state cylinder
located in a strong magnetic field, and to identify its
characteristic properties.

1. STATEMENT OF THE PROBLEM
AND BASIC EQUATIONS

Consider a cylindrical plasma solid-state waveguide
with the radius p, occupying the region 0<p<p,,
0<p<27r, and —0<z<+0o. The waveguide is lo-
cated in free space in an external constant magnetic
field, the vector H, of which orientates parallel to its
axial axis Z of symmetry (Fig. 1). We assume that the
plasma has high n-type conductivity. The density of
conduction electron of a plasma is equal to N, . The
positively charged background of the crystal lattice of
solid-state plasma compensates the negative charge of
conduction electrons.
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Fig. 1. Geometry of electrodynamic structure

Electromagnetic properties of media are described
by the following system of equations

rotE:-lﬁH, (1)
c ot
divil =0, 2
ot =25, p<p,, (3a)
c
. 108 -
ot =———E, p>p,, (36)
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where £ and H are the strengths of variable electric
and magnetic fields, respectively, ]e is the density of

current generated by the conduction electrons of solid-
state plasma, c is the velocity of light in free space, u
is the electron velocity, v is the collision frequency of
electrons, e and m are the charge and effective mass of
electron, respectively. In the linearized motion equation
for conduction electrons (5) we have taken into account
that |du /dt |<<v|i |.

From equations (2) and (3) it follows that on the sur-
face p=p, all components of the magnetic field are

=H | . In this case, the

p=po—0 p=po+0
boundary conditions for the electric field components
are automatically satisfied.

After simultaneously consideration the equations
(1) - (5), we obtain following equations for the compo-
nents of magnetic field strength:

continuous, i.e. H |
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where @, =eH,/mc is the cyclotron frequency of

conduction electrons, A=A +0*/8z* is the Laplace

. . 1 1 8
operator, in which A, =— 0 0 g
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into account that @, >>v , the equation (6) can be rep-

. Taking

resented as two equations:
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The equation (7) describes the wave (oscillatory)
processes of magnetic field when v — 0 (i.e. helicon
origin, for which m — 0 [10]). The equation (8) de-
scribes the state of the magnetic field determined by the
individual properties of conduction electrons (m, e,
and v ), when a collision frequency v is finite. In this
case EV =0 and rotE® =0. The solution of the equa-
tion (6) is a superposition of solutions of the (7) and (8)
that is H =H" + H?® . The periodicities of the com-
bined wave (oscillatory) processes characterized by the
equation (6) are determined by the periodicities of the
processes of helicon origin described by the equation

().

2. FIELDS OF NATURAL WAVES
OF A PLASMA CYLINDER

The electromagnetic field strength vectors of natural
waves of a cylindrical plasma waveguide can be repre-
sented as

= H,(p)explilq.z+ng-or),

E= E (p)expli(q.z +ng— o),

where ¢_ is the longitudinal (axial) wave number,
w=ow'—iw" is the wave frequency, and @">0, n is
the azimuthal mode index. In accordance with (6) - (8),
the transverse spectral H, (p)- and H o (0)-
components of magnetic field are determined through
longitudinal components H'”(p) and H(p) of the

partial waves, which are solutions of the equations
(A, +x,)H, P (p) =0, ©)

where x7 =¢; —q’ and k] =q; —q’ are the squares of
their transverse wave numbers, ¢, =4rewN,/q.cH,
and ¢, =—iq,w, /v are the wavenumbers of the heli-
cons and partial additional waves, respectively. Note
that K‘zz < 0. Equations (9) are the Bessel equation when
k,€Z and the modified Bessel equations when
K =i|x | (ie. k' <0)and x; <0.

Within the cylinder, taking into account the finite-
ness condition of the quantities H'?(p) at p — 0, the
solutions of (9) are
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4,7, (x,p),

A1, (15 | p),
H(p) = 4,,1,( %, p).

where J (x) is the nth order Bessel function of the

first kind, 7, (x) is the modified function of the first

kind (Infeld function), 4, and A4, are the arbitrary

constants. Outside the cylinder, taking into account the
finiteness condition of the quantities H_ (p) at p —

0 K €Z,
Hzn (p) = 1(2 < 0
1 ’

and the absence of charges in free space, the solutions
of equation (9) have the form

H,(p)=B,K,(4q.1p),
where K, (x) is the nth order modified function of the
second kind (Macdonald function), B, is the arbitrary

constant. According to (3) - (5), the longitudinal spectral
components of electric field of the partial eigenwaves of
waveguide at p < p, have the form

E\)(p)=0,
ER(p)=i——H(p).
q,¢
Outside the waveguide (at p> p,), the EZ(p)-

components of electric field of the partial hybrid waves
are determined by the solutions of the equation

(A, —g)E (p)=0.

Satisfying the finiteness condition of the quantities
E)(p) at p—oo, we have E)(p)=C,K,(q.|p).
where C, is the arbitrary constant.

According to (3) - (5) inside the cylinder (p < p,)
and in accordance with p < p, outside of it ( p > p,),

the other electromagnetic field Fourier components of
eigenwaves of the cylindrical waveguide are expressed
in terms of H_ (p) - and E_ (p) -components.

In accordance with the terminology of [11 - 14], in
the case of x, € Z, the electromagnetic fields of eigen-
waves of the waveguide correspond to bulk-surface
waves, whereas in the case of & <0, they correspond
to surface waves. Partial additional waves are surface
hybrid waves. According to E(p)=ioH (p)/ g,c,
taking into account the real values of the density of con-

duction  electron of a  solid-state  plasma
(N, ~ 10'...10"® ¢cm™ [15]) and of the external mag-

netic field (H, ~ 1...50 kGs), they are H-type waves as
|EZ(0) | < HP () |, [2]. Since the longitudinal
component E" =0, the partial helicon waves are H-

waves. Consequently, the hybrid eigenwaves of a cylin-
drical plasma solid-state waveguide are H-type waves.

3. DISPERSION EQUATIONS

Satisfying the boundary conditions on the cylinder
surface p=p,, we obtain the following dispersion

equation for the bulk-surface eigenwaves of a cylindri-
cal plasma waveguide:
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For surface waves for which «7 =—|«; |, in equa-

tion (10) the function J, (x,p,)/ &,J, (k,p,) acquire the
form —I (x| p,) % |1,(Ix |p,). The primed cylin-
drical functions denote their derivatives with respect to

the argument. The solutions of equation (10) determine
the frequencies ®,, and wave numbers g__ of the hy-

brid eigenmodes of a cylindrical waveguide. The mod-
ule of the azimuthal mode index |n| corresponds to

half the number of field variations in the angle ¢.

When n=0, we have symmetric modes. The radial
index s corresponds to the root order number of the
dispersion equation (when the roots are arranged in or-
der of increasing frequency) and represents the number
of field variations along the radial coordinate p.

It is obvious that solutions of (10) for modes with
identical field distributions, but differing in the sign of
the azimuthal index, do not coincide. In addition, their
solutions for different directions of the external magnet-
ic field, which differ in phase on 7, do not also coin-
cide. This indicates that the eigenwaves propagating in
opposite directions along the azimuthal coordinate have
different phase velocities (@, / ¢.,, ). This is the demon-

stration of the nonreciprocity effect of the propagation
of eigenwaves of a plasma cylinder located in a strong
longitudinal magnetic field. This nonreciprocity effect
leads to the removal of the frequency degeneracy in the
azimuthal index. The nonreciprocity of the eigenwaves,

associated with the direction of H,, is substantiated by

the opposite directions of rotation of conduction elec-
trons of a solid-state plasma in an external magnetic
field.

In the case of a collisionless solid-state plasma
(v =0), the bulk-surface helicons exist in the wave-
guide. In this case, equation (10) takes the form

[MK;ZG qz | pO) +q_er:(K1p0) _ nqu ]: 0 (11)
q9. K.(q.1p) x5 J,(5p) K P,

The solutions of equation (11) determine the spec-
trum of bulk-surface helicon waves. Obviously, in a
collisionless plasma waveguide of a cylindrical configu-

ration the surface helium modes do not exist because of
the absence of solutions of the dispersion equation (10)

at k7 =—| x| and v =0.

We note that dispersion equation (11) can be ob-
tained from the direct consideration of a collisionless
plasma cylinder located in a strong external magnetic
field. In this case, the H - and H_-components of

magnetic field are continuous on the cylinder surface

ISSN 1562-6016. BAHT. 2019. Ne4(122)

p = p,,and the H, -component is discontinuous due to

the longitudinal surface current, ie.
H,(p,+0)—H, (p,—0)=4xj./c, where j_ is the
density of longitudinal surface current. The boundary
conditions for the electric field components do not
change.

Thus, in the absence of charge-carrier collisions the
bulk-surface helicons exist only in a plasma waveguide.
Their propagation is accompanied by a surface current
flowing along the elements of cylinder. Collisions of
charged particles destroy the surface current and lead to
the formation of additional H-type hybrid waves, which
transmit changes in the state of the magnetic field. In
this case, the phase velocities coincide for the spectral
components of the helicons and the additional hybrid
waves. Field localizations of the weakly decaying spec-
tral components of eigenwaves, for which |n|>>1, are

concentrated near the side surface of the waveguide.

4. NUMERICAL ANALYSIS
OF THE DISPERSION EQUATIONS

The dispersion equations (10) and (11) have dimen-
sionless forms, which emphasize their universality. The
dimensionless form of the waveguide eigenfrequencies
is provided by their normalization to the characteristic
frequency @, =c/ p,, taking into account the identity
of the cylindrical waveguide configuration.

We investigated the conducting cylindrical solid-
state waveguide with the characteristic frequency
@, =1.2:10"" 5™, which corresponds to the radius
P, = 0.25 cm. The following materials were used as the
waveguide material: a) the collisionless solid-state sin-
gle-component plasma with electron concentration
N, =10 cm”; b) the indium antimonide with elec-

tronic conductivity (n-InSb), in which
N, =2.710" ecm™ and v =10"s™". In both materials

the effective electron mass m =0.013m,, where m, is

the free electron mass. The waveguide was located in
the uniform longitudinal magnetic field H, = 8 kGs.

Fig. 2 shows the dispersion dependences of the bulk-
surface symmetric H, (s =1, 2) and hybrid EH

(n ==1, £2; s =1, 2) eigenmodes of the conducting
cylinder made of collisionless solid-state plasma (a) or
indium antimonide (b). The parameters of the eigen
helicons of the collisionless plasma waveguide satisfy
the equation (11), and the eigenwaves of the n-InSb
waveguide satisfy the equation (10). Line 1 corresponds
to the dependence x; =0 and separates the regions of

bulk-surface and surface waves.

As seen from Fig. 2, the modes with identical field
distributions, but differing in sign of the azimuthal in-
dex, have different phase velocities. This causes the
nonreciprocity of their propagation in the waveguides
under study.

As numerical analysis showed, the nondimensional
imaginary parts of frequencies (@, /®,) of the bulk-

surface waves do not exceed the value of 107 in a semi-
conductor waveguide. With an increase in both the lon-
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gitudinal wave number ¢ (with a constant waveguide
radius p, ) and the modulus of azimuthal index |z | the
ratio o, /@, (with a constant s) decreases, and the Q-
factors of waveguide increase.
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Fig. 2. Dispersion dependences of the bulk-surface
symmetric [ H, (2) and H, (3)] and hybrid

[EHfll (4)’ EH*IZ (5)’ EHI] (6)’ EHIZ (7)’ EH*Z] (8)’
EH ,, (9), EH,, (10), and EH,, (11)] eigenmodes

of the collisionless plasma (a) or n-InSb (b) cylinder;,
1 — bounding line x, =0

When |n|>>1, there are weakly decaying bulk-surface

waves of helicon origin in a waveguide. In the case of sur-
face waves the ratios of @) /@, have small values, and

the ratios of @/ / w, have large values, which indicates
their strongly decaying relaxation character.

CONCLUSIONS

In this paper, the properties of natural waves of a cy-
lindrical solid-state plasma waveguide located in a
strong longitudinal magnetic field are theoretically stud-
ied. It is revealed that the natural waves of the wave-
guide are formed by the superposition of partial helium
waves and additional hybrid waves, the frequency de-
pendence of which is only contained in the multiplier
exp(—iot) . It is established that in a collisionless plas-

ma cylinder there are only bulk-surface helicons. Their
propagation is accompanied by surface current, which
flows along the elements of cylinder. Collisions of
charged particles destroy the surface current and lead to
the formation of additional H-type hybrid waves. In a
solid-state plasma cylinder, the effect of nonreciprocal
propagation of its eigenwaves with identical field distri-

22

bution structures, but differing in the direction of propa-
gation along the azimuthal coordinate, has been found
out. The nonreciprocity effect of the eigenwaves of
waveguide exists also in case of different directions of
the external magnetic field, which differ in phase on 7.
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TEJUKOHBI B IIJTASMEHHOM TBEPJOTEJHHOM BOJTHOBO/IE HUJIMHIPUYECKON
KOHOUT'YPAITNN

10.0. Agepkos, I0.B. IIpoxkonenxo, B.M. Axosenxo

[ocTpoeHa Teopusi COOCTBEHHBIX JIEKTPOMArHUTHBIX BOJH IIMJIMHAPUYECKOTO IUIA3MEHHOTO BOJIHOBOJA, pac-
MIOJIOKEHHOTO B MOCTOSHHOM IPOJOJIBHOM MAarHUTHOM moie. IToay4eHo AMCIepCHOHHOE ypaBHEHHE B YCIIOBHIX,
KOIJla OTHOIIEHHE YaCTOThl CTOJIKHOBEHHI OCHOBHBIX HOCHUTENEH 3apsja K HMX HUKIOTPOHHOM 4acTOTE€ MHOTO
MeHblIe equHUNBL. [loka3aHo, YTO B MJIa3MEHHOM BOJHOBOJE CYIIECTBYIOT 00BEMHO-NIOBEPXHOCTHBIE TEINKOHBI.
Hx pacmpocTpaHeHHE B OTCYTCTBHE CTONKHOBEHMHM HOCUTENEW 3apsja CONPOBOKIACTCSA IMOBEPXHOCTHBIM TOKOM,
HaNpaBJIeHHBIM MapajuIeNIbHO MPOJOIBHON OCH CUMMETPUH NUIMHApPa. CTONKHOBEHUS 3apsKEHHBIX JAaCTHI pa3py-
IIAI0T TIOBEPXHOCTHBIA TOK M MPHUBOIAT K 00pa30BaHHIO JOTIOTHUTEIBHBIX THOPUIHBIX BOJH H-THNA, JTOKAIU3anN
HoJiell KOTOPBIX COCPEIOTOYCHBI BOJIM3M OOKOBOW MOBEPXHOCTH BoJIHOBOJA. OOHapyxkeH >((eKT HeB3aUMHOCTH
COOCTBEHHBIX BOJIH, OTJIMYAIOLINXCSl HAIIPABICHUEM PACIPOCTPAHEHHS M0 a3UMYTaJIbHOW KOOpPJMHATE, a TAKXKE MPH
W3MEHEHUHU HAIIPABJICHUS BHEIIHETO MAarHUTHOTO TOJIS.

T'EJIIKOHU B INIASMOBOMY TBEPJOTLIBHOMY XBUJIEBOII IIUJITHAPUYHOI
KOH®ITYPAIIIT

10.0. Agepkos, 10.B. IIpokonenxo, B.M. fxoeenko

[ToOGynoBaHO TEOPilO BIACHUX €JIEKTPOMATHITHUX XBWJIb LMIIHAPUYHOTO IUIA3MOBOIO XBUIIEBOJY, SIKMH pO3Ta-
IIOBAHO B MOCTIHHOMY TO3JI0B)XHBOMY MarHitHomy nousi. OTpuMaHo JucnepciiiHe piBHSHHS B YMOBax, KOJIM BiJl-
HOIICHHS YaCTOTH 3iTKHEHb OCHOBHUX HOCIiB 3apsiiy /0 iX IMKJIOTPOHHOT YacToTH OaraTo MeHme oguHui. [Toka-
3aHO, 10 B MIa3MOBOMY XBMIIEBO/Ii iICHYIOTh 06'€MHO-TIOBEPXHEBI IeliIKOHM. X MOMIMPEHHS Y BiICYTHOCTI 3iTKHEHb
HOCI{B 3apsiy CYIPOBOIKY€ETHCS MOBEPXHEBUM CTPYMOM, SKHIl CIIPSIMOBAHHH MapajeiabHO MO3IO0BKHIN 0Ci CHMeT-
pii mwtiHgpa. 3iTKHEHHS 3aps/KEHUX YaCTHHOK PyWHYIOTh HOBEPXHEBHU CTPYM i MPU3BOAATH IO YTBOPEHHS J0Ja-
TKOBHUX TiIOpUAHUX XBWIb H-THITy, JIOKaJi3aIil MMOJIB SKUX 30Cepe/KeHi moOam3y OOKOBOI MOBEpXHI XBHICBOY.
BusiBnieHO e(eKT HEB3a€MHOCTI BJIACHUX XBHJIb, 10 BiIPI3HAIOTHCS HANPSIMKOM IOIIMPESHHS 33 a3MMYTaIbHOK KO-
OPIHMHATOIO, & TAKOXK IIPH 3MiHI HANIPSAMKY 30BHILIHBOTO MarHiTHOI'O MOJIS.
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