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Asit is known the surface electromagnetic waves (SEW) can propagate aong surface, which separates two media
with the permittivity of different sgns[1]. A lot of works devoted to studies and applications of plane SEW. We have
shown that new type of SEW can propagate along the boundary of free plasma with vacuum. The equi phase surfaces of
these waves are the circular cylinders in contrast to planes in case of conventional surface waves. The properties of
these unconventional SEW are presented. The dispersion characteristics, the field distribution and Poynting vector for
these waves were obtained. Comparison of properties of conventional and unconventional SEW have been anaysed.
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1. PROBLEM STATEMENT

Probably, first paper devoted to surface
electromagnetic waves was published almost 100 years
ago [2]. These waves satisfy Maxwell’s equations and
may be excited on the boundary between two media with
different permittivity. These modes are localized near the
separating surface, i.e. their amplitudes are biggest a this
surface and decays inside both of media. Vast dea of
problems surface waves involved were solved and
published (see [3]-[6] and references therein).
Consideration in al these works concern with plane
waves, i.e. the equiphase surfaces are the planes. Surface
electromagnetic waves in solids of spherica and
cylindrical shape have been investigated in [7].

We study the possibility of existence of solutions of
Maxwell’s equations with the equiphase surfaces giving
circles at separating surface. In a sense, we are interested
in such type of waves which are analogous to established
circular waves on water surface. Mode of excitation is out
of consideration in this report; one of posshilities was
studiedin [8].

Let us consider a plane interface (z=0) between two
half-spaces. Introduce a cylindrical coordinate system
with Z-axis perpendicular to the separating plane. First
domain z>0 is a vacuum with permittivity e, =1 and

second is homogeneous free plasma with the frequency-
dependent permittivitye, =e(w) =1- (wp /w)z, where
w2 =4pe’n, /m, is a plasma frequency. In cylindrica
coordinate system (r,j,z) the set of Maxwell's
equations split in two subsystems. One of them consists
of { E,E,, H, }, another consistsof { H, ,H,,E }. We

will be interested in symmetric waves, i.e. all disturbances
areindependent of anglej .

Let's consider the problem of describing wave
propagation with nonzero components. an azimuth
magnetic field H, , aradial electric field E and electric
field E,, which is perpendicular to the boundary. We will
find solution in such form:

A(r,zt) = A(r)exp(mk,,z)exp(- iwt), where w is a

wave frequency, 1/k is a depth of field penetration in
both media, indexes 1, 2 correspond to vacuum and
plasma(w ,k,, arereal and positive).

2. RESULTSAND DISCUSSION

System of equations for such wave disturbancesis as
follow:

mk,,H, =ike,E, 1)
. dE,

ikH, =mk1,2Er-—dr : )
1eed o_ .

Z5—(rH. )i=-ike, E_, 3
rgdr( i )‘0 1,2z ( )

where k =w/c, c isaspeed of light.
Expressionsfor the electric fieldsE, , E, with H, are:

E, ==i(k,,/ke,, ) H, (4)
dg, .
F=-|(k+klee1,2k) H, . (5)
Substituting (4), (5) in (3) we obtain equation for H,

2dZHj dH; 2 as

dr2 +rT+@(K1’2r) -1HHJ :O, (6)

where K7, =k7, +e,,k*. Equation (6) is a well-known
Besse’'s equation and its solution is any linear
combination of independent Bessel functions of first

order: H, =Z,(K,,r). This equation describes both

divergent and convergent circular wave, according to
choice of Bessal functions as a solution. Let us obey the
boundary conditions consisting in a continuity of
tangential component of electric and magnetic field of a
wave on plasma - vacuum boundary. It gives dispersion
equation for circular surface electromagnetic waves that
can propagate al ong plasma - vacuum boundary:

K, =K, =K (w) =ke(w)i{Lre(@), ()
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from which follows conditions of existence for these
waves W <w, /<2 and expressions for the inverse depths
of penetration:

k, =k/ |- (1+e(w)), k, =-ke(w)/ - (1+e(w)). (8

The electric fields of such circular surface
€lectromagnetic waves are:
E, ==i(k,,/Ke,,)Z,(Kr), )

E, =i gk+k?, /e, k) KHZ,(Kr).  (10)

Evidently, both the range of existence and dispersion
law for circular surface electromagnetic waves are the
same as for plane surface electromagnetic waves [1-5].
Difference from conventional plane surface waves
consistsin the spatia dependence of wave amplitude.

To concretize the task let’s choice the type of solution

of equation (6) in the form J,(Kr). It means that we

have divergent circular surface electromagnetic waves. Its
fields are

H, (r.zt)=J,(Kr)>Q(zt),
E, (r.zt) ==i(k,,/ke,) 3, (Kr)Q(zt),
E,(r.zt) =i gk+k? ke, )/ KEJ, (Kr)Q(zt), (13)
where Q(z,t) = exp(mk, ,z- iwt) . At large distance from

origin (for Kr >>1) we may use asymptotic forms for
Bessdl’s functions J, and J; :

Jo (Kr) » \/2/pKr xcos(Kr - p/4)
J,(Kr) » /2/pKr xcos(Kr - p/4- p/2)

It can be seen that the divergent circular surface
electromagnetic waves becomes quasi-plane surface
electromagnetic waves (TM-polarization) with harmonic

dependence on radial coordinate and slowly (~./2/p Kr )

decreasing amplitude that propagate in radia direction.
The time averaged (per period T =2p/w) Poynting

vector for the wave with components{ H, , E ,E,},is

(11
(12)

(14

S = |E,|. (15)

]
gow'

If the wave components {H, ,E ,E,} are st by
expressions (11)-(13), then the values of time averaged
Poynting vector near to the separating surface (z=0)
are

S, =K xJ, (Kr)J, (Kr)/8p
S, = K xJ, (Kr)J, (Kr)/8pe (w)

We can see from (16) that directions of energy flows in
vacuum and plasma are the opposite at any distance from
origin:

(16)

S./S,=e(w)<-1 17
Dependence of normalized averaged per period Poynting
vector (in vacuum) versus normalized radius is shown in

the Figure. There are the circular regions of alternation of
sign of Poynting vector, that is typical for plane SEW [4].

Normalized averaged per period Poynting vector
(in vacuum) versus normalized radius.

Experimenta  studies of  circular  surface
electromagnetic waves is presented in [9]. These waves
were exited in thin metal films. In this experiment the
optica probe of a scanning near-field microscope
operated as transmitting aerid. It should be noted that our
results are in good qualititative agreement with [9].

CONCLUSIONS

Starting from Maxwell’s equations we have obtained
the solutions in the form of divergent (or convergent)
circular surface eectromagnetic waves. Equiphase
surfaces of these waves are circles. These waves have
dispersion law similar to well-known plane surface
electromagnetic waves. At large distance from centre of
excitation these waves become quasi-plane.
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CUMMETPHUYHBIE IIOBEPXHOCTHBIE DJIEKTPOMATI'HUTHBIE BOJIHbI
HA IIIOCKOM T'PAHMIIE IJTABMA - BAKYYM

B.K. I'anaiioviu, K.B. I'anaiioviu

HW3BecTHO, YTO MOBEPXHOCTHBIC dyeKTpoMarHuTHbie BonHbL (IIDB), MOryT pacmpoCTpaHsAThCS IO [TOBEPXHOCTH,
KOTOpasi pa3ielsieT ABE CPEeIbl C TUAIICKTPHIECCKUMHU [IOCTOSHHBIME Pa3IHYHbIX 3HAKOB [1]. MHOro paGor mocBsIeHO
n3ydenuto wiockux [19B. Msl nokasanm, uro [I9B HOBOro THHa MOTyT pacrnpocTpaHITHCS IO I'paHHIE CBOOOIHOM
IUIA3MBI C BaKyyMOM. OKBH(A3HBIMHI MOBEPXHOCTSAMHU Y 3TUX BOJH €CTh KPYTOBBIE IMJIMHAPHI, a HE IIOCKOCTH, KaK B
cirydae OOBIYHBIX TOBEPXHOCTHBIX BOJIH. [lomydeHs! qucnepcus, pacipeeneHue mojaei u Bexkrop [loiHTrHTa A5 9THX
BoiH. IIpoBeneHo cpaBHEHNE CBOMCTB OOBIYHBIX M PACCMOTPEHHBIX B JaHHOH pabdote [1OB.

CUMETPHUYHI IOBEPXHEBI EJIEKTPOMAT HITHI XBUJII
HA IIIOCKIA MEXKI ITABMA - BAKYYM

B.K. I'anauouu, K.B. I'anaiiouu

Bimomo, 1o moBepxHesi enexrpomartiTHi xBuii (ITEX), MOXYTh MONIMPIOBATHCH Y3/I0BX TOBEPXHI, IO PO3MALISE
QIBa CEpEe/IOBHINA 3 iENCKTPHIHIMHE CTaJIUMH pi3HKX 3HakiB [1]. Bararo poGir mpucBsdeHo BuBueHHIO m1ockux I[TEX.
Mu nokazamu, mo IIEX HOBOro Tumy MOXYTh IOIIMPIOBATHCH Y3/IOBXK MEXI BIBHOI IIa3MH 3 BaKyyMOM.
ExBiasHIMN MOBEPXHIMHU y WX XBHJIb € KPYTrOBi IWJIIHIPH, a HE IUIOIIMHM, SK Y BHIIAJKY 3BUYHUX ITOBEPXHEBHX
xBwib. OTpUMaHO AWCIEPCiio, po3noauT moniB Ta Bekrop IloiHTHHTA 1UId 1MX XBWiIb. [IpoBeneHO IMOPiBHSAHHS
BIIACTHBOCTEH 3BUYANHIX Ta BUBYCHUX B AaHiil podoti [TEX.



