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Abstract—Surface waves in layered systems consisting of material media with different frequency dispersions
are considered: dielectric—plasma—vacuum, vacuum—plasma—plasma, and dielectric—vacuum—plasma. It
is shown that in such systems, one of the surface waves can be radiative into a medium that does not form an
interface for the surface wave under consideration, in view of which the wave becomes decaying. In the dielec-
tric—vacuum—plasma system, there is only one surface wave localized at the vacuum—plasma interface,
which is radiative into the dielectric in a certain region of wavenumbers with a not too small thickness of the
vacuum layer. For all cases, the possibilities of exciting surface waves of a layered structure by an electron
beam are analyzed. It is indicated which surface waves will be excited most efficiently. The prospects of using
such waves in plasma microwave electronics in the development of sub-terahertz and possibly terahertz fre-

quency ranges are shown.
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1. Surface waves are waves propagating along the
interface between two media and decreasing in ampli-
tude (usually exponentially) in both sides of the inter-
face [1]. One of the media on the boundary of which
surface waves are possible, is plasma. Surface waves
have been studied in detail at the plasma—vacuum and
plasma—dielectric boundaries, as well as at the bound-
aries of plasmas of different densities (see, e.g., review
[2]). Surface plasma waves of various types are of great
interest for applications in plasma microwave elec-
tronics [3]. Operating plasma microwave amplifiers
and generators of electromagnetic radiation are based
on the excitation of surface waves at the boundaries of
the plasma layer by an electron beam [4, 5]. In this
work, we consider more complex and, as we believe,
promising systems of plasma microwave electronics,
in which, in addition to the plasma layer, there is also

a dielectric layer.1 Similar systems have been studied
in plasmonics and crystal optics [7]; however, in these
fields of physics, the main attention was paid to the
methods of excitation of surface plasma waves by an
external bulk electromagnetic wave [7—10]. In plasma
microwave electronics, a wave is excited by a synchro-
nously moving electron beam; therefore, complex fre-
quency spectra and field structures of surface plasma
waves are of primary interest. The main material of

! The idea to use electrodynamic systems with plasma—dielectric
filling in plasma microwave electronics was put forward in [6].
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this work is presented in this aspect. The main atten-
tion is paid to the so-called radiative surface waves, the

energy of which is radiative through one of the bound-
2

aries of the layered plasma—dielectric system.

2. We start with general relationships and defini-
tions. We consider electromagnetic waves in a plane
dielectric layer adjacent to two different dielectric
media. Dielectrics are assumed to be isotropic; spatial
dispersion is not taken into account. According to the
above, the spatial distribution of the dielectric con-
stant is given in the form

g(w), x<0,
&0, x) = 1&(w), 0<x <L, (1)
&), x> L,

Here, L, is the dielectric layer thickness, and €, ,(0)

and g,(w) are some frequency functions. We study
mainly (by default) the cases of nondissipative media
when function (1) is real. Obviously, the electrody-
namic structure (1) can be considered as a one-
dimensional Fabry—Perot resonator (the layer

0 < x < L) with devices for removing electromagnetic
radiation from the resonator (regions x <0 and

2In literature, these waves are sometimes also called radiative [7]
or outflowing [ 11] waves.
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x > L;). In this case, x is the coordinate “along” the
resonator.

Since the direction of the coordinate y and z axes
does not matter in a system with the dielectric con-
stant (1), we consider the vectors of the electromag-
netic field to be independent of the coordinate y and
assume

{E(t,r),B(7,r)} = {E(x),B(x)}exp(—io? + ik z). (2)

The exponential factor in Eq. (2) describes a wave
traveling along the z axis, and therefore the electrody-
namic structure (1) can be considered as a plane wave-
guide. In this case, z is the coordinate along the wave-
guide. The x-dependent amplitudes in (2), on the one
hand, describe the transverse structure of the field in
the waveguide, and on the other hand, they determine
the field distribution along the resonator.

Natural oscillations in a plane Fabry—Perot reso-
nator are formed by two natural bulk waves propagat-
ing in opposite directions. As a result, a bulk wave
close to a standing wave is established in the resonator
so that a certain number of half-waves fits along the
length of the resonator. The spectrum of the natural
frequencies of the resonator is a countable set of com-
plex values. The fact that frequencies are complex in
the absence of dissipation is due to the removal of
radiation from the resonator through its boundaries. If
the planes x = 0, L, are mirrors, the radiation from the
resonator is absent, in this case, the functions E(x) and
B(x) tend to zero at x — oo, and the natural frequen-
cies are real in the absence of dissipation. The cases are
possible when the resonator has no own propagating
bulk waves and there is no radiation into the surround-

ing space,3 but two surface waves are formed at the
boundaries of the layer, and the frequency spectrum
consists of only two real values. It occurs that interme-
diate cases are also possible when one of the surface
waves of the dielectric layer is radiative from it. Such a
surface wave is called an radiative surface wave. The
frequency spectrum of a dielectric layer with an radia-
tive surface wave usually contains two values, one of
which is complex in the absence of dissipation, and the
other is real, but there are cases when there is only one
eigenvalue. The radiative surface waves have frequen-
cies that lie outside the frequency range characteristic
of conventional surface waves. An important feature of
the radiative surface waves is that the damping decre-
ment of these waves is exponentially small when the
thickness of the dielectric layer is sufficiently large.

We restrict ourselves to the consideration of only
electromagnetic waves with the nonzero electromag-
netic field components E,, E,, B, (E-type waves).
The case of waves with the components B, B,, E,

(B-type waves) is not of interest, since no B-type sur-
face waves exist. It is not difficult to obtain the follow-

3 Obviously, the analogy between the dielectric layer and the reso-
nator is not entirely successful in these cases.
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ing equation for £, from Maxwell equations for £-type
waves:

i(ﬂﬁj +8(x)E, =0, 3)

dx kﬁ(x) dx

and relations for the calculation of the electromagnetic
field components E, and B,

[O))
ek (x)

k, dE,

=i— ,
ki(x) dx

dE
a4 4
x &(x) o (4)

y =1
where

2
ki (x) = Le(x) - k. (5)
c

Equation (3) is supplemented by the conditions of
continuity of the tangential components of the electric
field strength £, and magnetic field induction B, (or
the continuity of the normal component of the electric
field induction D, = ¢(x) E,) at the interfaces, i.e., at
the points where function (1) has discontinuities.
These boundary conditions have the form

g(x) dF
E =0, {5——= =0, ¢
{ z}xzo,Lo {kf(x) dx }x_oz0 ©

where {/(x)},-, = f(a+0)— f(a—-0).

3. We recall the necessary information from the
theory of surface electromagnetic waves at the dielec-
tric—plasma interface. Let the region x < 0 be filled
by a non-dispersive dielectric with a dielectric con-
stant €, > 1, and there is a cold collisionless electron
plasma with a dielectric constant in the region x > 0
determined by the formula [12]

2

0)
PO
80—1——2 5

(7
where ®,, is the electron Langmuir frequency. The
solution of Eq. (3) decreasing at infinity (see below)
can be written in the form

Aexp(y;x), x<0,
E(x) = k ®)
Bexp(—xopx), x>0,
where Xlz,o = —kil,o = kz2 — € 002/ ¢’.  Substituting

solution (8) into boundary conditions (6) and exclud-
ing constants A and B, we obtain the following disper-
sion relation:

'2 22 2
SIXO +80X1=0—>81 (1)[,0+sz -

2 9)
® (
+1- =2 ki — g’ = 0.
(0)
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The solution of Eq. (9) of interest to us belongs to the
frequency domain

o <ki/e, o <y, (10)
and which is the region of existence of the surface
wave. The solution to Eq. (9) satisfying conditions (10)
is the following:

2 1.2 ,g+1,22
O =0, +——
27 2 C
12 X (11)
1 4 € + 44 =12 .22
— |0+ | T— | k¢ +L—wk.c".
J4 70 (23) : 2%,

In the long-wave and short-wave approximations,
solution (11) can be presented in the form

c k2C2

k.- 1-222 |, ke<om,,
f( zm;J o
0‘)pO 1— (Dio 4812
e+ 8k (g, + 1)

The structure of the wave field (11)—the eigen-
function—is determined by formula (8), in which
B = A. Using inequalities (10) or formula (11), it is
easy to verify that the eigenfunction exponentially
tends to zero at infinity. Thus, wave (11) is indeed a
surface wave.

o= (12)

j, k.c> ®,.

4. Another surface wave of interest for what follows
is present at the interface between plasmas of different
densities. Let the dielectric constants of the plasma at
x < L, and x > L, be determined, respectively, by for-
mulas

2 2
W0 0,

g =1-—"5, &=1--"5. (13)
o ()

We denote x% =k, =k —¢, (;)z/c2 and write the

X 4

solution to Eq. (3) in the form

x < L,
x> L,
It is easy to see that for the solution to decrease at

infinity, i.e., for the existence of a surface wave, it is
necessary to satisfy the inequality

(14)

_ [Aexp(xox),
Eelx) = {B exp(=),x),

2 22 2
O < k¢ + O, mins (15)

where ®,,;, is the lowest of the plasma frequencies.

Let for definiteness @, i, = 0,9 < ©,;,.

Substituting solution (14) into boundary condi-
tions (6), we obtain the dispersion relation of surface
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waves at the boundary of plasmas of different densities
in the usual way

2
o
X2 +EX0 =0 = | 1 -2 |\, + kc” — o

o
2
o

+( ——"22]\/0)3,0 + ki’ - =0.

©

Only the following solution of Eq. (16) satisfies the
inequality (15):

(16)

2 1,2 2 22
w =§(0)p2+copo)+kzc

1 (17)

2 2 \2 4 4
_\/Z((Dpz _('Op()) +kzc Py
and in the long-wave and short-wave approximations,
the solution is determined by the formulas

ki’
(l)io + kz2C2 1- ﬁ 5
(Dpz - mpo
2 kzzcz < 0)‘2”2 - (l)io, 18
2 2 2 2 \2 ( )
(0‘)172 + (DPO)[I _ 1 (0‘)172 - (DpO) ]
2 0)

122, 2 2
4k;c (W, +®
22 2 2
ki c” > 0, — M.

P

A distinctive feature of wave (17) is that at k, — 0 its
frequency does not tend to zero but goes to the mini-
mum of the plasma frequencies.

5. Now we proceed to the consideration of the elec-
trodynamic system (1). The general solution of Eq. (3)

in the regions x<0, 0<x< [, and x> L, is
expressed in terms of exponents exp|tik,,(w)x] or
exp[xy,(w)x], where n = 1,0,2. The quantities &,,(w)
and y,(w) (they were defined above, see Eq. (5) and
immediately after formulas (8) and (13)) are square

roots of analytic functions of variables ® and k..
Therefore, a question arises about the correct choice
ofthe square root value. We follow the rule that a value
with a non-negative real part is taken when calculating
the square root (we used this rule earlier when writing
solutions (8) and (14)).

In the region of the dielectric layer, the solution to
Eq. (3) is written in the form

E . (x) = Bexplik,(w)x] + C exp[—ik  (0)x],
0<x< L,
where B and C are constants. Since Eq. (19) contains

the values of both branches of the function 4/ k,fo(w , NO
problem of choosing a square root arises. If

(19)

Re kfo >0, Eq. (19) gives a superposition of two
opposite waves propagating along the x-axis. Other-
wise, the waves do not propagate, and it is advisable to

make the replacement ik, — 7y, in Eq. (19).
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Now we consider solutions to Eq. (3) in the regions
x < 0 and x > L,. When solving the tasks of this work,

it is impossible to write the solution to Eq. (3) in the
form (see Egs. (8) and (14))

x <0,

_ JAexp(x;x),

| Dexp(=x,%),

In fact, in accordance with the accepted rule for deter-
mining the root, function (20) exponentially tends to
zero at |x| — oo, and therefore describes only surface
waves (or waves the amplitude of which is constant).
The solution should be written to describe both con-
ventional and radiative surface waves. In accordance
with the principle of causality, the radiative wave in
the direction of its propagation behaves differently
depending on the sign of the imaginary part of the fre-
quency [13, 14]. The wave decays exponentially in the
direction of its propagation at Im ® > 0, and the wave
increases exponentially in the direction of its propaga-
tion at Im o < 0 in a nondissipative medium, which is
due to the delay in the transfer of disturbances. We are
interested in the second case Im w < 0, since, due to
radiation from the dielectric layer, the natural vibra-
tions of the layer decay, and therefore the imaginary
part of the frequency becomes negative. The solution
with the above-mentioned behavior at infinity has the
form

x<0:  E,/(x)=Aexp[& (m)x],

£ (@ = | 0@ or —iku(®. Re(yJg, /c) > k.,
U @, Re(e o/o) < k.,
x> Ly E/(x)= Dexp[-&,(w)x],

“Xa(®) or —iky(w), Re(e,w/c)> k.,
1:(®), Re(Je, 0fc) < k..

If the wave is not radiative in any direction, then func-
tion (21) decays exponentially in this direction. If radi-
ation occurs in any direction, then function (21)
increases in this direction (at Im w < 0) and oscillates.

Substituting solutions Eqgs. (19) and (21) into
boundary conditions Eq. (6) and excluding constants
A, B, C, and D, we obtain the following dispersion
relation to determine the complex eigenfrequencies of
an electrodynamic system (1):

(= p)(A=p) =1+ p)(+ p,)exp(2§,L,) = 0
Py = (80%1,2)/(81,2%), & = Xo = tky.

When deriving Eq. (22), we also obtain the formulas

(21

() = {

" (22)

+1 -1

B=AB2T2 =48
2p, 2p

D = exp(E,Ly)[Bexp(§oLy) + Cexp(-,Ly)],

(23)
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which, together with formulas (19) and (21), deter-
mine the longitudinal field distribution in the resona-
tor or the transverse structure of the field in the wave-
guide.

6. Now we turn to the solution of the dispersion
relation (22) for the case when the layer contains the
plasma with the dielectric constant Eq. (7), and g, , are
real constants. Equation (22) determines the frequen-
cies of two waves — by the number of layer boundaries,
these are conventional surface waves, at €, = €, in the

frequency region of o < (03,0. They are called even and

odd waves because the field component £, (x) in these
waves is even and odd functions with respect to the
middle of the plasma layer [3]. The dispersion rela-
tions of these waves at €, = ¢, follow from Eq. (22) and
can be written in the form

&80 — €&

(24)
g8 + €05

= texp(§yLy).
In the limit k, — oo the solutions to Egs. (24) come to
the value m,, /J€ +1 (see the second formula (12)),

and in the long-wave limit k.c < ®,, from Egs. (24)
we have

2 kzzcz 1202 +2
o == - =[tanh(®,0Ly/20) 7 | (25)
€ 0

In the case of an odd wave, the upper sign should be
taken in Eqgs. (24) and (25), and the lower sign in the
case of an even wave.

At g, # ¢, (let for definiteness g > ¢€,) the wave
structure in the frequency range of o < (Dio becomes

much more complicated.4 There are still two waves,
but the parity and oddness properties cease to exist.
An idea of these waves can be obtained from the fol-

. . . . 2 2
lowing considerations. The quantity k, = —k; —
(u)f,o - 0)2)/02 < —kz2 , therefore when the inequality

k.L, > lisfulfilled, the dispersion relation (22) is split
into two equations

(SlkxO + Skal) = O,

26
(€okyy + Eky) =0, (26)

which, up to the notation, coincide with Eq. (9). Thus,
Egs. (26) determine the dielectric—plasma surface
waves at the boundaries x = 0 and x = L, i.e., waves
localized at different plasma boundaries. The disper-

4 In this case, the electrodynamic structure (1) is called the Kret-
schman scheme [14].
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Fig. 1. Dispersion curves of surface waves of a plasma layer
adjacent to different dielectrics: (/) radiative wave and
(2) non-radiative wave.

sion of these waves also differs significantly, since
there are limiting relations

k, = oo
1/, +1, boundary wave x =0,
W — O,
1/\Je, +1, boundary wave x = [,
k, — 0:
1/\/871, boundary wave x =0,
1/\/872, boundary wave x = L.

Formulas (27) at k, — 0 follow from Egs. (26). It is
seen from Egs. (27) that when k, varies from infinity to

zero, the frequency of the boundary wave x = L, gets
inevitably in the region

k.c/\e, < @< k,c/\e,,

i.e., the wave becomes radiative (at € > €,). Such a
wave is radiative to the region with a higher dielectric
constant, i.e., to the region x < 0.

" (27)

o — kzc{

(28)

Figure 1 shows dispersion curves a(k,) of the sur-
face waves in the considered plasma—dielectric system

with the following parameters: € =3, &, =1,
®,lo/c =3. The dashed line—o = k.c/ /e, and

dash-dotted line—w = k,c/ \/?2 . The complex disper-
sion curve of the radiative wave of interest is shown by
curves 1. The surface wave is the radiative one at ® and

k. belonging to the region of the real part of the disper-
sion curve [ enclosed between the dashed and dash-
dotted lines. The frequency has a negative imaginary
part in the corresponding range of wavenumbers.
Curve 2 shows the real dispersion curve of a conven-
tional (non-radiative) surface wave.

Figure 2 shows the field component £, of the radia-
tive surface wave as a function of the coordinate x calcu-
lated in the point of the dispersion curve / with coor-
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Fig. 2. Field distribution of the radiative wave of the
plasma layer adjacent to different dielectrics: R—real part;
I—imaginary part.

dinates k,c/m,, = 0.5 and ®w/®,, =0.437-0.00032;.
The points xw,,/c = 0 and xw,,/c = 3 correspond to
the boundaries of the plasma layer. It can be seen that
the wave field decays in the region of the medium ¢,
(xw,y/c > 3) as it should be in the case of the surface

wave. The field structure corresponds to the surface
wave also in the region of the plasma layer

(0 < xm,y/c < 3). However the spatial oscillations of
the field amplitude are observed in the region of the
medium g, (x®,,/c < 0) that indicates the radiation of
the wave in this region.

For comparison, Fig. 3 shows absolute values of the
field component E_ for the radiative surface wave (dis-
persion curve [/ in Fig. 1, point k,c/m, =0.5,
®/®,, = 0.437-0.00032/) and for the same wave with
o and k, outside the emission region (28) (dispersion
curve /in Fig. 1, point k.c/m,, = 1.2, ®/®,, = 0.645),
and also the conventional surface wave (dispersion
curve 2 in Fig. I, point kc/®, =0.5, w/m, =
0.2562). One can see an essential difference in the
behavior of the field at x — —oo. In addition, the max-
imum of the field amplitude for the radiative and con-
ventional surface waves is achieved at different bound-
aries of the plasma layer. The asymmetry of the fields
with respect to the midpoint of the layer x®,,/c = 1.5
due to the difference in dielectric constants of the left-

hand and right-hand media: at €, = €, the field distri-
butions become odd and even with respect to the mid-
point of the plasma layer, but there is no radiative sur-

face wave in this case.’

According to Fig. 1, both waves of the plasma layer
are slow, i.e., have a phase velocity less than the speed

3 At € — &, the region of wavenumbers in which one of the sur-
face waves is radiative tends to zero.
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Fig. 3. Absolute values of the field component E, of waves
of the plasma layer adjacent to different dielectrics:
(1) radiative surface wave; (2) radiative wave outside the
radiation region (28); (3) conventional surface wave.

of light and can be resonantly excited by an electron
beam (the excitation mechanism is the forced Cheren-
kov effect [3]). Of greatest interest is the case when the
electron beam propagates over the vacuum region.
According to Fig. 3, the beam most effectively excites
the radiative surface wave pressed against the plasma-
vacuum interface. Depending on the phase velocity of
the electromagnetic wave in the dielectric and the
velocity of the electron beam, a surface wave can be
excited with or without emission into the dielectric.

The field amplitude of the radiative surface wave
increases exponentially in the direction in which the
wave is radiative. In our case, the field amplitude
increases to the left. Figures 2 and 3 demonstrate no
increase (see Fig. 6 below), since it becomes notice-
able at significantly large distances due to the small-

2
k2 [ i(e, — 1) + &y, — k2’ /v, tanh(w,oLy/c)
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ness of the imaginary part of the frequency. A natural
question arises about the possibility of exciting a wave
with a similar spatial distribution of the field ampli-
tude. In principle, this is possible using an external
source (with the corresponding resonant ® and k)
acting in the plasma layer for an infinitely long period
of time. If the source functions for a period of time ,,
the field distribution shown in Figs. 2 and 3 is estab-
lished only in the region not exceeding —cf, < x < ct,,
outside of which the amplitude is zero. If an ideal
absorber of the electromagnetic energy is placed in the
region x < x, < 0, then the problem of increasing the
amplitude of the radiative wave at infinity minus does
not arise at all. The surface wave at the plasma—vac-
uum interface is radiative into the half-space x < 0 at
the angle o to the z axis determined by the relation
tan o = ky /k, = Je(Rew)’/k2c* —1.  When
increases from zero to the value at which the emission
of the surface wave disappears, the angle o0 decreases

from arctan/€, — 1 to zero.

Now we obtain analytical formulas for the frequen-
cies of long-wave radiative surface waves. The numeri-
cal calculations showed (Fig. 1) that in the case of a
dielectric—plasma—vacuum system and in the long-
wavelength limit, the real part of the dispersion curve /
visually merges with the light line o = k¢ (dash-dot-
ted straight line), therefore &,(w) = x,(®) = 0 (see for-
mulas (21)). To use this circumstance, we transform
Eq. (22) to the form

X2(w) = Dlk,,§(w),E(w)] (29)

and substitute into the right-hand part ® = k¢ that is
justified only when the right-hand part of relation (29)
is small. As a result of the indicated transformations
for the square of the complex frequency, we obtain the
following expression:

o = k2|1 -

When the inequality kz2 < (Df,o is fulfilled, the second
term in the parenthesis in expression (30) is small that
is the condition for the applicability of this expression,
which is transformed in this case to the form

ow=kc

(1_k2c2£1 ,ng_lmzc[ nh(2chL0ﬂ D_(sl)

Formulas (30) and (31) in the long-wavelength limit
are in good agreement with the results of numerical
calculations. The imaginary part of the frequency

2
@y L ife, — 1)+ £y/(e, — Dk /wcoth(w,Ly/c)

(30)

Eq. (31) is exponentially small at ®,,L,/c > 1 due to
the presence of a hyperbolic sine in Eq. (31).

7. Now we take into account the effect of dissipa-
tion. To this end, instead of Eq. (7), we use the fol-
lowing expression for the dielectric constant of the
plasma [12]:

2

()
g =1-—=2 32
0 o(®+ iv) (32)

where v is the collision frequency. The damping dec-
rements Im o of the radiative surface wave for different
frequencies of collisions of plasma particles v are
PLASMA PHYSICS REPORTS Vol. 47
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Fig. 4. Damping decrement of the radiative surface wave
of the collisional plasma layer for different collision

frequencies: v/, = (1) 0.00001, (2) 0.0001, (3) 0.001,
and (4) 0.0025.

shown in Fig. 4.% At v/, = 0.00001 (curve 1) the
decay is almost entirely due to wave radiation, since
the collisional dissipation is still too small to manifest
itself. Already at v/®,, = 0.0001 (curve 2) the impact
of collisions becomes noticeable. In particular, curve
Imm(k,) acquires a characteristic kink—the wave
decay is due only to collisions to the right of the kink
point, and the decay is due to both collisions and
emission to the left of the kink point. The role of col-
lisions increases at the further increase in v, and the
contribution to the damping decrement from emission
is very small at v/®,, > 0.0025. Note that the smaller

the m,,L,/c value, the smaller the contribution of col-
lisions to the damping decrement.

8. Now we proceed to the consideration of another
layered system, in which the dielectric constant of the
first medium is €, = const, and dielectric constants of
the layer x € [0, L,] and the second medium are deter-
mined by formulas (13). The solution of the field
equations in this case is still given by formulas (19),
(21), and (23), and the dispersion relation coincides
with Eq. (22). Figure 5, which is a complete analog of
Fig. 1, shows the results of solving the dispersion rela-
tion for the system with the following parameters:
Wy ly/c =3, 0,/0, =2, ¢ = 1. Thestructure of the
field of the radiative wave calculated at the point of the
dispersion curve [/ with coordinates k.c/®,, = 0.5 and
®/®,, = 1.097-0.018; is shown in Fig. 6. The increase

in the wave amplitude in the emission region of x < 0
is clearly visible.

6 Here, the cases of low collision frequencies are considered;
therefore, the real parts of the frequencies almost do not differ
from curve 7 shown in Fig. 1.
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Fig. 5. Dispersion curves of the surface waves of a plasma
layer adjacent to a plasma of another density and vacuum:
(1) radiative wave and (2) non-radiative wave.

For comparison, Fig. 7, which is an analog of
Fig. 3, shows absolute values of the field component

E, for the radiative surface wave (dispersion curve /in
Fig. 5, point k.c/m, =0.5, w/w, =1.097-0.018i)
and for the same wave with ® and k_ outside the emis-
sion region (dispersion curve [/ in Fig. 1, point
kc/w, =1.6, w/w, =1.447), and also a conven-
tional surface wave (dispersion curve 2in Fig. 5, point
k.c/m, =0.5, o/0, = 0.437).

According to Fig. 5, the surface wave of the vac-
uum—plasma boundary is slow (has a phase velocity
less than the speed of light in vacuum) always and can
be resonantly excited by an electron beam. A surface
wave at the boundary of plasmas of different densities
can be resonantly excited by an electron beam only in
the nonradiative region. Moreover, as can be seen

E,, arb. units

10
x(opo/c

Fig. 6. Field distribution of the radiative wave of the
plasma layer adjacent to the plasma of another density and
vacuum: R—real part and /—imaginary part.
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Fig. 7. Absolute values of the field component E, of waves
of the plasma layer adjacent to the plasma with different
density and to vacuum: (/) radiative surface wave, (2) radi-
ative wave outside the radiation region (28), and (3) nor-
mal surface wave.

from Fig. 7, the excitation of this wave by a beam mov-
ing in the vacuum region is ineffective because of the
vanishingly small field value. A surface wave at the
boundary of plasmas of different densities is radiative

into vacuum at an angle tana=ky/k, =

\/(Re (x))2 /kzzc2 —1, which varies from 1/2 at small k,
values to zero in the short-wave limit.

9. The last system to be considered here consists of
a dielectric with a constant dielectric constant g, > 1,
vacuum layer €, =1 and plasma half-space

g =1- cof,z /. This system called the Otto scheme
[16] is considered in plasmonics as one of the devices
for resonant excitation of a surface wave at the inci-
dence of a plane wave on the plasma boundary. We
note that the previously considered two dielectric—
plasma—dielectric and dielectric—plasma—plasma
systems are of interest in the study of a sliding gas dis-
charge [17, 18] on the surface of a dielectric and a con-
ductor. In the case of a dielectric—vacuum—plasma
system, formulas (19) and (21) are still valid, and dis-
persion relation is preserved Eq. (22). However, the
dielectric—vacuum—plasma system has an important
feature. There is no surface wave at the dielectric—vac-
uum interface (the first equation in Egs. (26) has no
solutions). Therefore, there is only one surface wave in
the dielectric—vacuum—plasma system, which is a

radiative surface wave in a certain k, range.

First, we consider the results of an approximate
analytical solution in the long-wavelength region of
wavenumbers. Presenting the solution in the form

2 2
0)2 _ sz
€

(1+9), (33)

KARTASHOV, KUZELEV

Rew/m,, P
0.8 e
0.6 2
z”/ I
0.4+ e
0.2+
O ——5— 10 1.5 2.0
2 k.c/m,
0.2
Imo/o,,

Fig. 8. Dispersion curves of the surface wave of the dielec-
tric—vacuum—plasma system: (/) vacuum layer of small

thickness (w,yLo/c =0.3) and (2) thick vacuum layer
(wprlg/c =3).

where 3| < 1, we substitute it into the dispersion rela-
tion Eq. (22). Leaving the smallest orders of smallness
in the expansion (22) in § and k_, we obtain the rela-
tion

-3 = k, (c/w,, — Ly (g —1)). (34)

The sign “+” in Eq. (34) is taken if the wave is not
radiative, i.e., Re d < 0, and the sign “—” in the oppo-
site situation. In the case of a sufficiently thin vacuum
layer with

c

< S —

fo 0, (&, 1)

the right-hand part in Eq. (34) is positive. In this

case the quantity J is real and negative, i.e., the wave is

not radiative into the dielectric region. In the case

when the inverse inequality (35) is fulfilled, the right-

hand part of Eq. (34) is negative and the equation has
no solutions.

Figure 8 shows complex dispersion curves of a sin-
gle surface wave of the dielectric—vacuum—plasma

system calculated for the following parameters: g, = 3,
g =1, ®,Ly/c =0.3 (curve I, thin vacuum layer

under conditions Eq. (35)) and w,,L,/c = 3 (curves 2,
thick vacuum layer under conditions opposite to

Eq. (35)), dashed line—w = kzc/\/s_l. In the case of a
thin vacuum layer, the dispersion curve has no region
corresponding to emission into the dielectric, and the
surface wave does not decay in a nondissipative sys-
tem,. If the vacuum layer is thick enough, then there is
a region in which the surface wave is radiative into the
dielectric and becomes decaying. At the same time,
the solution of the dispersion relation is found neither
by an approximate analytical method nor numerically
in the long-wavelength region that agrees with the
results of the analysis of equation (34).

(35)
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Fig. 9. Complex dispersion curves of radiative bulk waves
in the vacuum—plasma—plasma system.

From our point of view, the surface wave in the
Otto scheme is most promising for usage in plasma
microwave electronics that is discussed below.

10. For the sake of completeness, we consider also
the high-frequency radiative waves of a system with a
dielectric constant Eq. (1). Obviously, these are con-
ventional bulk waves radiative from the system through
one or both layer boundaries. The real part of the fre-
quency of these waves ' is determined from the rela-

tion k2, = g.m’/L;, where ¢, ~ n=1,2,.... This rela-
tion means that a quasi-stationary electromagnetic
wave is established in the layer 0 < x < L, i.e., the
superposition of counter-propagating waves with dif-
ferent amplitudes. The estimate " ~ -V, /L,, where
o

for the imaginary part of the frequency. When the layer
thickness L, decreases, the damping decrement |®"|
increases and the last estimate becomes inappropriate.

As an example, we consider the radiative waves in

the vacuum—plasma—plasma system. The previous
two estimates for the frequency give

Ve = (dky/dw) . is the group velocity, can be used

. 2 2. 22,2 22
0)=\/(0p0+qn1'cc/L0+kzc,

) (36)
o' /0 ~ —g,n(c/Lo) .

Figure 9 shows complex dispersion curves of high-fre-
quency radiative waves obtained by numerically solv-
ing dispersion relation (22) for a system with the same
parameters as in the case of Fig. 5 but ®, L,/c =10.
The increase in the layer thickness in comparison with
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Fig. 10. Absolute values of the field component £, of the
radiative bulk waves in the vacuum—plasma—plasma sys-
tem, spatial modes with n =1 and n = 3.

the previous calculations is due to the tendency to the
decrease in the damping decrement of the waves. Four
modes n =1, 2, 3, and 4 are considered. The larger the
number 7, the higher the frequency and the larger the
damping decrement.

Figure 10 shows spatial field distributions of the
first and third radiative bulk modes. The volumetric
and quasi-stationary character of the field distribution
inside the layer is clearly visible. The waves are radia-
tive into the x < 0 region.

11. In conclusion, we consider the above-men-
tioned possibility of using layered plasma—dielectric
systems in the development of new promising electro-
dynamic systems for plasma microwave electronics.
We recall that segments of plasma waveguides with an
emitter at one of the ends are used as electrodynamic
systems in plasma microwave electronics [3—5].
Plasma emitters (amplifiers and generators) success-
fully implemented to date use the magnetized plasma
of the tubular geometry. Such emitters work in the
microwave range, i.e., at frequencies ® on the order of
10'° rad/s. A distinctive feature of plasma emitters is
that their operating frequency is comparable to the
electron Langmuir frequency of the plasma filling,

. 10 . .
i.e., m, ~ox10" rad/s, where o is several units.

Currently, the possibility of designing plasma emit-
ters of a significantly higher frequency range—sub-ter-

ahertz and even terahertz ranges, i.e., ® ~ 10" rad/s
and higher is under discussion. In fact, we are talking
about a new direction—plasma terahertz electronics.
An increase in the operating frequency inevitably
entails the use of a denser plasma, which leads to sig-
nificant difficulties. Indeed, it is difficult to magnetize
a dense plasma, since it requires the creation of a very
strong external magnetic field in a sufficiently large
volume of the plasma waveguide. Therefore, one has
to proceed from the assumption that the plasma will be
non-magnetized. But in a non-magnetized plasma,
only surface waves are suitable for the Cherenkov exci-
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tation by an electron beam’ what causes the main dif-
ficulties. First, the field of surface waves decays with
distance from the plasma boundary the stronger, the
higher the frequency. The fact that the field decreases
deep into the plasma is even good but its decrease out-
side the plasma region leads to a sharp decrease in the
efficiency of the interaction of the beam with the wave,

which is extremely bad.® Second, the wave, the field of
which is pressed against the plasma boundary, cannot
be efficiently radiative through the end of the wave-
guide. To overcome these difficulties, waveguides with
a layered plasma—dielectric filling can be used.

We consider a circular waveguide of the radius R
with the following layered filling:
e, =1-w /0, 0<r<n,
&(r) =11,
g > 1,

(37)

n<r<mn,
n<r<R

Such a system differs little from the dielectric—vac-
uum—plasma system we considered above (the Otto
scheme). In fact, the differences between flat and
cylindrical geometries are insignificant in the short-

wave range of interest to us (¢/® <€ ). Moreover, the
penetration depth of the field into the plasma is small
at 0 < m,; therefore, the singular point » = 0 has no
effect at all. The waves of the system (37) are not radi-
ative perpendicular to the z axis at the final R value,
therefore the wave of this system of interest to us is not
an radiative surface wave: it is such a wave only in the
limit R — «. However, this is not entirely true: in
high-current plasma electronics, to reduce the figure
of merit of an electrodynamic system, the boundary
r = R are coated with a layer of absorber resulting in a
non-zero power flux through the lateral surface [19].

The field in the system (37) is determined by for-
mulas (this is the solution to Eq. (3) in cylindrical
coordinates)

AIO(Xpr)’ r< n
E(r) =1 Bly(xr) + CKy(xr), n<r<n, (38)
DFE,(xor), ©n <r<R,
where
Fy(Xor) = Koo Lo(XoR) — Lo(Xor) Ko (o R),
2 2
X =k =, X =k = (39)

2
2 2 O

Xo = k; ==&,
c

7 Potential bulk Langmuir waves trapped in the plasma volume
are not discussed at all—perhaps they can be excited but they
cannot be radiative from the plasma.

8 In the case of a magnetized plasma, a non-potential bulk Lang-
muir plasma wave is excited, the field of which also decreases
outside the plasma region, but this is not a problem at lower fre-
quencies.
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and /(x) and K (x) are Infeld and MacDonald func-
tions. To obtain the dispersion relation and formulas
for constant coefficients in expression (38), one
should use the boundary conditions that differ from
conditions (6) only by replacing x by . Substituting
(38) into the boundary conditions, we have the follow-
ing system of equations:

AlLy(x,1) = Blo(xn) + CKo(xr),

A;—le(xm) - iwll(xrl) SCKANL )
Bly(xry) + CKy(xry) = DEy(Yoh),
i[Bll(xrz) — CK,\(x1)] = 2L DF (o).
0
where
Ftor) = =K or) Iy0oR) — L) Ko(oR).  (41)

The desired dispersion relation is obtained by set-
ting the system determinant (40) to zero. Assuming
A =1, we determine the coefficients B, C, and D from
the first three equations of the system. We do not pres-
ent all these expressions here because of their cumber-
someness. Here are only the results of preliminary cal-
culations. Without intruding directly into the terahertz
region, we consider for now only the possibility of
increasing the plasma frequency and radiation fre-
quency by an order of magnitude in comparison with
the currently operating plasma emitters. We put

®, = 10" rad/s, R=2cm, =13 cm, r, =1.5, and
€, = 2. Figure 11 shows dispersion curves (k) of the
cylindrical plasma—dielectric waveguide with filling
(37). The dash-dotted line shows a straight line
o = k,c, and the dashed line (merging with the lower

dispersion curve) is the straight line ® = kzc/\/;0 .
Structures of the component of the electric field
strength E_(r) of the first two (by ascending frequency

®=36.6%x10" rad/s (curve [) and w= 404 X
10'° rad/s (curve 2) at k, = 17 cm™') radial waveguide
modes are given in Fig. 12.

We note that there are slowed down electromag-
netic waves in a waveguide with a dielectric inset also
without plasma, which is easy to verify by calculations
using system Eq. (40) and formula (38) at @, = 0. The
question may arise: why do we need plasma at all? Its
role is twofold. First, the plasma neutralizes the static
charge of the beam [20], which makes it possible to use
high-current electron beams in terahertz plasma elec-
tronics. Secondly, it can be seen from Fig. 12 that the
plasma almost completely screens the electromagnetic

field in the r <  region. The field is high enough in
the vacuum region, and the electron beam should be
transmitted there. The highest field is localized in the

r, < r < R region, which is extremely beneficial for
efficient radiation of energy from the plasma—dielec-

PLASMA PHYSICS REPORTS  Vol. 47 No.5 2021
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Fig. 11. Electromagnetic waves of a plasma—dielectric
waveguide.
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Fig. 12. Electromagnetic wave field structures of a
plasma—dielectric waveguide.

tric waveguide. For example, it is possible to take a
coaxial waveguide with radii » and R. If the field

would be significant in the r < # region, it would be
much more difficult to match the waveguide with the
emitter.

12. In this work, surface waves in layered structures
consisting of three regions with different types of fre-
quency dispersion are considered, namely, the dielec-
tric—plasma—vacuum, vacuum—plasma—plasma, and
dielectric—vacuum—plasma structures. In the first two
structures, each of the interfaces has its own surface

PLASMA PHYSICS REPORTS  Vol. 47

No.5 2021

wave, which decays with distance from this interface in
both directions. The presence of the second boundary
leads to the modification of the surface wave. In some
cases, this surface wave ceases to be a surface wave in
the third medium (which does not form an interface
for the surface wave under consideration). That is, it
spreads inward, taking energy with it, and thus decays.
In the case of the wave decay in time, the boundary
condition at infinity in this third medium (radiation
condition) is formulated in the form of a propagating
wave going to infinity or, which is the same, increasing
at infinity. The latter is determined by the delay of dis-
turbances during propagation, i.e., farther outgoing
disturbances were radiative earlier, when the ampli-
tude of the decaying wave was higher. In this case, in
another half-infinite medium (which forms the inter-
face for the considered surface wave), the radiation
condition for a weakly decaying surface wave remains
traditional—the perturbation decays at infinity. One of
two surface waves (one for each interface) is radiative
(in a certain region of wavenumbers) into one of the
media and decays even in a nondissipative system. The
other remains close to the traditional surface wave at
the interface between two semi-infinite media. Taking
into account dissipation leads to the additional decay
of the surface wave.

The dielectric—vacuum—plasma structure has a
feature associated with the absence of a surface wave at
the dielectric—vacuum interface. The dispersion
dependence of the surface wave at the vacuum-—
plasma interface differs depending on the thickness of
the vacuum layer. For a sufficiently thin vacuum layer,
the dispersion curve is similar to the dispersion curve
of the surface wave of the dielectric—plasma interface.
Starting from a certain thickness of the vacuum layer,
the surface wave of the vacuum—plasma interface has
a region of wavenumbers when it is radiative into the
dielectric and becomes decaying. In this case, the dis-
persion relation has no solution at all in the form of a
surface wave in the long-wavelength region.

The possibilities of exciting surface waves of a lay-
ered structure by an electron beam are analyzed for all
cases. It is indicated what surface waves are excited
most efficiently. The prospects of using surface waves
of plasma—dielectric waveguides in plasma microwave
electronics in the development of sub-terahertz and
terahertz frequency ranges are shown. A separate work
will be devoted to a detailed study of the application of
radiative surface waves in plasma microwave electron-
ics and their excitation by rectilinear electron beams,
in which, in particular, the growth rates of the devel-
opment of Cherenkov beam instabilities in layered
plasma—dielectric structures will be determined.
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