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Abstract. Dissipative-radiative instabilities and instabilities
caused by the stimulated Cherenkov effect of a relativistic
electron beam in an unbounded layered electrodynamic system
are considered. While for the stimulated Cherenkov effect the
beam energy is used to excite waves in the electrodynamic
system, for dissipative-radiative instabilities, the beam energy
is radiated away from the system to infinity. Such irreversible
energy transfer from the beam manifests itself as a kind of
effective dissipation and makes the dissipative-radiative in-
stability an analogue of the usual dissipative beam instability
in a system without radiation. Growth rates and frequency
ranges of the instabilities are found for various structures of
layered electrodynamic systems, including plasma systems.

Keywords: relativistic electron beams, stimulated Cherenkov effect,
dissipative—radiative instability

1. Introduction

The stimulated Cherenkov effect is an instability in which an
electron beam excites (causes the emission of) an eigenwave in
an electrodynamic system under the conditions of Cherenkov
resonance. In a linear approximation, the stimulated Cher-
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enkov effect is described by the dispersion equation [1, 2]

Dy(w,k.) — o(w, k) (7:0, (1)

where Dy(w, k) is the dispersion function of the electro-
dynamic system in which the beam propagates, wy is the
Langmuir frequency of the beam electrons, u is the beam
velocity, k is the projection of the wave vector onto the beam
motion direction, and a(w, k) is a function without zeros and
singularities. The eigenfrequency of the electrodynamic
system is obtained from the equation Dy(w,k.) = 0, which,
under the Cherenkov resonance condition @ = k.u, gives the
equation for the resonance wavenumber:

Dy(ku,k.) =0— k. =kz. (2)
The resonance frequency is defined as wy = k.ou. A necessary
condition for the existence of the stimulated Cherenkov effect
is that there be real solutions of equation (2). The instability
increment in the stimulated Cherenkov effect has a pro-
nounced resonance shape, reaching a maximum at k, = k..
The lower the beam density, the sharper the resonance. The
maximum increment is easily calculated from equation (1) by
substituting = wg 4+ dw and k. = k., which gives

so) =~ V3 [“(wo,kzo) @%)1@%} R

where the derivative of Dy(w, k.) with respect to frequency is
taken at the resonance point g, k.o. To obtain expression (3),
it was assumed that |dw| < .
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Far from the point of the Cherenkov resonance or when
the Cherenkov resonance is impossible, i.e., when equation
(2) has no real solutions, equation (1) defines the frequencies
of the waves of the beam spatial charge — the fast wave and
the slow wave [3, 4]. Under the inequality w, < k.u, equation
(1) gives for the frequencies of such waves

B o(k,u, k)
o(k:) =ku+ Dotk k)

Wy . (4)
Note that there are systems with o/ Dy < 0. In this case, the
frequencies (4) are complex, and the imaginary part of one of
them is positive. This is a case of the negative mass instability
type of so-called aperiodic instability [5]. An example is the
long-wave instability of an unbounded monovelocity electron
beam in a cold unbounded plasma [6].

In the presence of dissipative effects, the dispersion
function becomes complex:

Do(w,k.) = Dj(w, k.) +1Dg (0, k) .

If the dissipation is weak, it can be disregarded when
considering the stimulated Cherenkov effect, i.e., when
calculating the increment (3). However, for the waves of the
beam charge density, the imaginary part of the dispersion
function in formula (4) cannot be neglected, however small it
may be. It is related to an effect called dissipative beam
instability [7]. Unlike the stimulated Cherenkov effect, the
dissipative beam instability is not related to the excitation by
the beam of some eigenwaves in the system in which the beam
propagates. Instead, it is the waves of the beam itself (4) that
are excited. One of the electron beam waves, namely the slow
spatial charge wave, has a negative energy, i.e., to excite this
wave, energy is taken from the beam [8, 9]. Thus, if there is a
channel to remove the energy, a perturbation in the beam will
spontaneously grow. For the dissipative beam instability,
such a channel is the dissipation of electromagnetic energy
in the medium. This is essentially the mechanism of
dissipative beam instability. In microwave (MW) electro-
nics, the dissipative beam instabilities are known as the effect
of gain on absorption [10]. If the inequality

|D6’(kzu, k)

< |D{(kzu, k=)

holds, then, for the imaginary part of formula (4), we have

] a(kou,k.) D (k.u, k)
dr(k:) = +i 2\ Djku, ko) Dy, ko) 0 (3)

One of the values in (5) defines the instability increment
(growth rate). The dissipative instability is not a resonance
instability, and consequently its increment is weakly depend-
ent on the wave number k..

There is another important mechanism for removing
electromagnetic energy from the system, namely radiation.
In any unbounded electrodynamic system, there is necessarily
a channel that allows energy to escape as radiation. Loss of
energy by radiation is equivalent to some dissipation. It does
not matter for the beam whether the energy is removed by
dissipation or by radiation. Therefore, when an electron beam
passes through an electrodynamic system with radiation, the
negative energy wave can be spontaneously amplified in it, as
in a normal dissipative system. In this case, the released beam
energy is carried to infinity by radiation. Such an instability is

called here a dissipative-radiative beam instability, or gain on
radiation (by analogy with gain on absorption).

Below we consider an unbounded layered electrodynamic
system penetrated by an electron beam propagating parallel
to layer interfaces. The outer layers in this system are
extended to infinity. As is well known, to obtain the
dispersion function of a layered electrodynamic system, a
general solution of the electromagnetic field equations is
written in each layer, and these solutions are then matched
at the layer interfaces. Solutions of the field equations for
semi-bounded layers (with one boundary at infinity), describ-
ing waves propagating (emitted) to infinity, are expressed in
terms of complex-valued functions. For example, in a plane
geometry, they are exp (%ikyx), while in the cylindrical
geometry they are the Hankel functions Hé” (k,r), where k,
and k, are the wave numbers of the respective directions.
Therefore, the dispersive function Dy(w, k.) of an unbounded
layered system is a complex-valued function of real frequency
o and real wavenumber k., just as in a bounded dissipative
system. Accordingly, the dispersion equation describing the
excitation of an electrodynamic system with radiation by a
beam has the structure of the dispersion equation for charge
density waves in a dissipative system. The increment of the
dissipative-radiative instability has the same structure as (5),
i.e., it depends only weakly on the wave number k.. The
dissipative—radiative instability is nonresonant.

The similarity of dissipative and dissipative-radiative
instabilities is also evident from the following considera-
tions. In electrodynamics, instead of radiation conditions at
infinity,! the well-known Leontovich boundary conditions
[12] are often applied by introducing a fictive (or actually
existing) boundary with a medium that absorbs electromag-
netic waves (see also Fig. 1). The dispersion function
Dy(w, k.) becomes complex due to the Leontovich condi-
tions, and real dissipation is added to the electrodynamic
system.

Let us make an important clarification that applies
equally to both the dissipative and the dissipative-radiative
instabilities. Previously, when deriving formula (5), we used
the inequality

|D§ (ko ko) | < | Df(keou, k2)

I

which implies not only that the dissipation is small, but also
that the Cherenkov resonance is absent, i.e., Dj(k.u, k.) # 0.
If in a dissipative system the Cherenkov resonance condition
D|(k.u,k.) =0 is observed for some value of k., it is more
relevant to relate the instability to the stimulated Cherenkov
effect in a dissipative system [13] than to a dissipative
instability. Further, when classifying beam instabilities, we
will use the terms dissipative-radiative instability and gain on
radiation only when the stimulated Cherenkov effect is
impossible.

Note that, despite all the formal similarities between
dissipative and dissipative—radiative instabilities, there is an
important distinction. In a dissipative beam instability, the
kinetic energy of the beam is converted into heating of the
medium in which the beam propagates. In the dissipative—
radiative instability, the kinetic energy of the beam is
converted into the energy of electromagnetic waves emitted
by the system. In terms of their outcome, the dissipative—
radiative instabilities have much in common with radiative
instabilities in stimulated Cherenkov effects. In limiting cases,

! Sommerfeld’s conditions [11] are meant.
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the increments of beam instabilities listed here are governed
by different expressions, their mechanisms have a different
physical nature, and the results of their development prove to
be different, but the instabilities manifest themselves in
electrodynamic structures of a similar geometry and in
conditions similar to those of the Cherenkov resonance
(o = k.u). It is important to distinguish and strictly classify
such instabilities, as they define the dynamics of high-
frequency electromagnetic processes accompanying the pro-
pagation of electron beams in retarding systems, e.g., in
electrodynamic systems of plasma and vacuum MW electro-
nics.

2. Dispersion equation

Consider a layered system consisting of an unbounded
isotropic dielectric with permittivity & containing a channel
with flat boundaries at x = —L and x = +L, filled with a
homogeneous medium with the dielectric permittivity tensor

el (o) 0 0
eij(w) = 0 e(w) 0 ), ij=xpz, (6)
0 0 8” (a))

where ¢, and ¢ are some functions of frequency. A thin
ribbon monovelocity electron beam propagates along the
channel, in the direction of the z-axis. We express the
Langmuir frequency of the electrons in this beam as

@ (X) = g Apd () , ()

where w?, is a constant, 4 is the beam thickness, and §(x) is
the delta function. The quantity w?,4y is proportional to the
line density of the electrons in the beam. This is the quantity
with which experimenters working with narrow ribbon and
tubular beams are concerned. The beam is assumed to be fully
magnetized by a strong external magnetic field directed along
the z-axis.?

The layered system with an electron beam, which is
described above, and also two other layered systems of
interest are shown in Fig. 1; the beam is shown in red. In this
study, it is assumed that the absorbers, shown in the figure,
are at infinity, which would correspond to the limits L., — oo
in Fig. la and R,, — oo in Fig. 1b. It should be obvious that
the cases with absorbers at a finite or infinite distance from
the beam are physically equivalent (see above). The plane
layered system (Fig. 1a) is mainly of theoretical interest due to
the relative simplicity of its analysis. A more practically
important cylindrical system (Fig. 1b, a tubular beam
propagating perpendicularly to the plane of the figure) is
considered in Section 6. The system shown in Fig. 1c (a needle
beam propagating perpendicularly to the plane of the figure)
is not considered in this paper but is undoubtedly a system
with dissipative-radiative instability and is of certain interest
for applications as well as for the theory of waves in
nonequilibrium inhomogeneous media.

We continue with the system shown in Fig. 1a. Since the
parameters of our layered system depend only on the

2 For beams with a small cross section, their transverse polarization is not
essential; it is the longitudinal polarization that determines their behavior.
Therefore, the requirement of magnetization when describing high-
frequency processes for a thin ribbon electron beam is, generally speak-
ing, not necessary [14]. The magnetization of the electron beam, especially
at high density, is important for its transport.

§ Absorb a
c= L. 3 sorber
Dielectric
x=1L
Beam channel
x=0 P
Beam channel
x=—L
Dielectric
x=—Ly

Absorber

Dielectric

Beam channel
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Dielectric

Absorber

Figure 1. Layered systems supporting dissipative-radiative instabilities:
(a) plane system; (b) cylindrical system; (c) beam over flat surface.

coordinate x, the electromagnetic field components are
sought in the form

f(x)exp (—iwt + ik,z). (8)

For fields that can be written in the form of (8), Maxwell’s
equations are split into two independent subsystems for the
components E., Ey, B, (E-type) and the components B, B,
E, (B-type). Here, we are only interested in the subsystem for
E-type waves, which for complex field amplitudes is written as

. dE. .o
lk:Ex_HZI? By,
kB, =2 o 3)E, ®)
c
dB, .
dx =1 ? [gzz(x) + Ssb(x)]EZ ’
Here,
_fen <L _[an K<L,
en) = {807 x>z, == {SOa x| > L,
S (10)
don () = — bV
(CU - kzu)
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The beam contribution to the dielectric permittivity dep, is
calculated here in the hydrodynamic approximation [15], and
y=(1—u?/c®)""? is the relativistic factor of a beam
electron.’

Excluding the electromagnetic field components E, and
B, from system (9), we obtain the following equation for the
electric field component E.:

d [en(x) dE:
dx \y2.(x) dx

> = [ezz(x) + 68b(x)}Ez ; (11)

where 72 (x) = k2 — &yv(x)0?/c?. Integrating equation (11)
over an infinitely small vicinity of x =0 and taking into
account (7), (10) and the continuity of the function E.(x), we
obtain a constraint on the jump of the derivative of E.(x) at
the point where the electron beam passes,

dE w,y 3 w?
z =Myl —2  E(0), yP=kP-—cL,
{dx }x:() b)hsl(a)szu)z 00, 1 et

(12)
where the notation {f(x)},_,=f(a+0)— f(a—0) has
been used. In addition, at the boundaries of the dielectric
x = +L, the following continuity conditions should be

satisfied: 4
{sxx(x) dEZ} _o
' 23(x) dx x=+L '

In addition to conditions (12) and (13), we also consider the
symmetry of the layered system under consideration here with
respect to the point x = 0, which implies that the function
E-(x) can be either odd or even. Since E.(x) is continuous at
the zero argument, then, if it is odd, it must satisfy E.(0) = 0,
and this case is of no interest due to condition (12). We
therefore assume that the function E. (x) is even, which can be
conveniently written as

{Ez(x)}x:iL =0 (13)

dE.
dx

_ dE;
0_ dx

(14)

X=— x=+0 '
Given (14), we can restrict ourselves to x > 0 when solving
equation (11).

A solution of equation (11) in the region (0, L) is given by
the expression

E. = Aexp (—xx) + Bexp (kx), (15)

where A and Bare constantsand k = |/ 7¢ /.. In the region
(L,00), the solution should describe a wave traveling to
infinity, but only in the case where the wave is propagating
or emitted. When the wave is evanescent, it should decay
exponentially at infinity. The solution that satisfies these
requirements is of the form [16]

iKg, Rexi >0,

E. = Cexp (&x), =
- xp () ¢ {—)(07 Re;c02<07

(16)

3 When writing equation (4) earlier, we assumed that the beam is
nonrelativistic, and therefore took y = 1.

4 Condition (12) defines the jump of the magnetic field component B, on
the current of an infinitely thin beam. The second condition (13) implies
the continuity of B, at the interface between the media. It follows directly
from equation (11).

where

2 o 2 2 2
Kozﬁsofk_,, 1o = —Kq - (17)

In writing solutions (15) and (16), we have taken into account
the first two formulas (10). Note that we are following the
conventional rule for the square root of a complex quantity,
according to which the branch with a positive real part is
chosen.

Inserting solutions (15) and (16) into the matching
conditions (12) and (13) and taking into account relationship
(14), we obtain a linear homogeneous system of algebraic
equations on the constants A4, B, and C. Its solvability
condition — the requirement that its determinant be zero —
leads to the following dispersion equation, which governs the
frequency spectra in the layered electrodynamic system with
the ribbon beam studied here,

(eﬂcxoz — soffyi) — (8J_K}{02 + aofxf) exp (—2kL)
(erryd —eoly?) + (erkyd +eoly?)exp (—2kL)

1 X2 w2 V_3
= Ayt 0 18
2 Pkey (0 — k-u)® (18)

Equation (18) has the form of the dispersion equation (1). The
left-hand side of (18), more precisely its numerator, is the
dispersion function Dy(w, k) of a plane Fabry—Pérot reso-
nator formed by the medium in the channel —L < x < L in
the dielectric. In the dielectric half-spaces x < —L and x > L,
there are propagating waves that carry energy away from the
resonator. Equation (18) will be explored further for three
particular cases of the channel in the dielectric, namely, a
vacuum channel, a channel with isotropic plasma, and a
channel with a highly anisotropic plasma.

3. Dissipative-radiative instability
in vacuum channel

For a vacuum channel in a dielectric, we should use
¢, = ¢ = 1 in equation (18). In this case, y? = k2 — w?/c?,
Kk = /7. Before embarking on a full analysis, let us consider
equation (18) in two limit cases, which are important for what
follows. For w%oAb =0, i.e., in the absence of the beam,
equation (18) is reduced, using notations adopted earlier, to
the following equation:

2 2
Do(w, k=) = (co\/‘;kz - \/aoj’zkz)
w? w?
— <8Q\/?kz2+\/30?k22)
. w?
Xexp<—21 ?—k_}L):U

Equation (19) defines the discrete eigenfrequencies of a
vacuum Fabry-Pérot resonator formed by flat interfaces
x = +L. The solutions of equation (19) can be written
approximately as

1/2
Rew ~ y/k? c2 + k2c?, kL”ZW’ n=0,1,...,

(19)

(20)
c Ve — 1
1 ~—1 0.
maow L n\/%+1<
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Solution (20) is exact only for k, = 0, but, even for a finite k,
it correctly models the dispersion law for the eigenwaves of
the vacuum resonator. The imaginary part of frequencies (20)
is due to waves exp (£ik,x) propagating to infinity, where
ky = \/eow?/c? — k2. They are not eigenwaves because, as
could be seen from formulas (20), there are no such
eigenwaves in the system. They are excited by the eigenwaves
through the channel boundaries at x = +L.

The second limit form of (18), which is important for
further discussion, is obtained by setting &g = 1 or letting L go
to infinity (and considering Xf > 0). In this limit, equation
(18) gives

w? _
k?—c—zwﬁoy 3, (21)

(0 — ku)? = lAb
2 z

Equation (21) defines the frequencies of the fast and slow
waves of the charge density of a ribbon beam in a vacuum.
The equation can be easily solved if the electron beam density
is low. In this case, using the perturbation method,> one can
insert w = k.u into the right-hand side of this equation. For
the frequencies of the charge density waves, this gives

cu:k_,u:l:\/%Abk_.wby_z.

If the beam density is not low, the frequencies of the fast and
slow charge density waves are no longer symmetric relative to
the line w = k,u. Furthermore, solution (22) is only valid
under the condition that the second term on its right-hand
side be small compared to the first. It is obvious that this
condition is violated as k. decreases. In the following, we will
consider only low-density electron beams, when the above
complications for the spectra of the waves of the beam charge
density can be ignored.

The structure of the wave field of the beam charge density
waves is described by the functions exp (£/k? — w?/c? x).
The ‘plus’ sign is used for x < 0, and the ‘minus’ sign for
x > 0. In the case of a low density beam, these functions are
reduced to exp (k.y ~'x). Thus, the beam charge density
waves are surface waves over the coordinate x.

An instability of the stimulated Cherenkov effect is
impossible in the Fabry-Pérot resonator considered here.
Indeed, the phase velocity of waves (20) is greater than the
speed of light in a vacuum, and therefore the equation
Dy(k.u,k.) = 0, where the dispersion function Dy is defined
by (19), has no solutions. This seems to lead to an unequivocal
conclusion: an electron beam propagating in a vacuum
channel in an unbounded isotropic dielectric is stable.
However, this conclusion is only valid for u < ¢/,/¢. If an
opposite inequality holds, an instability arises, as we will now
see. A legitimate question here is why the medium with
dielectric permittivity & matters. In fact, there are no
eigenwaves with the phase velocity ¢/,/& in the resonator,
and the beam propagates in the vacuum channel, not in a
medium. It’s all about the charge density waves. The fields of
these waves induce electric charges at a frequency close to k,u
at the boundaries of the medium with dielectric permittivity
. These charges excite electromagnetic waves which propa-
gate to infinity in regions |x| > L. The condition for the
excitation of such outgoing waves is namely the inequality
u > c/\/e. The wave propagating to infinity is given by

(22)

3 Solutions (4) and (5) were obtained in exactly the same way.

formula (16). Such a wave is not an eigenwave of the
electrodynamic system considered here, but it is a real wave
that is excited, takes energy from the beam, and carries it to
infinity.

It is obvious that, to realize the process described above,
the channel |x| < L in the medium with dielectric permittivity
&o is not actually needed. The channel largely allows for beam
transport. One can arrive at a case where the channel is absent
if'in the original dispersion equation (18) (before ¢, and ¢ are
replaced by unity) one takes &; = ¢ = g or assumes that L
tends to zero. As a result of such actions, equation (18) is
reduced to the following equation:

1 gow? i,y 3
k) = = Apy k2 — DL Peo?
((,O uu) 2 b z C2 £

The main difference between equation (23) and the analogous
equation (21) is that, instead of \/k2? — w?/c?, the former
contains /k? — gyw?/c?. Since, for waves of beam charge
density, w = k.u, then, under the condition u > ¢/,/&), one
can write the approximation

~ 2 s 012 o112
/ &0 . [ &ou [w\ [e&u

Here, when taking the square root, we have taken into
account that the frequency w has a positive imaginary part.
As a result, for a low density beam, the solution to equation
(23) can be written as

1 . [ egu? wyoy 2
k) =k, (=1 Ak —— — 1 ———.
o(k:) ZH—2( AR c? Veo

The positive imaginary part of frequency (25) is the instability
growth rate. The question arises as to how such an instability
should be classified. It cannot be treated as a stimulated
Cherenkov effect, because the layered system considered here
does not support eigenwaves that are in Cherenkov resonance
with the beam (the equation Dy(k.u,k.) =0, where Dy is
defined by (19), has no solutions®). In addition, equation (23)
has nothing in common with the ‘canonic’ dispersion
equation (1) for the stimulated Cherenkov effect, while the
growth rate in formula (25) has a cardinally different
structure from the increment (3). The fact that dispersion
equations (1) and (23) describe different physical processes
is well seen when we go to the limit w} — 0 in these
equations. Equation (1) in this limit gives an equation for
the frequency spectra of the eigenwaves of the system, and
equation (23) for w} =0 gives only a single-particle
spectrum = k,u. And this should be clear, since there
are no eigenwaves in a half-space (unless they come from
infinity).” There are only induced waves, which are excited
and supported by the electron beam at x =0 and leave
towards infinity, carrying with them the energy used to
excite them. One can therefore draw a clear conclusion: the
beam instability described by dispersion equation (23)
should be classified as dissipative-radiative, or the effect
of gain on radiation.

Consider also the results of the numerical solution of
dispersion equation (23), and also, for comparison, equa-

(23)

(25)

¢ For L = 0, this equation is reduced to k.+/eu?/c?> — 1 =0.
7 In an unbounded space, eigenwaves are undoubtedly possible. They
come from infinity of one sign and continue to infinity of the other sign.
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Figure 2. Complex increment of dissipative—radiative instability (Im  is
red and Re w is black) and correction to slow wave frequency (blue).

Figure 4. Complex increment of dissipative-radiative instability for a
beam propagating in a vacuum channel: Imdw (red), Redw (black),
L=0,0.2,0.5,1cm (from top downward).

tion (21). Figure 2 shows, for a beam with a current of
100 A® propagating at a speed of u =2.5 x 10/ cms~'ina
medium with dielectric permittivity & = 2, the quantity
dw = w — k.u, which is a complex increment® of the
dissipative—radiative instability, as a function of k.. The
same figure shows the real quantity dw in the slow charge
density wave of the same beam, but propagating in a
vacuum, found by the numerical solution of (21). Since
the beam density is not high, the curves shown in Fig. 2
are well described by the second formula (21) and
formula (29).

The structure of the wave field of the dissipative-radiative
instability is described by the functions exp (tikox), where kg
is defined by (17). The ‘plus’ sign is taken when x > 0 and the
‘minus’ sign is taken for x < 0. For a low-density beam, these
functions are reduced to exp (Fik,+/eou?/c? — 1x). These
waves are therefore volume waves, as should be the case for
propagating (emitted) waves (Fig. 3a). In the absence of
instability (for ¢y = 1), the beam wave is a surface wave
(Fig. 3b). Figure 3 is plotted for the point k. = 5 cm™! of the
dispersion curves in Fig. 2. The field decay for | x| — oo shown
in Fig. 3a is related to the delay in the transfer of
perturbations and comes from the positive imaginary part of
frequency.

If the vacuum channel is present in the dielectric, i.e.,
if L #0, equation (18) is best studied numerically. Its

8 This is the current through a cross section of area Ay x 1 cm.

® The growth rate is only the imaginary part Imdw. The term
‘complex increment’ is used to denote the complex frequency correc-
tion dw.

approximate analytical solution can be easily obtained,!®
but is not presented here because it is unwieldy and
uninformative. A numerical solution of equation (18) for a
beam with the same parameters as in the case of Fig. 2 for
several values of channel width L is shown in Fig. 4. For
comparison, the complex correction to the frequency dw for
the case L = 0, taken from Fig. 2, is also shown.

It can be seen that, as L is increases, the growth rate
decreases, which is particularly noticeable in the region of
large wavenumbers k.. The reason for this is that the field of
the slow beam charge density wave decays as exp (—k.7 ~'|x|)
in the vacuum part of the system, where |x| < L (Fig. 3b). So,
the larger the product k.L, the smaller the influence of the
beam at the dielectric boundaries x = &L, where waves
propagating to infinity are excited by the beam.

The maximum growth rate of dissipative-radiative
instability is reached when the beam transport channel in
the dielectric is absent. Furthermore, the growth rate
increases infinitely as the wave number k. increases, as can
be seen from formula (25) and Fig. 2. It seems that this is an
advantageous situation for MW electronics in terms of
generating electromagnetic radiation of an arbitrary high
frequency and in those frequency ranges where the genera-
tion of powerful radiation is associated with certain technical
difficulties (e.g., in the terahertz range). However, this
problem can only be considered solved on the basis of the
results presented above if a material medium is found with a
dielectric permittivity & > ¢?/u? which is transparent to an

10 For that, we should replace the frequency w by the Doppler frequency
k.u in all terms of the equation except for the Cherenkov denominators.

Figure 3. Beam wave field for (a) dissipative-radiative instability 8o = (—0.23 4-0.21i) x 10'* rad s~', (b) slow wave 8w = —0.45 x 10'* rad s~'.
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electric beam with a current of tens or hundreds of amperes.
Otherwise, a channel must be provided for the beam to pass
through the dielectric, and the electromagnetic field will
necessarily decay transversely in this channel.!!

4. Stimulated Cherenkov radiation
and dissipative-radiative instability
in layered system with isotropic plasma

We add complexity to the electrodynamic system we are
considering by placing in the beam transport channel a cold
collisionless isotropic plasma with the dielectric permittivity

>
stsnzsp:lfw—g, (26)

where o, is the Langmuir frequency of the plasma electrons.!?

In this case, i =k2—gw’/c? =k —?/c*+w}/c?,
k =y, in dispersion equation (18). Then, for wi 4, =0,
from equation (18), we obtain the following dispersion
equation of the plasma Fabry—Pérot resonator:

epxd — €0l

. 27
epxd + el @7)

exp (=2, L) =

This equation defines a discrete set of eigenfrequencies like
(20), with the only difference being that the frequencies are
shifted upwards because of the plasma in the channel. The
real parts of the frequencies are written as Rew ~
(@2 +k2c? + k2 ,¢2)'? instead of formula (20).

A cardinally new feature in the presence of plasma in
the channel is the appearance of a surface wave caused by
the interfaces between the plasma and the dielectric. The
frequency of the surface wave is also defined by dispersion
equation (27). Assuming that w,c/L > 1, we obtain from (27)
a dispersion equation for the surface wave frequency
spectrum gpyy + &), = 0, which leads to the following
expression for the square of the frequency [4]:

1 g + 1

2 2 0 2.2

== k:
2P 2& ¢

1 o+ 12 e — 1
Y Y k44 2/202
\/4wp+< 2 > S+ 2 wpk e

As the parameter w,c/L decreases, the dependence w (k) for
the surface wave becomes flatter than (28). In any case, the
phase velocity of the surface wave is always less than ¢/ /&.
As this wave is not radiated, it is not attenuated.

In addition, for w?;4, = 0, it follows from equation (18)
that e, = 0, which is the dispersion equation for longitudinal
waves in isotropic plasma. The frequency of a longitudinal
wave is w = wp, and the electric field component E.(x) can be

(&)

(28)

' A channeled electronic beam can be transported without loss in certain
directions in crystalline dielectric media [17, 18]. However, the channeling
effect can hardly be applied in electronics of even moderate power.
Nevertheless, it can be claimed that one of the emission mechanisms from
a channeled electron beam is based on a dissipative—radiative instability.
12 The plasma can be considered nonmagnetized and the beam fully
magnetized if the plasma density is large compared to that of the beam and
the electron cyclotron frequency is small compared to the Langmuir
frequency of the plasma electrons. Moreover, as mentioned in footnote
2, the requirement of magnetization is not necessary for a thin ribbon
beam.
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Figure 5. Eigenfrequencies of Fabry—Pérot resonator with a plasma
channel: Rew (black), Imw (red), ® = k.c (green), w = k.u (blue), and
o = k.c/\/ey (brown).

an arbitrary function of the coordinate x, which is nonzero
only within the plasma channel [18]; for e, = ¢ = &, = 0, this
follows from equation (11).

The general structure of the dispersion curves of an
unbounded dielectric medium with a channel filled with
isotropic plasma is shown in Fig. 5. The following para-
meters of the layered system are used: L =1 cm, g = 2,
wp, = 10" rad s7!. The curves are ordered in the upward
direction as the dispersion curve of the surface wave, the
straight line @ = wp, and three dispersion curves of electro-
magnetic modes with n = 0, 1, 2. Also shown are the light line
o = k.c, the Cherenkov resonance line @ = k.u, and the light
line of the dielectric w = k.c/,/gy. As can be seen from Fig. 5,
for beam velocities in the range u € (¢/+/g,c), where a
dissipative—radiative instability is possible, there is also a
Cherenkov resonance of the beam with the longitudinal
plasma wave w, = k.u. Cherenkov resonance with the sur-
face wave is only possible for u < ¢/,/g, i.e., outside the
region of dissipative-radiative instability.

In order to investigate the beam Cherenkov resonance
with a Langmuir wave in a clean form, i.e., without any trace
of dissipative-radiative instability, it is necessary to use the
limit L — oo or set gy = ¢, in equation (18). As a result, we

obtain the equation
: Avy. Oh?

2
_ 2 _ g2 &p®
2 Sy~ T T )

2

1- w_g -
which describes the Cherenkov interaction of a thin ribbon
magnetized beam with an unbounded isotropic electron
plasma. Equation (29) has the form of equation (1) with
Do(w, k.) =1 — wf /. If the coefficient Ayy,,/2 in equation
(29) is replaced by one, the result is the ‘classical” dispersion
equation, the analysis of which led to the discovery of beam
instability in plasmas [20, 21]. However, this substitution is
hardly legitimate. In fact, for the Cherenkov instability,
o = k.u; therefore, x; ~ 92w’ fu? + wlz)/cz. Furthermore,
since, for the instability at the plasma wave o ~ wp, then, for
a relativistic beam, we get y, ~ w,/c. Equation (29) thus
contains the parameter Apmy/c, which is equal to the ratio of
the beam thickness to the penetration depth of the transverse
electromagnetic field in the plasma.

Under the inequality
2, -3
u= A, 0 oy (30)
c

p
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the solution of equation (29) has the form w = k.u + dw,

where
ik;u\/_g, k-u < oy,
dw(k,) = . 31
(k=) —14+iV3  ;3/u i G1)
#(})p 57 zu:wp.

The first expression in (31) gives the growth rate of
nonresonant (aperiodic) beam instability due to the negativ-
ity of the plasma dielectric permittivity for o ~ k.u < w,
(negative mass-type instability [5]), while the second defines
the increment of the resonance instability for the stimulated
Cherenkov effect. Note that dispersion equation (29) can be
solved for a complex wave number k. keeping a real frequency
w, which would define the wave amplification coefficient
(spatial growth rate). In this case, the amplification coeffi-
cient will be infinite at the frequency w = w,,. Thisis related to
the independence of Dy(w,k.) =1 — @] /w* from the wave
number. Infinity for the amplification coefficient can be easily
eliminated, for example, by taking into account the spatial
plasma dispersion caused by the thermal motion of electrons.
Ifitisincluded, Do(w, k) = 1 — w7 /(w® — k2V3,), where Vr.
is a thermal electron velocity [6]. If V1. < u, then, when
solving equation (29) for the frequency w, the consideration
of spatial dispersion is not important, as it leads to
insignificant corrections.

Now consider the results of solving dispersion equation
(18) for a finite width of the plasma channel. To reduce the
number of free parameters, which increased by one due to the
plasma compared to the previous case, we make use of
dimensionless variables: the dimensionless frequency w/w,
and the dimensionless wave number k.c/w,. The theory then
depends on only one main parameter,

Law,

o=—, (32)
which is the ratio of the plasma half-width to the transverse
field plasma penetration depth. One more parameter (30)
does not play a significant role. We set it equal to 0.001. We
also fix g = 2and u/c = 2.5/3.

Figure 6 shows the dimensionless complex increments of
the beam instability as a function of the dimensionless wave
number for different values of parameter (32), i.e., for
different plasma channel widths or plasma densities. The
growth rates Imw show isolated sharp maxima at
k-c/wp = 1.2, which, as can be easily calculated, corresponds
to the Cherenkov resonance point k.u/w, = 1. These growth
rate maxima are due to the stimulated Cherenkov effect at the
Langmuir frequency w = wy,. As parameter (32) is decreased,
the instability increments related to the stimulated Cherenkov
effect decrease, and for ¢ = 0 (the violet curve) they are not
seen at all. In contrast, for ¢ = 1 (black curve), the instability
growth rate due to the stimulated Cherenkov effect is
maximal and hardly changes when the parameter ¢ is further
increased. The case ¢ =1 or greater corresponds to the
instability described by dispersion equation (29) and formu-
las (31). However, in addition to the resonance instability on
the Langmuir wave in the stimulated Cherenkov effect, the
dependences shown in Fig. 6 describe another instability.
Indeed, in the region k.u/w, > 1, where no resonance
Cherenkov instability can occur, there is an instability, and
its increment is quite large. In the region k.u/w, > 1, the
increment is a smooth function of frequency, indicating that

0.05 -

o

=

X
T

o

S

W
T

Im dw/

g

ISy

)
T

=3

=]

—_
T

—0.02 |-

—0.04 -

Re dw/wy,

—0.06 |-

—0.08 -

Figure 6. Complex increments of instability of electron beam in a
homogeneous dielectric with a plasma channel: ¢ = 1 (black), 0.5 (red),
0.25 (green), 0.1 (blue), 0.01 (brown), and 0.0 (violet).

this instability is not resonant: it is the dissipative—radiative
instability, or gain on radiation. For small values of
parameter (32), the dissipative-radiative instability domi-
nates, and for large values of this parameter, the stimulated
Cherenkov effect dominates.!3

The question arises as to why the role of dissipative—
radiative instability decreases as parameter (32) is increased,
and disappears completely as ¢ — oo. The point is that the
wave number of the transverse wave in the plasma is k, =

Vepw?/c? — k2. In this case, for o =~ k.u, we have

2 2 2
w w: (0]
P~ - P
k=) F -k -—Z=i\[kZy2+—,
c 4 c

i.e., the wave decays with distance from the beam. Plasma
screens the field of high-frequency beam density charge, and,
the greater the plasma channel width L, the stronger the
effect. This is why the dissipative-radiative instability ceases
for L — oo, and for large but finite L its growth rate is
proportional to exp (—a), i.e., exponentially small. We note
that, due to the thermal motion of electrons, another
mechanism exists for the spatial decay of transverse waves in
collisionless plasma—an anomalous skin effect [6]. The
anomalous skin effect dominates in the low frequency range,
when |o| < kV1e. In our case, ® ~ k,u and Vr. < u, and the
anomalous skin effect plays no role.

It was mentioned earlier that the presence nonmagnetized
plasma in the channel leads to the formation of a surface wave
localized around the interface between the dielectric and
plasma. As can be seen from formula (28), the phase velocity

13 Weak indications of dissipative-radiative instability can be seen in Fig. 5
also for ¢ = 1, but already for ¢ = 2 they are absent from the plot.



416 M.V. Kuzelev

Physics— Uspekhi 68 (4)

0.06 -

0.04 -

0.02 -

dw/w,
=

—0.04 -

—0.06 -

—0.08 -

Figure 7. Complex increments of resonance Cherenkov instabilities for
stimulated Cherenkov effect on a surface wave and on a volume Langmuir
wave foro = 1.
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Figure 8. Growth rates of resonance Cherenkov instabilities on a surface
wave and a volume Langmuir wave for ¢ = 0.2.

of this wave does not exceed ¢//2,'* so it cannot be excited
by a superluminal beam. To explore the excitation of a surface
wave, consider the case of a subluminal beam u < ¢/,/e,
when the dissipative-radiative instability is absent, but the
resonant Cherenkov excitation of both the surface wave and
the volume Langmuir wave is possible. To keep the beam
parameters unchanged, we set &g = 1 when solving dispersion
equation (18). The result for the case ¢ = 1 is shown in Fig. 7.

There are two intervals of wavenumbers where the
imaginary frequency part is positive, i.e., there is a beam
instability (red lines). The left interval is related to the
instability on the surface wave, and the right interval, to the
instability on the volume Langmuir wave. It is noteworthy
that two different independent solutions of dispersion
equation (18) are responsible for these instabilities. Indeed,
no connection between these solutions can be seen in Fig. 7
(there are two nonintersecting complex curves dw(k:)). In
contrast, for the stimulated Cherenkov effect on the volume
Langmuir wave and dissipative—radiative instability, there is
a single solution (Fig. 6 shows a single continuous curve
dw(k,)) describing one instability or the other in different
frequency intervals.

Figure 8 shows dimensionless increments for the same
instabilities as in Fig. 7, but for the case ¢ = 0.2. It can be seen
that the instability interval on the surface wave becomes
narrower and is shifted to the left, while the increment

14 Formula (28) is obtained in the limit ¢ — oo. For a finite o, the surface
wave dispersion curve passes below the curve defined by (28).

becomes smaller. The explanation is that, as the parameter
decreases, the surface wave frequency also decreases, and the
surface wave disappears altogether for ¢ — 0. The narrowing
of the instability interval and the decrease in its growth rate
are also observed for the instability on the volume Langmuir
wave. It should be noted that, in this case, unlike in formula
(31) and the case shown in Fig. 6, the lower limit of the
instability interval is not zero and becomes higher as the
parameter ¢ grows. This is because the region of nonresonant
(aperiodic) instability disappears, which is caused by the
change of the sign of the effective dielectric permittivity of
the layered system in the low-frequency range.

5. Stimulated Cherenkov radiation
and gain on radiation in layered system
with strongly anisotropic plasma

Let us also consider the case where the plasma in the channel
is fully magnetized. This case is of considerable practical
interest, since most of the powerful sources of electromagnetic
radiation created to date in plasma MW electronics operate
on plasma waves in a strong external magnetic field [22-24].
As will be seen below, the cases of nonmagnetized plasma (see
Section 4) and fully magnetized plasma are cardinally
different. An intermediate case — plasma in a finite external
magnetic field —is rather complicated in the context of our
problem, and its consideration is beyond the scope of the
present work. It is generally assumed that, for Q. < w,,, where
Q. is the electron cyclotron frequency, a plasma can be
regarded as nonmagnetized in the frequency range
Q. < o < wp. Conversely, for Q. > w,, the plasma can be
considered fully magnetized in the first approximation. In the
case of fully magnetized plasma &, =1, ¢ = ¢,, and ¢, is
defined in 26). In this case, we have y? = k2 — w?/c?,
K= (/ﬁp in equation (18). For w} 4, = 0, the following
equation for the eigenfrequencies of the Fabry—Pérot reso-
nator formed by a layer of fully magnetized plasma is
obtained from (18):

2 2, 2
X0\/ X1p — €0
exp <_2 2 L) _ovam TR (33)

13/ 13 e +eolxl

Equation (33) has solutions only in the range of frequencies
and wavenumbers defined by the inequality

2 2
.2 2 @ Dp\ _ 2
7/{L8p* (k 7cz> <17w2):kx>0

Inequality (34) is satisfied in two ranges of frequencies and
wavenumbers. The first range,

(34)

® > max (wp, k-c) , (35)
includes solutions of equation (33) which are similar to the
solutions shown for the region (35) in Fig. 5. We are not
interested in such solutions, since they describe waves with
phase velocities exceeding the speed of light in a vacuum. The
second range,

o < min (wp, k-c), (36)

includes solutions describing so-called oblique Langmuir
waves [3, 25]. The quantity k, introduced in (34) is the
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Figure 9. Main mode of oblique Langmuir wave: real frequency part
(black) and imaginary part (red).

Figure 10. Complex argument of Cherenkov instability of a thin ribbon
electron beam in fully magnetized unbounded plasma.

transverse wavenumber of the eigenwave of the Fabry—Pérot
resonator. This number is defined by the plasma layer
thickness. The formula

kxzkln:%(n—i—an), n=0,1,2,... (37)
is valid, where the quantities a, are slightly different from 1,/2
(see (20)). The complex dispersion curve of the main mode
(with n = 0) of the oblique Langmuir wave is plotted in Fig. 9.
The imaginary frequency part (red curve) is shown scaled up
by a factor of 10. All other features of Fig. 9 are the same as in
Fig. 5. The dispersion curves of the higher modes (withn > 1)
of an oblique Langmuir wave (not shown in the figure) pass
below the dispersion curve of the main mode.

The field structure of oblique Langmuir waves is
described by the oscillating functions exp (Lik,x), as can be
seen from (34) and formula (15), which corresponds to a
volume wave in the plasma layer. The limit transition L — oo
in equation (18) is not obvious due to the oscillating behavior
of the exponential factor exp (—2xL). However, assuming
that the imaginary part of w is positive, the factor exp (—2xL)
will tend to zero as L — oo. As for the assumption that the
imaginary part of the frequency is positive, in a general case it
is due to the causality principle, and, in our case, it is related to
the beam instability. Thus, taking the limit L — oo, equation
(18) reduces to the following dispersion:

602 1 CUZ CO2 ,y73
(12— S Ay k2 =2 Pl g
w? 2PV T (w—kzu)2 ’

which describes the Cherenkov interaction of a thin ribbon
electron beam with a fully magnetized unbounded plasma for
a beam moving along an external magnetic field. Equation
(38) can be obtained directly, without taking the limit, by
inserting E.(x) = A exp (ik,x) into boundary condition (12),
with account for (14), where the wave number k, is defined in
(34).

Although equation (38) does not have a common form
(the square root dependence on the plasma dielectric
permittivity), it is solved in the usual way. The solution is
sought in the form w = k.u + dw, where |dw| < k.u. After
simple calculations the complex increments are written as

—14i/1 ka2
dw = \/i (EAbk:wzby 4wip> s k:,u<60p,

(38)

idr\ /1 ) 2/
Ba):exp<?><§4|bkzwby’ 7") , ku=ow, .

(39b)

The result of numerically solving equation (38) for ¢ = 0.0001
and u/c = 2.5/3 is shown in Fig. 10. There is good agreement
with analytical formulas (39).

Let us try to classify the instability described by dispersion
equation (38). For L — oo, the quantity &, in (34) is the wave
number of an oblique Langmuir wave propagating to infinity,
and from (37) it follows that the wave number k, can be
arbitrary (even though L' — 0, the number n can be
arbitrarily high). Inserting w = k.u into (34) gives

w2

b
k2u?

ky = kzﬂ/il —1. (40)

From (40), it follows that the emission to infinity through a
plasma half-space is only possible for k.u ~ w < w,. There-
fore, if k.u > w,, the instability increment in Fig. 10 becomes
zero. Formula (40) allows the instability mechanism to be
linked to the emission to infinity of oblique plasma waves
excited by the beam, i.e., to attribute the instability to a
dissipative-radiative one. This conclusion is also consistent
with the structure of dispersive equation (38) and with the fact
that, in semi-bounded plasma, the wave (34) is not an
eigenwave. This is different from the case of isotropic
plasma. In this case, the instability with the second increment
(31) was clearly related to the stimulated Cherenkov effect.
The point is that this instability develops on the longitudinal
Langmuir wave ® = w,. Such a wave, unlike the oblique
Langmuir wave of a plasma half-space in a strong magnetic
field, is an eigenwave, and, in addition, it is not radiated (the
longitudinal wave of cold plasmas does not transfer any
energy at all, since it has a zero group velocity).

As in the case of isotropic plasma, for fully magnetized
plasma, there is no beam instability for L — oo in the wave
number range defined by the inequality k.u > w, (see Fig. 10
and the black curve in Fig. 6); electromagnetic waves with
phase velocities smaller than the light speed ¢ are absent in
these plasmas in the region w > w,. The dielectric medium,
where, for u > ¢/,/g, there are waves with phase velocities
close to u, are too far away from the beam for L — oo. The
situation is completely different when the plasma channel has

15 exp (i41/5) ~ —0.81 + 0.59i.
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Figure 11. Increments of beam instability in dielectric system with layer of magnetized plasma.

a finite width L. In this case, radiating electromagnetic waves
are excited in the dielectric, transferring the beam energy to
infinity. The result is a dissipative—radiative instability in the
range k.u> wy,.

For a finite L, the resonance properties of the layered
system come into play: quasi-standing waves with wavenum-
bers (37) are formed in the plasma layer, i.e., the eigenmodes
of the Fabry-Pérot resonator manifest themselves. The
eigenmodes formed by oblique Langmuir waves can be in
the Cherenkov resonance with the beam.!'® Inserting the
transverse wavenumbers (37) and the longitudinal wavenum-
ber k. = w/uinto (34), we obtain for the resonant frequencies

= Sw? — k2 4292
w=/op —k{,u*p*.

The instability of the stimulated Cherenkov effect should
manifest itself at these frequencies: it will be superimposed in
some way on the dissipative-radiative instability. For a
decreasing channel width L, the numbers k&, increase and
the number of resonances (41) decreases, and starting from
some L resonances disappear completely. In this case, the
instability in the stimulated Cherenkov effect disappears, and
only the dissipative-radiative instability remains.

Figure 11 shows complex increments of instabilities
accompanying a ribbon beam in a channel with a fully
magnetized plasma for different values of the parameter o,

(41)

16 These waves are standing in the x direction and travel in the z direction.

obtained by numerically solving equation (18). To make the
resonance effects more apparent, the calculations have taken
parameter (30) to be an order of magnitude smaller than when
solving equation (18) in the case of isotropic plasma in the
channel, 4 = 0.0001. For ¢ = 30 (Fig. 11a), five local extrema
of the increment stand out quite clearly. These maxima are
associated with the stimulated Cherenkov effect for several
modes of an oblique Langmuir wave with numbers from zero
to 4 or 5. The number of maxima increases as ¢ increases.
They merge for ¢ = 0o, leading to the complex increment
behavior shown in Fig. 10. As ¢ is reduced, the number of
resonance maxima decreases: there are two maxima in
Fig. 11b and only one in Fig. 11c. For even smaller values of
the parameter o, the resonance maxima of the increment
disappear (Fig. 11d, e).

In the cases ¢ = 1 and ¢ = 0.1 (Fig. 11d, e), the instability
is only of a dissipative-radiative nature. The dependences
plotted in Fig. 11e have the same form as the corresponding
ones in Fig. 2 (differences in values are due to different x used
in the calculations). In other cases (Fig. 11a—), we are dealing
with two instabilities simultaneously: the dissipative-radia-
tive one and the one in the stimulated Cherenkov effect. Their
contribution to the net increment depends on the wave
number k.. To be sure that two instabilities coexist, a special
calculation was carried out for the same system, but under
conditions where one of the instabilities is absent. We took
& = 1. In this case, a dissipative—radiative instability cannot
evolve, but the instability of the stimulated Cherenkov effect
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remains in its present form. The result is shown in Fig. 11e.
We identify the same resonance maxima as in Fig. 11b, but
the increment is zero in the intervals between them, which
is due to the absence of the contribution from the
dissipative-radiative instability. In general, the smaller
the parameter o (32), the greater the role of the dissipa-
tive—radiative instability. This should be clear — the smal-
ler o, the smaller the distance L from the beam to the
dielectric.

There is another instability that is, in principle, possible
in a system with a layer of fully magnetized plasma — this
is a resonance instability with the stimulated Cherenkov
effect in a dissipative system, when the dissipation is
caused by radiation. As can be seen from Fig. 9, in the
wavenumber range where there is Cherenkov resonance of
the electron beam with an oblique Langmuir wave, this
wave decays as it is radiated through the layer boundaries
at x = L. Thus, the stimulated Cherenkov effect turns out
to be possible on the decaying eigenwave of the electro-
dynamic system. We present here the necessary informa-
tion about such an instability based on the general
dispersion equation (1) [13].

If the dispersion function is complex, Dy = D+ iD{/,
and the condition of the Cherenkov resonance holds
D|(k.u,k.) = 0, then, by writing w = wg + dw and k. = k.,
it is not difficult to obtain from dispersion equation (1) the
following equation for the complex increment dw:

. oD)
S’ <1D6’ + 8w awo) —awp =0. (42)
If the inequality
oDy
D{| < |8 =2 4
D} < s #3)

is observed, equation (42) leads to expression (3) (after
replacing Dy by D), which defines the increment of the
usual instability in the stimulated Cherenkov effect. If the
inequality is reversed, equation (42) gives

)
1000y
"o
DO

dw ==+ (44)

Quantity (44) with the positive imaginary part is the
increment of the resonance instability when there is a
stimulated Cherenkov effect in a dissipative system. The
condition for this effect to exist is the inequality opposite to
(43), which, taking into account (44), can be reduced to

12 2
DI > aop <aD°> :

%0 (45)

The question arises as to whether it is this instability that is
realized at the maxima of the increment in Fig. 11a. A direct
verification of inequality (45) is difficult due to the complexity
of the left-hand side of equation (18). There are indirect
considerations based on the fact that the decay rate of the
oblique Langmuir wave is very small. In Fig. 9, this decay rate
(red line) is plotted amplified 10 times, as it would be
practically impossible to show it graphically otherwise. It is
very likely that, in the cases we have considered, a usual
stimulated Cherenkov effect takes place, and not a dissipative
one.
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Figure 12. Dispersion curves of dielectric waveguide with a vacuum
channel; line of Cherenkov resonance w = k.u, u/c = 2.5/3 (blue).

6. Transition from waveguide
to unbounded system

We place the system under consideration in a plane
waveguide formed by two ideally conducting planes
x = +L, where L., > L. The derivation of the dispersion
equation for the eigenmodes of such a waveguide is carried
out in the same way as the derivation of equation (18), with
the only difference being that solution (16) should be replaced
by the solution

E.=Csinh [{(Ly — X)], L<x< L. (46)
Here, we took into account that the field component E. is zero
at ideally conducting waveguide walls. After standard
manipulations, we find

(erryd — €0yl G) — (erxcyd + e0y? G)exp (—2xL)
(e1krg — 0lx1G) + (e1kyg +e0Cy? G)exp (—2xL)
1 XZ wZ ,})73
LI A 4
2 ey (0 — kou)? #7)

where

G = —coth [¢(Lx — L)] . (48)
It can be easily shown that, in the limit L., — oo, quantity
(48) tends to one and equation (47) transforms into equation
(18). Note that, when taking this limit, in accordance with the
causality principle, it is necessary to assume that the
frequency o has a positive imaginary part. Then, the
equation obtained in the limit should be analytically
continued in the lower half-plane of the complex plane w to
obtain a full equivalent of equation (18).

There is a fundamental difference between equations (47)
and (18): the zeros on the left-hand side of equation (47)
define real frequencies of nondecaying eigenmodes in the
waveguide, while those on the left-hand side of equation (18)
define complex frequencies of the decaying eigenmodes of the
Fabry—Pérot resonator. We illustrate this with an example.
Figure 12 shows the dispersion curves of the eigenmodes of
the dielectric waveguide containing a vacuum channel. The
waveguide parameters are L, =2 cm, L=1cm, gg =2. A
large number of dispersion curves of the waveguide eigen-
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modes can be seen, starting with the TEM mode (lowest
curve) and ending with the mode E,, with n = 11. In the short-
wave region, the phase velocities of all these modes approach
¢/+/€ and, therefore, if the beam is superluminal, it can be in
the Cherenkov resonance with all the eigenmodes of the
waveguide. The complex frequencies of the eigenmodes of
the Fabry—Pérot resonator, formed by a flat vacuum channel
in the dielectric, are given by formulas (20). Obviously,
Cherenkov resonance of a beam with such waves is impos-
sible.

The difference between equations (47) and (18) is
particularly noticeable at L = 0, i.e., in the absence of the
beam transport channel in the dielectric. In this case, the
resonator is eliminated, while the waveguide and its eigen-
modes are available. Substituting L = 0 (or &, = g = &) into
equation (47) gives a dispersion equation which defines the
complex frequencies of a homogeneous dielectric waveguide
with a thin ribbon electron beam,

) 1 w2 y -3

Ecosh (ELy) = smh(éLx)xg ~ AbL2 . (49)
2 Vey(w — kou)

Equation (49) has the form of the general dispersion equation

(1). The zeros on its left-hand side, i.e., the roots of the

equation &cosh (£L,) = ikgcos (KoL) = 0, define the fre-

quencies of the eigenwaves of the waveguide without a beam,

n=0,1,....

0 =\[k}, +k2 =, ki, :i<"+l> ’
(50)

Vi Lo\""2

One more root, kg = 0 — w = k.c/,/g, sets the frequency of
the TEM wave, which is of no interest to us here.!” Inserting
k. = w/u into (50), we find an infinite set of resonance
frequencies

klnu

Veou?Je2 =1

Inserting further o = w, + dw, k., = k., = w,/u into equa-
tion (49), we find the following increments of instabilities on
eigenmodes of the dielectric waveguide in the stimulated
Cherenkov effect:

1 +iV3 [ 4y K2 oy
Sw = 8 _ Ln b . 52
@ @ 2 <2LOo 0w, & (2)

Wy =

(51)

In the limit L., — oo, equation (49) reduces to
1 w,y 3

E=—y5 5 dp —20—— . 53

©2 7 go(w — k) (53)
The zero on the left-hand side of equation (53) defines a light
wave ¢ =0 — o = k.c/,/gy, propagating strictly along the
beam propagation direction, with which the beam does not
interact. There are no other eigenwaves, since the resonator is
absent for L =0, and the dielectric half-spaces x > 0 and
x < 0, so to speak, do not ‘hold’ the wave.'® Taking into

17 For a TEM wave, the electric field component in the direction of the
beam motion equals zero. Therefore, a TEM wave cannot be excited by a
straight beam, as can be seen from equation (49), whose right-hand side
becomes zero for & = 0.

18 In the half-spaces, there are eigenwaves coming from infinity of one sign
and propagating to infinity of the other sign. Our problem statement
excludes waves coming from infinity.

account that, according to (16) and (17), & = ix, ¢ = —x¢,

we transform equation (53) into equation (23), which we
studied in detail earlier. The solution to equation (23) is given
in (25).

Thus, the differences between equations (49) and (53), as
well as between their solutions (52) and (25), are obvious. This
also applies to the most general equations (18) and (47). In the
limit L,, — oo, solutions of equation (47) describing instabil-
ity should transform into corresponding solutions of equa-
tion (18). For example, quantities (52) dw, = dw(k,,) for
L, — oo should transform into the function dw(k;), which is
defined by the second term on the right-hand side of
expression (25) (at common points k. = k_,). To illustrate
the ‘dynamics’ of this limit transition, let us consider
numerical solutions of equation (49) for different values of
the parameter L., with other parameters fixed at the values
used in the calculations for Fig. 2. Figure 13a shows a
sequence of isolated local maxima of the imaginary part of
the complex increment dw (red line). The maxima are located
at the resonance points k. = k., and agree reasonably well
with formula (52). Each maximum and its vicinity describe an
instability of the stimulated Cherenkov effect on the mode E,
of the dielectric waveguide. As L, is increased (Fig. 13b,c),
the local maxima appear closer to each other and begin to
merge, the effect becoming stronger as k. increases. Finally,
for Lo, = 40 cm (Fig. 13d), the increment maxima disappear
completely and a smooth dependence is formed, which is well
described by the second term on the right-hand side of
formula (25). The curves shown in Fig. 13d coincide with the
respective curves in Fig. 2 obtained by numerically solving
equation (23). This behavior is due, first and foremost, to the
fact that, as L, increases, the resonance wavenumbers
k., = w,/u become denser, and for L,, — oo fill the entire
axis k., > 0.

For any finite value of parameter L, the beam resonantly
excites the eigenwaves in the waveguide. The instabilities that
arise in this case clearly correspond to our definition for the
instability of the stimulated Cherenkov effect. Therefore,
taking into account the limit transition L., — oo described
above, the question arises as to the relevance of the notion of
dissipative-radiative instability introduced above. Admit-
tedly, for the large parameter L., the expressions for the
increments vary considerably, first and foremost because of
the closer position of the eigenwaves of the electrodynamic
system. In MW electronics, electrodynamic systems with a
close arrangement of eigenmodes are called spatially devel-
oped systems. The interaction of electron beams with densely
arranged eigenmodes of spatially developed electrodynamic
systems has been studied in detail [26, 27]. Therefore, instead
of dissipative—radiative instability, it is fully legitimate to talk
about an instability of the stimulated Cherenkov effect in a
spatially developed electrodynamic system. A criterion for
such an instability is the inequality |dw| > ®,+1 — w,, where
dw is the instability increment. Taking into account formulas
(50) and (51), we write this inequality as

u T

Lo \fequ?/c? =1

where dw is the increment (52). If inequality (54) holds, the
instability increment is defined by formula (25) instead of
(52).

However, based on physical considerations, the term
dissipative—radiative instability seems to us to be perfectly

|| > (54)
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Figure 13. Instability increments of stimulated Cherenkov effect on eigenmodes of homogeneous dielectric waveguide.
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On the other hand, the characteristic time of instability
development 7y, (from the onset to its nonlinear saturation) 04
is defined by the instability increment, commonly as :
7 ~ dw~! [28]. For 13 < 19, an eigenmode has no time to
settle in the system during the instability development 0.2 -
interval, and the electron beam excites waves that propagate
from the beam to the outer waveguide boundaries but do not 0 1 1 1 1 I
reach them. In the case of the initial value problem, solved 0.5 0.6 0.7 0.8 0.9 1.0

from the moment of ‘switching on’ of the instability to its
saturation, everything happens namely so. The strong
inequality 7, < 7¢ is reduced to

c 1

Lo 2\

S| > (56)

which does not contradict (54). Indeed, if inequality (56) is
observed, there is reason to speak of dissipative-radiative
instability.

The dissipative-radiative instability is a nonresonance
instability. This means that there is no resonance wave with
which the beam can interact. The beam interacts with the
waves of the continuous spectrum w = k.c/,/g, i.e., with
many waves of different frequencies. It is impossible to
capture the beam electrons under these conditions. Instead,
the beam electrons decelerate to a velocity approaching
c¢/+/€. From these considerations, it is easy to estimate the
fraction of the beam kinetic energy transferred to electro-
magnetic radiation,

<1

where 7y, is the relativistic factor of beam electrons on the
instability saturation stage. Dependence (57) is plotted in
Fig. 14 for three values of the dielectric permittivity &.

=

(57)
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Figure 14. Share of beam energy transferred to radiation in dissipative—
radiative instability: ¢y = 2, 3, 4 from right to left.

7. Dissipative-radiative instabilities
in cylindrical geometry

In a cylindrical coordinate system for an azimuthally
symmetric case, equation (11) takes the form

(v

while formulas (10) stay valid after an obvious replacement of
|x| by r and L by R, where R is the radius of the beam
transport channel. To avoid the difficulties caused by the
singular point r = 0, we consider an infinitely thin tubular
beam with the Langmuir frequency given by the formula

1d
rdr

& (r) dE.
Zn(r) dr

):@@+MME7 (58)

w%(r) = a)%OAb(S(r — 1), (59)

where r, # 0 is the radius of the tubular beam. Integrating

equation (58) over r, we obtain the following condition for the
jump of the derivative of E.(r) on the beam:

dE. 3
{ . } 2 Ez(rb) )
r=ry

dr
1=k —

2 —
Wig?

Aoyt

e (0 — k.u) (60)
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Boundary conditions (13) continue to hold with the above
substitutions, and, instead of condition (14), a condition is
written that the field is bounded at zero, E.(0) < co. Note
that a cylindrical system with radiation exiting through
the side surface or with an outer absorbing layer (Fig. 1b)
is of considerable practical interest. Recent active studies
are aimed at the design of broadband plasma MW
amplifiers based on tubular relativistic electron beams
with electromagnetic wave absorbers on the side surface
of the plasma electrodynamic system [24]. The absorber is
intended to suppress the self-excitation of the amplifier by
absorbing a feedback wave. However, the presence of the
absorber facilitates the development of a nonresonant
dissipative-radiative instability, which requires the study
of this instability in new devices of MW plasma electro-
nics.

We will not solve the general problem formulated for the
spherical geometry here, but restrict ourselves to the limit
R = 0. Consider two cases: ¢, = ¢ = &, which corresponds
to a tubular beam in an unbounded isotropic dielectric, and
€1 = g| = &, which corresponds to a tubular beam in an
unbounded isotropic plasma. In the case of a beam in a
dielectric, a solution of equation (58) continuous and
bounded at zero is taken in the form

EZ(I‘) _ A{ JOE]’?QV)H(EI)(KQI‘E,) , r<ryp, (61)

Hy' (kor)Jo(xkory) , 7> 1,
where k is defined in (17) and Jy and Hél) are the Bessel and
Hankel functions of the first kind. When writing equation
(61), we took into account that only beam waves will be
considered, i.e., it will be w ~ k.u. Then, for u > ¢/,/g, the
quantity k¢ is greater than zero. Inserting solution (61) into
the matching condition (60) and eliminating the constant A,
we obtain the following dispersion equation for the spectra of
charge density waves of a thin tubular beam in an infinite
isotropic dielectric:

1 w?y 3
— k. 2 = _i—- S 2 b
(@ -U) 14 bK o

Jo(rcore) HV (1iorp) , (62)

where S}, = 2nrpdy, is the cross-sectional area of the thin
tubular beam. Equation (62) has much the same structure as
equation (23), as can be seen from the fact that the root
entering equation (23) is imaginary for u > ¢//gp. It is
therefore entirely reasonable to argue that equation (62)
describes a dissipative—radiative instability of a tubular
beam in an unbounded dielectric. The main difference
between equations (62) and (23) is that the product of the
cylindrical functions on the right-hand side of (62) is an
oscillating function. Consequently, the instability increment
defined by equation (62) is a nonmonotone function of k.
(Fig. 15).

In the case of an electron beam in an isotropic plasma, the
quantity k¢ contains the dielectric permittivity of the plasma
&p instead of &, so, for any beam velocity, K02 < 0. In this case,
a solution of equation (58) should be written as

(63)

z

E(r) = {IO(Xpr)KO(Xprb)> r<rp,
Ko(xp") o(xpro), 7> 1,

where I, and K, are the modified Bessel functions, and
%g = k2 — w*/c? + @} /c?. Inserting solution (63) into the
matching condition (60), we get the following dispersion
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Figure 15. Complex increment of dissipative-radiative instability of a
tubular beam in unbounded dielectric: 1, = 1 cm, I, = 100 A, gy = 2.
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Figure 16. Complex increment of stimulated Cherenkov effect of a tubular
beam in unbounded isotropic plasma: r, = 1 cm, I, = 100 A.

equation:

o) 1 iy~

b o1 ﬁ To(xpro)Ko(xpre) = 0. (64)
Equation (64) is practically the same as equation (29) which
describes the stimulated Cherenkov effect on a longitudinal
Langmuir wave in the plane case. Equation (64) describes the
same effect, but in the cylindrical geometry. A complex
increment, obtained by solving equation (64), is shown in
Fig. 16. The curves in Fig. 16 do not differ qualitatively from
the black curves in Fig. 6.

As can be seen, for a tubular beam in an unbounded
isotropic dielectric and in an unbounded isotropic plasma, the
cylindrical geometry does not lead to significant changes
except for an oscillatory character of the increment of
dissipative-radiative beam instability in a dielectric. For an
anisotropic plasma and in the general case of a channel with
finite size R, such a statement cannot be made. A study of the
complicated dispersion equation—a cylindrical analog of
equation (18)—is needed, which should be the subject of a
separate study.

When applied to systems with cylindrical geometry,
inequality (56) is obviously modified as

c 1
do| » — —, 65
ol > 7= (65)
where R is the size shown in Fig. 1b. Inequality (65) requires
either a larger electron density in the beam or a large
transverse size of the electrodynamic system. An important
characteristic of electron beams and electrodynamic systems
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is the so-called limiting vacuum current [29], which becomes
smaller as the transverse size R, becomes larger.!” Beams
with currents above the limiting vacuum current are called
high-current beams. Since the increment of beam instability is
proportional to some power of the beam current, inequality
(65), in particular as R,, — oo, allows one to attribute
dissipative-radiative instabilities to high-current effects.
This is consistent with our earlier statement that dissipative—
radiative instabilities can be treated as instabilities under the
stimulated Cherenkov effect in spatially developed systems.
In high power MW electronics, spatially developed electro-
dynamic systems were always considered high-current sys-
tems.

8. Conclusions

To conclude this methodological note, let us try to define its
place among the numerous studies devoted to high-frequency
instabilities of electron beams in conditions where the
frequency w is close to the Doppler frequency ku, where k is
the wavevector and u is the beam velocity vector. The notion
of beam instability spread widely after the publication of
papers [20, 30] which discovered the phenomenon of beam
instability in plasmas. However, a year earlier, Ref. [31]
described the phenomenon of spatial amplification of a
wave propagating synchronously with an electron beam. It
is believed that this paper laid the foundation for long and
successful studies that led to the creation of one of the most
widely used sources of electromagnetic radiation— the
traveling-wave tube (TWT) [32-34]. For almost two subse-
quent decades, the common nature of the phenomena of
beam instability in plasmas and wave amplification ina TWT
was not seriously discussed. It was only after the establish-
ment of plasma MW electronics [22-24, 35] that it became
clear that the spatial wave amplification in a TWT and the
temporal growth of a wave in the resonance beam instability
in plasmas are based on one and the same phenomenon — the
stimulated Vavilov—Cherenkov effect. It was not immediately
recognized that the amplification of a wave synchronous with
the beam and radiation from this wave are not equivalent
notions. In gain on absorption (in dissipative beam instabil-
ity), the fields of the actual beam are amplified, which are
ultimately carried out of the system by the beam to the
collector. And in the resonance beam instability in plasmas,
plasma waves are excited, which, although they are not
radiated in the strict sense because of their potential
character, remain in the plasma after the electron beam has
left it. In resonance beam instability in a retarding electro-
dynamic system of a classical TWT, the beam excites
electromagnetic waves which leave the system as free
radiation. In nonresonant beam instability in plasmas, the
beam fields are excited by beam self-modulation in a
plasma with negative dielectric permittivity and are
carried together with the beam to the collector. It turns
out that there is an intermediate case where the beam is
modulated due to dissipation of its energy, but this
dissipation is due to electromagnetic radiation being
carried away. In this intermediate case, the beam fields
and the radiation are localized in different regions of space,
and the interaction between them takes place through the
interface between these regions.

19 Formally, for a transversely infinite system, the limiting vacuum current
is zero.

This paper considers, in one way or another, all the known
high-frequency instabilities of a straight monovelocity elec-
tron beam propagating along a strong external magnetic field
in a laterally unbounded layered electrodynamic system.
Nonresonant aperiodic beam instability in a medium with
negative dielectric permittivity (a negative mass type instabil-
ity) appears in connection with general formula (4), as well as
in connection with the first increment in (31). The nonreso-
nant dissipative beam instability appears in relation to
general formula (5). General formulas (58) and (59) are
devoted to the resonance instability of the stimulated
Cherenkov effect in a dissipative system. However, the main
focus in this study was devoted to the resonance instability of
the stimulated Cherenkov effect in a system without dissipa-
tion and dissipative-radiative instability in an open system
with energy losses by radiation. Indeed, the last two
instabilities are the main ones for the propagation of an
electron beam along a channel in a homogeneous isotropic
dielectric medium. We considered the cases of a vacuum
channel, a channel with an isotropic plasma, and a channel
with an anisotropic plasma in a strong magnetic field. While
in the stimulated Cherenkov effect the beam energy is spent to
excite eigenwaves of the electrodynamic system, in dissipa-
tive-radiative instabilities, the beam energy is radiated out of
the system to infinity by external waves. Such an irreversible
energy drain from the beam manifests itself as some effective
dissipation and makes the dissipative—radiative instability an
analog of the usual dissipative beam instability in a system
without radiation.

All instabilities considered here are contained in disper-
sion equation (18) and are limit cases of certain general
process powered by energy release from an electron beam.
Since the instability increments in these limit cases are
expressed by different formulas, the instability mechanisms
are of different physical natures, and this study is largely
devoted to their discussion.

The author thanks I.N. Kartashova for the useful
discussions and comments.
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