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INTRODUCTION

There exist a number of modern mathematical mod-
els describing the action of powerful relativistic micro-
wave devices involving irregular electrodynamic sys-
tems: relativistic Cherenkov generators of the running-
wave lamp (RWL) type or inverse-wave lamp (IWL)
type, gyrotrons [1], gyro-RWL [2], and gyrotons [3]. In
these models, the excitation equations used are
obtained under the boundary condition at metallic walls
of an irregular waveguide in the transformed coordinate
system of the form

 

(1)

 

where 

 

r

 

0

 

 is the normal to the surface of a regular cylin-
der. Condition (1) corresponds to the infinite wall con-
ductance, which implies neglecting the ohmic loss in
the electrodynamic system. A question arises about the
adequacy of optimum variants obtained on the basis of
these models, especially in the millimeter radio-wave
region and in quasi-resonance regimes with a high dif-
fraction 

 

Q

 

-factor of the system. In the present study,
this question is solved with respect to relativistic RWL
and IWL systems and the solution is based on general
excitation theory for irregular waveguides and allows
for finite wall conductance.
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We make use of the general excitation theory for
irregular waveguides with allowance for a finite con-
ductance of the wall, which was developed in [4, 5], and
consider the case 

 

n

 

 = 0. Then,

Using [4, 5] and the law of charge conservation, we
arrive at the following dimensionless excitation equa-
tions:
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(2)

Here, ρ = , b(z) is the internal boundary of the

irregular waveguide and J0(ν0k) = J0(ν0i) = 0.

The equations of motion for large particles are

(3)

The expressions for physical high-frequency fields,
which are written in terms of the calculated amplitudes
with the space-charge fields taken into account, are of
the form
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The magnetostatic focusing field is the following:

where  is the field along the axis.

The dimensionless parameters are

Here,  is the wave resistance of the waveguide wall;
µ0 and σ are, respectively, the magnetic permeability
and the specific conduction of the wall; f is the opera-

tion frequency; W = ; f0 is the reference frequency

(λ0 is the wavelength (in a vacuum) corresponding to
this frequency); c is the speed of light in a vacuum; ε0 is
the permittivity of free space; e and m0 are, respectively,
the electron charge and rest mass; and I0 is the total cur-
rent of the electron beam:

We have taken the following relations between the
basic dimensionless variables:
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We now can formulate the boundary conditions for

the amplitudes (z), (z) in (2). We assume that for
z ≤ 0 and z ≥ L, the waveguide is regular. We denote the
amplitudes in the forward and backward E0m waves of

the regular waveguide as  for z ≤ 0 and  for
z ≥ L. Then, the general conditions for the amplitudes
of propagating E0i waves at the boundaries of the irreg-
ular-waveguide segment can be written in the form

(4)

We note that for the correct formulation of the
problem (2), it is sufficient to choose only two of four
equations (4). While mathematically simulating vari-
ous devices, at the input of the electromotive force, the

amplitude  of the incoming wave is usually con-

trolled (is given). At the output, the amplitude  of
the counterrunning wave is controlled (under the valid-

ity of the matching condition  = 0). If we exclude

 or  from (4), then the boundary conditions for
the amplitudes of propagating E0 waves can be written
out in the following form:

(5)

These relationships can be applied to determine the
amplitudes of the direct and counterrunning waves in
regular segments of the waveguide.

The boundary conditions for the amplitudes of
supercritical E0i waves are of the form

(6)

Physical conditions (6) correspond to the attenuation of
supercritical waves with distance from the boundaries
of the irregular waveguide segment. Expressed in the
chosen variables, the dimensionless power carried by
the wave field through the waveguide cross section is
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± ėLmi

±
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*

z( ) .×
mi

∑=

In regular segments, and also at the waveguide points,
where b' = 0, the powers (in terms of the chosen dimen-
sionless variables) of the forward and backward waves
are expressed as

The interaction efficiency is estimated according to
the wave efficiency, i.e., by the ratio of the power of the
carried electromagnetic wave through the cross sec-
tions z of the waveguide segment [0z] to the electron-
beam power

(7)

The electron efficiency is used for verification of the
accuracy and is calculated by the following method:

The features of the interaction are demonstrated by
the grouping function proportional to the electric-cur-
rent amplitude of the sth harmonics in the modulated
electron beam:

The profile of the irregular corrugated waveguide is
given in the form
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approximated by expansions in terms of shifts of a stan-
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dard finite function ϕ3(x) that corresponds to the B
spline of the third order

 (9)

We can note that, in this approximation, the values of
the coefficients hk and dk coincide with those of the

functions hν  and Dν , respectively.

ANALYSIS OF THE RESULTS

Prior to beginning the verification of optimal vari-
ants of a relativistic RWL and IWL, which were
obtained previously without allowance for the loss in
walls of an electrodynamic system, it is necessary to
test the set of excitation equations obtained. We can
realize this task using the classical attenuation theory
for E0i waves in regular waveguides [6]. In this case, it
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is natural to pay attention to the following fact. We need
to distinguish the concepts of proper waves and normal
waves of a regular waveguide. The proper waves corre-
spond to the particular solutions of Maxwell equations
beyond the sources. These solutions satisfy the approx-
imate Shchukin–Leontovich boundary conditions on
the waveguide walls. The normal waves correspond to
the particular solutions obtained under the validity of
condition (1) on waveguide walls. These solutions are
presented in the set of excitation equations obtained by
us. As was shown in [7, 8], the proper waves are energy
independent. The normal waves in a waveguide with a
finite wall conductance turn out to be coupled, which
follows from both the general theory [4, 5] and the
specified theory for E0i waves. In the classical literature
on electrodynamics, the attenuation of normal waves is
considered as that of isolated waves, which is, generally
speaking, incorrect. For the dominant E01 wave and for
the waveguide radius and the operating frequency cor-
responding to the supercriticality conditions for E0i

waves (i ≥ 2), this approximation is assumed to be
admissible.

The attenuation coefficient for the E01 wave, which
is calculated in this approximation, can serve as a mile-
stone in verifying the set of Eqs. (2) for G0 = 0 and b =
b0 = const.

Figure 1a presents the calculation results in the case
of the attenuation of the E01 wave for b0 = 3.5 and λ =
3.2 cm. (To amplify the effect of the boundary imped-
ance in the given calculations, the value of σ is
decreased down to σ = 30 S/m compared to the value
for copper σ = 5.6 × 107 S/m.) The waveguide is

matched at its right end, whereas  = 0.39,  = 0e01
+ e0i 1>

+
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Fig. 1. Calculated results for the attenuation of E01 waves for different calculation parameters: b0, e01, and e02.

e02 = 0.42
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at its left end. As is seen from Fig. 1a, the amplitudes of
the supercritical E02 and E03 waves excited in the
waveguide are very small. Therefore, the attenuation
coefficient calculated according to expression (2) virtu-
ally coincides with that given in [6] for the parameters

under consideration, α01 =  = 0.079 cm-1. The

characteristic of the variant with b0 = 6,  = 0.185,

and  = 0 for the same values of λ, σ are presented
in Fig. 1b. The E02 wave now is propagating.

As is seen from Fig. 2, the E02 wave is periodically
excited due to its coupling with the E01 wave. The peri-
odicity of the E02-wave excitation is associated with the
difference in the phase velocities of the E01 and E02

waves. In Fig. 1c, the calculation results are presented

for the variant b0 = 6,  = 0,  = 0.42 with the same
other parameters. Now, at the left end of the waveguide
segment, the E02 wave excites the basic E01 wave. This
excitation also has a periodic nature, which is associ-
ated with the periodicity of the energy transformation
from E02 to E01 and vice versa due to the difference in
their phase velocities. In Fig. 1d, the results are shown
for the variant with b0 = 6 and the same input powers of

the E01 and E02 waves:  = 0.185 and  = 0.42.

Sσ

b0
r k01

e
------------

e01
+

e0i 1>
+

e01
+ e02

+

e01
+ e02

+

Here, the transformation effect is expressed much
more strongly (the excitation of the supercritical nor-
mal E03, E04, E05, and E06 modes should also be taken
into account). In order to clarify the effect of the finite
wall conductance, variants of calculations are per-
formed for generators and amplifiers [4] with allow-
ance for the wall loss. It turned out that while using an
electrodynamic system in the form of a corrugated-
waveguide segment with copper walls (σ = 5.6 ×
107 S/m) in devices with the operation frequency f <
10 GHz, the ohmic loss does not exceed 1% of the
power generated and the contribution of this effect lies
within the calculation accuracy.

For f = 100 GHz, the ohmic loss attains 3–4%. In
Fig. 2, the characteristics of the variant of a long RWL
with an irregular corrugation are presented for the fol-
lowing parameters: β = 0.9, I0 = 510 A, r0 = 3.8, λ0 =
2 mm (f = 150 GHz), Lν = 39.26, nν = 40, b0 = 3.49, ηe =

56.5, ην = 51.6, Dν = 0,  = 1.386,  = 1.547,  =

1.724,  = 1.337, and  = 0.575. The effect of the
ohmic loss is manifested as splitting of curves of the
wave and electron efficiencies. The difference ηÂ – ην
corresponds to the relative value of lost power.
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