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The approach that consists in replacing the electron
beam by a set of “large particles” which are few in num-
ber compared to the electrons in a real beam is being
widely used in numerical simulation of processes tak-
ing place in microwave electron devices, such as travel-
ing-wave tubes, backward-wave tubes, gyrotrons, etc.
The simplest version of this method dates back to the
early works of Nordsieck and Va
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nshte

 

œ

 

n on numerical
solution of the equations used in the one-dimensional
nonlinear theory of traveling-wave tubes [1–3]. In the
dimensionless form without regard to space-charge and
energy losses in the slow-wave structure, these equa-
tions are written as [4, 5]
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The first relationship here is the equation of motion
of electrons, where 

 

θ 

 

is the particle’s phase relative to
the wave, 

 

F

 

 is the normalized complex amplitude of the
wave, and 

 

ξ 

 

is the dimensionless coordinate. The sec-
ond relationship is the equation of wave excitation,
where parameter 

 

b 

 

characterizes the asynchronism
between the wave and electron beam and right-hand
side 

 

J 

 

is the normalized complex amplitude of the first
harmonic of the high-frequency current. These equa-
tions are supplemented by initial conditions for the par-
ticles and field at the entrance to the space of interac-
tion. In the expression for the current harmonic ampli-
tude in terms of quantity 

 

θ

 

, which is associated with
beam particles, integration is over initial phase 

 

θ

 

0

 

 of the
particles. The dimensionless quantities and their rela-
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tion to the related dimensional quantities are discussed
in more detail elsewhere [4].

The essence of the method of large particles is in
replacing the continuous distribution of electrons over
their initial phase by finite set 

 

K

 

 of particles that have

phases  = 2

 

π

 

k

 

/

 

K

 

 at the entrance to the space of inter-
action. Then, integration in expression (3) for the com-
plex amplitude of the first harmonic of the bunched
beam current may be replaced by summation,

(4)

Formally, calculation by formula (4) corresponds to
rectangular integration, which is mentioned in courses
of calculus as the simplest method of numerical inte-
gration and is generally deprecated due to a large com-
putational error. However, when a periodic function is
integrated over an interval whose length is exactly the
same as the period (the case under study), the error
turns out to be relatively low and comparable to that
produced by seemingly more accurate trapezoidal inte-
gration, which is based on the linear interpolation of the
integrand between equidistant points on the initial
phase axis. In effect, integration by formula (4) fails
under strong nonlinearity, when the relative displace-
ment of neighboring large particles is of order 1. For-
mally, it is necessary to decrease the step of integration
over the initial phase in this case, i.e., to increase the
number of particles (the higher the nonlinearity, the
larger the number of particles). In practice, this circum-
stance is often disregarded, because the results obtained
with a small number of particles are still acceptable.
Actually, however, a relatively small number of parti-
cles (say, three) is the major source of the error in the
current harmonic, which varies as 1/

 

K

 

. When fine
points, such as the type of dynamic regime in numerical
solution of nonstationary problems, stability of station-
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Abstract

 

—The method of large particles, which is applied in one-dimensional numerical simulation of pro-
cesses in electron devices, such as traveling-wave tubes, is suggested. With the number of large particles fixed,
the amount of computation remains virtually the same, while the accuracy attained under strong nonlinearity
rises significantly. 
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phase is absent. Then, the phase-dependent discrepancy
between the curves obtained numerically gives an idea
of the methodical error due to beam discretization. If
the degree of nonlinearity corresponds to the first min-
imum of the field amplitude, the error introduced by the
conventional method is rather high, while decreasing
with an increase in the number of large particles. As to
the method modified, even at K = 20, it yields the
results close to those yielded by the original method at
K = 60.

If only equations (1)–(3) of the elementary nonlin-
ear theory of traveling-wave tubes were to be solved, it
would not be a problem to increase the number of par-
ticles many times in order to ensure a high accuracy
using advanced computing facilities. However, in many
cases (e.g., in solving nonstationary problems of micro-
wave electronics [6–8], especially with regard to the
space charge), the modification of the method may be
of great value. It would be of particular benefit in inves-
tigation into microwave electron devices by the meth-
ods of nonlinear dynamics, where numerical calcula-
tions imply a comprehensive analysis of oscillatory
modes corresponding to various parameters, bifurca-
tion analysis, and stability analysis of stationary modes.
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