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Abstract—A method for suppressing self-modulation in backward-wave tubes is proposed. Additional delay
is introduced into the feedback circuit, owing to which the output signal amplitude affects the electron beam
current that enters into the interaction space. Numerical simulations demonstrate that the operating current in
the single-frequency oscillation mode may be increased roughly twofold. © 2003 MAIK “Nauka/Interperiod-
ica”.
The treatment of microwave electron devices with
long-term interaction as nonlinear distributed dynamic
systems relies on the nonstationary nonlinear theory.
Such an approach has been developed for backward-
wave tubes (BWTs) of various modifications [1–3],
traveling-wave tubes [4], and gyrotrons [5]. In particu-
lar, nontrivial bifurcations (loss of stability in single-
frequency oscillations that is accompanied by self-
modulation and dynamic chaos) have been discovered
in conventional O-type BWTs [1, 6–12].

Nonstationary processes and complex dynamic
modes in BWTs may be of practical interest. Specifi-
cally, a BWT operating in the chaotic dynamic mode
may be used as a noise generator whose spectrum con-
centrates within a certain frequency range, the center
frequency being tuned by the accelerating voltage [7–
10]. In relativistic BWTs, a feature of transient oscilla-
tions (an initial spike of the field amplitude) can be used
to increase the pulse generation efficiency [11, 12].
However, in many cases, self-modulation is a parasitic
effect that makes difficult single-frequency generation
of high power and efficiency, which would otherwise be
achieved by increasing the operating current. To elimi-
nate self-modulation, it was recommended, in particu-
lar, that high-space-charge operating modes be used
[8]. Another way discussed in [13] is to apply a BWT
with coupled guiding structures. In this paper, consid-
ering a BWT as a dynamic system, we make use of the
idea of state stabilization that is referred to as chaos
control in nonlinear dynamics.

This concept was first put forward in 1990 by Ott
et al. from the University of Maryland [14]. They dem-
onstrated the possibility of periodic dynamics, instead
of random oscillations, being realized in a nonlinear
system by applying weak controllable actions to an
adjustable parameter of the system. Later, other chaos-
controlling techniques intended for system stabilization
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and/or directing a phase trajectory into a desired region
have been proposed. One simple and often efficient
method is to use delayed feedback [15]. To date, many
examples of efficient chaos control have been demon-
strated: in nonlinear oscillators [16], lasers [17], sys-
tems with spin-wave instability [18], biology and med-
icine [19], and space navigation [20].

As is well known, in a BWT (Fig. 1a), an electron
beam moves at a speed that is close to the phase veloc-
ity of the wave, which provides efficient interaction.
The group velocity of the wave is opposite to the beam,
which produces internal feedback and absolute instabil-
ity and also gives rise to self-sustained oscillations
when the beam current exceeds a certain starting value.
With a further increase in the current, self-modulation
appears. Its mechanism is illustrated by the space–time
diagram shown in Fig. 1b. Let the amplitude of the HF
field at the left end of the system, where the electron
beam is injected, be relatively high at a certain time
instant I. This leads the beam’s electrons to rebunch
along the line (characteristic) x – v 0t = const: the HF
current varies along the length as shown in the bottom
panel. As a result, at the instant II, the amplitude of the
current at the right end appears to be small. Then, on the
line along which the wave packet propagates with the
group velocity by the law x + v gt = const, the field
amplitude will be lower. Therefore, at the instant t ≅
L/v 0 + L/v g, the signal amplitude at the left end is min-
imal (instant III). The weaker field bunches the beam
more effectively (top panel), and the current attains a
maximum value on the corresponding characteristic at
the right end (instant IV). As a result, the field reaches
a maximum (instant V) at the left end within the time
T ≅  2(L/v 0 + L/v g). This gives an estimate of the self-
modulation period. Numerical calculations refine the
factor in this expression: it appears to be close to 1.5
instead of 2.
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Apparently, self-modulation may be suppressed by
varying the beam current at the entrance into the inter-
action space so that it will increase when the field
amplitude is near the maximum and decrease when the
field amplitude approaches the minimum. Figure 1a
schematically shows that this can be implemented by
introducing an additional control circuit that uses the
chaos-controlling technique with delay [15]. The HF
signal picked up from the BWT output is detected and
filtered. As a result, the signal envelope is extracted in
the BWT operating mode for which self-modulation
exists or may exist. Further, the signal is separated and
fed to the input of a differential amplifier with a delay
of about half the self-modulation period in one of the
branches. The output signal of the amplifier is applied
to the control electrode (grid) of the electron gun as an
additional bias voltage, thereby controlling the beam
current at the entrance into the interaction space.

Let us confirm the possibility of suppressing self-
modulation by a numerical experiment. To this end, we
will invoke the equations of the nonstationary nonlinear
theory of BWT [1, 8]. It is convenient to use the stan-
dard normalization of dimensionless variables and
parameters, in terms of which the beam current is rep-
resented by the mean direct current I0. The variation of
the current due to the control circuit is allowed for by a
factor on the right of the excitation equation. This factor
is constant on the characteristic line that refers to the
beam but varies in time, i.e., from characteristic to char-
acteristic. The equations have the form

(1)

(2)

Here, the dimensionless independent variables ς = β0Cx
and τ = ω0C(1 + v 0/v g)–1(t – x/v 0) are defined so that the
ς coordinate is directed along the characteristic
(Fig. 1b); β0 and ω0 are the wavenumber and circular
frequency of the wave in the slow-wave structure when
it is in synchronism with the electron beam; C =

 is the Pierce parameter, which is expressed
in terms of the beam current, coupling impedance K of
the slow-wave structure, and accelerating voltage U;
F(ς, τ) = %/2β0UC2 is the dimensionless complex
amplitude of the HF field E(x, t) = Re[%(x, t)exp(iω0t –
iβ0x)]; and θ(ς, τ, θ0) characterizes the electron’s phase
relative to the wave and refers to a particle that enters
into the interaction space with a phase θ0 and has a
coordinate ζ at the time instant τ. In the absence of the
control circuit, stationary oscillations occur when the
dimensionless length is l > lst ≅  1.974 and self-modula-
tion appears when l > lsm ≅  2.9 [1]. Note that the condi-
tion under which the field amplitude varies slowly in
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time and space, which is fundamental for the applica-
bility of the theory, is the smallness of the Pierce
parameter.

Let us assume that, with the control circuit enabled,
the electron beam current is given by the expression
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Fig. 1. (a) Diagram of a backward-wave tube (with the cir-
cuit that suppresses self-modulation by the chaos-control-
ling technique with delayed feedback) and (b) space–time
diagram that illustrates the self-modulation mechanism:
(1) microwave output, (2) cathode, (3) control electrode,
(4) filter, (5) delay, and (6) amplifier.
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where

is the voltage at the output of the control circuit; V(t) is
the amplitude of the HF potential at the BWT output;
∆t is the delay; and g is a constant coefficient, which
has the dimension of admittance.

Putting A = J/J0 and passing to the dimensionless
variables, we can write

(4)

where c = 2gUC2l/I0 = πgKN and T = ω0C(1 +
v 0/v g)−1∆t are dimensionless constants, which charac-
terize the control circuit.

Equation (1) in view of (2) and (4) was solved
numerically by the finite-difference method [1, 8]. Fig-
ure 2 shows the output signal amplitude versus time at
l ≅  3.5. The control circuit, initially disabled, was
enabled at the time indicated by the arrow. It is clearly
seen that the intense self-modulation decays and sta-
tionary single-frequency oscillations are established;
i.e., the signal amplitude becomes constant. The addi-
tional terms in relationship (4) cancel out and A ≡ 1.
Such an operating mode is also predicted by the station-
ary theory. However, the presence of the control circuit
makes it stable. The empirical parameters of the control
circuit, c = 0.95 and T = 0.8, were selected such that the
stationary oscillations occurred in a wide range of the
dimensionless length l. For the above values of the
parameters c and T, this situation takes place when lst <
l ≤ 3.7. Thus, compared with an ordinary BWT, we
managed to increase the self-modulation threshold in l
by a factor of about 1.27 and by a factor of about 2
(1.273) in the operating current with a minor change in

∆V  = V t( ) V t ∆t–( )– β0
1– % 0 t,( ) % 0 t ∆t–,( )–( )≅

A τ( ) 1 2gUI0
1– C2 F 0 τ,( ) F 0 τ T–,( )–( )+=

=  1 + cl 1– F 0 τ,( ) F 0 τ T–,( )–( ),
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Fig. 2. Dimensionless HF field at the BWT output and the
normalized beam current versus time at l = 3.5. The switch-
ing time of the control circuit is indicated by the arrow. The
parameters of the control circuit are c = 0.95 and T = 0.8.
the dimensionless amplitude |F| of the output signal.
Therefore, the maximum attainable single-frequency

efficiency η = 2–5/3 U–1/3K1/3|F|2 and power P =

2−5/3 U2/3K1/3|F|2 grow, respectively, 1.3 and 2.5
times. Apparently, these parameters may be improved
by applying more sophisticated control techniques.

To conclude, we note several points that should be
taken into account when suppressing self-modulation
in practice. First, the filter must reject the HF compo-
nent of the signal and pass the fundamental self-modu-
lation frequency (in the experiments reported in [6–9],
these frequencies were 1 GHz and 50 MHz, respec-
tively). Second, the delay must be about half the self-
modulation period, i.e., about the time L/v 0 + L/v g of
signal travel through the feedback loop. Third, the
transfer coefficient of the control circuit must be such
that the input signal of amplitude on the order of the HF
field amplitude causes the output current to vary by
about the beam mean current. The magnitude of the HF
voltage is estimated as C2U, where C is a small param-
eter (in the experiments reported in [6–9], C = 0.005–
0.1), whereas the voltage on the control electrode may
apparently be lower than the accelerating voltage U by
no more than one order of magnitude. Therefore, the
presence of an amplifier in the control circuit seems to
be necessary.
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