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Abstract—The chaotic dynamics of a gyrotron with nonstationary field structure has been numerically simu-
lated and the Lyapunov exponents of chaotic attractors are calculated. The dimensions of chaotic attractors esti-
mated using the Kaplan—Yorke formula have proved to be anomalously high. Thisfact isrelated to the presence
of alarge number of high-Q eigenmodes in the gyrotron resonator operating in the vicinity of a critical fre-

guency of the slow-wave system.
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On of the main properties of dynamic chaos is the
exponential instability of phase trajectories [1-3]. This
instability can be quantitatively characterized in terms
of the Lyapunov exponents calculated for attractors of
agiven system. In the case of a system with N-dimen-
sional phase space, there is a spectrum of N such expo-
nents wherein positive and negative values refer to the
exponential growth and decay of perturbations near the
typical trgectories belonging to the given attractor.
Chagotic attractors are characterized by the presence of
least one positive Lyapunov exponent in this spectrum.

Analysis of the spectrum of Lyapunov exponentsis
widely used for the investigation of complicated
dynamics both in systems described by ordinary differ-
ential equations and in models (maps) with discrete
time. In recent years, the ideas and methods of nonlin-
ear dynamics have been extensively used for the inves-
tigation of distributed systems of the electron-wave
nature such as backward-wave oscillators (BWOSs),
gyrotrons, and delayed feedback oscillators based on
traveling-wave tubes (TWTs) and klystrons. Now it is
reliably established that, for certain sets of parameters,
these systems can feature single-mode, multimode, and
chaotic oscillations. For the investigation of dynamics
and theillustrative representation of results, it is conve-
nient to use time series, spectra, phase portraits, and
bifurcation diagrams. We believe that an analysis of the
spectrum of Lyapunov exponents will provide a deeper
insight into the nature of regimes observed in such
systems.

Since the systems under consideration are distrib-
uted (i.e., possess infinite dimension), the number of
Lyapunov exponentsin the spectrum hasto be also infi-
nitely large. However, only alimited subset of thisinfi-
nite set is important in practice. This subset represents
a sequence of decreasing exponents whose number is

sufficient for determining the dimension (so-called
Lyapunov dimension) of the corresponding attractor
using the well-known Kaplan—Yorke formula[1-3].

To the present, several papers have been published
in which the Lyapunov exponents have been used for
the characterization of nonlinear dynamics of electron-
wave devices. The first investigation of this kind was
reported in [4], where chaotic oscillations in a BWO
were considered and the corresponding major
Lyapunov exponent was estimated. The results of
numerical simulations and experiments showed that
chaos in this electron-wave system is related to the
instability of its dynamics with respect to small pertur-
bations in the initial conditions. Recently, several
Lyapunov exponents were cal culated for aBWO model
[5] and the dimensions of attractors corresponding to
chaotic regimes in this system were estimated. It was
established that, depending on the electron beam cur-
rent, the system can feature chaotic regimes either with
asingle positive exponent (weak chaos) or with several
positive exponents (developed chaos or hyperchaos).
Dronov et al. [5] considered chaotic dynamics in a
TWT and obtained estimates for several Lyapunov
exponents.

The nonlinear dynamics of a gyrotron with nonsta-
tionary longitudinal field structure was originally stud-
ied by Ginzburg et al. [7]. Based on the numerical solu-
tion of equations describing thisdynamics, it was estab-
lished that automodulation regimes are possible in this
system. Later, Airila et a. [8] modeled nonstationary
oscillatory processes in a gyrotron in a broad range of
parameters. Recently, automodulation regimes were
experimentally realized in gyrotronswith delayed feed-
back (see, eg., [9, 10]). The results of our recent
numerical simulations[11] showed that thetransitionto
chaos can proceed according to various scenarios,
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either via a cascade of period-doubling bifurcations or
via breakage of quasi-periodic motion regimes.

Below, we present and discuss the results of calcu-
lations of the spectrum of Lyapunov exponentsfor cha-
otic regimesin agyrotron with nonstationary longitudi-
na field structure. The Lyapunov dimensions of the
attractors for these regimes will be estimated using the
Kaplan—Yorke formula. In contrast to electron-wave
systems of the BWO type, a gyrotron operating in the
vicinity of acritical frequency of the slow-wave system
is characterized by a large number of Lyapunov expo-
nents with small absolute values. This fact is related to
the large number of high-Q eigenmodes of the slow-
wave system and leads to a rather unexpected conclu-
sion concerning very high dimensions of chaotic attrac-
tors. These dimensions are much greater than those of
chaotic attractors in the other electron-wave systems
studied so far.

The dynamics of a gyrotron with nonstationary lon-
gitudinal field structure will be considered on the basis
of a numerical solution of the following system of
equations written in terms of the dimensionless vari-
ables and parameters:

21
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L Hip(A®+8-1) = iF, pl,-,=€", ¢o0[0,21].

Here, F(x, t) is a function describing the instantaneous
longitudinal distribution of the complex amplitude of
the high-frequency field, p isthe transverse momentum
of electron, A is the mismatch between the cyclotron
frequency and the critical frequency of the working
waveguide mode, and |, is the electron beam current.
The interaction equations are supplemented by the fol-
lowing initial condition for the field: F(x, 0) = Fy(X).

L et the boundary condition at the entrance cross sec-
tion correspond to the total reflection, whereby the field
is always zero: F(0, t) = 0. At the collector end (exit
cross section), the gyrotron isloaded on a horn antenna
with a small opening angle. An adequate form of the
boundary condition for this case was established
in[12]. According to this, the absolute value of the
reflection coefficient smoothly decreases with increas-
ing frequency (see curve A in the inset to Fig. 1). An
alternative variant for a gyrotron with the typical reso-
nator geometry is offered by approximate boundary
conditions, whereby the absolute value of the reflection
coefficient depends on the frequency as described by
curve B in the same inset to Fig. 1.1

11n what follows, the boundary conditions for a horn antenna with
the frequency dependence of the reflection coefficient corre-
sponding to curves A and B in Fig. 1 will be referred to as the
boundary conditions of types A and B, respectively.

TECHNICAL PHYSICS LETTERS Vol. 32 No. 4

2006

365
o
Qim 1.0
16 %3
0.6 B
0.4
0.2 A a
1.2 2 3 4 3
o 4 A
A
A
0.8' A
A
A
0.4} 4
A
A
A B
g‘.oo e o 0o o o o o )
0 4 8 12

¢

Fig. 1. Frequencies of the linear modes of a“cold” system
on the complex plane (Qe Qi) for the boundary condi-

tions of types A (curve A) and B (curve B) in the exit plane
of the waveguide. The inset shows plots of the absolute
value of the reflection coefficient versus frequency for
boundary conditions of the corresponding types.

The map of gyrotron regimes on the plane of the
main parameters (4, ly), which was obtained in [11],
contains regions corresponding to various types of gen-
eration (stationary, automodulation, chaos). It was
established that, in addition to a chaotic regime charac-
terized by a single positive Lyapunov exponent
(“weak” chaos), the gyrotron can also feature the
regimes (referred to as the developed chaos or hyper-
chaos) with several positive Lyapunov exponents [13].

Figures 2a—2c present plots illustrating the regime
of hyperchaos, which corresponds to a numerical solu-
tion of Egs. (1) with the boundary conditions of type B.
Thefirst diagram (Fig. 2a) shows the time series of the
electron efficiency n(t) that is calculated using the
transverse momentum of electrons at the collector end
of the system. Figure 2b shows a phase portrait con-
structed using the values of n(t) at the current time and
at the delayed moment. Figure 2c presents the spectrum
determined using the Fourier analysis of the complex
amplitude of asignal at the gyrotron output. In contrast
to the case of weak chaos, the regime of hyperchaos has
(1) a continuous spectrum that is more homogeneous
with respect to the power distribution and (ii) a phase
portrait that is characterized by the absence of any pro-
nounced structure.

In order to calculate the spectrum of Lyapunov
exponents, we have used the Benettin algorithm [1-3]
adapted to a distributed electron-wave system as
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Fig. 2. Plots illustrating the regime of hyperchaos in a

gyrotron described by Egs. (1) with A= 1.0, 15 = 0.15 and
output boundary conditions of type B: (a) a typical time

series of the electron efficiency Nnp=1— 1/(211)]3"\ pl 2 dbg;

(b) the phase portrait reconstructed from this time series;
(c) the field spectrum at the gyrotron output.

described in [5]. The set of N exponents is obtained
from anumerical solution of N + 1 sets of Egs. (1) with
boundary conditions of the A and B types, in which the
initial conditions for the field are set by close complex

functions F,(X) = F(X) + €Fn(X), where Fn(X) has a
norm of unity and € isasmall quantity. After each time
step At, the solution perturbations are orthogonalized
and normalized using the Gram—Schmidt algorithm.
Then, N values of S, are calculated at each step, which
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represent the accumulating sums that show a changein
the norm of nth perturbation upon M steps of the algo-
rithm. Using these sums, the Lyapunov exponents A,
are estimated as follows:

S, = zlnllﬁn(tz ian), A, =S/MAT. (2)

i=1

In order to obtain amore precise estimate, thetime vari-
ation of the accumulating sum (2) is approximated by a
straight line using least squares, and then A, is deter-
mined as the slope of thisline.

Once a sufficiently large number of Lyapunov expo-
nents are determined, the Lyapunov dimension of the
attractor can be determined using the Kaplan-Yorke
formula[3]:

=m i=1
D - +|/\m+l|1 (3)

where m is a number such that ¢, = zimzl/\i > 0,

whereas 0,,,, = i”‘:ll/\i < 0. As is known from

numerous examples considered in the literature on non-
linear dynamics, the value given by formula (3) usually
provides a good estimate of the fractal dimension for a
chaotic attractor.

Using the procedure described above, we have cal-
culated the Lyapunov exponents for several regimes of
weak and developed chaos in a gyrotron described by
Egs. (1) with boundary conditions of the A and B types.
Figure 3a showsthe plots of several accumulating sums
0,, obtained in the course of calculations of the spec-
trum of Lyapunov exponentsin aregime of hyperchaos.
The values of S,(t) monotonically increasing on the
average correspond to positive exponents. It should be
noted that attractors of the given system, which corre-
spond to the automaodul ation and chaotic regimes, pos-
sess at least two zero exponents (for which perturba-
tions corresponding to a shift of the solution with
respect to phase and time neither increase nor decrease
with the time).

Figure 3b shows plots of the accumulating sums g,
for the first Lyapunov exponents (enumerated in the
order of decrease) versus the number n of termsin the
sum. Here, curves 1 and 2 correspond to weak chaos
regimeswithA=0.0, I,=0.0365 (boundary conditionsA)
and A =0.0, I,=0.038 (boundary conditions B), respec-
tively. Curves 3 and 4 correspond to developed chaos
regimeswith A = 1.0, I,=0.11 (boundary conditions A)
and A =1.0, I, =0.15 (boundary conditions B), respec-
tively. The point of intersection of each cure with the
abscissa axis give an estimate of the Lyapunov dimen-
sion according to the Kaplan—Yorke formula.
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L et usconsider the estimates of attractor dimensions
for various regimes. In asystem with the boundary con-
ditions of type A, the attractor dimension in aregime of
weak chaos is approximately D = 16.4, while that in a
regime of hyperchaos is about 30.6. In the case of
boundary conditions B, the attractor dimensions
increase to D = 26.6 for weak chaos and D = 40.7 for
hyperchaos. For the comparison, it should be noted that
the estimates of attractor dimensions obtained for a
BWO in theregimes of weak and developed chaoswere
3.5 and 6.4, respectively [5]. For a TWT with delayed
feedback, the chaotic attractor dimension was esti-
mated as 2 < D < 3[6]. Thus, the dimensions of chaotic
attractors in our system are substantialy higher than
those obtained for the other electron-wave systems. We
believe that this difference is related to the fact that the
gyrotron under consideration operatesin the vicinity of
a boundary of the transmission band of the slow-wave
system.

In order toillustrate this explanation, let us consider
the “cold” system (i.e., that in the absence of the elec-
tron beam), which corresponds to setting I, = 0 in
Egs. (1). In this case, the system has a trivial solution
F(x, t) = 0that isevidently robust. Then, let usrepresent
a field perturbation in the cold system as a superposi-
tion of linear eigenmodes of the distributed resonator
formed by the slow-wave system, with the correspond-
ing boundary conditions. Each mode will decay with
time according to the law ~exp(—Q;, ), where Q. is
the imaginary part of the frequency for this eigenmode.
The Lyapunov exponents cal culated for the cold system
with perturbations in the trivial solution must decay to
zero as ~exp(At), so that A, > 0. Thus, the cold system
must obey therelation A, = —Q;;,, ,. The values of imag-
inary parts of the eigenmode frequencies calculated
using Egs. (1) with the boundary conditions B are pre-
sented in the table in comparison to the estimates of
Lyapunov exponents for a cold system obtained for the
trivial solution using the proposed numerical algorithm.
As can be seen the two values are in quite good agree-
ment.

Figure 1 showsthelinear eigenmode frequenciesfor
a cold system on the complex plane (curves A and B
refer to the values calculated for the boundary condi-
tions of types A and B, respectively). An analysis of the
complex frequencies of linear eigenmodes leads to a
conclusion that the slow-wave system features a large
number of modes with relatively high Q (with a small
positive imaginary part), which are weakly coupled to
the electron beam. For boundary conditions of the B
type, the decay times of such modes are on the same
(sufficiently large) order of magnitude. Then, the relax-
ation time of asmall random perturbation arising on the
background of the fundamental modes and containing
the aforementioned high-Q modes will coincide in the
order of magnitude with their characteristic decay time.
Therefore, alarge number of negative Lyapunov expo-
nents with small absolute values will be also contained
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Fig. 3. Plots of the accumulating sums oy, (8) versustime t
in the regime of hyperchaos with A = 1.0, 15 = 0.15 and
(b) versus the number of terms in the sum for (1, 2) weak
chaos regimes with A = 0.0, 15 = 0.0365 (boundary condi-
tions A) and A = 0.0, I = 0.038 (boundary conditions B),
respectively, and (3, 4) developed chaos regimes with A =
1.0, 15 =0.11 (boundary conditionsA) and A=1.0, |5=0.15
(boundary conditions B), respectively.

in the spectrum of a system in the presence of the elec-
tron beam. Depending on the type of the boundary con-
ditions, the system of such “cold” eigenmodes may
contain either relatively high-Q (for boundary condi-
tions of the B type) or low-Q (for the boundary condi-
tions A), and the difference of imaginary parts of the
frequencies of higher eigenmaodes can be rather signif-
icant (see Fig. 1). For this reason, the estimates of the
attractor dimension obtained for the system with
boundary conditions of the A type are significantly
lower than those in the case of boundary conditions B.

In conclusion, we have numerically calculated the
Lyapunov exponents for chaotic regimes in a gyrotron
with nonstationary field structure and estimated the
attractor dimensions for the regimes of weak and devel-
oped chaos in this system. The results showed anoma-
lously high values of the attractor dimension in com-
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Table

1 Qi n A
1 —0.00685 1 —0.0094
2 —-0.0259 2 -0.0263
3 —-0.05123 3 —-0.0522
4 —-0.07238 4 —-0.0623
5 —0.08451 5 —0.0650
6 —0.09024 6 —-0.0801
7 —0.09295 7 —-0.0891
8 —0.09431 8 —-0.0923
9 —0.09506 9 —0.0984

10 —0.09551 10 —0.0989

parison to those reported for the other electron-wave
systems. This phenomenon is explained by the pres-
ence of alarge number of high-Q eigenmodes weakly
interacting with the el ectron beam in the gyrotron reso-
nator operating in the vicinity of acritical frequency of
the slow-wave system.
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