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Experimental control of chaos in a periodically driven glow discharge
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The control of the chaotic state of ionization waves in the positive column of a periodically driven
neon glow discharge is achieved by an active feedback technique based on the algorithm suggested
by Ott, Grebogy, and Yorke [Phys. Rev. Lett. 64, 1196 (1990)]. Unstable periodic orbits of both
low and high periodicity could be stabilized by small, time-dependent variations of the modulation

amplitude.

PACS number(s): 52.35.—-g, 05.45.+b, 52.80.—s

Since Ott, Grebogy, and Yorke (OGY) presented their
feedback algorithm to control the chaotic behavior of a
deterministic system [1], many different examples for ex-
perimentally controlled systems have been reported in
the literature (cf. Ref. [2] for an overview). The OGY
idea relies on the key observation that a chaotic attractor
typically has embedded within it a dense set of unstable
periodic orbits (UPO’s). One of these UPO’s is chosen for
stabilization through only small, time-dependent pertur-
bations in an accessible control parameter. In the origi-
nal OGY algorithm the control information is generated
from the stability analysis of the local dynamics around
the desired periodic orbit. This method essentially dif-
fers from the nonfeedback approaches to suppress (tame)
chaos by perturbing a system either resonantly [3,4] or
nonresonantly [5] with an external periodic signal. It has
been shown that for particular systems only a small peri-
odic perturbation is necessary to tame even deep chaotic
states [6].

Clear experimental evidence for control of chaos has
been demonstrated for a vast variety of different physical
systems. Examples with a particular relationship to the
present work are the periodically driven diode resonator
[7-9], laser systems [10,11], and chemical waves [12]. The
problem of controlling the chaotic state of a plasma, how-
ever, has attracted only little attention, even though the
onset and control of chaos are of the greatest importance
for the plasma turbulence pheomenon and the related
fluctuation-induced transport. Some attempts to sup-
press plasma turbulence have been made by direct feed-
back of a fluctuating plasma parameter on the discharge
[13]. The only report on experimental control of chaos in
plasmas has been published recently [14], where chaotic
self-oscillations in the strong-current mode of a multi-
dipole confined thermionic discharge have been tamed
by a relatively weak periodic modulation of the discharge
voltage. This communication presents experimental evi-
dence for the next step in the challenging problem of the
control of plasma chaos, the active feedback control of a
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chaotic plasma wave phenomenon. Naturally, such phe-
nomena are strongly related to the control of spatiotem-
poral chaos [15]. The plasma waves considered here are
propagating ionization waves in the positive column of
a simple neon cold-cathode glow discharge. The exter-
nal periodic modulation of the discharge current allows
one to study the nonlinear dynamics of a two-frequency
system, where one frequency is given by the single, propa-
gating ionization wave and the second by the modulation
signal. The modulation degree m = §14(t)/14 is typically
chosen in the realm of a few percent. [I; is the time-
averaged discharge current and 614(t) is the temporally
alternating discharge current.] Experiments have demon-
strated that above a certain threshold of m it is possible
to observe secondary Hopf bifurcations [16], three-tori,
and a transition to deterministic chaotic behavior [17]
with a low-dimensional phase space attractor [18].

A conventional cold-cathode discharge tube (length
50 cm, diameter 2 cm) is operated with neon as filling
gas at a pressure of p = 220 Pa. The discharge is op-
erated at a current of around I; = 10 — 20 mA where
ionization waves (moving striations) propagate [19,20].
The discharge current is modulated sinusoidally using a
voltage-controlled current source. The modulation de-
gree m is the control parameter and the local axial elec-
tric field strength F(zo,t) at a particular axial position
2o is the dynamical observable. The electric field is ob-
tained from the difference in the floating potential of
two small axijally separated cylindrical probes (probe di-
ameter 0.05 mm, probe separation 5 cm). Time series
are recorded with a 12 bit transient digitizer. Power
spectra are measured with a high-resolution 14 bit fast-
Fourier-transform analyzer (frequency resolution better
than 5 Hz). An advantage of periodically driven dy-
namical systems is that an equivalent of the Poincaré
map can be obtained directly from the stroboscopic map-
ping [21]: the observable is recorded for time instants
E(zo,to+kT) = X1, (k=1,2,...), where T = f; ! is the
period duration of the (injected) driver frequency f;, and
to corresponds to a constant phase angle ¢o with respect
to the driver signal. The nth return map is constructed
by plotting X versus X, 4.

The feedback algorithm to control the chaotic behav-
ior is similar to the occasional proportional feedback
(OPF) method developed by Hunt [7]. As suggested by
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OGY, the control signal is generated from the observa-
tion of fixed points in the return map. UPO’s of pe-
riod n are found by noting that the corresponding (un-
known) fixed point Xr, must lie along the X3 = Xj1n
line in the plane of the return map. As pointed out re-
cently by Bielawski et al. [11], it is sufficient to choose
the correction of the control parameter proportional to
the differences of sampled values (X, — X3) instead of
(Xk+n — XFn). A stability analysis essentially revealed
that in this case stabilization of UPO’s is possible for
any unstable Floquet multiplier if feedback is not ap-
plied at each period. This allows one to stabilize the
UPO even when the control parameter is swept in a wide
range. Based on these results, we have experimentally
obtained the control signal as follows. The observable
X}, is sampled at time instants t9 + k7. The X} values
are stored for n driver periods using an analog sample-
and-hold circuit while the succeeding X; are recorded.
Only if the condition ! = n is met, i.e., n driver periods
have been passed, and if both X} and X4, are found
within a small, suitable window [wg, w1], is the output of
a difference amplifier Zy = a(Xg4+n — Xi) added to the
driver signal (a is an adjustable feedback factor). In the
following it is demonstrated that this approach makes it
possible to stabilize UPO’s in the chaotic state of the
periodically driven glow discharge.

The discharge is operated at a discharge current of
Iy = 13.9 mA. Without any external modulation the os-
cillation frequency of the electric field is fo = 2312 Hz.
The discharge is periodically driven with a frequency
fi = 4450 Hz, and above a critical modulation degree
of m., = 5% a direct transition to chaotic behavior oc-
curs. In Fig. 1 for the chaotic state the time series of the
local electric field fluctuations and its power spectrum
S(f) are shown. The correlation dimension of the cor-
responding chaotic phase space attractor was estimated
to be Dy = 3.5 [18] and the largest Lyapunov exponent
is positive. The pronounced single peak in the power
spectrum, Fig. 1(a), is the driver signal f; whereas the
spectral components in the regime f < f; are broadly
distributed, as expected for a chaotic state. In Fig. 2 the
effect of the feedback control to stabilize a period-3 orbit
is shown. Figure 2(a) shows stroboscopically recorded
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time series of electric field fluctuations X and the differ-
ence signal X3 = X33 — X as the system is switched
from no control to control about the period-3 orbit. Af-
ter the activation of the feedback control, the fixed points
are approached exponentially and after approximately 30
periods (= 7 ms) the formerly unstable orbit with peri-
odicity P = 3 is fully stabilized. By the chosen control
scheme, an UPO embedded in the chaotic attractor has
been stabilized. This becomes more evident from the in-
spection of Fig. 2(b), the first return map of both the
chaotic state (gray dots — no control) and the stabilized
periodic orbit (black dots — control). The fixed points
are found in dense regions of the chaotic attractor. Con-
sequently the stabilized trajectory of the periodic orbit
is embedded in the chaotic attractor. In the third return
map, Fig. 2(b), the fixed points of the stabilized periodic
orbit lie exactly along the X,, = X,,43 line.

With the same approach and increasing but still low
level of control parameter perturbations, it is possible
to perform the stabilization of UPO’s with periodicity
P = 2,4,8,16, and 32. Only the inherent noise level of
6X,./Xn < 0.5% obscures the detection of periodicities
higher than P = 32. Even though period doubling bi-
furcations are rarely observed in the periodically driven
neon glow discharge [22], this sequence of stabilized phase
space orbits is preferred by the discharge system, that
is, only small control parameter changes dm < 5% are
necessary. In Fig. 3, the power spectrum, time series,
and first return map of the stabilized period-16 orbit are
shown. The control algorithm described above performs
a correction of the control parameter m after each n = 16
full periods of the driver signal. The time series of the
driver signal [Fig. 3(a)] makes evident the relatively weak
modifications of the modulation degree. As a general
rule, orbits of high periodicity need stronger perturba-
tions of the control parameter. Note that the control
signal is superimposed on a constant offset value. Con-
sequently, the UPO is stabilized and the time series of
the local electric field strength shows a strict periodicity
of P = 16 [cf. Fig. 3(a)]. The time-averaged power spec-
trum [Fig. 3(b)] strongly differs from that of the previous
chaotic state [cf. Fig. 1(a)] and reveals the strict period-
icity of the observed signal. Peaked spectral components
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1 FIG. 1. Dynamical behavior
of the perodically driven neon
glow discharge. The driver fre-
quency is f; = 4450 Hz. The
observable is the local electric
field strength E(zo,t) at an ax-
ial position zo in the positive

H column. Shown are (a) the
time-averaged power spectrum
S(f) and (b) the time series of
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FIG. 2. (a) Stroboscopically recorded time
series of the local electric field strength over
a time period during which the control cir-
cuit is switched on. An unstable period-3
orbit is stabilized based on the control infor-
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tractor (in gray) and the fixed points of the
stabilized orbit. Clearly, the stabilized orbit
: is embedded into the chaotic attractor. (c)
| In the third return map, the fixed points lie
i along the X,, = X, 43 line.

are found for integer multiples of f;/16 only. The first re-
turn map of the stroboscopically recorded data [Fig. 3(c)]
shows 16 distinct points. Again, the periodic orbits are
embedded into the chaotic attractor, i.e., part of the (un-
controlled) chaotic dynamics. It should be emphasized
that without active feedback such a dynamical state can-
not be stabilized with the given values of fo and f;. A

(o)

simple experiment demonstrates the importance of an ac-
tive control scheme for the stabilization of UPQ’s in the
glow discharge: it is tried to suppress the chaos by pe-
riodic modulation of the control parameter (see above),
i.e., by a simple periodic amplitude modulation (AM) of
the driver signal. It turns out that a much higher AM
(approximately a factor of 20) is necessary to induce a
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periodic state. Hence only the active feedback control
allows the suppression of chaos by small perturbations of
the control parameter.

In conclusion, it was demonstrated that it is possible
to stabilize unstable periodic orbits in the chaotic state
of a periodically driven neon glow discharge by an active
feedback technique, based on the algorithm suggested by
Ott, Grebogy, and Yorke. Only small variations of the
modulation amplitude are necessary for stabilization that
turned out to be robust against noise. The observation
of the control of a plasma wave phenomenon may also
have impact on experimental support for spatiotemporal
chaos. It has been pointed out recently by Aranson et
al. [23] that the weak control of waves at a single point
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can suppress spatiotemporal chaos.
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