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Abstract: This paper summarizes recent experimental work on nonlinear dynamical phenomena
in gas discharge plasmas. As a relatively simple example, chaotic oscillations in low-pressure
thermionic discharges are discussed in detail. Period doubling bifurcations and intermittency are
clearly identified as standard routes to chaotic behaviour. Most of its dynamical features are well
described by simple nonlinear oscillator models. In contrast, plasma waves are spatiotemporal
phenomena and thus show a much richer dynamical behaviour. This is demonstrated for current-
driven drift waves in a linear magnetized plasma. Probe arrays provide the required information
about the time evolution of the azimuthal wave structure.

1. INTRODUCTION

The modern concepts of dissipative dynamical systems are now well established in several branches
of physics. After pioneering experiments in thermionic discharges [1] and glow discharge tubes [2],
these concepts have attracted increasing attention in plasma sciences. In the present paper it is
attempted to give an overview of selected experimental work on nonlinear dynamics in plasma waves
and oscillations. Special attention is payed to chaos transition scenarios, i.e., examples are given for
the most famous routes to chaos: period doubling, intermittency, and quasiperiodicity route [3, 4].

2. NONLINEAR DYNAMICS OF PLASMA OSCILLATIONS

Discharge oscillations generally occur as periodically repeated, global reorganizations of an extended
plasma region. They are often found in bounded plasma systems ! and are inherently nonlinear. The
oscillation frequency is in general very low (wose € wy;) and is roughly given by the slow time scale of
ion transit in the discharge. Further, plasma oscillations are often characterized by the existence of
two different time scales during each period, typical for relaxation oscillators as for example the van
der Pol oscillator [5]. The van der Pol oscillator has often served as a useful dynamical model for the

understanding of resonance phenomena [6, 7] and possesses a surprisingly rich dynamical behavior
[8, 9, 10].

2.1. Thermionic low-pressure discharges with volume ionization

The broad class of plasma discharges with thermionic electron emission can be roughly subdivided
into systems with surface jonization (Knudsen diode, Q-machine) and systems where ions are pro-
duced in the discharge volume {double plasma device, magnetic box). Thermionic discharges with
surface ionization have been the subject of extensive experimental, theoretical, and simulation work

1The boundaries are often electrodes or plasma contactors.
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[11]. Tt has been shown that this discharge geometry is often unstable with respect to the Pierce
instability [12, 13], a bounded-plasma version of the beam-plasma instability. The Pierce instabil-
ity is the trigger mechanism for strongly nonlinear low-frequency plasma oscillations, the so-called
“potential relaxation oscillation” [14, 15]. Recently, many of these concepts have turned out to be
of great value for the understanding of the dynamics of the more complicated thermionic discharges
with volume ionization [16, 17].

2.2. Stable and unstable discharge states

A schematic diagram of thermionic discharges with volume ionization is shown in Fig. 1(a). Electrons
are emitted from the cathode with a half-maxwellian distribution function and are accelerated by
the electric field between cathode and anode. If the jonization threshold of the filling gas (argon in
the present experiment) is exceeded, ions are produced by electron-neutral collisions. The externally
applied discharge voltage Uy can be modulated to study the dynamical behaviour of the periodically
forced system.

Two stable discharge modes exist, the anode glow mode (AGM) and the temperature limited mode
(TLM) [18, 19]. In Fig. 1(b) the hysteretic discharge voltage/discharge current characteristic is shown
together with the plasma potential distribution of the AGM and the TLM. The AGM is characterized
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Figure 1: (a) Schematic diagram of thermionic discharges with volume ionization. (b) Hysteresis in the discharge
voltage/discharge current characteristic (top), plasma potential structure in the anode glow mode (bottom left) and
in the temperature limited mode (bottom right).

(i) by an extended anode sheath where ion production occurs and (ii) by space charge limitation of
the electron current. Consequently, the discharge current in the AGM is relatively weak. Above a
certain threshold value of the discharge voltage, the AGM becomes unstable and strong relaxation
oscillations in the discharge current and in the plasma potential occur (see below). In the TLM, the
plasma potential is almost everywhere close to anode potential. The discharge voltage drops in a
thin cathode sheath, ionization occurs in the whole discharge volume and the discharge current is
only limited by the cathode emission current, i.e, the cathode temperature. The AGM and TLM are
discussed in more detail in Ref. [20].

The AGM as well as the TLM becomes unstable in certain regions of the discharge voltage. In
both cases, low-frequency relaxation oscillations in almost all plasma parameters are observed, but
with different fluctuation levels [Fig. 2]. The oscillation mechanism in the unstable AGM is based on
the formation of a transient strong potential double layer that accelerates ions in the negative space
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Figure 2: (a) Low-frequency relaxation oscillations of the plasma potential in the unstable AGM. The fluctuation
level is above 100%. (b) Low-frequency oscillations in the unstable strong-current discharge mode. The fluctuation
level is below 5%.

charge region. This process repeats periodically and results in strong discharge current and potential
oscillations [21]. The oscillation mechanism is described in detail in Refs. [16, 17]. The oscillation
mechanism of the unstable TLM is less well understood. There is evidence for pronounced electron
temperature oscillations [22], that can be considered as a hint for an ionization instability [23].

2.3. Nonlinear dynamics — routes to chaos

In thermionic discharges, the plasma boundaries play a decisive role for the stability and the dynamics
of the plasma [11]. In addition, the boundaries and the external circuit make the (almost collisionless)
plasma system become stongly dissipative. For strongly dissipative low-dimensional systems, the
period-doubling route and the intermittency route seem to be generic [24]. The experimental findings
in thermionic discharges are in agreement with this statement. Fig. 3 shows experimental evidence for
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Figure 3: Nonlinear dynamics of the AGM. Left: The undriven system shows the intermittency route to chaos. Right:
The periodically driven system performs the period doubling route to chaos, (a) period 1 — (b) period 2 — (¢) period
4 — period co.
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the intermittency route (undriven AGM) and the period doubling route (periodically driven AGM)
to chaos. Many similar findings have been reported earlier (see for example Refs. {25, 27, 26]) and
are in nice agreement with the bifurcation behaviour of periodically driven relaxation oscillators [28].
Furthermore, period doubling bifurcations can be explained physically by the memory effect given
by the ions trapped in the potential minimum between anode layer and cathode sheath [21, 17]. It
has been shown experimentally that the upper branch oscillations also follow the period doubling
route to chaos [22].

3. NONLINEAR DYNAMICS OF PLASMA WAVES

In contrast to plasma oscillations, waves in plasmas have the spatial dimension as an additional degree
of freedom. The mode structure of the wave may have strong influence on its dynamical features.
An example for nonlinear dynamical phenomena and the transition to turbulence in plasma waves,
current-driven drift waves [29] in a magnetized triple plasma device [30] are considered. As in case
of fluid dynamics experiments {31], the transition to chaos and turbulence suddenly occurs after a
finite sequence of Hopf bifurcations [3]. In Fig. 4 power spectra of density fluctuations are shown for
different values of the control parameter, the (destabilizing) axial electron drift velocity. After the

1 [
a c
-10 ( ) -10 (b) ( )
20 2f, ~20
o o
I -5 3fy o-30
S S
e w0
50 4fy —80
-8 =80
=79 -70 -70
0 10 20 30 40 30 60 70 30 $0 100 O 10 20 30 40 50 80 70 80 0 100 © 10 20 3 40 S0 80 70 %0 90 100
frequency/kHz frequency/kHz frequency/kHz

Figure 4: Transition to turbulence via quasiperiodicity. Power spectra of probe signal fluctuations. From left to
right: (a) single mode state, (b) two modes with strong nonlinear interaction, (c) fully developed turbulence.

first Hopf bifurcation a single m = 2 drift mode propagates. The second Hopf bifurcation leads to
a state of strongly interacting m = 1 and m = 2 modes. (Note the pronounced side bands in the
spectrum.) A further increase of the control parameter results in a direct transition to a turbulent
state. The fairly complex space-time structure of this state is investigated with an azimuthally
arranged Langmuir probe array [32]. This probe array detects instantanously density fluctuations
at N = 64 points of a full azimuthal turn. In this way, the spatiotemporal patterns of regular and
furbulent drift waves are obtained. This can be visualized as gray shaded plot or as a sequence
of time series [Fig. 5. The graylevel plot makes evident the complex space-time structure of the
turbulent drift waves where large-scale mode structures (appearing as “stripes”) interact with small-
scale much more localized events. The probe array gives a direct access to the wavenumber spectrum
of the drift wave state. The turbulent state shown in Fig. 5 has a broad spectrum with a power-law
dependence on the wave number, S(k) o< k™ [32]. For a detailed understanding of the observed
phenomena, however, the spatiotemporal data has to be subject of a variety of advanced numerical
anlysis techniques. Besides of conventional Fourier transform and statistical methods, for example
biorthogonal decomposition [33] seems to be a promising tool for the analysis of spatiotemporal
bifurcations [34].

4. CONCLUSIONS AND OUTLOOK

In conclusion, we have briefly described two examples of experimental plasma systems that show
many phenomena predicted by the general theory of nonlinear dynamical systems. Beyond the pure
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Figure 5: Spatiotemporal structure of turbulent drift waves. Shown are (left) 16 time series of the electron saturation
current of equally spaced probes and (right) the same but gray coded plot of the full set of 64 probe signals.

observation, however, it remains the main goal to figure out the physical mechanisms behind. Two
future perspectives for a deeper insight into the nonlinear dynamical pheomena in plasmas are (i) a
better understanding of the transitions to plasma turbulence (ii) the control of the chaotic state of
a plasma, as demonstrated recently for a periodically driven glow discharge [35].
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