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The dynamic behavior of ionization waves in glow discharge plasma was examined, particularly with regard
to periodicity. In a series of experiments, neon plasma was produced by the glow discharge between two elec-
trodes after the glass tube was evacuated to high vacuum. Fluctuations in the light intensity were sampled with
a line-scan camera and photodiodes as spatiotemporal signals for data analysis. The largest Lyapunov exponents
were calculated from the time series of the experimental samples to quantitatively estimate the complexity of
the system. The signal-to-noise ratio (SNR) became saturated as the intensity of the external force applied to
the chaotic state was gradually increased because chaotic oscillations in the ionization wave synchronized to the
external force. A periodic orbit in the chaos system was emphasized, and the oscillation became coherent as the
state SNR reached its maximum value. When the periodicity was emphasized, the oscillation became coherent
not only in time but also in space. Periodicity was also observed in system-induced feedback without an external
force. Similar results were obtained with an external force and feedback; however, the former caused the chaos
system to synchronize with the external force, while the latter yielded periodic oscillations from the chaos–chaos
interaction.
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1. Introduction
In the past decades, nonlinear phenomena of dissi-

pative systems such as chaos, soliton, and fractals have
gained considerable attention. Nonlinear phenomena have
also attracted attention in plasma science because plasma is
a typical medium that displays nonlinear properties [1–4].
This study focused on the dynamic behavior of ionization
waves [5–7] in the positive column with glow discharge
plasma. Various dynamic behaviors, such as chaos, have
been observed in ionization waves as a function of dis-
charge current. The spatiotemporal structures of ionization
waves can be measured with detectors such as photodiodes
and line-scan cameras. Therefore, ionization waves are a
suitable medium for investigating the universal properties
of nonlinearity.

Various types of oscillations can be observed in ion-
ization waves. We focused on the stabilization of chaotic
oscillation. The word stabilization is used in the sense that
chaotic trajectory changes to periodic one. Chaos stabiliza-
tion is an important topic for controlling plasma [8–10].
We examined the type of stabilization that causes an ex-
citable system to respond to oscillation with the most co-
herence, i.e., the fundamental frequency of the external
perturbation. Next, we experimentally consider the sys-
tem’s response to the strength of the applied force to con-
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trol the system when stabilization of chaos in plasma is
accomplished. When perturbations, such as external force
and feedback, are applied to the system to control it, a
stronger force cannot always control the system. An ex-
tremely strong force may disrupt the stability of the sys-
tem; however, even an imperceptible force may stabilize
the system. Therefore, study on system’s response (espe-
cially the emphasis on system’s periodicity) depending on
the strength of applied force is necessary as the next step.

In this paper, we report the dynamic behavior of ion-
ization waves in plasma, particularly with regard to peri-
odicity. Section 2 describes the setup and conditions for a
series of experiments. Section 3 discusses the experimen-
tal results, especially with regard to periodicity depending
on the application of an external sinusoidal force or feed-
back. Section 4 summarizes the findings of our study and
concludes the paper.

2. Experimental Setup
Experiments were performed in a glass tube with

a 2.0 cm diameter and 75 cm length. Ne gas was in-
troduced into the glass tube at the pressure of approxi-
mately 478 Pa after the tube was evacuated to high vac-
uum. Ne plasma was produced by the glow discharge
between two electrodes 60.0 cm apart when a DC elec-
tric field was applied. DC voltage is generated using a
regulated DC power source (HV1.5-0.3, TAKASAGO).
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Fig. 1 Schematics of experimental configurations: (a) discharge tube applying an electric signal as an external force and (b) discharge
tube influenced by feedback.

The typical ion and electron temperatures were 0.025 eV
and 10 eV, respectively. The intensity of the discharge
current is a typical control parameter that governs the
system. The system exhibited various nonlinear behav-
iors such as chaos and a periodic state. Light fluctua-
tions along the central axis of the glass tube were sam-
pled with photodiodes (S6775, HAMAMATSU), a line-
scan camera (TL-4096ACL, TAKENAKA), and a digi-
tal oscilloscope (GDS-1072A-U, GWINSTEK). External
force is generated using a function generator (33220A,
AGILENT). External force and feedback signal are am-
plified using a transformer (EF-4N, SHIMADZU) and an
amplifier (4015, NF ELECTRONIC INSTRUMENTS). In
most cases, the ionization waves showed the properties of
a backward wave (i.e., the group and phase velocities were
in opposite directions), although they sometimes showed
the properties of a forward wave (i.e., the group and phase
velocities were in the same direction).

Figure 1 shows schematics for the experimental con-
figurations. Two types of setups were used: (a) a single
discharge tube with an electric signal applied as an exter-
nal force, and (b) a single discharge tube influenced by
feedback. A photodiode was placed 30.0 cm away from
the anode to observe the time series as fluctuations in the
light intensity of Ne plasma. All Ne emissions were ob-
served without an interference filter. Using a line-scan
camera, the spatial and time series signals were obtained
every 0.2 mm and 35.0 µs, respectively, and fluctuations
in the light intensity were converted into 8-bit values. As
shown in Fig. 1 (b), the feedback signal was sampled from
light fluctuations that were 31.5 cm away from the anode.
Two photodiodes were placed close together to observe the
time series and sample the feedback signal at 30.0 cm and
31.5 cm, respectively, from the anode.

3. Results and Discussion
The results corresponding to the experimental setup

shown in Fig. 1 are presented here. Figure 2 shows the
time series and power spectrum obtained from the (a) ap-
plication of an external force and (b) influence of feedback.
Figure 2 (a) shows the time series and power spectrum for
the system with an applied external force; the upper trace
shows the case before the application of an external force,
and the lower trace shows the case during its application.
The discharge current in the tube was fixed at 24.3 mA,
and an external sinusoidal force of 2.39 kHz and 165.6 V
was applied to the system. The frequency of the external
force matched the fundamental frequency of the system.
Figure 2 (b) shows the time series and power spectrum of
the system with the feedback signal; the upper trace shows
the case before the system is affected, and the lower trace
shows the case when it is affected. The discharge current
in the tube was fixed at 24.3 mA, which was the same as
that for the case shown in Fig. 2 (a). The voltage of the
feedback signal, 118.0 V, was measured according to the
average peak-to-peak oscillation of the time series.

The time series and power spectra in Fig. 2 show that
the system oscillation changed from chaotic to periodic.
The fundamental frequency (approximately 2.39 kHz) pro-
duced a stronger power spectrum when the external force
was applied. The system became coherent when respond-
ing to the oscillation of the fundamental frequency. In both
systems, oscillations became coherent and periodic. How-
ever, the system in Fig. 2 (a) synchronized to the periodic
external force, while the system in Fig. 2 (b) synchronized
to the chaotic feedback oscillation.

Figure 3 shows the plots of signal-to-noise ratio
(SNR) vs. the intensity of the (a) applied external force or
(b) feedback (renormalized by the value of the discharge
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Fig. 2 Time series and power spectrum obtained from experiments: (a) application of an external force (2.39 kHz, 165.6 V) and (b)
influence of feedback (118.0 V). The states before and during the process are shown by upper and lower traces, respectively. The
discharge current in the tube was fixed at 24.3 mA.

voltage, i.e., 605 V). The SNR was calculated from the ra-
tio of the power spectrum density of the peak frequency
to the base noise level. The error bars represent the stan-
dard deviation, which was calculated from more than five
measurements for each parameter.

With a gradual increase in the intensity of the ap-
plied force or feedback, the SNR became saturated at ap-
proximately the same value. When the intensity of the
applied voltage was approximately 0.08 (61 V), the sys-
tem changed from chaotic oscillation to periodic oscilla-
tion that took on coherence. An increase in the intensity of
the external force or feedback considerably increased the

perturbation in the ionization system, which increased the
SNR. Above the threshold value, the oscillation became
coherent, and the SNR became saturated.

To quantitatively examine the complexity of the sys-
tem, the largest Lyapunov exponents were calculated for
the time series sampled in the experiments using an al-
gorithm developed by Wolf et al. [11]. For chaotic os-
cillations, the largest Lyapunov exponent had a positive
value, which increased with the chaotic state. This value
approached zero for a state with periodic oscillations. Fig-
ure 4 graphs the largest Lyapunov exponents vs. the inten-
sity of the (a) applied external force and (b) feedback. The
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Fig. 3 Relationship between the intensity of the applied external
force or feedback (renormalized by the value of the dis-
charge voltage, i.e., 605 V) and signal-to-noise ratio: (a)
external force and (b) feedback. The error bars represent
the standard deviation.

error bars represent the standard deviation, which was cal-
culated from multiple measurements for each parameter.

The largest Lyapunov exponents decreased with an in-
crease in the intensity of the applied voltage. Thus, the
system stabilized when the applied voltage increased. By
comparing Fig. 4 and Fig. 3, it was determined that the
periodic orbit was emphasized when the applied external
force or feedback was beyond the threshold.

Figure 5 shows typical changes in the experiments
from spatiotemporal chaos to periodic structures: (a) the
chaotic state without an external force or feedback and the
discharge current fixed at 24.3 mA, (b) the result from ap-
plying an external force, and (c) the influence of feedback.
These results correspond to the states shown in Fig. 2. Fig-
ure 5 was generated from spatiotemporal data sampled us-
ing a line-scan camera, as previously mentioned.

Figure 5 (a) indicates that the ionization system
showed chaotic behavior in time and space. Bright lines
in the spatiotemporal structure broke off, which indicated

Fig. 4 Changes in the largest Lyapunov exponents: (a) with an
external force applied and (b) the influence of feedback.
The error bars represent the standard deviation.

that the system took on spatiotemporal chaos. Figures 5 (b)
and (c) show that the ionization system exhibited period-
icity and order in time and space. Bright lines clearly
swept from the cathode (right) to anode (left) with regu-
larity. When the temporal oscillation became periodic, the
system became ordered not only in time but also in space.

4. Conclusions
A series of experiments was performed to examine the

dynamic behavior of ionization waves, particularly with re-
gard to periodicity.

(1) A gradual increase in the intensity of the external
force applied to the chaotic state beyond a certain
value caused the SNR, which was measured from the
power spectrum, to become saturated.

(2) When the largest Lyapunov exponents were calcu-
lated, their values decreased with an increase in the
intensity of the applied force. Thus, the system stabi-
lized when the applied force was increased.
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Fig. 5 Typical change from spatiotemporal chaos to periodic
structures generated from spatiotemporal data sampled
using a line-scan camera: (a) chaotic state with the dis-
charge current fixed at 24.3 mA, (b) application of an ex-
ternal force, and (c) influence of feedback.

(3) When the temporal oscillation in ionization waves be-
came periodic when an external force was applied, the
system became ordered not only in time but also in
space.

(4) The periodicity described by points (1) - (3) was also
observed in the system with induced feedback. Sim-
ilar results were obtained for the two systems. How-
ever, the application of an external force caused
the chaos system to synchronize with the external
force, while the feedback yielded periodic oscillations
caused by the chaos–chaos interaction.

This study is summarized as follows. The SNR and
largest Lyapunov exponent saturate with an increase in the
strength of applied force, i.e., external force and feedback.
Therefore, an appropriate strength of applied force should
be selected to bring periodicity to the chaotic system. A
series of experiments were carried out by applying exter-
nal force or feedback; however, the effect of application of
noise is also an important aspect. As future work, study on
the response of the system toward applied force and noise
should be considered.
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