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Internally driven spatiotemporal irregularity in a dc glow discharge

A. Dinklage® and C. Wilke
Institut fir Physik, Ernst-Moritz-Arndt-UniversitaGreifswald, Domstrasse 10a, 17 487 Greifswald, Germany

G. Bonhomme and A. Atipo
Laboratoire de Physique des Milieux lonsseESA 7040 du CNRS, Universkienri Poincare Boite Postale 239, 54 506 Nancy, France
(Received 8 May 2000

Spatiotemporal dynamics of an undriven dc glow discharge at intermediate pregsymgs .2 Torrcm,
i <50 mA) is investigated experimentally. Spatiotemporal irregularity and windows of regular nonlinear waves
occur and are found to depend on the discharge current. Above a threshold current column head oscillations
arise and inject high-frequency ionization waves into the positive column that decay towards the anode through
nonlinear wave coupling with a discrete eigenmode of the positive column. Regularity was found to be a result
of commensuration of both waves and obeys a devil's staircase. Since column head oscillations occur in the
transition region from cathode fall to positive column as result of discharge formation, the irregularities were
internally driven. Spatiotemporal analysis by means of biorthogonal decomposition gives insights into the
mechanism of irregularity and can be employed for characterization of spatiotemporal complexity.

PACS numbds): 52.35.Py, 52.80.Hc, 05.45a

I. INTRODUCTION including mode transitiongl1] and transitions from regular
to irregular dynamics.

Extended dissipative systems far from equilibrium may lonization waves are longitudinal waves propagating
exhibit complex spatiotemporal dynamics leading to the for-along the discharge axis leading to a modulation of the light
mation of regular patterns or turbuleng. Understanding emerging from the discharge. Dispersion of ionization waves
this dynamics is a challenging problem in modern physicdn a neon gas dischardé2] (w>=k 1) results in phase ve-
that offers a key for applications of nonlinear systems. Outiocities opposite to the group velocity. Therefore these stria-
standing examples of nonequilibrium pattern formation cartions are called backward waves. The group velocity is di-
be found in discharge plasm-4]. These plasmas are gov- rected from cathode to anode, which is the direction of
erned by dissipative effects and are far from equilibrium in aglectron flow. The amplitude of the waves grows exponen-
double sense. First, the electrical power is dissipated by heatlly from the cathode side of the positive column and be-
conduction, flow of long-lived excited atoms to the walls andcomes saturated towards the anode. Feedback through the
radiation, respectively. Second, the electron gas and the negxternal circuit provides longitudinal spatial eigenmodes
tral atoms have strongly different distribution functions and,[13,14] that can be parametrized by an integer mode number
as a rule, the lower the neutral gas pressures, the more theby k,=2xL/n, whereL is the length of the discharge.
energy distribution of the electrons differs from a Maxwell-  This phenomenon and the fact that substantial inhomoge-
ian. For pressures discussed here the electron temperatuiigiies occur close to the cathode dark spaces, may lead to the
are much higher than the neutral gas temperdtbfe conclusion that the cathode region is the origin of ionization

In these discharges, which may be considered as fielgdhaves[15]. However, there is much evidence both experi-
affected reaction-diffusion systems, the positive column dementally[6,16] and theoreticallyf7,17] that it is the plasma
stabilizes owing to the ionization instabilify§] leading to  of the positive column that represents an excitable medium
light fluctuations. In inert gas discharges, which will be con-that destabilizes owing tthe existence of constraintaere
sidered subsequently, the discharge curreats as a control  the external voltageandconservation law$§1] (here current
parameter for a given geometry and neutral gas preggre conservation In addition the real discharge is affected by
Variation of i results in different bifurcations. As a rule, for the external circuitfeedback mechanisni3]) and by finite
small currents the plasma is homogeneous and all fluctudength effects leading to transition regions at the an@dg.,
tions are damped. Above a threshold vaipea Hopf bifur-  anode spot$2]) and at the cathodéspace-charge regions,
cation leads to ionization wav¢g] that can be classified by dark spaces These features may lead to additional instabili-
the energy the electrons gain along one wavelength, the s@es of the entire discharge that complicate the situation.
called Novak numbef8,9]. These waves disappear when aThese effects underline the necessity that for a complete un-
much higher discharge current, the so-called Pupp ligif,  derstanding of the discharge plasma both boundaries and the
[10], is exceeded. In between these limits<(i<ip,,) se-  external circuit have to be considered. Thus, the investiga-
qguences of various secondary bifurcations can be observeibn of the entire discharge including the transition regions

should be expected to give new insights into discharge phys-

ics.
*Present address: Max-Planck-Institit Riasmaphysik, EURA- This paper examines the influence of the transition region
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head of the positive column or—Dbriefly—tle®lumn head load high voltage
The column head is a distinct bright ball at the cathode side l
of the positive column whose axial extent is in the order of I\N\I 1|

the lateral dimension, i.e., the tube diameter. Generally, the Vg%

head is followed by a sequence of spatially damped standing -JWWV\NWVWV\W—-—-—\
striations settling to the homogeneous positive column. A '\"’\NW\/\/\/V\/\A//

similar spatial response can be observed when the plasma of

the positive column is disturbed by a probe or if a small ¢

region of the plasma is irradiated by light tuned to an al-

lowed transition starting from a metastable leNB3]. Hence,

the column head can be regarded as a spatial relaxation phe-

nomenon of the initial perturbation owing to cathode dark CCD

spaces. We note that this transition is a self-organized region

of the discharge provided the length of the discharge allows FIG. 1. Schematic diagram of the experimental setup and essen-

a positive column to be established. tial detection devices. The spatial development of the high-
The column head is known to oscillate above a thresholdrequency wave and the eigenmode of the positive column are in-

valuei., [19]. The frequency of this oscillation, as will be dicatgd by the spatial oscillations in the dischargg twiendicates

shown later, is a linearly growing function of discharge cur-the d|_rect|on of the group velocity and, the direction of the phase

rent. Experimental evidence demonstrates that these oscill§e!0City-

tions inject an ionization wave that interacf[s with the funda‘largest at this position, which is important for low-discharge
mental mode of the positive column. It will be shown that o ;rrents; i.e., no saturation of the wave amplitudes occurs.

this interaction leads to sequences of regular and irregulgtigyre 2 shows the power spectral density of light fluctuation
spatiotemporal patterns depending on the discharge paramse to the anode. Here we restrict ourselves to the most

eters. _ relevant frequencies beloW<6.25 kHz. Whiteness repre-
There are some early reports on_the_ spatiotemporal dysants the power spectral density as indicated.
namics of the plasma when head oscillations are pr¢26ht Below i <1.1mA (white region in Fig. 2 the discharge

Although it has been suspected that a frequency mismatct, |4 not be operated with the load employed here according
leads to irregularity21], no systematic investigations on the to Kaufmann’s stability criterio[23]. Above this current

occurrence of irregular patterns are reported. _ striations can be observed, indicated by the power spectral
Regularity of the spatiotemporal patterns is investigated

by means of the biorthogonal decomposit[@2]. These re-
sults lead to an explanation of the irregular spatiotemporal
dynamics observed in the positive column. Since the column
head is self-organized, spatiotemporal patterns formed in the
positive column are said to be internally driven.

IIl. EXPERIMENTAL RESULTS

|
W
o

glass tubdinternal radiug ;= 2.0 cm which was filled with I ‘
spectroscopically pure neopd=3.168 Torr at 273 IK Con- m?“b’ b
siderable attention was paid to prevent impurities in the tube WA
including thorough baking of the tubes and eddy current 20 -..’i ‘
i
! P |

ol af ) A AR
Experiments were performed in a sealed cylindrical Pyrex Y ?vw

current (mA)

heating of the electrodes during preparation of the tubes.
Figure 1 shows a schematic representation of the experimen- 15
tal setup. The tube consisted of a hollow cathode and a plane

anode machined from molybdenum. The anode-cathode 10
spacing wad_ =68 cm. The discharge was sustained by a
high-voltage supply. Discharge current was limited by a load 5
(R=50 k). Since the waves lead to a modulation of the
light emerging from the discharge, a fa§tCD) camera256
pixels, line frequency<33 kHz, typical frequency of the
waves<2 kHz) was employed for detection of the spatio-

temporal dynami_cs of the waves. . FIG. 2. Power spectral density of light fluctuations taken 1 cm
As the dynamics was of particular interest, the occurrence, ont of the anode of a neon dc glow dischargeutral gas

of the different wave states was examined first. For this PUrpressurep,=3.168 Torr at 273 K, internal radius,=2.0 cm).
pose spectra of the light fluctuation were taken below spectra in the operation regime 1.1 rIA<50 mA are displayed.
<50 mA for all operating currents. Spectra were detected byelow i <1.1 mA (white region the discharge could not be oper-
means of a photodiode and(fast Fourier transformmspec-  ated. Dark lines correspond to coherent wave modes. Triangles on
trum analyzer. The photodiode was positioned close to thénhe right-hand sidegreek labels indicate occurrence of regular
anode because the amplitude of the light fluctuations wasaves in the presence of column head oscillations.
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FIG. 3. Dependence of frequencies of maximum power spectral
density of light fluctuations emitted from the head }{ and the near
anode region ©) of the positive column on the discharge current.
Triangles indicate occurrence of regular wave dynamics. Corre-
sponding frequency ratios are indicated on the right of the diagram.
Ratios occurring represent a clipping of a devil's staircase that is
formed as shown below the frequency ratios.
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density (dark lines in Fig. 2 For currents belowi

<10.6 mA sequences of highly coherent longitudinal eigen-

modes, regions of competing modes, and the occurrence ¢

subharmonics can be observed. A detailed analysis of this

behavior is not the subject of this paper. "
Here we focus on the region above-10.6 mA when 0 20 40 60 0 20 4 0 20 40 60

cathode head oscillations arise. Up to the maximum curren « cathode . anode —

. . . . position (cm)

investigated i(,,,,=50 mA) complicated spectral structures

are observable when the current is increased. However, regu- FIG. 4. Spatiotemporal dynamidgilms) of light fluctuations

lar structures as indicated by the triangles on the right side afwing to ionization waves in a neon dc glow discharge: @ cm,

Fig. 2 can be observed in certain windows of the discharge=3.1Torr). (a) A weakly chaotic statei& 41.80 mA), (b) inter-

current. In Fig. 2 these windows are indicated by Greek letmittency between weakly and strongly chaotic states (

ters. As a criterion for regularity, distinct peaks in the power=41.82mA), (c) developed amplitude turbulencé=(48.10 mA)

spectral density are considered. Irregularity corresponds tand(d) a regular statei48.20 mA). Observations cover the entire

broad spectra, which can be identified in Fig. 2 as smearesitive column including the column hear~0 cm).

gray regions. It should be noted that the frequency of th

maximum power spectral density in Fig.(@ose to the an- g4 yation of these ratios shows that they form part of a
ode remains nearly fixed at abofif=1.1kHz. , devil's staircase which is also typical for the occurrence of
The occurrence of regular windows can be explained byeqylar windows in a driven nonlinear oscillator. This obser-
examining both the frequency of column head oscillationsyation is a first hint for the fact that the column head drives
and the eigenfrequency of the positive column in detail. Figthe positive column.
ure 3 shows the current dependence of both frequencies. On This is corroborated by films of the spatiotemporal dy-
the one hand, as already noted, the frequency close to theamics of the light fluctuations. Figure 4 shows one-
anode remains nearly fixed. This observation is in accordimensional films(space-time ploisof the light emission
dance with the fact that close to the anode an ionization wavemitted from the entire discharge. We chose four situations
eigenmode is governing the dynamics. The explanation is af®r larger currentgbetween label® and. in Fig. 2) in order
follows: Since the electric field in the positive column doesto examine the spatiotemporal dynamics in a representative
not change significantly for larger curren), the amplifi- way. The following is a discussion of the spatiotemporal
cation properties of the plasma do not change significantlglynamics of ionization waves for discharge currefts
either. Additionally, certain eigenmodes are preferred owing=48.20 mA,i =48.10mA,i =41.82mA, and =41.80 mA,
to feedback effects. As a result, the most unstable waveespectively. All spatiotemporal data presented in this paper
mode frequency changes slowly for large currents. On theefer to the visible part of the discharge investigated covering
other hand, the frequency of the current head oscillations: length of 65.7 cm in front of the anode. The cathode side of
obviously increases with the discharge current. An explanathe films and all subsequent data isxatO cm. For the larg-
tion for this observation cannot be given. Consequently, thest current shown in Fig.(d) (i =48.20 mA) regular spatio-
frequency ratio of the most unstable mode in the positivdemporal dynamics is observed. The high-frequency oscilla-
columnf and the frequency of the column hefgis current  tion can be clearly perceived on the cathode side of the
dependent. Within the experimental errors the occurrence afischarge X— 0 cm). This oscillation is the origin of a high-
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q‘egular dynamics is related to a rational ratio fof/f..
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i=48.20 mA =12.5kHz for all the spectra, but our discussion is restricted
to frequencies below 4 kHz. For comparison, spectra from
] both the column hea¢thin line, left panels of Fig. band
close to the anode are showuthick line, left panels of Fig.

?

o - 5). Again, as can be seen from the spectra, each spectrum has
o i=48.10 mA b .
=~ 0 a distinct maximum.
"é First, the column head oscillation specithin lines in
g Fig. 5 are discussed. The maximum of light fluctuations of
590 column head oscillations is always a distinct peak. As can be
s i=41.82 mA seen from comparing of all currents the maximum slightly
2 increases with increasing discharge current. For spatiotempo-
3 ral irregularity (=48.10 mA) all frequencies apart from the
§_90 maximum are strongly damped. For the regular case, how-
i=41.80 mA T ever (=48.20mA) anf/2 subharmonic occurs. In addition
o [«}] . . . . .
s = to subharmonic contributions, sidebands arise for the lower
‘é‘ £ currents (=41.82mA and =41.80 mA).
o0 ~” g Second, the spectra of light fluctuations emerging from

the positive column close to the anodbkick lines in Fig. 5
are discussed. For regular patterins 48.20 mA) there is a
governing peak and higher harmonics due to the pulselike
FIG. 5. Left panels show power spectral densities of light fluc-form of the waves. The second harmonic of the fundamental
tuations at fixed positions corresponding to the currents of the fimdrequency of the light from the positive column matches ex-
shown in Fig. 4. The fat line corresponds to the dynamics 1 cm iractly the driving frequency from the column head. Further
front of the anode. The thin line shows the spectrum of light fluc-coupling is given by higher harmonics not displayed in this
tuations emerging from the column head. For clarity the spectra fograph. For developed irregularity € 48.10 mA) the spec-
i=48.20mA are shifted in power spectral densiti)(and fre-  trum from the positive column does not exhibit peaklike
quency () as indicated by the arrows. Right panels show the firststructures but shows a maximum at the positive column fre-
return maps to the Poincasections of the near anode time series. quency and then diminishes obeying a power law for higher
frequencies. For=41.80 mA strong side-band contribution
frequency wave at large phase velocities. At a very distincean be identified and sidebands of higher harmonics match
borderline k~23 cm) the high-frequency wave merges to awith the column head frequency. For slightly higher currents
low-frequency one. Then, for positions towards the anodel,=41.82mA, the structure of the positive column spectrum
the positive column exhibits a very regular ionization wave.is very similar except that the underground is strongly lifted.
This film is proof of the statement above, i.e., the columnFor this case it should be noted that the spectrum was taken
head drives the positive column. For smaller currents showior a time series including intermittent bursts. Hence, the
in Figs. 4a)—4(c) the spatiotemporal dynamics in the posi- SPectrum represents an average of time intervals with dy-
tive column becomes more complicated and will be dis-namics similar to the case displayed beloiw=@1.80 mA)
cussed in the following in more detail. As can be seen fromand above i(=48.10 mA). This is confirmed by a separate
these example&f. Fig. 4) spatiotemporal complexity is re- analysis of time intervals with and without fronts and dislo-
flected by the phases of the waves and—for more complegations.
patterns—by the occurrence of spatiotemporal defects. These The occurrence of structures in the column head spectrum
dislocations represent localized sources and drains for wavéepends on the power-spectral density maximum of positive
crests. As can be seen in Figchdislocations appear at the column oscillation. If this maximum exceeds a threshold of
edge of fronts that propagate through the plasma from cath=5 dB, significant peaks arise from the noise level-80
ode to anode. This is the direction of group velocity of ion-dB. Typical damping at the positive column frequendy (
ization waves. But the velocity of the fronts differs strongly =1.1kHz) can be derived from these data and are found to
from pulse to pulse and depends on the amplitude of thée —60 dB. These observations support the role of feedback
pulse. Dislocations with large amplitude fronts may also ocfor the formation of striations.
cur intermittently as was found for=41.82 mA [cf. Fig. Third, the dynamics is characterized by first return maps
4(b)]. For this current long intervals of more regular dynam-to Poincaresections(Fig. 5, right panels For this purpose
ics are found(about 80% of the entire filin Intervals of the time series of light fluctuation near the anode was resa-
irregular fronts are comparatively short. The time intervalmpled at the maxima of the time series near the cathode.
displayed in Fig. 4 was chosen in order to show the transitior his gives a triggered time series represented by a sequence
from irregular to more regular motion. The seemingly regu-of amplitude valuex; . A two-dimensional first return map
lar motion displayed in Fig. (@) (i=41.80 mA) corresponds to the Poincaresection can be constructed from the delay
to weak chaos as will be discussed later. plot x; ,X; 1. For regular motion the first return map to the
These observations can be explained if we consider somoincae section is given by two spots owing to the fact that
aspects of the temporal dynamics. The left panels of Fig. 5,,/f.=2. The width of the spots indicates the experimental
shows spectra of time series taken from the data shown iarror of the procedure applied here. For developed irregular-
Fig. 4. Corresponding first return maps to Poincseetions ity (i=48.10 mA) the first return map to the Poincaestion
are shown in the right panels. Nyquist frequencyfijg fills a region in thex;,x; ., plane indicating temporal chaos.

0 1 2 3 4 AmpIitudei
frequency (kHz)
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For lower currents it is difficult to examine the dynamics 0 10 20 30 40 50 , o
from these first return maps to the Poincagetions.

For clarity the casé=41.80 mA is discussed first. The
length of the time series available and the experimental scat- 10
tering do not allow us to decide whether this section corre-
sponds to a high-dimensional toryguasiperiodicity, or -
whether small regions are fille@veak chaopor if there are
distinct spotgperiodicity). The first return map to the Poin-
caresection fori=41.82 mA helps to resolve this question.
Filled symbols in this plot correspond to time intervals with
more regular dynamics and open symbols refer to irregular
time intervals. In this case the filled symbols tend to fill out O i=41.82 mA
either a certain region in the first return map to the Poincare A j=48.10 mA
section or to form a section through a torus. Hence, periodic V i=48.20 mA
dynamics can be excluded. It is interesting to note that dur-
ing intermittent occurrence of bursts the open symbols may 123 456 7 8910
strongly depart from the limited region formed by the filled index i
symbols. A characterization of time series corresponding to |G, 6. Relative energy captured by BD modes of indlekthe
the spectrum Fig. 5iE41.80mA) by correlation dimen-  fims shown in Fig. 4. Doublets indicate spatiotemporal symmetries.
sions and estimating Lyapunov exponefd] failed. How-  The inset displays the scaling of contribution of higher BD modes.
ever, the Kolmogorov entropy could be estimajefl] yield-
ing a value of H¢=0.3+0.1. This indicates that the spaces of spacgengthL) and time(lengthT) observation,
underlying time series of the spectrum in Fig. % ( respectively. Both chronos and topos fulfil an orthonormality
=41.80mA) is weakly chaotic. Hence, the case relation (8 : Kronecker deltg
=41.82 mA can be regarded as an example of intermittence
between weak spatiotemporal chaos as shown in K. 4
and amplitude defect turbulence as displayed in Fig).4 JTlﬂrlﬂsdt: JL¢r¢stZ Sij - (2

In order to examine both the underlying wave physics and
the spatiotemporal complexity the space-time diagrams were
analyzed by means of the biorthogonal decomposition.

s2
d
S,

—
<DI
N

o i=41.80 mA

relative energy

|
w

—_
o

The weights of the expansion terms are the eigenvalues of
the positive semidefinite covariance mattixJ " ordered in
decreasing size.

1. BIORTHOGONAL ANALYSIS OF SPATIOTEMPORAL The method of BD is superior to other multivariate meth-

PATTERNS ods since the spatial and the temporal eigenfunctions are

Space-time characterization of spatiotemporal irregularit)}reated simultaneously as they are constramed by an isomor-
is a poorly understood issy#,26] and is the subject of cur- phism between the chronos and Fo;ﬁﬁg]. Th|§ makes the
rent efforts. The method of birothogonal decompositionBD a poweriul too! fqr the detection of spat|otempor.al co-
(BD), also known as Karhunen-Lee or proper orthogonal herences that are indicated by d_egenerated m_odes, i.e., dou-
decomposition, is A classical statistical tool for characteriz-b!etsf i S Pr with th? same weight,. In partlcular., the
ing spatiotemporal dat27] or for modeling spatiotemporal ?;‘T‘tég’;%?:xﬁ;the weights is a measure for the spatiotempo-
systemg28]; for an overview see Ref$22,29. The BD is ) _ .
employed for characterization of the spatiotemporal regular-: Numerical |_mplementat|0n of the B_D_ analysis can be per-
ity of our experimental results and to analyze the wave dy_formed by a singular value decomposition of the data matrix.
namics.

The main purpose of this decomposition is to decompose A. Spatiotemporal complexity
a signalu(t, x) into a minimum number of eigenfunctions in Figure 6 shows the normalized energy conteHtss?
space[topos ¢(x)] and time [chronos ¢ (t)]. The rel-  yarived from a BD analysis of the data shown in Ilzig.J 4. We
evance of the;e eigenfunctions is _reflected by their weightg,ye displayed the relative energy in order to compare the
Sc. We restrict ourselves to bias-free, discrete, Onetq cases that have different absolute variances. As argued
dimensional signals, i.e., the signal may be represented by &ove, doublets at small index numbers indicate spatiotem-
matrix u(tj, x;)=Uj; . Then the decomposition reads like ) coherences. Practically, the eigenfunctions of these de-
generated doublets are shifted in phase only and have to be

K
_ treated as one spatiotemporal mode, the so called BD mode.
U”‘k; Yidti) S Pilx;) D The results displayed in Fig. 6 show that the first eight
weights represents four doubleis<1,2,i=3,4,i=5,6, and
with i =7,8, respectivelyfor all cases. For all cases the first dou-
blet (i=1,2) governs the spatiotemporal dynamics. Then the
i=1,...N, j=1,...M and K=min(N,M). second BD modeiE 3,4) has approximately the same rela-

tive energy content for all currents. Largest deviations in the
The chronos and topos represent a least-square optimizedlative energy content occur in the third BD mode (
real orthonormal basis of th®- and M-dimensional finite =5,6). For higher indices complexity can be derived from
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FIG. 7. Measures of spatiotemporal complexity for discharge _
currents between=41.78 mA and =48.50 mA. O correspond to ~ E®
the BD entropy and\ to defect density in the positive column, fg_’m

respectively.

. . . . . . 0 S 5 N B ;§;
the scaling of the weights as displayed in the inset of Fig. 6. 0 20 40 60
And the larger the high-index weights, the more complex is ¢-icathode position (cm) anode —

the spatiotemporal pattern. Since the relative enepgy
=s§/2jsj2 is normalized, an entropy measure can be intro- _
duced:

FIG. 8. BD analysis of a 25 ms film for a discharge current of
48.10 mA. The lower row shows films of BD modes, i.e., the
superposition of chronos and topos of the doublets occurring in Fig.
K 4 of the original film(first film in the upper row The jth recon-
Hone — i 2 In(py) 3) struction displayed in the upper row is the superposition ofjthe
BD InK &1 PiiN{P)- +1 BD modes.

For the largest complexity possible, @i have the same Propriate tools to characterize spatiotemporal complexity.
value and the BD entropy becomes maximHffiZ*=1. The Defect density seems to be more sensitive to detect different

most regular case correspondgte= 1 andp,..; =0 leading stages _of defect turk_JuIence. But BD entropy detects also
min_ weakly irregular spatiotemporal patterns as can be seen by

to a minimum BD entropy oHgp =0. For the most regular comparison of the absolute value of BD entropy iat
Hopf pattern we havep;=p,=0.5 and the minimum BD Z4180mA [Hgp(i=41.80mA=-038 and at i

. . min_ _ i i-
entropy is given biHgp = —In(0.5)/In). Hence, in practi-  _ 455 10 [Hgp(i=48.20mA)=0.29]. Both values are

cal cases, the minimum BD entropy depends on the resoly- . . — R
tion of the data matrix either in space or in time. In our cas;iess than typical values in the plateadg~0.5) indicating

the resolution is given by =217 detector positions and more regular dynamics than for developeq |r.regular|ty. But
yields HMin_ 0 129 the absolute value cannot be used as a criterion for the char-
> BD_T memeY acterization of the spatiotemporal dynamics, i.e., a BD en-
Figure 7 shows the dependence of BD entropy on th b P y

. X : qropy of Hgp=0.5 does not necessarily indicate defect tur-
discharge current f.or_>41.7_8.mA and|<48__50 mA. For bulence. On the other hand, defect density measurements
these currents, a distinct minimum appears=a#1.80 mA

i ) cannot distinguish between weak chaotic and periodic dy-
[cf. Fig. 4@)]. The_n the BD entropy settles to a_hlgh_ plateaunamics. But this measure clearly indicates the occurrence of
at currents above=41.82mA, [Fig. 4(b)] and is slightly

. g f ) , . amplitude defects. As a conclusion it is useful to employ
increasing for currents up to=48.1 mA[Fig. 4c)] before  yiterent measures for spatiotemporal complexity simulta-
sharply decreasing when the system becomes redular

X neously. For details on different stages of spatiotemporal
=48.20mA, Fig. 4d)]. The coarse development of BD en-

. . . ! ) complexity see Ref30].
tropy reflects the visual inspection of the films as discussed

above. Another method for measurements of spatiotemporal
complexity is also shown in Fig. 7, where the second plot
displays the defect density derived from the spatiotemporal Besides the discussion of spatiotemporal complexity the
data, which is the number of amplitude defects normalized tphysical relevance of the eigenfunctions should be consid-
the spatial and temporal extent of the films. As amplitudeered. In the bottom row of Fig. 8 the BD modes for the first
defects all open phasédislocation$ within the films were 25 ms of the film shown in Fig. (4) are displayed. The
counted, except for the transition region from high- to low-original data are shown in the left panel of the upper row in
frequency region X~23cm). The defect density vanishes Fig. 8. It is useful to discuss these films in conjunction with
for i =48.20 mA[Fig. 4(d)] as well as foii=41.80 mA[Fig.  Fig. 9 where the mean value normalized variance of these
4(a)]. It is interesting to note that a fine structure in thefilms as a function of axis position is displayed. These func-
plateau (41.82 mAi<48.20 mA) appears. These dips can-tions indicate positions of wave activity for any particular
not be explained by experimental or evaluation errors ananode. For instance, the large oscillation amplitude of the
seem to be significant. Detailed examination of the currentolumn head can be identified as a peak at positisrd cm
dependence of the BD entropy shows small dips as well. in the upper panel of Fig. 9. Additionally, from this figure,

In order to compare films for different control parameters,the regionx<<23cm exhibits a smaller amplitude, but the
both the BD entropy and the defect density seem to be apmplitude increases towards the anode and becomes satu-

B. Analysis of mode interaction
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1 Original forward mode seems to arise from a regiorxatl2cm. In
this region the phases of forward and backward waves
1 match.
1% BD-mode By adding more BD modes to the reconstructed film,
1 more details appear. In particular, defects and fronts appear.
2™ BD-mode By comparison of the original film and the reconstruction the

relevance of the transiently occurring modes becomes clear.

variance(x) / mean value(x)
-

2 BD_mode These modes are active when fronts and spatiotemporal de-
fects appear. Since wavelengths and frequencies of these
U modes correspond to longitudinal eigenmodes of the plasma
4" BD-mode the appearance of defects and fronts has to be interpreted as
0 the result of transient multimode interaction. This can be
0 20 40 60 interpreted as the reaction of the system to the necessity of
position (cm) energy transfer from the high-frequency wave to the low-

frequency, most unstable, wave mode.
FIG. 9. Spatial development of wave activity for the signal  This example shows that results of the BD analysis may
(original; upper pangland the BD modes as shown in Fig. 8. yield physically relevant eigenfunctions.

rated at positions of about~35cm. Wave activity de- IV. SUMMARY

creases near the anode (61<m<65cm). As can be seen  The spatiotemporal dynamics of an undriven dc neon
from the second panel in Fig. 9 wave activity of the first BD gjo\y discharge at intermediate pressures was systematically
mode vanishes fok<23cm. The second BD modehird  gypjored by CCD camera imaging of light-emission fluctua-

panel in Fig. 9 contains nearly the entire wave activity for yj,q from the discharge. It was found that column head os-

X<|23 cn; i ((j:omp_zﬁrei_d to the ?r:jglga_l O{ﬁta' Iné)ar';l%ular, theciIIations inject a high-frequency ionization wave into the
column head osclialion s inciuced in this mode. fhe SpaCef:)ositive column if a threshold in discharge current is ex-

time diagrams of these BD modésf. lower row in Fig. 8 &eeded. The high-frequency wave decays along the discharge
show that these modes represent a more or less regular mode, . .
axis towards the anode. Simultaneously, the eigenmode of

which is active in the positive column onfjirst BD modse. h i | ) : litude t ds th
The second BD mode is the high-frequency wave injecte& € posilive column Increases in ampiitude towards the an-

from the column head oscillation. It should be noted that thig?d®- Regular spatiotemporal dynamics occurs when both
film is extraordinarily regular. But, as can be clearly seenVaves were commensurate. Incommensurate waves lead to
from Fig. 9, this mode disappears towards the anode. Insteaffifferent stages of spatiotemporal complexity. Spatiotempo-
wave activity of higher BD modes becomes more relevant i@l complexity could be measured and the results were em-
this positive column regiofix>23 cm). Detailed analysis of Ployed for the characterization of the films. Regular dynam-
wavelength and frequency of any particular modes show thdes, defect turbulence, weak space-time chaos, and
the dispersion of these waves is consistent with dispersiotintermittence were found. The wave dynamics was revealed
properties of real ionization waves. Moreover, higher BDby the biorthogonal decomposition of the space-time data.
modes can be assigned to different longitudinal eigenmode&or irregular waves the mechanism of high-frequency wave
As can be seen in Fig. 8, these higher BD modes appeatecay in the positive column is influenced by transiently oc-
transiently. In particular for time intervals when the first BD curring wave modes.
mode appears to be blurry, these modes become active. Our results give an explanation of the complex dynamics
Physical relevance of these transiently occurring modegescribed earlief20]. Open questions arising from our in-
can be derived from the low-order reconstructions, i.e., thgiestigations are the explanation of the mechanism of column
weighted superposition of the BD modes. These reconstrugread oscillations. More detailed analysis of the transitions
tions are shown in the upper row of Fig. 8. The first recon-from regular windows to developed irregularity seems to be
struction, which is the superposition of the eigenmode of they very promising subject in the context of research on inter-
positive column(first BD modeg and the high-frequency col- mittence.
umn head wave(second BD mode already reconstructs  Both the variety of different plasma states and a compa-
some major features of the original film, i.e., two spatially rably uncomplicated experimental approach make the dis-

interacting wave modes. Additionally, it can be clearly seercharge an interesting model system for the examination of
from this reconstruction that the apparent spatiotemporal decomplex spatiotemporal dynamics.

fects at the transition border~23 cm are results of wave

superposition. We would like to remark that similar struc-

tures were alrf_eady noted _by the Belfast grd@g]. They ACKNOWLEDGMENTS

concluded, as interconnecting the heads of each apparent de-

fect leads to an opposite phase velocity than that of ordinary This work was funded by the Deutsche Forschungsge-
ionization waves, that these patterns correspond to forwartheinschaft through Sonderforschungsbereich 198 Kinetik
waves. Our analysis confirms the existence of forwardartiell ionisierter Plasmen. The authors are indebted to Dr.
modes, as can be seen from the near cathode region of tfdernd Pompe who provided the estimation of the Kolmog-
third BD mode(cf. Fig. 8). It is interesting to note that the orov entropy.
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