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Type-I-like intermittent chaos in multicomponent plasmas with negative ions
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The intermittent chaos in the multicomponent plasmas with negative ions has been investigated experimen-
tally. The phenomena are modeled as a variant of classical type-I intermittency, which is studied numerically
in detail. The experimental results confirmed the numerical predictionfaidise, the probability distribution
of laminar length, and the scaling law of Lyapunov exponents. A qualitative explanation on the intermittent
chaos in the multicomponent plasmas with negative ions is also di841063-651X96)10608-3

PACS numbgs): 52.35.Ra, 05.45:b

There has been a growing interest in the chaotic behaviogerved intermittent chaos real system is much more compli-
of plasmas in the past decade. Plasma chaos is closely relatedted, and usually does not belong to any of the theoretical
with plasma turbulence, which is one of the most importantones[13,14]. Therefore concrete analysis of the dynamical
problems in the field of plasma physics. Plasmas with negaessence is strongly needed.
tive ions (PNI) abound in nature and in the laboratory. A In this paper we report a variant of type-l intermittency
great change of the plasma characteristics is expected asohserved from the multicomponent plasma with negative
result of slightly varying the density ratio of negative ions toions, which is classified as type | because of the tangent
electrons. For example, considerable changes in the plasnifurcation mechanism behind the phenomena. It differs
properties, such as plasma structures, the stability of the digrom others in the local shape of its dynamical map. The
charge, and the excitation and the subsequent propagation phenomenon is modeled and studied numerically, and the
ion acoustic Soliton, with the variation of the negative ion resu'ts are Compared W|th the experimenta| resu|ts_ We give
concentration have been observed in a wide variety of xaxperimental verification of the scaling laws of the
periments. However, the nonlinear dynamics behavior in thg yannov exponent of intermittent chaos. Other features of
multicomponent plasma with negative ions has not been ingyis” gemonstrated intermittency include spectral structure,

;/e\:,ﬂgateg ex?erl(;nentafll)_/t, thet ?t“‘?'y of Wh'?_h may dcomtr'bltj_terrobability distribution ofl, and a scaling relation of average
0 the understancing ot 1's INtrINSIC Properties and potential, minay length(l) with €, a normalized control parameter to

applications. While in nonllnea}r science, mtermlttency She defined later. Most of the results agree with the numerical
well known as one of the typical routes to chaos. Smceresults

Pomeau and Manneville pioneered the analysis of intermit- £ _ ‘ di | ltidinol d

tent transitions in the context of low-dimensional dynamical xptl'-znmenés are perdormeb 'g a argg Tu %}'p%e steady

systemg 1], six types of intermittencies, i.e., type I, II, llI state plasma device as described in RS, 1§. The device

[1], X [2], V [3], and on-off[4], have been classified. Al consists of an electron-emitting cathode and current-

these intermittencies have been extensively observed iﬁﬁllectlng ?\zode.;he arggn plajmatlr? p()jrodgced”by adc td's'f

plasma[5-7], nonlinear oscillator{8], and various other charge between the anode and cathode. small amounts o
sulfur hexafluoride are introduced into the host Ar plasma by

physical system$9]. Theoretically, each type of intermit- _ .
tency is studied by some general dynamical model, usually a piezoelectric leak valve. The electron attachment cross sec-
’ tion of SF; is large at energies of the order of 1 eV so that

one-dimensional restricted map of arbitrary dimension. In el - ) ) )
the type-l case, for example, the theory is developed on thd1® AT —€ +SF;~ plasma is formed. The discharge is de-
quadratic map, based on which one can derive numericall{frmined by the argon pressurg), filaments currentl),

or theoretically other characteristic features such as the proflischarge voltage\(p), and separation between the anode
ability distribution of laminar length, the scaling law of the @1d the cathoded) and the density of negative ions
average laminar length, and the Lyapunov exponent with thé"sr,~)- The typical plasma parameters measured by a Lang-
control parameter, 1/spectrum, etc. Those derived charac-muir probe are electron density,=10"—1¢° cm™~3, electron
ters are used to distinguish it from other types of intermit-temperatureT,=1-3 eV, and ion temperaturg;<T,.
tencies in experiments. However, other than the “classical’Plasma space potentiadp, as monitored with an axially
type-l intermittency reported in Refl], there exist other movable emissive probe, decreases as the amount oisSF
varieties of type-I intermittent chaos due to different reinjec-increased. The percentage of SF is estimated
tion mechanism$10,11] or high-dimension effectgl2]. In by monitoring the reduction of the electron saturation
these cases, the derived features such as those of the speufrent of the Langmuir probe[17,18, that is,
trum and laminar length, change greatly. In fact, the 0b-a=n5F6-/nA,+=1—Iesll(3as where | ¢ andlgS are the elec-
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FIG. 2. Return map ofY,,;=f(Y,), constructed from the
plasma space potential sigr@0 ms of a typical whole time series

FIG. 1. Time series signals under the condition of zre shown in the insptata are fitted by a quadratic curve and a
P,=8X10* torr, V,=13.00 V,d=9.0 cm,|{=26 A. (&) Stable |ine.

periodic oscillation of plasma discharge current &+ 0. (b)—(d)
Above the threshold the oscillations are interrupted by “bursts” for U, can be estimated from the voltagé where only one
€=2.4x1073,1.27<10 2, and 1.8% 10" 2, respectively. Arbitrary  burst begins to appear in a long time series signal. The nor-
units are used for the vertical scale, and the full scale for the horimalized control parameter is defined as  —U.)/U.. It
zontal scale is 82 ms. can be seen from Figs.(H), 1(c), and 1d) that the larger
€, the shorter the average laminar length.

tron saturation currents of Langmuir probe with and without ~ The onset of intermittencies corresponds to the appear-
the Sk~ It is found that for the parameter range in the ance of a new unstable direction in phase space. The corre-
experiment reported here the amount ofsS¥ted into the  |ation dimensionD,, calculated from the phase space recon-
chamber and ther value grows linearly with the voltage  struction of time serief19] is larger than 1. To point out the
applled to the piezoelectric valve. Whehvaries between a dynamica| properties, we construct the Poiﬁqag[ern maps,
threshold value €90 V) and an up-limit voltage£120 V),  which are adapted to the actual experimental situation and
this relation will always hold. In fact, th&) value ranges also constitute the framework of the theoretical modgl
only from 99 to 101 V in the experiments reported here.Data for the return map are obtained by taking the successive
Therefore, instead ok, the voltageU will be used as a maxima of the time series of the plasma space potential sig-
control parameter later in describing the experiment resultsaal, which are namel;,Y,, .. .. Then the general discrete
The electron saturation curreng{t) of the probe that is return mapsY,,,=f(Y,) are constructed. Figure 2 shows
proportional to the electron density, the discharge currenthe time series and the corresponding constructed return map
In(t), and the plasma space potentis are recorded by with some thousands of points, many of which overlap due
digitizers (8 bits, data length 2 bytes, sampling interval 16 to the 8 bit precision. Although some scatter of the data
MS). points can be seen due to the presence of noise, the most

The PNI has shown rich nonlinear dynamical phenomengoints are located around the fitting curve consisting of a
that are similar to those that occur in other systems. Here wguadratic curve and a straight line, which are obtained by the
shall confine our presentation to the experimental observaeast-square-fitting procedure. It can be seen that the orbits
tion of intermittent chaos in the multicomponent plasma withgenerated by the map are trapped in the narrow channel
negative ions. Similar to previous experimedb], we  formed between the fitting curve and the identifying map.
started the experiment from a pure Ar plasma, which can b&he fit yields the value o&’, which is expected to be pro-
controlled to approach a steady self-sustained periodic osciportional to the experimental control parameteWhene is
lation (To~1 ms, dn./ne~10%) by reducing the discharge gradually tuned to zero, the channel becomes narrower and
voltage Vp, to the threshold value while keeping other dis- finally disappears, which reveals the tangent bifurcation na-
charge parametersP(,l;,d) constant. Then, we increased ture of this intermittent chaos. The overall shape of the re-
gradually the amount of Sffed into the Ar plasma by in- constructed map is almost the same as the theoretical model
creasing stepwise the voltage applied to the piezoelectric map for type-I intermittency1]. But there is a quickly ex-
leak valve and monitored the change in the system behaviopanding phase shortly after passing through the narrowest
It is observed that whebl is below a critical valudJ., the  part of the channel, and then orbits enter the turbulent phase
regular periodic oscillation in the measured signalsgpénd  and reinject into the channel. This part of the map is different
| esremains constant as shown in Figall As U is increased from the other part, so we use a straight line to simulate this
slightly aboveU, the periodic oscillation seems to be ran- phase. Therefore, the constructed Poincasp does unfold
domly and abruptly disrupted by a short “burst.” The dura- the essence of the type-I intermittency of this phenomenon.
tion of the periodic statéso-called laminar lengjhis seem- One of the remarkable statistical properties of the inter-
ingly at random due to the stochastic occurrence of burstsnittency is the spectral power scaling law with frequency in
which leads to the mean intermittent state. The critical valughe low-frequency region. A typical power spectrum ob-
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102 mechanism. The data generated from the map can simulate
the overall shape of the real time series; thus it can be used to
obtain the power spectrum of the data by the fast Fourier

10°

N transform algorithm. The corresponding spectrum of the map

g/ 10° ¢ is plotted as curvél) in Fig. 4b). The low-frequency spec-

> trum diverges with the scale &s (©-95-%-9%) gver two decades

S 10 in frequencyf and reaches a plateau that is due to the non-

& existence of arbitrary long laminar length and the limited
102 | . . . . .

:,:9 data length of the time series. Noise always exists in most

physical experimental systems and sometimes it will affect

some properties of the system dramatically. Therefore, in

104 ‘ , order to compare the results from the model map with that of

102 10" 10° 10" experiments more practically, noise is introduced to the
P(f)(arb. units) model map in Fig. é). The new noisy map takes the form

10°

FIG. 3. The logarithm oP(f) is plotted against the logarithm of Yne1=M(Yp)+§,
the frequency fore=3.4x10 3. The low-frequency spectrum is
fitted by a line whose scale is 0.99+0.02. where M is the noise free model map, ardis a small

amplitude Gaussian noise. It is observed that the low-

tained from a time series signal fer=3.4x10 2 near the frequency plateau width of the spectrum increases with in-
onset of intermittency is shown as the log-log plot in Fig. 3.creasing noise level, a similar case of which has also been
The spectrum associated with this intermittency is charactembserved in the numerical simulation of chaos-chaos inter-
ized by a strong enhancement offtype low-frequency mittency in Chua's circuit by Anishchenko, Nieman, and
noise with a flat plateau near to zero frequency, in addition t&Chua[21]. Two of the spectra computed from this noisy map
a broad peak at~1 kHz. The low-frequency noise is found are shown in Fig. @), curves (2) and3), corresponding to
to have a power-law spectrunf~? with exponent noise-to-signal ratios of 0.3% and 1.0%, respectively. One
6=0.99+0.02 in the frequency range of 0.83<0.7 kHz.  can easily find that only 1.0% Gaussian noise can make the
This is consistent with the theoretical results for the type-ldynamic range of I/ noise part of the spectrum decrease
intermittent chaos where an inverse power la af the  from over two decades to only about one decade. This result
power spectrum is observé¢d0]. The stochastic distribution conforms to experiment, and points out again the manifold
of laminar length contributes to the major part of the low- intermittent chaos in real physical systems. Furthermore, we
frequency noise. The flat plateau stems from perturbations bgompute the Lyapunov exponeint and average laminar
external noise that cause arbitrarily long laminar periods tdength(l) for different values ok’ from the model map. The
become finite. numerical results showe e’ %0 and(l )« e’ %55 These two

In order to reveal the properties of this kind of intermit- scaling laws are almost the same as that of the classical
tency, we constructed a model map in reference to the fittingype-1 intermittency. The probability distribution of laminar
curve of Fig. 2, as shown in Fig(&, where another straight lengthP(l) is also obtained numerically; its shape is similar
line is added to the constructed map to provide a reinjectingo that of the classical one.

210 T T 10-1
a b
200 + ( ) /\/\/d\ ( )
m 110% &
L | VA @ 1" £
g C
> 180 |- " >
g " (@) {0 g
8 10t S
T - friny
L o
5 160 {10* A
150 |
(1)
140 1 1 L L | L | ! L 10-5
140 150 160 170 180 190 200 102 107 10° 10’ 107

Yn(arb. units) Frequency(arb. units)

FIG. 4. Model map(a) and the corresponding specti@. The spectra labeled), (2), and(3) in (b) correspond to the map without and
with 0.3% and 1.0% Gaussian noise. The fitting lingbih has the slopes of 0.95.
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FIG. 5. Histogram of the probability distributioR(l) of lami-

nar lengthl at e=5.5x 10, FIG. 6. Plot of logg(\;) vs log€) (solid dot3. The 1/2 power

law is fair held. But the logy1) vs logo(€) (circles has not such a
linear relation.

In the following context, we return to experiments to see
if the intermittent chaos observed in our experiments cargXxponent shows the predictable time scale of a dynamical
behave like that obtained from the model map. One of th&ystem. For intermittent chaos, the scaling law of the
experimentally measurable characteristics of the intermitLyapunov exponent describes the stability losing rate of the
tency is the probability distributio®(l) of laminar length. ~ System with the change of the channel width, or the distance
The probability distributionP(l) of laminar length for a from the b|furcat!on point. This is a very important statistical
given e=5.5x 1073 is plotted as the histogram verslisn property of the intermittent _chaotlc system. The Lyapunov
Fig. 5. Although the statistics of the distribution is not good €xponents are calculated with the help of a phase space re-
enough due to the finite sampling duration of the experi-construction techniquEl5,19 from time series signals. Be-
ments, it still can be seen clearly that after an initial decayfore applying the algorithm to the experimental intermittent
there is a hump dt=150 with a large tail at large values of chaos_ signal, we verified this algor_|thm with the mtem;gtent
|. This is similar to the numerical simulations of intermittent chaotic attractor of Lorentz equations and got tee™*
chaos from the model map with the presence of externagcaling law, which proves its applicability in the intermit-
noise and the numerical results computed by Hirsh, Hubert€ncy case. For the experimental data, the dependente of
man, and Scalapinf22]. Therefore this laminar length dis- O € in the range ofe=1.0X 10~ through 2x< 10~ is plot-
tribution may be explained by the presence of noise or otheied in Fig. 6. The portrait of the lag(\1)~10g;¢(€) shows
spurious signals in our experiments. the slope of the straight line of the fit data is 0.52. From other

Furthermore, the scaling law of Lyapunov exponent andsimilar runs, the average value of the slope is found to be
average laminar length oa play an important role in clas- 0.52+0.04. That is, the leading Lyapunov exponent grows
sifying types of intermittent chaos. The existence of scalingVith 1/2 power, which agrees with the numerical prediction.
law, just as the theory of phase transition, results in a gred®ur algorithm[15,19 for the calculation of the Lyapunov
economy in dealing with data and provides the frameworkexponent from the experimental data is insensitive to the
for distinguishing the intrinsic chaotic behavior from the Presence of noise while the noise amplitude is less than 10%.
fluctuations induced by the external noise. However, for alherefore this enables us to get a relatively accurate scaling
given unknown dynamical system it is very difficult to ex- law of the Lyapunov exponent o&. However, due to poor
tract the scaling law of laminar length accurately from ex-statistics, poor experimental resolution of laminar length, and
perimental signals, except for a few electric circuit experi-unavoidable noise, from experimental data we cannot get a
ments. The major reason for this difficulty is that in the scaling law of laminar length oe that agrees with the nu-
analysis of experimental data the statistics becomes poor férerical prediction. In the experiments the presence of noise
longer laminar length at sma# due to limited data length, Mmakes the average laminar length become shorter than in the
and the boundary between the laminar and burst becomédsence of noise. The poor resolution of laminar length also
obscure and the effects of noise on the measurement of lamfiesults in the shorter computing laminar length. Therefore, as
nar length become important for shorter laminar length afor the scaling law of laminar length, which is also shown in
large e. In fact the scaling law of the average laminar lengthFig. 6, there does not exist a simple linear relation between
and the Lyapunov exponent characterize the intermittent prdog(l) and loge. _ _
cess in different respects. The average laminar legth N summary we have observed a variant of type- inter-
measures the time scale of the correlation of intermittency. Anittent chaos in a multicomponent plasma with negative
dynamical system becomes more chaotic with decreasin'@ns. This intermittent behavior is reversible when the den-
correlation. On the other hand, a positive Lyapunov exposity of nsg - is varied, and then the approach to the chaotic
nent is the average exponential rate of divergence of nearlstate is continuous. We believe that a clear experimental con-
orbits in phase space in time; the reciprocal of Lyapunovirmation of a type-I like intermittent route in the multicom-
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ponent plasmas has been obtained by return mdmdise, sheath recovers and the plasma density increases. This pro-
probability distribution of the laminar length, and especially cess repeats. There exists a feedback mechanism between the
the scaling law of the leading Lyapunov expon&nton the  appearance and disappearance of negative ions, which may
control parameter. A self-sustained periodic oscillation iscorrespond to the relaminarization mechanism mathemati-
thought to be related to a moving double layer as demoncally. Anyway a complete explanation of dynamics behavior
strated by particle simulatiofi23] and our recent experi- could not be given at present. Nevertheless, the experimental
ments where we found that the velocity of a weak movinggpservation presented may help in the development of mod-

double layer i0.5 — )X 100 cm/s. The production of nega- s for the variety of behavior in the multicomponent plasma
tive ions can cause the reduction of cathode fall, whichyin negative ions.

strongly influences these primary emissive electrons from the

cathode. The periodic oscillation of discharge current, quite The authors wish to thank Professor Y. Gu and
sensitive to the primary emissive electrons, is interrupted by.H. Wang for fruitful and interesting discussions.
the appearance of negative ions, which reduces plasma dehhis work is supported by Doctoral Training Foundation of
sity. On the other hand the production of negative ions alsdNational Education Commission, Huo Yindong Education
relies on electron density. The decrease of electron densifyoundation and National Basic Research Project “Nonlinear
causes the reduction of negative ions, then the cathod8cience.”
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