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On-off intermittencies in gas discharge plasma
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In this paper we report two on-off intermittency phenomena observed in a gas discharge plasma system. The
laminar phase distribution of the intermittencies is studied in various situations. The Pdiifcacation and
another type of bifurcation, namely, “period-period” bifurcation, are identified as the underlying system
dynamics, respectively. Based on these bifurcations, numerical models are constructed, which basically explain
most of the experimental observations. A theoretical discussion is also pred&#e63-651X98)08908-9
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|. INTRODUCTION that can be steered. This also necessitates that on-off inter-

mittency would widely exist in nonlinear systems with an

Intermittency, quasiperiodic chaos, and period-doubling, . jance of bifurcations. Since we have found very rich

chaos are three well-known routes to chaos. Because integy,ic and bifurcation phenomena in a gas discharge plasma

mittency is generally defined as random disruption of a qQuiT14-18, it certainly should be an ideal physical system in

escent or laminar state by a turbulent or bursting state, it i§;hich to search for and study on-off intermittency.
the most common chaotic phenomenon in physical systems

and numerical models. From Pomeau and Manneville’s early
type-l, -Il, and -l intermittencieg1] to Price and Mullin’s
typeX intermittency[2], from crisis-induced intermittency The experiment was performed in a large multidipole
[3] to recent typeY intermittency{4], it has become manifest steady-state plasma device as described in Refl. The
as a very active area of chaos research in the past decadésvice consists of an electron-emitting cathode and current-
Recently, another dynamic intermittent phenomenon, on-ofollecting anode. The argon plasma is produced by a dc dis-
intermittency, has been introduced by Plattal. [5]. Since  charge between the anode and cathode. The typical plasma
then, many theoreticdlg,7] and numerica[8—11] studies Pparameters measured by a Langmuir probe are electron den-
have been conducted on this issue. However, only a feity Ne=10"-1C° cm™3, electron temperature T,
pieces of experimental evidence in electrical circuits have=1—3 €V, and ion temperatuig < T. The discharge is
been reported so fgr12,13. In this article we report the determined by the argon pressure,(), filaments current
experimental observation of two on-off intermittency phe-(l;), discharge voltage\(p), and separation between the an-
nomena in a gas discharge plasma system. One of them @sle and the cathodel). All those parameters are relevant to
observed near a Poincabéfurcation point and the other re- the bifurcations observed in the plasma. However, for fast
sults from a different type of bifurcation. The laminar length and easy real time control of the bifurcation parameter, only
distribution, one of the most important properties for inter-the discharge voltag¥y, is suitable. As shown in Fig. 1, the
mittency, is studied in detail and found to have an exponensteering signal generated by the computer is transferred to
tial scaling law for the former, but to be very complicated for the controllable voltage source by a 12-bit digital/analog
the latter. The return map and other properties are also stugonverter to produce a perturbation voltage, which to-
ied. Numerical studies are also carried out and the resultgether with a fixed dc voltag¥,. and the voltage across
agree with the experiments very well. filamentV; forms the total discharge voltagé, =V 4.+ Vs

The mechanism for on-off intermittency is a dynamic +V;. V; is more than 5 V, depending dp. In most of the
time-dependent force on a bifurcation parameter through a
bifurcation point, which differs from the other types of inter- Ar probe
mittency that occur for fixed parameter values beyond the U
bifurcation point. Therefore, a nonlinear system with the pa-
rameter driven randomly or chaotically through a bifurcation
point will move among several branches of bifurcation and
will exhibit a chaotic mixing of those states, thus generating
on-off intermittency. In this sense, on-off intermittency dif-
fers from other types of intermittency also in that it depends
not on a specific type of bifurcation but on any bifurcation

Il. EXPERIMENTAL SETUP

Plasma |

computer
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"Present address: Oak Ridge National Laboratory, Oak Ridge, TN FIG. 1. Diagram of the on-off intermittency experimental ar-
38831-6122. rangement.
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experiments, wher¥g is not so large)/, is kept well above 1500 - - . - T

the argon ionization potential (15.7 V), so that the plasma 1000 @

discharge is maintained throughout the experiment. On the -

other hand, when the perturbation signal is very large, the s00 - mﬂﬂﬂﬂﬂf
discharge might be extinguished during the experiment. o} =
However, a larger steering signal also generates on-off inter—’@ 500 ‘ I

mittency with shorter laminar lengths. Therefore, we can = I : ‘
usually accumulate about 4Gminar lengths before the sys- = -1000 |
tem collapses. o |
For simplicity and to get somewhat quantifiable results, &
white noise and Gaussian noise are selected as the forms cv_c 1000 (D)
Vs in most of the experiments and the amplitude is defined = 500 L !
as a,, for white noise with the identity distribution in the I
interval [ - 0.53,,,0.5a,,] and zero otherwise, or as for or
Gaussian  noise  with the distribution  function 500 |

(AN2mo e X127 Other steering wave forms such as the 1000 MMFATR IR 89 A
chaotic signals generated by the well-known Lorentz or e
Rossler attractor are also used in some of the experiments -1500 ¢ 20 m pvs PvS 00
which will be discussed in Sec. V. In order to get the distri-
bution of the laminar length of these on-off intermittencies,
the discharge current signdj; is acquired by an analog/
digital (12-bit) converter. Both analog/digital and digital/ 300
analog converters are designed to be able to work in a con-
tinuous mode, so that we can measure an ultralong laminal
state, thus getting more reliable statistical results of the lami-
nar length. The laminar lengths are collected after each 128
kbytes of data has been taken, which determines the uppe
limit of the laminar length we can get to be about 13 s. This
time scale is much larger than the time scale of the intermit- T
tencies addressed hefe ms—1000 ms The lower limit of g 1001

1500 T T

120

time (ms)
350 — T T T T

250

200

the laminar length is defined to be 1.5 times the period of — sol |
the plasma oscillations (0.5-1.5 ms, depending on the ex- . , . . . .
perimental parametersso we will not take a long laminar 50 100 150 200 250 300 350
oscillating phase as many short laminar phases. Finally, the I (arb. units)
laminar length distributio?(I) is obtained by constructing a dn

histogram of the recordetls and P(l) is the number of
cases falling in the small region arouhdwhich is not nor-
malized throughout this paper.

FIG. 2. Typical on-off intermittency signal of the plasma dis-
charge currenky under(a) small steering force ang) larger steer-
ing force, and(c) the corresponding return map, where the black

. spot and the limit cycle are expanded by the noise signal. The inset
IIl. POINCARE BIFURCATION BASED of (a) is the unperturbedy oscillation signal.

ON-OFF INTERMITTENCY

The Poincarebifurcation is a common nonlinear process reaches 13 V, where further bifurcation happens. In the ex-
through which a system changes from a fixed point to a |imitperiment, we se¥ =15V, so the system is placed in the dc
cycle state. For example, consider the well-known Van degischarge side of the bifurcation. Then we choose either
Pol equatior{17] white or Gaussian noise generated by two pseudorandom

. i number algorithms as the randomly steering sighal The

X+ p(X*=1)x+x=0 (1) amplitude of this perturbation signa,, or o, is gradually

] increased. As indicated in Fig(&, when it exceeds some

in (x,x) phase space. When<0, (0,0) is a stable focus, critical value, an oscillation signal suddenly appears in the
©=0 a center, ang>0 an unstable point surrounded by a discharge current signal. Whex, or o becomes larger, os-
stable limit cycle with finite radius. So the system will sud- cillations appear more frequently, which is shown in Fig.
denly jump from a static statéixed pointO) to a periodic  2(b). We define the dc discharge state as the “off” state and
state (limit cycle) when the control parametgt goes up the oscillation as the bursting “on” state. The length of the
through the bifurcation poinit=0. In our plasma system, off state is the so-called laminar length.
the same bifurcation is also observed when we kégp Figure Zc) shows the return map constructed from the
=224 A, P,=9x10"* Torr, and d=90 mm but de- data that has been partially plotted in Figh2 The black
creaseVy gradually from 20 V. At first, the plasma system spot on the left bottom is the fixed point and the circle is the
is in a dc discharge state, but whelg.=14.1 V, a periodic limit cycle; these correspond to the dc discharge state and the
self-oscillation state suddenly appe&ts] [as shown in the oscillating state, respectively. The hopping of the system be-
inset of Fig. Za)]. This oscillation continues untiVy.  tween these two states is the on-off intermittency resulting
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FIG. 3. Semilogarithmic plot of the experimental laminar length
distribution P(1) in the (a) white noise driven cases af,=1.704,
3.624, and 5.064 V from right to left ar{) Gaussian noise driven
cases atr=2.16, 2.88, and 4.32 V from right to left. It is clear that
P(l)~e~X. The corresponding relations &fin P(l) and the am-
plitude of the steering force are shown(it) and(d).

from the Poincardifurcation.

The distribution of the laminar length is plotted in Figs.
3(a) and 3b) for white and Gaussian noise steering, respec-
tively. With the increase of the perturbation strength, the =
distribution curve becomes steeper, indicating the decrease <
of the average laminar length). The distributions for both
the white and Gaussian noise steering case exhibit an almost (c)
perfect exponential law(1)=e~ ¥ wherek is constant. This
result is different from the power-law distribution with an
exponent—3/2 observed by other groups, which will be dis- £ 4. on-off intermittency phenomena in the Van der Pol
cussed later. For such an exponential law of laminar lengthscillator when the steering force g small and(b) larger. 3
distribution, a simple mathematical derivation will give that x 105 data points or % 1 unit time of data are usedc) is the
the mean laminar lengt{i)=1,+ 1/k. Thereforek basically  corresponding return map.
reflects the response of the system to the driving force. Fig-
ures 3c) and 3d) give the relation ok and the amplitudes State. Then the steering noige is added touy.. Here the
of white noise and Gaussian noise, respectively. It can bshortest time scale of the steering noise is chosen as
found thatk increases almost linearly with the increase of the(2—-3)T,, whereT is the period of the oscillation, to simu-
noise amplitudes. Moreover, it is observed that Gaussiatate the fast response of the plasma to the change in the
noise leads much more effectively to the on-off intermittencycontrol parameter due to the steering noise. Simulation re-
than white noise. This implies that to get the sdmelue of ~ sults are shown in Figs.(# and 4b). The steering ofu
the distributionP (1) a much larger amplitude for white noise Makes the system hop between the fixed point and the limit
steering is required than for Guassian noise. This is becau&¥Cle oscillation state. Figure(@) shows the return map con-
white noise is a bounded noise process, for exampleStructed from the data in Fig.(@. Similar to Fig. Zc), this
[—1,1], while Gaussian noise is a unbounded one. Even withieturn map also consists of a fixed point and a limit cycle

: i e . _around it. Defining the fixed point as the off state, the lami-

a very small f?‘mp"t“_de’ the “high-energy tail” in Gaussian nar length distributions are shown in Figgapand 5b) for
noise makes it possible for t_he ste_ered qontrollparameter RR/hite and Gaussian noise driving cases. It is obvious that
reach and go thr,ough the critical blfurcgt_lon point. P(l) of this numerical model for the on-off intermittency

To the author’s knowlgdge, no specific II’]VGStIgaIIOfJ ha Iso obeys the same exponential law as the experimental
been done on the on-off intermittency based on the Poincarg, e |n Figs. &) and Hd) the relations between the steering
bifurcation. In order to gain insight into the features of the ise amplitude ankl are shown. When the steering noise is
on-off intermittency observed_m our experiment fur_ther, @not so big,k changes with it linearly, just as we have found
numerical study of the on-off intermittency was carried outj,, the experimentésee Figs. &) and 3d)]. However, when
with the Van der Pol oscillator system. As stated befare, steering increasesk tends to saturate to some constant,
=0 is the Poincardifurcation point in the Van der Pol sys- which we failed to verify in the experiment because a new
tem. uq.=—0.1 is selected as the unperturbed offset controbifurcation happened when it went too far and sometimes the
parameter, so the system initially stays in the fixed pointwhole system collapsed.

arb. units)

X (arb. units)
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illustrated in Fig. 6. To the author's knowledge, this kind of

sudden change between two periodic states with dynamic
bistability has not been studied in depth. Here we call it a
period-period bifurcation.

In order to study the on-off intermittency based on the
period-period bifurcation, thre¥ . values, 11.4, 11.85, and

FIG. 5. Numerical laminar length distribution féa) white and
(b) Gaussian noise steering afy.=—0.1. From the right curve
(ovalg to the left one(triangles, (a) a,=1.2, 1.5, and 1.8 antb)
0=0.3, 0.5, and 0.8. The corresponding numerical relatiorsinf

P(l) and the steering signal amplitude are shown in (©rthe . .

white noise steering case afd) the Gaussian noise steering case. 12.15 v, {:\jre selected '?],ﬂ;]e reglorr%é<r\]/'32' VDZI<VdC
All quantities are regarded as dimensionless in the model equatioerDX' {;m Vbx<Vgc, Which are (;a e t e f:ontro param-
eter regions |, Il, and lll, respectively, in Fig. 6. Then the

So far, the numerical results agree with the correspondin(g:eering noise signdl’s is added. The typical on-off inter-

experimental ones very well both phenomenologically andnitt€ncy signals of the discharge currégtproduced by the

qualitatively. This suggests that the experimental founding oflVing voltageVp =V +Vs;+ Vi, whereVy; are the
on-off intermittency based on the Poincaiéurcation in the  dc offset voltages in regioris=1, Il, and Ill and Vs, is their

discharge plasma system is not just a system-dependent spi€€ring noise beyond the thresholds, are shown in Fig. 7.
cific one, but one that has a general meaning. The signals look very similar under these three conditions,

whereX andZ oscillations appear randomly in the time se-

ries. The dotted lines in the figures indicate the steering

IV. PERIOD-PERIOD BIFURCATION AND RELATED noise, which is switched on and off to study the relation of
ON-OFF INTERMITTENCY the coexistent states and the on-off intermittency. It can be

In the preceding section we described how the systerf€en thgt \_/vhen the stegring r_10ise is switched off while the

evolves from a dc discharge state to an oscillation gfare  System is in the on-off intermittency state, the system may
simplicity we call this theY oscillation and the on-off in-  Stay in either theX- or the Z-oscillation state. However,
termittency that is based on this Poinciturcation. As the WhenVgcis in region I or lll, the system staying in the- or
discharge voltag®,. is lowered further to about 13.5 V, a the Z-oscillation state is unstable and will eventually return
new oscillation signal, whose period is only about 1/3 of that
of theY oscillation(it is called theX oscillation for the same
reason, will appear together with thé¥ oscillation. The I
lower theV ., the more frequently th&X oscillation appears
until it replaces ther oscillation afterVy. is less than 13 V.
This phenomenon has been identified as the system become 7
unstable through a tangent bifurcation, with two coexistent
attractor-repellor evolving to repellor-attractor, respectively.
A type-l intermittency based on this continuous bifurcation
has been studied in Rf16].

After the system has finished the tangent bifurcation, it
will stay in the X-oscillation state for a certain range 6.

WAL A ‘WHUW i

TIT et Thi ‘\‘W“ ik

However, after the discharge voltayg, is decreased to a 40ms
certain Valu,é‘/DZ' which is about 11.5 V, th& QSC'!lat'on FIG. 7. From top to bottom are the thrégsignals correspond-
suddenly disappears and another type of oscillatmailed g 5 experimental condition in regions 1, II, and Iil. The dotted

the Z oscillation with half the amplitude of th& oscillation
appears instead. The system will stay in thascillation
state for another range ®,.. Then, ifVy is increased, the
system will return to thex-oscillation state at some value
Vpx~12 V andVpy is larger thanVp,. This process is

line is the steering noise signal, which is switched on and off in the
experiment. When it is on,y is in the on-off intermittency state;
otherwisel 4 will be in the X or Z state. HoweverX (Z) is unstable

in region I(111), so it will go to the stabl& (X) state at some point.
The arrowed line indicates the time scale of 40 ms.
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FIG. 8. Return map constructed from typical on-off intermit- E
tency data. The two loops indicate the two limit cycles; the larger 102 k
one represents th¢ oscillation and the smaller one representsZhe  F
oscillation. These two limit cycles overlap each other in some re- 10 ¢
gion. The system jumps between these two limit cycles in the on-off 10° E
intermittency state. .
10" ¢
to the Z- or the X-oscillation state. This clearly shows the 10° k
relation between the& and Z attractors(or repellor$ and
their stability changing withVy.. The return map of this 10°
on-off intermittency is plotted in Fig. 8, which clearly shows 10" i
the coexistence of the two corresponding limit cycles and the ;
transition between them. 10°F .
If the on state is assigned to tieoscillation and the off 10° 10" 102
state to theZ oscillation, the laminar length distribution 1 (ms)

function P(l) can be determined. As shown in Figag in ‘ - . .
the cases o¥/4>Vpx andVy<Vp, that is, when there is FI_G. 9. P(1)’s of the period-period bifurcation based on-off in-
only one attractor in the systerR(1) still has an exponential termittency when(a Vg,<Vp; (open rectangleg=0.22 V) and
law distribution. However, it is more complicated for the Vac™Vox (open oval.o=0.163 V);(b) Vyce[Voz.Vox] and the
case ofVp,<Vy4<Vpx. Figures 9b) and dc) show the steering white noise .amplltudaw=0.552, 0.624, 0.864, and
distributions for the case of 4. set in region Il with white 2?\1/2 VV fr?manghethggr;eec#r:‘ée Gtgustsrilgn Iiféisgn?r?pli;ﬁ;e
i i i i Dz VDX
and Gaussian noise steering, respectively. There are two, n7¢s 6096, 0.12, and 0.144 V from the right curve to the left

characteristics of these plots distinguishing them from Fig.one; and(d) Vo [Vps,Vox] and the steering white noise ampli-

9(@. The first is the appearance of hur_npllke structl_Jres Ir}udeaw=0.96 V (open rectanglgsand the steering Gaussian noise

P(l); these Structurgs 'ncremema"y, dls_appear\bjsm- amplitudec=0.216 V (open ovals In the linear-logarithmic plot

creases. The second is ti{l) has a bisection form at large (4) the distributions are exponential in form, while in the log-log

Vs: for large |, P(1)~e*; for small I, P(I)~I~°. This plot (b) and(c) the distributions are suppressed from some “hump”

distribution is similar to the theoretical result of Heagfyal.  structure(right curves to thel %~ form (left curves with the

[7] for the tangent bifurcation based on-off intermittency, increment of the steering signal amplitude until they finally reach

whose P(1)~1"% ¥ with §=3/2. The distributions for the shapes shown ifd), where the fitting lines have a slope of

large Vg are shown in a log-log plot in Fig.(8), whose —1+0.04 for the white noise cas@pen rectanglgsand —1.5

upper left portion shows a power law distribution with  *=0.05 for the Gaussian noise cagpen ovals

=1.5+0.1 and 1.6:0.1 for the Gaussian and white noise

steering cases, respectively. tential well (smaller radius as Z-type movement and in the
Since we could not find the corresponding mathematicaputer potential welllarger radiug asX-type movement, this

model for the period-period bifurcation, we built a classicalmodel may be analogous to the bistable period-period bifur-

mechanical model to simulate this phenomenon. Consider @ation observed in the experiment.

particle moving in a central potential field with the shape In the polar coordinate system, we can easily get the

plotted in Fig. 10a). The particle’s total energl is selected ~equation for this system:

as the control parameter. Wh&< E., the particle will be >

constrained in the inner potential well; whenE.y, it can o 2[E-V(r)]—-r

move in the whole potential; wheB.«>E>E.,, the par- r

ticle can move in the outer or inner potential well depending _

on its initial position. Taking the movement in the inner po- Settingx=r andy=x, we get a two-dimensional system

=—-VV(r). 2
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FIG. 11. Numerical laminar length distributioR(l) for the
classical mechanical model &) E,.=0.8, 0=0.5 (solid rect-
angles ando=0.6 (solid oval3, whereP () ~e~* and with larger
steering signal the curve becomes steeper,(Bh& .= 1.6, where
P(I)~e ¥1~° The open oval curve corresponds to the case of
Gaussian noise steering with=0.18 and the open rectangle curve
(c) corresponds to the case of white noise steering @itk 0.4. The

NP —_ two fitting lines have slopes of 1.5 and— 1.0, respectively.

y (arb. units)

ever, as seen in Fig. 1), the correspondind(l) in this
case is found to be a bisection distribution: for small
P()~177 for largel, P(I)~e . It is exactly what we
have found in the experiment. Furthermore, for the power
law portion of the distribution, the exponent is found to be
—1.56+0.08 and—1.0+0.1 for the Gaussian and white
noise steering cases, respectively. These results also agree
with the experimental observations.
X (arb. units) When the steering noise amplitude is increased further,
, _ , , , the P(l) becomes an exponential law distribution. However,
FIG. 10. Numerical model for the period-period bifurcation and unfortunately, this cannot be verified in the experiment be-
the corresponding on-off intermittencia) The double-well poten- 5 e the system will break under large steering noise. Also
tial V(r) and the transition point&., and E.x. (b) The typical the “hump” in the experimentaP(l) has not been observed
on-off intermittency signal. Because®l@ata points are plotted, one in the numerical simulation
cannot distinguish them in some regiorie) The corresponding The on-off intermittency.described in this section is dif-
return map. The outer and bigger circles representfigpe mo- ferent from other known on-off intermittencies. BXI) has
tion and those inside are from tiZetype motion. . ) .
a very complex structure. This may result from the dynamic
> details of the two interacting attractor and repellor and their
dV(X) Z[E_V(X)]_y basins
X * X ' ©® .

y (arb. units)

X=y, y=

6 4 2 V. DISCUSSION AND SUMMARY
where V(x)=agX’+asx*+a,x“ and ag,a4,a, are con-

stants. In the previous experiment, numerical simulation, and
Similarly to the experiment, we defiré-type movement also other related works, one can see that the laminar length
as the on state angitype movement as the off state. Pertur- distribution P(I) of on-off intermittency has various forms,
bation noise is added to the total eneiigyto get the on-off  which includee ¥, 17?9, e 7% and even some complex
intermittency. To simulate the situation ¥.¢[Vpz,Vpx] structures such as the hump found here in the period-period
in the experimentE . is set to 0.8. If the noise amplitude is bifurcation case. So a natural question arises whether there
large enough, on-off intermittency can be observed as showare some general mechanisms behind all these forRg|pf
in Fig. 1Qb), which is very similar to the experimental one  Suppose there is a nonlinear system exhibiting on-off in-
for time series. The corresponding return map and the offermittency and its behavior can be monitored by a one-
state distributionP(l) are shown in Figs. 18) and 11a), dimensional system variable (just like thel4 used in our
respectively. TheP(l) found here also obeys the "' law,  plasma systein From the mathematical point of view, this
which agrees with the experimental result well. Similarly, in system variabley is a random variety and the on-off inter-
order to simulate thé&/4.e[Vpz,Vpx] Situation,E4. is se-  mittency due to the noise source driving system is a random
lected as 1.6. The time series and return map under this coprocessy(t). For simplicity, suppose that the system is dis-
dition are similar to that of th®/y.¢ [Vpz,Vpx] case. How- crete. Thery(t) can be rewritten ag;(i € Z). Definingy, as
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a small threshold below whicl; is considered to be in the 10* 7
off state, a state with laminar length ofis defined agyj; 10k @) 1
<y.,i=1.2,. ...n,yn+1>yc}. _Therefore, the probab?lity for 0k 5 1
an off state with such a laminar length to happen is 10'f |
n 10k
Pn=Prot{ ﬂl Yi<YeNYni1>Ye| (4) — “ 3
j=
10° L \(b) 1

Generally, a system’s current state is not only related to the 10 1
current system control parameter, but it is also related to its wr %%_%
previous states. ¥; is related to its previous! step’s values 0K = 10;”'“’
Yj-1,Yj-2+---¥j-m, then the random process can be re-

garded as aMth-order Markov process. Formuld) can
now be rewritten as
Pa=Profyi1=<yclyo.y-1. ... ¥1-ul

———o———o

00 20x10°  40x10°  6.0x10°  8.0x10°  1.0x10°

P(1) (cases)
©

XProfy,<ycly1,Yo, - - - ¥2-m] 2000
X XPrOYn=Yelyn-1,Yn-2, - Yn-u] 0o Lorenz signal s(tgiring 1
XProlfyn1>YelYn Yn-1." - Ya-m+1l. (5 2000

The simplest case i81=0 and we have 100;)

Ph=Prolfy,<yc]Profy,=<y.] ©

X - Progy,<y.JProdyn;1>Vc]. (6) 2000 - Rossler signal steering
In the case of the white or Gaussian noise steering,[jrob 1000 = i
<Y.]=\, so
Y00 200 300 400 500

1 (arb. units)

S 1-a
P,?:x“/E N=——\"=ce ", (7) _
1=0 A FIG. 12. Numerical simulation results of the laminar length dis-

tribution P(l) for (a) they,.1=py,+0(ys) type of on-off inter-

wherec=(1—-\)/\ andk=—In\. mittency, where curve 1 correspondsde- 2, which has a slope of

Formula(5) is a general expression of a high-order Mar- — 1.5, while curve 2 corresponds te= 1.2, which has a slope of
kov process. So to get the laminar length distribution, one-1.0, (b) the Poincareifurcation based on-off intermittency when
needs not only the probability of a state at the current systerthe steering Gaussian noise has a smaller time scale, where the
control parameters but also the transition probabilities. Thetraight line inside has a slope ef1.5, and(c) the period-period
latter is directly related to the dynamic details of the systembifurcation based on-off intermittency in the parameter region I
When the system reacts to the control parameter perturbatiomhen the steering noise has a much larger time scale, whie
very slowly, there will be a long transition state. As a result,has an exponential form, and the experimefl) results for the
the position of the system in the phase space, the details &oincarebifurcation based on-off intermittency witfal) a Lorentz
the steering signawhich is not necessarily a noise signal chaotic signal ande) Rossler chaotic signal steering.

th.e properties .Of the underlying bifurcatiqn, an_d other.factorssystem behavior and the control parameter are almost one to
will affect the final state. The correspondiRgl) is cer_tamly __one and we will have a commd®(l) with the exponential
a complex one. One may not expect a common distributiolyrm as shown in Eq(7). Because the discharge plasma
form of P(1) in the on-off intermittency case ds? for  system we studied here has a very small time scale that is far
type-I intermittency and ™~ for type-Il intermittency. Actu-  smaller than that of the steering noise, we found an exponen-
ally, this is also due to the fact that on-off intermittency istial form of P(1) in the Poincarebifurcation based on-off
not just based on one particular type of bifurcation. Heagyintermittency and the period-period bifurcation based on-off
et al.[7] proved that for a simple class of systems parametrijntermittency in parameter regions I and I1l. Furthermore, we
cally driven one-dimensional mapg,.=p.ya+O(ya),  can verify this point in the Van der Pol system. Figurét)2
with p, a random variableP(l)~1~%¥% K. This is an ex- is the numerical result with Gaussian noise steering, whose
ample of the general formul®). Our numerical study found time scale now is chosen as Uglhere. Since the noise’s
that in the system of the form,,1=pyn+O(YE?, P(I)  time scale is small enough now, we gel)~1"3% X .
~171e ¥ [as shown in Fig. 1@)]. This means that the find- The situation is much more complex in the period-period
ing of a —3/2 power law distribution in the smdllregion is  bifurcation based on-off intermittency observed in parameter
not a universal scaling for the on-off intermittency “fam- region IlI. In this condition both limit cycles are stable attrac-
ily.” tors and to make things “worse,” these two attractors over-
On the contrary, if the system reacts very quickly to thelap each other as shown in the return nisge Fig. 8 There-
change in control parametdvl tends to be 0. As a result, the fore, the system is far more sensitive to the perturbation and
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its current position in the phase space. The response speedroént. It is also confirmed that these two types of on-off

the system is not the only critical factor in this case. That isntermittencies are not only limited in plasma system. The

why we saw the complex distribution functions in Fig. 9. In laminar length distribution functiof(l) is studied in detail

the numerical experiment, only if we make the noise timeand found to be related to the system response time scale,

scale much larger or make its amplitude very large can weroperty of steering signal, and system dynamic details.

get ane ¥ type of P(l) that is plotted in Fig. 1@). Therefore, some special form &f1) is not a characteristic
The simple driving forces, white and Gaussian noise usetb identify on-off intermittency, althougR(l) is still one of

here, contribute to the simple forms Bf(l). On the other the most important characteristics of it.

hand, in the Poincardased on-off intermittency, experi-

ments with driving chaotic signals frc_>m_the_ Lorentz and ACKNOWLEDGMENTS
Rossler systems give very complBxl) distributions, whose
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