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On-off intermittencies in gas discharge plasma

D. L. Feng,* C. X. Yu, J. L. Xie, and W. X. Ding†

Department of Modern Physics, University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of C
~Received 14 January 1998!

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 Poincare´ bifurcation 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 presented.@S1063-651X~98!08908-9#

PACS number~s!: 52.35.Ra, 05.45.1b
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I. INTRODUCTION

Intermittency, quasiperiodic chaos, and period-doubl
chaos are three well-known routes to chaos. Because in
mittency is generally defined as random disruption of a q
escent or laminar state by a turbulent or bursting state,
the most common chaotic phenomenon in physical syst
and numerical models. From Pomeau and Manneville’s e
type-I, -II, and -III intermittencies@1# to Price and Mullin’s
type-X intermittency @2#, from crisis-induced intermittency
@3# to recent type-V intermittency@4#, it has become manifes
as a very active area of chaos research in the past dec
Recently, another dynamic intermittent phenomenon, on
intermittency, has been introduced by Plattet al. @5#. Since
then, many theoretical@6,7# and numerical@8–11# studies
have been conducted on this issue. However, only a
pieces of experimental evidence in electrical circuits ha
been reported so far@12,13#. In this article we report the
experimental observation of two on-off intermittency ph
nomena in a gas discharge plasma system. One of the
observed near a Poincare´ bifurcation point and the other re
sults from a different type of bifurcation. The laminar leng
distribution, one of the most important properties for inte
mittency, is studied in detail and found to have an expon
tial scaling law for the former, but to be very complicated f
the latter. The return map and other properties are also s
ied. Numerical studies are also carried out and the res
agree with the experiments very well.

The mechanism for on-off intermittency is a dynam
time-dependent force on a bifurcation parameter throug
bifurcation point, which differs from the other types of inte
mittency that occur for fixed parameter values beyond
bifurcation point. Therefore, a nonlinear system with the
rameter driven randomly or chaotically through a bifurcati
point will move among several branches of bifurcation a
will exhibit a chaotic mixing of those states, thus generat
on-off intermittency. In this sense, on-off intermittency d
fers from other types of intermittency also in that it depen
not on a specific type of bifurcation but on any bifurcati
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that can be steered. This also necessitates that on-off in
mittency would widely exist in nonlinear systems with a
abundance of bifurcations. Since we have found very r
chaotic and bifurcation phenomena in a gas discharge pla
@14–16#, it certainly should be an ideal physical system
which to search for and study on-off intermittency.

II. EXPERIMENTAL SETUP

The experiment was performed in a large multidipo
steady-state plasma device as described in Ref.@14#. The
device consists of an electron-emitting cathode and curr
collecting anode. The argon plasma is produced by a dc
charge between the anode and cathode. The typical pla
parameters measured by a Langmuir probe are electron
sity ne5107–108 cm23, electron temperature Te
51 –3 eV, and ion temperatureTi ! Te . The discharge is
determined by the argon pressure (PAr), filaments current
(I f), discharge voltage (VD), and separation between the a
ode and the cathode (d). All those parameters are relevant
the bifurcations observed in the plasma. However, for f
and easy real time control of the bifurcation parameter, o
the discharge voltageVD is suitable. As shown in Fig. 1, the
steering signal generated by the computer is transferre
the controllable voltage source by a 12-bit digital/anal
converter to produce a perturbation voltageVS , which to-
gether with a fixed dc voltageVdc and the voltage acros
filament Vf forms the total discharge voltageVD5Vdc1VS
1Vf . Vf is more than 5 V, depending onI f . In most of the

ty,

N FIG. 1. Diagram of the on-off intermittency experimental a
rangement.
3678 © 1998 The American Physical Society
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experiments, whereVS is not so large,VD is kept well above
the argon ionization potential (15.7 V), so that the plas
discharge is maintained throughout the experiment. On
other hand, when the perturbation signal is very large,
discharge might be extinguished during the experime
However, a larger steering signal also generates on-off in
mittency with shorter laminar lengths. Therefore, we c
usually accumulate about 104 laminar lengths before the sys
tem collapses.

For simplicity and to get somewhat quantifiable resu
white noise and Gaussian noise are selected as the form
VS in most of the experiments and the amplitude is defin
as aw for white noise with the identity distribution in th
interval @20.5aw,0.5aw# and zero otherwise, or ass for
Gaussian noise with the distribution functio
(1/A2ps)e2x2/2s2

. Other steering wave forms such as t
chaotic signals generated by the well-known Lorentz
Rossler attractor are also used in some of the experime
which will be discussed in Sec. V. In order to get the dis
bution of the laminar lengthl of these on-off intermittencies
the discharge current signalI d is acquired by an analog
digital ~12-bit! converter. Both analog/digital and digita
analog converters are designed to be able to work in a c
tinuous mode, so that we can measure an ultralong lam
state, thus getting more reliable statistical results of the la
nar length. The laminar lengths are collected after each
kbytes of data has been taken, which determines the u
limit of the laminar length we can get to be about 13 s. T
time scale is much larger than the time scale of the interm
tencies addressed here~1 ms–1000 ms!. The lower limit of
the laminar lengthl 0 is defined to be 1.5 times the period
the plasma oscillations (0.5–1.5 ms, depending on the
perimental parameters!, so we will not take a long lamina
oscillating phase as many short laminar phases. Finally,
laminar length distributionP( l ) is obtained by constructing
histogram of the recordedl ’s and P( l ) is the number of
cases falling in the small region aroundl , which is not nor-
malized throughout this paper.

III. POINCARE´ BIFURCATION BASED
ON-OFF INTERMITTENCY

The Poincare´ bifurcation is a common nonlinear proce
through which a system changes from a fixed point to a li
cycle state. For example, consider the well-known Van
Pol equation@17#

ẍ1m~x221!ẋ1x50 ~1!

in (x,ẋ) phase space. Whenm,0, (0,0) is a stable focus
m50 a center, andm.0 an unstable point surrounded by
stable limit cycle with finite radius. So the system will su
denly jump from a static state~fixed pointO) to a periodic
state ~limit cycle! when the control parameterm goes up
through the bifurcation pointm50. In our plasma system
the same bifurcation is also observed when we keepI f
522.4 A, PAr5931024 Torr, and d590 mm but de-
creaseVdc gradually from 20 V. At first, the plasma syste
is in a dc discharge state, but whenVdc514.1 V, a periodic
self-oscillation state suddenly appears@18# @as shown in the
inset of Fig. 2~a!#. This oscillation continues untilVdc
a
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reaches 13 V, where further bifurcation happens. In the
periment, we setVdc515 V, so the system is placed in the d
discharge side of the bifurcation. Then we choose eit
white or Gaussian noise generated by two pseudoran
number algorithms as the randomly steering signalVS . The
amplitude of this perturbation signal,aw or s, is gradually
increased. As indicated in Fig. 2~a!, when it exceeds some
critical value, an oscillation signal suddenly appears in
discharge current signal. Whenaw or s becomes larger, os
cillations appear more frequently, which is shown in F
2~b!. We define the dc discharge state as the ‘‘off’’ state a
the oscillation as the bursting ‘‘on’’ state. The length of th
off state is the so-called laminar length.

Figure 2~c! shows the return map constructed from t
data that has been partially plotted in Fig. 2~b!. The black
spot on the left bottom is the fixed point and the circle is t
limit cycle; these correspond to the dc discharge state and
oscillating state, respectively. The hopping of the system
tween these two states is the on-off intermittency result

FIG. 2. Typical on-off intermittency signal of the plasma di
charge currentI d under~a! small steering force and~b! larger steer-
ing force, and~c! the corresponding return map, where the bla
spot and the limit cycle are expanded by the noise signal. The i
of ~a! is the unperturbedI d oscillation signal.
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from the Poincare´ bifurcation.
The distribution of the laminar length is plotted in Fig

3~a! and 3~b! for white and Gaussian noise steering, resp
tively. With the increase of the perturbation strength,
distribution curve becomes steeper, indicating the decre
of the average laminar lengtĥl &. The distributions for both
the white and Gaussian noise steering case exhibit an al
perfect exponential lawP( l )}e2kl, wherek is constant. This
result is different from the power-law distribution with a
exponent23/2 observed by other groups, which will be di
cussed later. For such an exponential law of laminar len
distribution, a simple mathematical derivation will give th
the mean laminar lengtĥl &5 l 011/k. Therefore,k basically
reflects the response of the system to the driving force. F
ures 3~c! and 3~d! give the relation ofk and the amplitudes
of white noise and Gaussian noise, respectively. It can
found thatk increases almost linearly with the increase of t
noise amplitudes. Moreover, it is observed that Gauss
noise leads much more effectively to the on-off intermitten
than white noise. This implies that to get the samek value of
the distributionP( l ) a much larger amplitude for white nois
steering is required than for Guassian noise. This is beca
white noise is a bounded noise process, for exam
@21,1#, while Gaussian noise is a unbounded one. Even w
a very small amplitude, the ‘‘high-energy tail’’ in Gaussia
noise makes it possible for the steered control paramete
reach and go through the critical bifurcation point.

To the author’s knowledge, no specific investigation h
been done on the on-off intermittency based on the Poin´
bifurcation. In order to gain insight into the features of t
on-off intermittency observed in our experiment further,
numerical study of the on-off intermittency was carried o
with the Van der Pol oscillator system. As stated beforem
50 is the Poincare´ bifurcation point in the Van der Pol sys
tem.mdc520.1 is selected as the unperturbed offset con
parameter, so the system initially stays in the fixed po

FIG. 3. Semilogarithmic plot of the experimental laminar leng
distribution P( l ) in the ~a! white noise driven cases ataw51.704,
3.624, and 5.064 V from right to left and~b! Gaussian noise driven
cases ats52.16, 2.88, and 4.32 V from right to left. It is clear th
P( l );e2kl. The corresponding relations ofk in P( l ) and the am-
plitude of the steering force are shown in~c! and ~d!.
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state. Then the steering noisemS is added tomdc. Here the
shortest time scale of the steering noise is chosen
(2 –3)T0, whereT0 is the period of the oscillation, to simu
late the fast response of the plasma to the change in
control parameter due to the steering noise. Simulation
sults are shown in Figs. 4~a! and 4~b!. The steering ofm
makes the system hop between the fixed point and the l
cycle oscillation state. Figure 4~c! shows the return map con
structed from the data in Fig. 4~a!. Similar to Fig. 2~c!, this
return map also consists of a fixed point and a limit cy
around it. Defining the fixed point as the off state, the lam
nar length distributions are shown in Figs. 5~a! and 5~b! for
white and Gaussian noise driving cases. It is obvious t
P( l ) of this numerical model for the on-off intermittenc
also obeys the same exponential law as the experime
ones. In Figs. 5~c! and 5~d! the relations between the steerin
noise amplitude andk are shown. When the steering noise
not so big,k changes with it linearly, just as we have foun
in the experiments@see Figs. 3~c! and 3~d!#. However, when
steering increases,k tends to saturate to some consta
which we failed to verify in the experiment because a n
bifurcation happened when it went too far and sometimes
whole system collapsed.

FIG. 4. On-off intermittency phenomena in the Van der P
oscillator when the steering force is~a! small and~b! larger. 3
3105 data points or 33103 unit time of data are used.~c! is the
corresponding return map.
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So far, the numerical results agree with the correspond
experimental ones very well both phenomenologically a
qualitatively. This suggests that the experimental founding
on-off intermittency based on the Poincare´ bifurcation in the
discharge plasma system is not just a system-dependent
cific one, but one that has a general meaning.

IV. PERIOD-PERIOD BIFURCATION AND RELATED
ON-OFF INTERMITTENCY

In the preceding section we described how the sys
evolves from a dc discharge state to an oscillation state~for
simplicity we call this theY oscillation! and the on-off in-
termittency that is based on this Poincare´ bifurcation. As the
discharge voltageVdc is lowered further to about 13.5 V,
new oscillation signal, whose period is only about 1/3 of th
of theY oscillation~it is called theX oscillation for the same
reason!, will appear together with theY oscillation. The
lower theVdc, the more frequently theX oscillation appears
until it replaces theY oscillation afterVdc is less than 13 V.
This phenomenon has been identified as the system bec
unstable through a tangent bifurcation, with two coexist
attractor-repellor evolving to repellor-attractor, respective
A type-I intermittency based on this continuous bifurcati
has been studied in Ref.@16#.

After the system has finished the tangent bifurcation
will stay in theX-oscillation state for a certain range ofVdc.
However, after the discharge voltageVdc is decreased to a
certain valueVDZ , which is about 11.5 V, theX oscillation
suddenly disappears and another type of oscillation~called
theZ oscillation! with half the amplitude of theX oscillation
appears instead. The system will stay in theZ-oscillation
state for another range ofVdc. Then, if Vdc is increased, the
system will return to theX-oscillation state at some valu
VDX'12 V and VDX is larger thanVDZ . This process is

FIG. 5. Numerical laminar length distribution for~a! white and
~b! Gaussian noise steering atmdc520.1. From the right curve
~ovals! to the left one~triangles!, ~a! aw51.2, 1.5, and 1.8 and~b!
s50.3, 0.5, and 0.8. The corresponding numerical relations ofk in
P( l ) and the steering signal amplitude are shown in for~c! the
white noise steering case and~d! the Gaussian noise steering cas
All quantities are regarded as dimensionless in the model equa
g
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illustrated in Fig. 6. To the author’s knowledge, this kind
sudden change between two periodic states with dyna
bistability has not been studied in depth. Here we call i
period-period bifurcation.

In order to study the on-off intermittency based on t
period-period bifurcation, threeVdc values, 11.4, 11.85, and
12.15 V, are selected in the regionsVdc,VDZ , VDZ,Vdc
,VDX , andVDX,Vdc, which are called the control param
eter regions I, II, and III, respectively, in Fig. 6. Then th
steering noise signalVS is added. The typical on-off inter
mittency signals of the discharge currentI d produced by the
driving voltageVD,i5Vdc,i1VS,i1Vf , whereVdc,i are the
dc offset voltages in regionsi 5I, II, and III andVS,i is their
steering noise beyond the thresholds, are shown in Fig
The signals look very similar under these three conditio
whereX andZ oscillations appear randomly in the time s
ries. The dotted lines in the figures indicate the steer
noise, which is switched on and off to study the relation
the coexistent states and the on-off intermittency. It can
seen that when the steering noise is switched off while
system is in the on-off intermittency state, the system m
stay in either theX- or the Z-oscillation state. However
whenVdc is in region I or III, the system staying in theX- or
the Z-oscillation state is unstable and will eventually retu

.
n.

FIG. 6. Schematic illustration of the period-period bifurcatio
The X oscillation andZ oscillation can jump to each other atVDZ

andVDX , respectively. Three experimentalVdc are selected in re-
gions I, II, and III.

FIG. 7. From top to bottom are the threeI d signals correspond-
ing to experimental condition in regions I, II, and III. The dotte
line is the steering noise signal, which is switched on and off in
experiment. When it is on,I d is in the on-off intermittency state
otherwiseI d will be in theX or Z state. However,X (Z) is unstable
in region I~III !, so it will go to the stableZ (X) state at some point
The arrowed line indicates the time scale of 40 ms.



e

s
th

n

l
e

tw
ig
i

e

y

e

ica
a

er
pe

in
o-

fur-

the

it-
ge

re
-o

-

left
i-
e

g
p’’

ch
f

3682 PRE 58D. L. FENG, C. X. YU, J. L. XIE, AND W. X. DING
to the Z- or the X-oscillation state. This clearly shows th
relation between theX and Z attractors~or repellors! and
their stability changing withVdc. The return map of this
on-off intermittency is plotted in Fig. 8, which clearly show
the coexistence of the two corresponding limit cycles and
transition between them.

If the on state is assigned to theX oscillation and the off
state to theZ oscillation, the laminar length distributio
function P( l ) can be determined. As shown in Fig. 9~a!, in
the cases ofVdc.VDX andVdc,VDZ , that is, when there is
only one attractor in the system,P( l ) still has an exponentia
law distribution. However, it is more complicated for th
case ofVDZ,Vdc,VDX . Figures 9~b! and 9~c! show the
distributions for the case ofVdc set in region II with white
and Gaussian noise steering, respectively. There are
characteristics of these plots distinguishing them from F
9~a!. The first is the appearance of humplike structures
P( l ); these structures incrementally disappear asVS in-
creases. The second is thatP( l ) has a bisection form at larg
VS : for large l , P( l );e2kl; for small l , P( l ); l 2d. This
distribution is similar to the theoretical result of Heagyet al.
@7# for the tangent bifurcation based on-off intermittenc
whose P( l ); l 2de2kl with d53/2. The distributions for
large VS are shown in a log-log plot in Fig. 9~d!, whose
upper left portion shows a power law distribution withd
51.560.1 and 1.060.1 for the Gaussian and white nois
steering cases, respectively.

Since we could not find the corresponding mathemat
model for the period-period bifurcation, we built a classic
mechanical model to simulate this phenomenon. Consid
particle moving in a central potential field with the sha
plotted in Fig. 10~a!. The particle’s total energyE is selected
as the control parameter. WhenE,EcZ , the particle will be
constrained in the inner potential well; whenE.EcX , it can
move in the whole potential; whenEcX.E.EcZ , the par-
ticle can move in the outer or inner potential well depend
on its initial position. Taking the movement in the inner p

FIG. 8. Return map constructed from typical on-off interm
tency data. The two loops indicate the two limit cycles; the lar
one represents theX oscillation and the smaller one represents theZ
oscillation. These two limit cycles overlap each other in some
gion. The system jumps between these two limit cycles in the on
intermittency state.
e

o
.
n

,

l
l
a

g

tential well ~smaller radius! asZ-type movement and in the
outer potential well~larger radius! asX-type movement, this
model may be analogous to the bistable period-period bi
cation observed in the experiment.

In the polar coordinate system, we can easily get
equation for this system:

r̈ 2
2@E2V~r !#2 ṙ 2

r
52¹V~r !. ~2!

Settingx5r andy5 ẋ, we get a two-dimensional system

r

-
ff

FIG. 9. P( l )’s of the period-period bifurcation based on-off in
termittency when~a! Vdc,VDZ ~open rectangle,s50.22 V) and
Vdc.VDX ~open oval,s50.163 V); ~b! VdcP@VDZ ,VDX# and the
steering white noise amplitudeaw50.552, 0.624, 0.864, and
0.912 V from the right curve to the left one;~c! Vdc

P@VDZ ,VDX# and the steering Gaussian noise amplitudes
50.0768, 0.096, 0.12, and 0.144 V from the right curve to the
one; and~d! VdcP@VDZ ,VDX# and the steering white noise ampl
tudeaw50.96 V ~open rectangles! and the steering Gaussian nois
amplitudes50.216 V ~open ovals!. In the linear-logarithmic plot
~a! the distributions are exponential in form, while in the log-lo
plot ~b! and~c! the distributions are suppressed from some ‘‘hum
structure~right curves! to the l 2de2kl form ~left curves! with the
increment of the steering signal amplitude until they finally rea
the shapes shown in~d!, where the fitting lines have a slope o
2160.04 for the white noise case~open rectangles! and 21.5
60.05 for the Gaussian noise case~open ovals!.
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ẋ5y, ẏ52
dV~x!

x
1

2@E2V~x!#2y2

x
, ~3!

where V(x)5a6x61a4x41a2x2 and a6 ,a4 ,a2 are con-
stants.

Similarly to the experiment, we defineX-type movement
as the on state andZ-type movement as the off state. Pertu
bation noise is added to the total energyE to get the on-off
intermittency. To simulate the situation ofVdc¹@VDZ ,VDX#
in the experiment,Edc is set to 0.8. If the noise amplitude
large enough, on-off intermittency can be observed as sh
in Fig. 10~b!, which is very similar to the experimental on
for time series. The corresponding return map and the
state distributionP( l ) are shown in Figs. 10~c! and 11~a!,
respectively. TheP( l ) found here also obeys thee2kl law,
which agrees with the experimental result well. Similarly,
order to simulate theVdcP@VDZ ,VDX# situation,Edc is se-
lected as 1.6. The time series and return map under this
dition are similar to that of theVdc¹@VDZ ,VDX# case. How-

FIG. 10. Numerical model for the period-period bifurcation a
the corresponding on-off intermittency.~a! The double-well poten-
tial V(r ) and the transition pointsEcZ and EcX . ~b! The typical
on-off intermittency signal. Because 105 data points are plotted, on
cannot distinguish them in some regions.~c! The corresponding
return map. The outer and bigger circles represent theX-type mo-
tion and those inside are from theZ-type motion.
n

ff

n-

ever, as seen in Fig. 11~b!, the correspondingP( l ) in this
case is found to be a bisection distribution: for smalll ,
P( l ); l 2d; for large l , P( l );e2kl. It is exactly what we
have found in the experiment. Furthermore, for the pow
law portion of the distribution, the exponent is found to
21.5660.08 and21.060.1 for the Gaussian and whit
noise steering cases, respectively. These results also a
with the experimental observations.

When the steering noise amplitude is increased furth
the P( l ) becomes an exponential law distribution. Howev
unfortunately, this cannot be verified in the experiment b
cause the system will break under large steering noise. A
the ‘‘hump’’ in the experimentalP( l ) has not been observe
in the numerical simulation.

The on-off intermittency described in this section is d
ferent from other known on-off intermittencies. ItsP( l ) has
a very complex structure. This may result from the dynam
details of the two interacting attractor and repellor and th
basins.

V. DISCUSSION AND SUMMARY

In the previous experiment, numerical simulation, a
also other related works, one can see that the laminar le
distribution P( l ) of on-off intermittency has various forms
which includee2kl, l 2d, e2kll 2d, and even some comple
structures such as the hump found here in the period-pe
bifurcation case. So a natural question arises whether t
are some general mechanisms behind all these forms ofP( l ).

Suppose there is a nonlinear system exhibiting on-off
termittency and its behavior can be monitored by a o
dimensional system variabley ~just like the I d used in our
plasma system!. From the mathematical point of view, thi
system variabley is a random variety and the on-off inte
mittency due to the noise source driving system is a rand
processy(t). For simplicity, suppose that the system is d
crete. Theny(t) can be rewritten asyi( i PZ). Definingyc as

FIG. 11. Numerical laminar length distributionP( l ) for the
classical mechanical model at~a! Edc50.8, s50.5 ~solid rect-
angles! ands50.6 ~solid ovals!, whereP( l );e2kl and with larger
steering signal the curve becomes steeper, and~b! Edc51.6, where
P( l );e2kll 2d. The open oval curve corresponds to the case
Gaussian noise steering withs50.18 and the open rectangle curv
corresponds to the case of white noise steering withaw50.4. The
two fitting lines have slopes of21.5 and21.0, respectively.



th
i

re

b

r-
n

te
h
m
ti
lt

ls
l
or

tio

is
g
tr

-

-

he
e

e to

a
s far
en-

off
we

ose

od
ter
c-
er-

and

is-

f
n

the

II

3684 PRE 58D. L. FENG, C. X. YU, J. L. XIE, AND W. X. DING
a small threshold below whichyi is considered to be in the
off state, a state with laminar length ofn is defined as$yi
<yc ,i 51,2, . . . ,n,yn11.yc%. Therefore, the probability for
an off state with such a laminar length to happen is

Pn5ProbFùj 51

n

yj<ycùyn11.ycG . ~4!

Generally, a system’s current state is not only related to
current system control parameter, but it is also related to
previous states. Ifyj is related to its previousM step’s values
yj 21 ,yj 22 , . . . ,yj 2M , then the random process can be
garded as anM th-order Markov process. Formula~4! can
now be rewritten as

Pn5Prob@y1<ycuy0 ,y21 , . . . ,y12M#

3Prob@y2<ycuy1 ,y0 , . . . ,y22M#

3•••3Prob@yn<ycuyn21 ,yn22 , . . . ,yn2M#

3Prob@yn11.ycuyn ,yn21 ,•••,yn2M11#. ~5!

The simplest case isM50 and we have

Pn
05Prob@y1<yc#Prob@y2<yc#

3•••Prob@yn<yc#Prob@yn11.yc#. ~6!

In the case of the white or Gaussian noise steering, Pro@y
,yc#5l, so

Pn
05lnY(

j 50

`

l j5
12l

l
ln[ce2kn, ~7!

wherec[(12l)/l andk[2 ln l.
Formula~5! is a general expression of a high-order Ma

kov process. So to get the laminar length distribution, o
needs not only the probability of a state at the current sys
control parameters but also the transition probabilities. T
latter is directly related to the dynamic details of the syste
When the system reacts to the control parameter perturba
very slowly, there will be a long transition state. As a resu
the position of the system in the phase space, the detai
the steering signal~which is not necessarily a noise signa!,
the properties of the underlying bifurcation, and other fact
will affect the final state. The correspondingP( l ) is certainly
a complex one. One may not expect a common distribu
form of P( l ) in the on-off intermittency case asl 21/2 for
type-I intermittency andl 22 for type-II intermittency. Actu-
ally, this is also due to the fact that on-off intermittency
not just based on one particular type of bifurcation. Hea
et al. @7# proved that for a simple class of systems parame
cally driven one-dimensional mapsyn115pnyn1O(yn

2),
with pn a random variableP( l ); l 23/2e2kl. This is an ex-
ample of the general formula~5!. Our numerical study found
that in the system of the formyn115pnyn1O(yn

1.2), P( l )
; l 21e2kl @as shown in Fig. 12~a!#. This means that the find
ing of a23/2 power law distribution in the smalll region is
not a universal scaling for the on-off intermittency ‘‘fam
ily.’’

On the contrary, if the system reacts very quickly to t
change in control parameter,M tends to be 0. As a result, th
e
ts

-

e
m
e
.

on
,
of

s

n

y
i-

system behavior and the control parameter are almost on
one and we will have a commonP( l ) with the exponential
form as shown in Eq.~7!. Because the discharge plasm
system we studied here has a very small time scale that i
smaller than that of the steering noise, we found an expon
tial form of P( l ) in the Poincare´ bifurcation based on-off
intermittency and the period-period bifurcation based on-
intermittency in parameter regions I and III. Furthermore,
can verify this point in the Van der Pol system. Figure 12~b!
is the numerical result with Gaussian noise steering, wh
time scale now is chosen as 0.1T0 here. Since the noise’s
time scale is small enough now, we getP( l ); l 23/2e2kl .

The situation is much more complex in the period-peri
bifurcation based on-off intermittency observed in parame
region II. In this condition both limit cycles are stable attra
tors and to make things ‘‘worse,’’ these two attractors ov
lap each other as shown in the return map~see Fig. 8!. There-
fore, the system is far more sensitive to the perturbation

FIG. 12. Numerical simulation results of the laminar length d
tribution P( l ) for ~a! the yn115pyn10(yn

a) type of on-off inter-
mittency, where curve 1 corresponds toa52, which has a slope of
21.5, while curve 2 corresponds toa51.2, which has a slope o
21.0, ~b! the Poincare` bifurcation based on-off intermittency whe
the steering Gaussian noise has a smaller time scale, where
straight line inside has a slope of21.5, and~c! the period-period
bifurcation based on-off intermittency in the parameter region
when the steering noise has a much larger time scale, whereP( l )
has an exponential form, and the experimentalP( l ) results for the
Poincare` bifurcation based on-off intermittency with~d! a Lorentz
chaotic signal and~e! Rossler chaotic signal steering.
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its current position in the phase space. The response spe
the system is not the only critical factor in this case. Tha
why we saw the complex distribution functions in Fig. 9.
the numerical experiment, only if we make the noise tim
scale much larger or make its amplitude very large can
get ane2kl type of P( l ) that is plotted in Fig. 12~c!.

The simple driving forces, white and Gaussian noise u
here, contribute to the simple forms ofP( l ). On the other
hand, in the Poincare´ based on-off intermittency, exper
ments with driving chaotic signals from the Lorentz a
Rossler systems give very complexP( l ) distributions, whose
histogram plots are shown in Figs. 12~d! and 12~e!.

To summarize, we have observed the Poincare´ bifurcation
based on-off intermittency and period-period bifurcati
based on-off intermittency in a discharge plasma sys
driven by some noise signals. Numerical studies are a
conducted, whose results generally agree with the exp
ev

t.
of
s

e
e

d

m
o

ri-

ment. It is also confirmed that these two types of on-
intermittencies are not only limited in plasma system. T
laminar length distribution functionP( l ) is studied in detail
and found to be related to the system response time sc
property of steering signal, and system dynamic deta
Therefore, some special form ofP( l ) is not a characteristic
to identify on-off intermittency, althoughP( l ) is still one of
the most important characteristics of it.
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