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On-off intermittency at the onset of the ion-acoustic instability in a laboratory plasma
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The ion-ion beam instability is experimentally studied just above threshold in a laboratory double-plasma
device. Intermittent bursts of unstable waves are recorded in the target plasma and the distribution of the
recurrence times of the bursts is estimated. At the onset of instability, the measurements are in agreement with
the expected evolution deduced from a theoretical model that combines the normal form of a supercritical
Hopf-Andronov bifurcation and the parametric noisy deviations from threshold typical of on-off intermittency.

In both the experiment and the model, the distribution of the recurrence times of the bursts decays as an inverse
power law and the evolution of the mean laminar length when the control parameter is increased beyond
threshold exhibits a power law of exponentl.

PACS numbds): 52.35.Py, 52.35.Ra

I. INTRODUCTION locity of this electrostatic mode is close to the ion sound

In this paper, we focus on the intermittent regime of theSPeedcs= vkgTe/M, wherekg is Bpltzmann’s constante )
high frequency instability triggered by the injection of an ion the electron temperature, aMithe ion mass. The system is
beam into a low density laboratory plasma. Bursts of un-drastically changed when an ion beam is injected into the
stable waves are recorded at the onset of the instability. Alasma. Due to the Doppler effect in the laboratory frame,
statistical analysis of the recurrence time of these bursts itvo different modes propagate. A slow ion beam mode and a
performed. fast ion beam mode are present. When the ion beam velocity

The noise level of this laboratory plasma has a standari close to the ion-acoustic velocity, the slow ion beam mode
value. Up to now, the existing studies in this domain havemerges with the ion-acoustic mode and the resulting branch
not taken this parameter into account. Our point here is thag unstable. A convective ion-acoustic instability is excited in
the existence of broadband fluctuations of the plasma densithe plasmd3].
is of major importance for the nonlinear evolution of the  The main parameters of the instability are the velocity and
dynamical system, and in particular for the properties of retne relative density of the ion beam. The spatial and temporal
currence times pf the burstls. In this spe_cmc case, the Co_r‘tr‘ijrowth rates strongly depend on these paramd@rsThis
parameter is driven by noise near a bifurcation, which is &ygtem has been extensively studied and it is known to ex-
typical feature of on-off intermittency. This mechanism for pipis 4rpylent dynamic$4-7]. However, no detailed study
intermittent beha_wor IS s.|g.n|f.|cantly different from the of the transition to the turbulent regime has been conducted
Pomeau-Manneville and crisis-induced typas2]. up to now

The purpose of this investigation is also to shed light on Recent results on nonlinear dynamics make it possible to

the dynamical origin of the stafistical properties of the phySI'describe the destabilization of the whole spatiotemporal sys-

cal system under study. That is why we propose a S'mpl%m by bifurcation theory. When the control parameter is set

model, which correctly reproduces the observed statlstlcq st above the threshold of the instability, the system under-

properties of the experimental system. goes a supercritical Hopf bifurcation. In the standard situa-

rezgit(?[ﬁgmi Z]EctaTles ps"’t‘g;r l:‘:’] daesr églrl]c;\?ésér;goiefh g’egveil[ion, the plasma is considered to be quiet: a very low fluc-
P pny y ) " “tuation level of every parameter is assumed. In particular,

the_various types Of. intermitten_cy studied ir_' the Ii_terature A%hermal noise superimposed on the local electron density and
reviewed with special emphasis on on-off intermittency. Af- lasma potential is not taken into account. At the threshold

ter describing t_hg expenmeptql setup and presenting th(_a 'St the instability, the system exhibits a sudden transition to
sults of the statistical analysis in Secs. IV and V, a dynamic

model for the supercritical Hopf bifurcation in the presence he unstable—oscillatory—state. The whole plasma volume
of noise is introduced in Sec. VI. Finally, in Sec. VI some supports a propagating unstable wave whose saturation is

conclusions are summarized (jetermined_ by the r_10n|i_nea_1r d_amping and by the modifica-
' tion of the ion velocity distribution.
Il ION-ACOUSTIC INSTABILITY Previous _experime_ntal invest_iga}tions .o_f the dynamics of
the current-induced ion-acoustic instability have been re-
The natural low frequency mode of propagation in a non-ported[8]: the intermittent signals were interpreted as type-I
magnetized plasma is the ion-acoustic mode. The phase v@termittency. In a subsequent paper, Fraetlkl. proposed
a different interpretation involving the background noise of
the plasma, and concluded that a Hopf bifurcation exists sub-
*Email address: floriani@cpt.univ-mrs.fr ject to parametric noise driving®].
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Indeed, experimental considerations lead to clear evief the exponent depends in general on the nonlinearity char-
dence that fluctuations are intrinsic for most real plasma sysacteristic of the dynamical system considelrgd]. However,
tems, and the noisy fluctuations of at least one control pawhen a linear approximation is possiljtel], y will depend
rameter can have a dramatic influence on the dynamics at threnly on the statistical properties of the noige If d is the
onset of the instability. This situation deserves a detaileexponent characterizing the diffusion of noiEé(,Bz(n))
study because the existence of noise is very common in reatn?], theny=1+d: this is essentially a consequence of the
systems. The implications of the specific dynamics induce@entral limit theorem. We have of course=3/2 for Gauss-
in different systems—including other disciplines—are ofian noise; for noise driven by fractional Brownian motion
particular importance. different values ofy are clearly possibl¢14]. Notice that

only for these special processes do wedyetH, with H the
Hurst exponent, so that in this cage=1+H.
lll. ON-OFF INTERMITTENCY The first experimental evidence of on-off intermittency

The occurrence of irregular signals in fluid dynamics hagvas reported by Hammet al.[15] in a nonlinear electronic
long been labeled “intermittency.” These signals Corresponacircuit. The distribution of the laminar phases was found to
to transient irregular relaxation of the turbulent probe sig-P€ in agreement with & 3/2 power law. Experiments con-
nals. Different models of intermittency have been proposedlucted in spin-wave instabiliti.6] led to further evidence
during the last 20 years. All these models are built to deOf such intermittent behavior in solid state physics:—8/2
scribe fast irregular switching between very different re-power law of the distribution of laminar lengths was ob-
gimes of the observed fluctuating variable. Most often, theflained, whereas a power law with exponent of the mean
apparenﬂy random Switching between distinct chaotic rejaminar Iength was recorded as a function of the control pa-
gimes is studied using discrete time models. In particularfameter.
intermittency of types I, I, and Il was established by In this paper, we report the measurement of signatures
Pomeau and Manne\/i”H_]_ In those cases, intermittency is Compatible with on-off intermittency at the onset of the ion-
associated either with instability or with the death of a fixedacoustic instability. However, in our case, due to nonlinear
point. These bifurcations occur for a fixed value of the con-effects, the power law depends on the value of the control
trol parameter. A statistical study of the distribution of the parameter.
lengths of the laminar phases was achieved in that classical

case anq led to either gxponential !aws or power laws. .An— IV. EXPERIMENTAL SETUP
other typical signature is the evolution of the mean laminar
length as a function of the control parameter. The experiments are carried out in a multipolar double-

A different type of intermittency, called on-off intermit- plasma device, 35 cm in diameter and 70 cm in length. A
tency, has been proposed by several authors reder|§ 1], stainless steel grid of 80% transparency with 20 lines per cm
and can be consistently described in the framework of theeparates source and target chamber, where plasmas can be
ergodic theory of random transformatiof2,13. The sys- produced independently by thermionic discharges. The
tem exhibits a “random” switching between a constant stateworking pressurgargon gasis typically p=2x10"* mbar.

(off) and a bursting statéon). This intermittency has at- The ionizing electrons are emitted by the heated tungsten
tracted considerable attention recently. In such systems inteflament cathodes and accelerated through a discharge volt-
mittency is mainly due to the competition between the sto-ageU, (U4=40 V) toward the respective anodes inside each
chastic deviations induced by the driving of the controlchamber. In this classical arrangement, the homogeneity and
parameter and the deterministic constraints of the systendensity of the plasmas are greatly enhanced by the multipolar
Indeed, fluctuations such as thermal or quantum noise an@magnetic cusps on the outer walls repelling most of the ion-
intrinsic in real systems, and their influence on the dynamicszing electrons accelerating toward the anofegd. The po-

of the whole system near a bifurcation point has to be contential difference between the target and source anodes can
sidered. In such a situation, long episodes of laminar dynambe adjusted using a separate power supply.

ics are interrupted by bursts during which the dynamic vari- In the experiment depicted in this report, the voltage be-
able is expelled from the synchronous state. Clearly, théween the source and the target chamber is the external con-
fraction of time spent in the laminar regime decreases as thol parameter. It is important to note that the injected ion
control parameter departs from threshold. The number obeam velocity is proportional to the square root of the poten-
laminar phaseg$which is of course equal to the number of tial differenceA ¢ applied between the chambers. The ap-
turbulent onekfirst increases and then decreases in such glied potential difference is below 10 V. The exact potential
way that the mean duration of a laminar zone is proportionatiifference is obtained from analysis of the probe character-
to the inverse of the distance to threshold. As a consequencistics and the injected beam velocity is checked using soli-
the bursts are more and more frequent as the threshold ptary test waves.

rameter is increased after the bifurcation point. Notice that The parameters of the plasma in each chamber are de-
such behavior will also be present in the model we proposeluced from measurements performed with axially and azi-
in Sec. VI. muthally movable plane Langmuir probes. In particular, the

An important quantity characterizing the intermittency, electron density and the plasma potential are deduced from
which is clearly related to the ergodic properties of the systhe probe characteristics. The plasmas created in both cham-
tem, is the distribution of the duration of laminar phasesbers have densitigs=10°-1F cm 2 and electron tempera-
P(n). In most of the cases studied in the literaturgn) turesT.~3 eV.
decays as an inverse power law with expongnThe value The fluctuation signals are recorded with the probes bi-
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a) control parameter further, the bursts are more frequent and of
‘“”""””"”““"M"”‘“WW MMWMMWMM’w"ﬁWAM WW’W\MW W" WM“’U\AMMW\)‘W’\ a longer mean duration. Finally, the instability is completely

< v established and a permanent high frequency signal is re-

hr il BNV VAV S NGNS corded on the probe.

Z In order to perform a statistical investigation that allows a
) | | ” H |_| comparison with a dynamical model, it is convenient to de-

fine the laminar length as the time lag between two succes-

sive bursts. At first glance, it is clear that the mean laminar

0 Time 0.8 ms length decreases rapidly when the control parameter is in-

creased.

FIG. 1. Typical time series of the density fluctuations recorded |t js important to note that the noise level recorded on the
on a plane probe in the target plasma 1 cm behind the grid, just 8§robe just below the threshold of the instability or during the
the onset of the instability. Bursts of high frequency waves can bggminar phases is not negligible. Indeed, during the bursts,
clearly seen(@). The corresponding rectified and low pass filtered {peo signal to noise ratio is very poor.
signal is displayed on trad®). Binarization of the time series pro- The requirements of the statistical analysis imply careful
ducgs trace(c)_. The_ statistit_:s of the laminar phase duration is in- signal processing. After transfer to the computer of a long
vestigated using this last signal. time series, the first step consists in a numerical high pass
filtering of the signal. The lower cutoff filter frequency is

ased slightly above the plasma potential. The ion beam i hosen such that the main peak of the time averaged spec-
detected by use of an electrostatic energy analyzer consisti%m is beyond the cutoff. It is typicallfie,,=300 kHz in
. ow

in a 12 mm diameter collector and one selecting grid. A . .
resolution of 0.2 eV is obtained in the determination of thethe case shown. The absolute value of the signal is then

beam ener calculated and a low pass filtering produces the envelope of
gy the bursts. The last step consists in digitizing the signal,

icslgfc;;]deeg tgtgrivi%?\Z?Satrcr’athiffg!l f’]?zt'ﬁrt]%r;?gslralrgggsg}'choosing a threshold level close to half the mean amplitude
y ' Y ghtcy P f the bursts. The resulting signal is of binary form corre-

0.5 mm diameter and 4 mm length each, equally spaced . . . .
mm from one another, is installed. The array is inclined by ponding to a null signal during the laminar phases and a

N X . ~Zvalue 1 during the bursts. Figure 1 displays the low pass
an angle of 15° to the axis of the device to reduce shadowmgectiﬁed signal and the binary signal.

effects. Digital scopes and a spectrum analyzer allow fof The statistical analysis is then performed by calculating

_real-time _analysis Of_ th_e flyctuation signals. Th? statistical[he histogram of the laminar lengths. It is important that this
investigation of the distribution of the recurrence times of the, ;

? ; . o . “signal processing and the related statistical analysis is per-
bursts is performed on line using acquisition and processing "4 on line during the experiment. The display of the
software. In practice, a time series of 50" samples of

the fluctuati b s t terred 1o th N distribution of the lengths is updated every two seconds and
€ Tluctuating probe current IS transterred to e COMPULeL i e distribution is obtained after a few minutes. The
evely 2 s and the display of the distribution of laminar

lengths is refreshed at the same rate number of analyzed eyents _is then pf the order d‘f 10 .

' The result of the investigation is presented in Fig. 2,
where the evolution of the distribution of the duration of the
V. RESULTS: STATISTICAL ANALYSIS laminar phases for increasing values of the control parameter

OF THE INTERMITTENCY is plotted on a log-log scale. The slope of the power law at

The electron density and plasma potential are adjusted ifhe threshold is found to be 1.4. On increasing the control
each plasma chamber in order to get an ion beam-plasnfRramete(external voltagk the exponent of the power law
system with a beam density close to 0.1 and a beam veIocitF/“?reai““’eS slightly approaching the value 2.0. During this evo-
close toc,. The control parametébias of the source anogle ution, the power law distribution is progressively changed to
is slowly increased in order to slightly accelerate the ion2" exponential decay law. The main result obtained here is

beam. At the threshold voltadé, bursts of unstable waves that the exponent of the power Iaw' at the threshold is very
are recorded on the probe located 3 cm behind the grid in thel0S€ t0 —3/2, but departs from this value as the control
target plasma. As mentioned in the previous section, the eXprameter increases, driving the system to a more strongly

act potential difference between source and target plasmfAonlinear regime. This point can be compared with the evo-
may be different from this voltage due to a residual pIasmAUt'on of the mean laminar length when the control parameter

potential difference when no external voltage is applied. IS incr'eased. Figure 3 displays the recorded evoluti.on in our
The fluctuation level is of the order of 5% and the fre- €XPeriment. A power law with exponentl as a function of
quency is found to be close to half the ion plasma frequenc;},he voltage between the plasmas is obtained with relatively

typically betweenf=450 kHz and 750 kHz. In Fig. 1 is good accuracy. This is also in agreement with earlier numeri-

depicted a typical time series of the electron saturation curS@ @nd analytical results on on-off intermitteria].

rent just above the threshold. The raw data display a high

level of broadband low frequen_cy noise. The hl_gh freque_ncy VI. A DYNAMICAL MODEL FOR THE ONSET

_bursts are c_IearIy seen on the first trace after hl_gh pass filter- OF ION-ACOUSTIC INSTABILITY

ing of the signal. The bursts are of short duration, typically

10 to 20 periods of the unstable waves, although long bursts To get further insight into the experimental results, we
can occasionally be seen. The temporal distribution of thevill consider a simple dynamical system that should capture
wave trains seems to be very irregular. On increasing théhe essential features of ion-acoustic instability in a noisy
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a) . ) -1.4
10°} '

FIG. 4. Time series relative to the applicati@?2): p,, is plotted

b) as a function of the number of iterationsfor 1¢° iterations.

When the control parametgt is smaller than 1, the system

has an attracting fixed point at=0. Whenpg is larger than

1, the system has an attracting limit cyclepat p=+8—1.
Now, allow the control parameter to vary in time, due to

0 noise in the physical system. The evolution of the amplitude

10 p, which corresponds to the physical quantity observed, will

c) S a8 be

N T lam)

10°} pni1=Brpn—pn  pe[0.1], (6.2

so that, as3, varies across the bifurcation value 1, the sys-

tem will be attracted toward the low signal state 0 (when

Bn<1) or toward the high signal staje=p (wheng,>1).

100 . We thus have a bistable system, subject to parametric noise.

101 102 10 We take73={,8n} to be a random process, of probability

v: classical results on random dynamical system and ergodic

theory make this type of situation a well established one
FIG. 2. Distribution of the duration of the laminar phases on al12,13. An invariant measure op0,1] exists for» almost

log-log plot for three different values of the control paraméteit-  any 3. For the numerical study of E@6.2), we write 8, as

age between the plasma chambefspower law of exponent-1.4

T 1am (units of 4x10 ” s)

is recorded at the threshold. This value decreases towardhen 1
the control parameter is increased. Bn=1+A+K| e,— 5) (6.3
plasma. As discussed in Sec. Il, this is a supercritical Hopf
bifurcation with noisy control parameter. €, is a random variable taking values between 0 andk 1.
The normal form of a supercritical Hopf bifurcation in represents the intensity of noise, which in our case is intrin-
discrete time reads sic to the system and cannot be modified from the outgide.
3 is an offset, which corresponds to the distance from the criti-
Pr+1=BPn=pPns  Oni1= Ot o. 6. cq point in the case where the bifurcation parameter is con-
stant in time; in our case;A must be proportional to the
source biad/.
51 1 KeepingK constant K=0.2 in our numerical stugyand
varying A in such a way as to stay close to the instability
2 4 1 thresholds= (In(B)),=0 (for K=0.2, the critical value ofA
8 is A;=0.0018), we indeed observe an intermittent behavior
'\5; 3( 1 between high and lowlaminap signal states, as appears in
w Fig. 4. We have studied numerically the distribution of du-
g 2 1 rations of laminar phaseB(n). A laminar phase of duration
e mis defined to be an event where the signa smaller than
Vol . a thresholds=10"° for m consecutive iterations of the ap-
plication (6.2). P(n) is the fraction of laminar phases whose
9% 17 18 75 2 durqtion is equal tan..
V (volts) Figure 5a) and Fig. %b) suggest thaP(n) decays, for

intermediate times, as an inverse power law, whose exponent

FIG. 3. Evolution of the inverse of the mean laminar duration asy varies as a function of the distance to threshold. This cor-
a function of the control parametésias of the source plasmarhe  responds to what is observed experimentally. For still larger
critical value of the control parameter is close to 1.65. A linear lawtimes we observe a faster decay, which is compatible with
is recorded. theoretical results on on-off intermittengy1].
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h[P(n)] B.:lo\‘ T T T T =
2.0l T T T T T 1 T ]
-3 O-L 4
. slope = —1.41 a0k |
—,0- ’
1
{n)
8.0
2.0 .
6.0
“-or 1 1 1 1 ]
1.0 2.0 () 39 T o8 e ~ TS 70 xor
(@) A A
W[P()] FIG. 6. Inverse of the mean duration of laminar phases as a
N e Y T T ) function of the distance of the control paramefeto its critical
) . value (mode).
“ dlope = 160 To characterize this intermittent behavior, we have esti-
4.0 7 mated two quantities: the distribution of duration of laminar
phasesP(n), and the mean duration of laminar phages.
P(n) is found to decay as an inverse power law with an
oo} exponent that depends on the value of the control parameter;
‘°_ i (n) is proportional to the inverse of the distance of the con-
trol parameter to threshold.
These observations agree with the evolution deduced
L , L , — from a theoretical model that combines the normal form of a

® 1.0 2.0 In(n) >° 4.0 supercritical Hopf bifurcation and the parametric noisy de-
viations from threshold. This interpretation of the intermit-

FIG. 5. Log-log plot of the distribution of laminar phasegn), ~ tency observed in ion-acoustic instability has also been pro-
for two values of the control paramet@node). Distance to thresh- Posed by Franclet al. [9]. However, we carry further the
old increases fronta) to (b). The slope—y is obtained using the statistical analysis of the properties B{n) for both the
least squares methaéxcluding the first eight points experiment and the model. We also argue that the scenario

we present, characterized by the interplay of noise and non-

We argue that the power-law behavior observed for interdinearity (and usually designated in the literature as on-off
mediate times must depend on the nonlinearity specific to thatermittency should be placed in the framework of random
Hopf bifurcation. This agrees with recent investigatiphd]  dynamical systems: in this framework, ergodic measures
proving that there exists a dependenceP¢h) on the par- and Lyapunov exponents do have a meaning and a relevance,
ticular form of the mapping considered. contrary to what is stated if9].

These results do not vary significantly for different Let us also remark that one of the main points of the
choices of the distribution of,, (discrete or continuous val- discussion of intermittency ifi9] is to show that the ob-
ues, as long as the,’'s are independent and the distance toserved behavior is not compatible with that characteristic of
threshold remains the sanfthis is essentially a consequence type-I intermittency, as claimed if8]. This is indeed unam-

of the central limit theorem biguously proved by the fact that the exponeny of the
We also studied the mean duratigm) of laminar phases power-law decay oP(n) is always different from—1/2.
in our model. We observésee Fig. §that(n) varies as the Two directions for future investigation appear naturally.

inverse of the distance of the control parameter to thresholdlhe first is to study the dependenceR{in) on the properties
(KeepingK fixed, as we do, we have ()= A.) This again  of noise, for example, injecting noise of a defined spectrum

agrees with the experimental observations. into the experimental system using an arbitrary wave-form
generator. The second is to investigate analytically how the
VIl. DISCUSSION observed inverse power-law behavior #¢n) can be gen-

) erated by the dynamical modes.2) [18].
In this paper, we have presented an experimental obser-

vation of ion-ion beam instability in a laboratory double-

plasma device. We have focused on the presence of intermit- ACKNOWLEDGMENT

tent bursts of unstable waves in the plasma, which are
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