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Observation of bistable density transitions in magnetized plasma
by voltage-biased electrode
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Repeated transition phenomena with abrupt reductions and jumps of the electron density were
observed(flip—flop pattern in bistable systemdy voltage biasing to an inserted electrode in the
inner region of a rf-(radio frequency- produced, cylindrical magnetized plasma. These global,
self-excited, density transitions and back ones between two states were accompanied by changes of
the floating potential profile and the bias current under various parameters. Control of the staying
time probability in one of two states with hysteresis loops was attempted, changing the bias voltage,
which showed the importance of a sheath region as well as fine structural patte2@029
American Institute of Physics[DOI: 10.1063/1.151621]7

I. INTRODUCTION the staying time, i.e., residence time, and staying probability

The control of plasma generation and sustainment undef 9" of two states, by changing the bias voltage, with also

stable conditions in time and space is one of the criticaFerh,as'zmg hysteresr:s character|(jst|c§h|n ba stat:jsﬁs:d-
issues in the fields of plasma application, high-temperatur§nastio sense. Note that compared with observed phenom-

plasma, and space plasma. The obtained plasma profile §1@ in dc discharges reported in Refs. 11 and 13-16, our
nonlinearly governed by the balance between the masmgxpenmental cond.mons _and findings are quite different in

generation and diffusion mechanisms, and induced instabiliterms of the following points.

ties are closely related to t_he obtamed_ pr_oflle in a comple>(1) Plasma was produced by an external rf power supply,
form. The structural formation of electric fields and a bifur- and bistable conditions were controlled by voltage bias-

cation, %.]g., Ina nuc,ilea:jfusmhn f|erl]d, have ?e?n major c?n— ing to an electrode, i.e., production and control methods
cerns. These are related to the changes of plasma confine- e o independent in our cagigoth production and con-

ment such as a transition from the(low) mode to the H . . .
(high) mode in tokamaKswith the shear of the so-called trol were carried out by applying a dc discharge voltage
between electrodes

EXB rotation. Experiments on this transition and profile (2) Mostly, electron flow w. lond the maanetic field and
change using voltage biasthgere also conducted in mirror . osﬂ Y, electron 1o h asf_ al(;) g’th © .‘?g eb_c ieida d
machines;® and an oscillatory transition of density and po- 'En OIW V\;as acroisl d'e 1eld wi EOS' ve hlasmg, ar]:
tential was discovered, e.g., in the Compact Helical System € role of azimuthal direction such as in the case of a
flow shear has been unclear up to now. Namely, a two-

(CH9.X® In addition, hystereses and mode changeasd . : rul
sometimes chaotic behavjdn various dc and rf discharges or three-dimensional analysis is necessamyly a one-

including sheath regions, e.g., Refs. 11-19, were found on dimensional analysis was considered, e.g., electron and
changing input voltage or input power, and these interesting 100 flows between the electrodes
characteristics arise from the inherent plasma nonlinearityt3) Bistable states were found in both increasing and de-
However, there have been few experiméntsconducted creasing phases of applied voltagescillations were
from a basic viewpoint to study these transitions as wellas to  found in the decreasing phase only in the temperature
control the density and rotation profiles by imposing electric  limited mode, and large fluctuations were observed when
fields externally. These are connected with the transport char-  bistable states were formed
acteristics and structure formation, and also with a furthef4) Clear bistable phenomena, e.g., staying time in one of
development of the application fields. Recently, density tran-  two states was long up to more than 10 seconds while
sitions in bistable system@lip—flop pattern were clearly typical transition time is 1-2 m@nostly oscillations be-
found and briefly reportetf, by voltage biasing to electrodes tween two states were found with small staying time,
inserted into the rf-produced, cylindrical magnetized plasma. and even in one state, plasma parameters were not con-
Here, in this paper, we have examined, in much more  stanj.
detail, global characteristics of a self-excited bistable systemg) Hysteresis characteristics were found stochastically such
i.e., density transitions and back onescillatory behaviors as mean staying time and staying time probability in a
between two states, accompanied by potential changes, using pjstable system(hysteresis was found in dc current—
the former voltage biasin®. Furthermore, we could control voltage characteristi¢s
(6) The control of staying time and staying probability was
3Electronic mail: sinohara@aees.kyushu-u.ac.jp attemptedthere were a few triajs
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Therefore, our new findings can contribute to the under- (a)
standing of relaxation/phase change phenontbakance and Gas Feed  Langmuir Ten Concentric Rings  To Pump

triggering procességsn the basic(plasma physics. These Probe

may also lead to a further development of application studies X.@ KX K X XNXKX I ’
including nuclear fusion due to the common physics in- N — —

volved. This paper is organized as follows. In Sec. Il we spiral Magnetic Field
describe the experimental system, e.g., production schemeAntenna —

voltage biasing system, and diagnostics in a cylindrical mag-RF (7 MHz)
netized plasma. Experimental results on various transition?-5%0W
phenomena in a bistable system are discussed in Sec. Il fOWindow

changing bias voltage, fill pressure, and rf input power. Here, MMIX EE .?% X X %@ @

after describing the typical transition phenomenon as a func-

:: le—— Teflon Disk
(z= 90cm)

¢4S.7 em

tion of time under the various positions, global structural MachProbe LangmlurProbe Axial Magnetic
changes such as ion saturation current and floating potentia =30 cm) =60 cm) Field Coils

) : e X = ss 0,-11 cm)

including characteristics of fluctuations, are reported, chang-

ing one of the control parameters of bias voltage: three e 170cm >

phases of state | only, transitions between state | and state I
and state Il only. Then, operating pressure is reported, con-(b)
sidering the boundaries of bias voltage in the above three
phases and average staying time during transitions: With the
increase in a pressure, both typical bias voltage and width of
this voltage region to undergo transitions decreased. On the
other hand, there was a large change of staying time, e.g., b

three orders of magnitude, with fill pressure less than Vif:?min::gm
~5mTorr, and it took a minimum time at2.5 mTorr. outer electrodes)
Characteristics of hystereses of ion saturation current, stay 1D 4n- 4.6 cm
ing time, and staying probability in a stochastic sense are (a=2-10)
also described for changing bias voltage. Probability distri- O.D.:4acm
bution function of ion saturation current, and bias current (n=1-10)
behavior in a Lissajous figure were studied: the fine structure (SUS 0.03 cm®)
pattern from the distribution function, and the sheath effect «— ¢ em —————>

due to the faster rise of bias current were suggested. Finally Ten Concentric Rings

in Sec. IV, we discuss characteristics of bistable phenomena o | |

in detail focusmg on trlggerlng/governlng mechanisms of FIG. 1. Schematic view ofa) experimental setup an) biased electrodes
" i ? . with ten concentric, segmented rings.

transitions, and the conclusion is given.

The spatial plasma parameters, such as the plasma den-
Il. EXPERIMENTAL SETUP sity, electron temperature, floating potential, and flow veloc-
ity, were measured by scanning the Langmuir probes includ-

Argon plasma was produced by a four-turn spiraling the Mach probe, which were locatedzat 30 cm and 60
antennd at a pressure oP,=0.1—10 mTorr. The continu- cm. The typical targetbefore biasingplasma density, was
ous output rf power and frequency Bf;=160-500 W and in the range of & 10°—4x 10 cm™ 2 with the electron tem-
f+=7 MHz, respectively, were applied to a linear device, 45peraturelT.=3—6 eV and estimated ion temperaturd eV.
cm in diameter and 170 cm in axial length, with the uniform Here, the ion Larmor radius was less than 1 cm, and thus
magnetic field oB=500 G, as shown in Fig.(&). Here, &, ions and electrons were magnetized.
y, z) coordinates in the cylindrical system are shown. In
order to control the radial potential profile, we used ten conqj|. EXPERIMENTAL RESULTS
centric, segmented rings, made of stainless steel with a th|ck-

ness of 0.03 cm, as biased electrédeqsee Fig. 1a) (in the A. Change of spatial structure during transitions (low
middle) and Fig. 1b)]. The inner and outer diameters of the rf power )
n-th ring (in order from the centg¢rwere /—4.6 cm (2 Figure 2 shows an example of the time evolution of the

=n=<10) and 4 cm (1=n=<10), respectively. Each ring ion saturation current; measured at about one half radius of
was separated from the neighboring ones with an axial disthe chamber X=—10 cm), on changing bias voltagé;
tance of 1.3 cm. These rings were placed on the Teflon™voltage at the No. 3 electrodeHere, P,=3.2 mTorr and
disk, 40 cm in diameter, at the axial directiono£90cm  P=160 W, and seven traces show different shots. For the
from the window, which was located on the left-hand side incase of low bias voltagéess than 110 Y/ non, change was
Fig. 1(a), to cover the plasma cross section. Mostly, the No.observedstate ) with a relative amplitude of fluctuations of

3 electrode(the radius is 3.7—6 cjrwas used in the present less than 10%, typically. Her@e, is considered to be nearly
experimen{see the shaded region in Figbl]. proportional tol ;s sinceT, did not change appreciably, and
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FIG. 2. Time evolution of ion saturation currdptatx= —10 cm, changing

bias voltageV; (Py=3.2 mTorr andP =160 W). Here, seven individual

traces have different shots.
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ls=1 corresponded tm,=5.8x10° cm 2 for the case of
T.=5eV. From this figure, with the increase ¥y, an in-
creased number of transitions from the higlsate ) to the
lower (state |) states were found, in addition to back transi-
tions from state Il to state I: density oscillatidself-excited
transitiong between two stateistable system The typical
transition time(rise and decay time between two statess
1-2 ms. Note that for a clear bistable system with a rela-
tively small amplitude of fluctuations, it was observed that
the staying time of one state of more than several tens of ms
is much larger than the transition time, which was different
from the cases for the oscillations observed in dc discharges,
as was discussed in the Introduction part. Finally, with a
further increase iV (=140 V), there appeared a loweg
state, which is stationary with time, i.e., the state Il only,
with neither back transitions to the state | nor any events of
arcs.

During a transition, global profile changes in the radial
direction were found, as shown in Fig(the same condition
as in Fig. 2. For the case of the floating potential with re-
spect to the electrode No. 3 with other electrodes also being
at a floating potential, a hollow radial profile of the floating
potential Vi and density peaking were observétbte that
Figs. 3 and 4 were drawn in a regionyf —22~5cm). In
the outer region of the biased electrode for the cas¥ of
=130V, bothn, andV; decreased in a transition from state
| to state Il by up to 60% and 12 V, respectively. Here, the
electrode position is denoted by the closed horizontal bar in
Figs. 3-5, where a dip of, near this electrode was observed

2.5
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g
p— 2 = :
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205 FIG. 3. Radial profiles of ion saturation currdptand
- 0 floating potentialV;, for changing bias voltagé/;
(Py=3.2mTorr andP;=160 W). Here, state | and
= 25 100 state ll(closed circles and open boxes, respectivahg
E g V-0V PV, =130V 180 — shown in the third figures from the top, and radial po-
2 s Ay State I sePog Jeo = sition of the No. 3 electrode is denoted by a horizontal
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FIG. 4. Radial profiles of ion saturation currdntand floating potentiaV/; , for changing bias voltag¥; (P,=0.64 mTorr andP ;=160 W).

due to the parallel electron current along the magnetiemall in the inner radial region of the No. 3 electrode com-
field 5~"° pared to those in the outer region.

In the inner region, changes of, and V; behaved in
opposite waysFig. 3): n, andV; increasedby up to 30 \J
after a transition to state Il. Here, profiles in stat@l) with
V3;=130 V correspond well with those with a lowérighen
bias voltage than 130 V where no transitions were observed. Compared to Figs. 3 and 4. (V) decreasedin-
However, from changes of, andV;, the Boltzmann’s rela- creaseglin the outer region during a transition from state | to
tion was not found at the same position as well as along thetate I, for the case of the lower pressure with the higher rf
radial direction. Concerning density fluctuations, except forpower, e.g.,P,=0.16 mTorr andP =400 W, as shown in
the central plasma region, odd number modesgprobably  Fig. 5. Here, error barong error bars on the negative sjde
the m=1 modég along the azimuthal direction dominated. show the amplitude of fluctuatioriaegative spikes instead
Although the relative fluctuation amplitude in the inner re- of statistical error bars normally used. The density transition
gion of the electrode did not change appreciably during asuddenly occurred from state |, whose typical staying time
transition, this relative amplitude from state | to state Il de-(residence timpwas very long and larger than one minute,
creased by up to more than a factor of 2 in the outer regionwith giant oscillations of density to state Il with small fluc-

With the lower fill pressure of 0.64 mTorr keeping the tuations or vice versa, as shown in Fig(l&ack transitions
same input rf power, similar behaviors of global spatialoccurred after one minute or more from state Il to state | with
changes ofn, and V; during a transition were found, as the enhancement of fluctuationslere, state | had a typical
shown in Fig. 4n, andV; decreased by up to 75% and 20V, fluctuation frequencyf=1-2 kHz (this fundamental fre-
respectively, from state | to state Il, and bath and V; quency sometimes has its second harmowith the m=1
underwent transitions at nearly the same time along the ranode in the outer region and evem numbers in the inner
dial direction(a simultaneous global changélowever, tran- one. On the other hand, state Il had a broad spectruin of
sition phenomena &,=0.64 mTorr were found to occur at =2-5kHz in the outer region of a biased electrddee
the higherV; voltage region than those &,=3.2 mTorr  error bargfluctuation amplitudgin Fig. 5 and oscillations as
(see Fig. 7 beloy and changes dfs andV; were negligibly  a function of time in Fig. & Once this transition took place,

B. Change of spatial structure during transitions (low
pressure and high rf power )
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0.6 - y ; X ] those in the previous experiments, where drift waves were
- - (@ observed;® and was much lower than that in the rotation
E 04 L swatel ] plasma, \5Nhere velocity shear driven instabilities were
s i \ ﬂ 1 observed”
< r ]
S r 4
& 02 f { ¥ ] . .
~a + 8 \ i ﬁ ] C. Operating pressure region
0 L. . State 3 . 1 Figure 7 shows the characteristics of transitions as a
40 ' ' _ function of fill pressure keepinB ;=160 W; bias voltag®/
:_ L State II (b) - and average staying _time at state Il were measured. Here,
20 (> = ¢ a2 3 closed circles, open triangles and closed boxes show, respec-
- i T i t i} . tively, points of the onset from state | to state Il, points of
3_ or T * F . 50% staying probabilitfof time) for each state, and points
> - ' y of the onset of full transitions to state Il. Average staying
20 ] time Ty, in Fig. 7(b) is defined as the total staying time at
w0 b Statel _ ] state Il divided by frequencgnumber of eventsduring the
1 ] observation time, for the case of 50% staying probability for
- ©) ] both states | and Il. Thi§,, was derived under the same
_«;S i ] condition as those shown by open triangles in Fig).Note
E 0.5 1 ] that data were taken for the increasing phase of the bias
z i State I1 voltageV; (see descriptions of hystereses in Figs. 8—11 be-
'§ oL low obtained by changindy/;). From this figure, with the
= [ State increase in pressure, both typid4] voltage and width o¥/5
05 L . . N ] region undergo transitiongvertical distance between a
’ -20 -15 -10 -5 0 5 closed circle and a closed bostecreased. On the other hand,
x (cm) with the increase inPy, T, decreased withP, from

FIG. 5. Radial profiles of ion saturation curregg, floating potentiaV; and 15 sec aP~0.6 r_nTorr and had the minimum 6f20 ms
Mach number at state | and state W4=200 V, P,=0.16 mTorr, andP at Po~2.5 mTorr(this was much smaller by three orders of
=400 W). Here, error barflong error bars in the negative sjdghow the ~ magnitude than that &y~ 0.6 mTorr). Then, with a further
amplitude of fluctuationgnegative spikes increase inP,, T, increased slowly to~200 ms atP,

~5 mTorr. Here, transitions became negligible at more than
" ined f | : h f . 5 mTorr. Although this curve o, in Fig. 7 has not been
state Il remained for a long timenore than a few minutes as explained so far, this behavior seems to be similar to that

mzsorggg:l/%?;awngri)l;n Cc;?tlQgsbt?g;]t?rfls\l/sorgisnbc;essfatlsolr I?hg escribed by the Paschen’s lameediess to say, staying time
case of floatin Eias the typical fluctuation fre ueﬁc Was!S different from a discharge voltagebut expected pressure

9 ’ yp . q y at the minimum point estimated based on typical device size
low, ~1 kHz, with a smaller amplitude than that at state I.

: i o . is larger than the observed pressure by one order of magni-
Concerning fluctuations &f;, this signal sometimes showed 9 P y 9

sawtooth-like behavior as a function of time, and densit fude. Here, aP,~2.5mTorr, where there seemed to be a
’ yboundary of two regions as to average staying time, the elec-

flugtuanons observed may be an5|dered as drift WaV€3on mean free patfimainly dominated by electron-neutral
which were also found in the previous experiments of volt- . . . .
collisiong is about one half of the plasma radius.

age biasinddensity profile change and formation of velocity With increasingP,, while maintaining a constant value

7,9
She?l'rr.]is phenomenon and a profile changeVgfduring a of Py, the required bias voltag¥; leading to a transition
transition, i.e., an increase M; from state | and state Il in between state | anq state |l d.e.creased, and thus fqr th? case
the outer, r'eg.;,ion are differefnt from the above-mentionedQ f constan_t\/g, staying probability and average staymg_ume
transitions with iow-power and high-pressure_conditions at state Il mcreaseq. In the present experiment described so
far, data were obtained by the use of a No. 3 electrode only,

Flrssnr]n;hreot'\;{ae %Ihilfiﬁte)ea;?riﬁﬁﬁr(;z;is: iihgvr\imiélnbf)(? Ii5kebUt density transitions were also observed on changing the
P 9 y osition of a bias electrode; application of a bias voltage to

near th_e el_ectrode, l.e., the rotation Sp?‘ed IS pro_port_|0nal t§n individual electrode from Nos. 1-{positions are shown
the radial distance from the electrode with opposite signs on

both sideginner and outer regionsand the absolute, maxi- I Fig. 1) caused similar behaviors.
mum Mach numbeM was less than 0.5. However, this
speed is higheflower) near(far from) the electrode at state
| than at state Il. HereM is defined as rotation velocity In order to examine hysteresis characteristics stochasti-
divided by the ion sound velocity, and a positive valuevbf  cally, ion saturation curreni,; was measured by, first, in-
indicates a rotation in the ion diamagnetic direction. In esti-creasingVs slowly in a continuous manner from the lower
mating the Mach velocity, for convenien®e’??an unmag- voltage region where there were no density transitions from
netized modéP or a kinetic modét* with zero viscosity was ~state | to state I, to the higher one having no back transitions
employed. Note that this observed speed was lower thaftom state Il to state I, through self-excited transitions be-

D. Hysteresis characteristics
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tween two states. Next, reducing in the opposite manner mination of the plasma, keeping external parameters constant
from the high voltage region for the case of only state Il to(the wall effect was also determined to change orders of
phases of increasing and decreasing voltageste that the

the low voltage for state | alone. This voltage chang® of
i.e., up and down, was conducted continuously without tertime of changingV; to measure plasma parameters ranged
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FIG. 6. Time evolution of ion satura-
tion currentl 5 at state | and state Il, at
X=—1cm~—21cm (every 2 cm
from top to bottom Y¥;=200V, P,
=0.16 mTorr, and® ;=400 W). Here,
22 individual traces have different
shots.
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FIG. 7. (a) Bias voltageV; and (b) average staying time at state Il as a
function of fill pressure measured at=—10cm (P;=160W). Here, FIG. 9. Hysteresis curves @¢8) staying time probability at state | ar(h)
closed circles, open triangles, and closed boxes show, respectively, points 8¥erage staying time for state | and state II, from data of the ion saturation
the onset from state | to state Il, points of 50% staying probaliiiitye) for ~ current measured at=—10cm, as a function of bias voltagé; (P,
each state, and points of onset of full transitions to state Il. The average 3.2 mTorr andP =160 W). Here, the staying time probability is defined
staying time in Fig. @) is defined as the total staying time divided by as the total staying time at state | divided by the total measuring time, and
frequency for the case of 50% staying probability for both states. the average staying time is defined as the total staying time at each state

divided by frequency.

from tens of_seC(_)nds to s_everal_ minutes depending on the 160 W). Here, each curve in this figure was derived by
average staying timésee Fig. 7. Figure 8 shows clear hys-

teresis curves of the relationship betwegrandV; obtained :zg::gg]%fsg(i f?ea;tefltxv(;ljlz\é?a)?n;tlEtzéhle;leirt];?gtg:e{
by the above-mentioned methodPd=3.6 mTorr andP 9 s '

e.g., Fig. 2 for V;=130V to 160 V. This is completely
different from the hysteresis curve, i.e., current—voltage
characteristics, for dc discharges discussed in the Introduc-

0.9 :
tion.
0.8 _ i This hysteresis characteristic was ascertained in another
way: Staying time probability?g, defined as the ratio of the
2 o7 _ i time occupied at state | normalized by total observation time,
-‘é ) is shown in Fig. 8a) (the same conditions as those in Figs. 2
= 0.6 [ and 3. Below V3~110V, plasma had state | all the time,
£ T | and this probability at state | decreased with increasigg
5m 0.5 i and finally only state Il existed by high voltage biasing
- =T ’ above 140 V. The threshold voltages of no transitions from
0.4 _ i state | and state I, i.e., on the margin of 100% staying prob-
) ability at state | and state Il, were higher for the case of
03 [ increasing phases of; than for the case of decreasing
110 120 130 140 150 160 170 phasegsee the low- and high-voltage regions of 110-120 V
V. (V) and 140-150 V, respectively, and also see Figs. 8-HiQ-
3 ure 9b) shows the average staying tiriig(T,,), defined as

FIG. 8. Hysteresis curves of averaged ion saturation curtgnat x the_tOtaI staylng tlme at St_ate (“) divided by_frequ_ency
——10cm as a function of bias voltages (P,=3.6 mTorr andP,  during observation time. Whil&, decreased rapidly with's

=160 W). by more than one order of magnitude,, and the variance
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FIG. 10. Hysteresis curves @) staying time probability at state | ar(t) FIG. 11. Probability distribution as a function of ion saturation curigrst
average staying time for state | and state Il, from data of the ion saturatio = ~ 1_0 cm, for increasingup) and decreasingdown) phases of bias volt-
current measured at=—10cm, as a function of bias voltagé; (P, ageVz: () 120 V and 125 V andb) 130 V and 135 V Py=3.2 mTorr and
=5.1 mTorr andP =160 W). P=160 W).

of staying time at state llnot shown increased slowly with
V3. Hysteresis loops were found for both staying time prob-
ability and the average staying time from Fig.F; and T,
were higher with phases of increasikg (up) than those of

| ;s at state I(the higher side of thé, value from two main
peaks in this figure, for the case ¥L=120-135V) and
state Il (the lower side for the case of;=135V) were
decreasingV; (down) for the same value o¥; (a slight Iar:ger inTtr?e ihncreasirg puase Vg_th_an inbth_e dsc;easing_
difference was found foiT,, behavioj. On changing fill phase. The hysteresis characteristics obtained from Figs.
all 8-10 along with the results in Fig. 11 may come from the

pressure, the same phenomena concerRifigTy, andTy, fine spatial structure change between increasing and decreas-
were observed, and another example is shown in Fig. 10 far

the case oPy=5.1 mTorr. From this figure, thi/ region Ing phases, in addition to those from other hidden param-

. . LS rs, or from some memory eff which shoul lari-
for self-excited transitions was lower than that in Fig. 9 dueete S, or from some memory efiects, ch should be cla

. ) ) - fied in future studies.
to the increase i, as was discussed in Fig. 7. . . : .
In order to determine the triggering process of transi-

tions, the time of transitions of various parameters was mea-

sured. There were neither a clear difference of times between
We have attempted to observe the fine structure and hyd;; andV; during a transition, nor a significant difference of

teresis behavior stochastically: the ion saturation curkgnt time between measuring radial positions of bhthand V; .

as a function of the bias voltagé;, e.g., a probability dis- However, the bias current, on the order of 10 mA at the

tribution of I;; (PDF), was plotted, as shown in Fig. 11, for No. 3 electrode increased fast just before or near the same

increasingup) and decreasingdown) phases of bias voltage time of density transitions from state | to state Il; fagtrise

V3 between 120 V and 135 V. Here, the intervallgfto plot ~ with an overshot positive spike was found whiledrop was

the distribution in this figure was taken as0.02, with the  slow, as shown in Fig. 13) (sampling time was 20Qs).

total number of data points of 320Q6riginal data have 8 bit Here, a positive value shows that electrdiosns) are flowing

resolution. From Fig. 11, in the increasing phase ¢f, into (out from) the electrode, and changes\6f andP; were

there was a tendency, particularly for the case of the highess than 1% during a transition. The differences of time and

bias voltage, that the probability to have statsthte I) was  timescale are clearly seen in the Lissajous figure in Fig.

higher(lower) than that in the decreasing phase/gf which  12(b), which shows a relation betwedrn and |, replotted

is consistent with Figs. 8—10. In addition, central values offrom Fig. 13a). On the back transition from state Il to state

E. Detailed structure
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50 electric field as a function of the electron density, were
shown to explain the electric pulsatiéhin the W7-AS de-
40 vice, dithering cyclegswing of hysteresjsnear the threshold
power for transitions from the H mode to the L mode, i.e.,
repeated transitions and back ones, were observed in the
power flux and electron temperature gradient pf&Healso
20 showed no smooth transition to improved confinement but
rather the development of a barrier which suddenly appears
10 and vanishes. In the JT-60U device, the L phase and H phase
confinements appear repeatedly in a hot ion mode plasma
0 during the almost constant input powerThe electron and
ion temperatures were not constant in each phase, and the
strong shear of the electric field contributed to reducing the
40 . . . . thermal diffusivity. In any case, it is necessary to derive such
o) | a control plasma parameter to determine the bifurcation in
our bistable system.

Although physical pictures and control parameters to de-
scribe the bistable phenomena are necessary as discussed
4 above, due to the presence of hysteresis loops such as aver-
ages of ion saturation current, staying time probability, and
staying time, as a function of bias voltage, mentioned in Sec.
Il D, establishment of the above pictures must be modified
to explain our findings. Needless to say, if the characteristic
time scale of transition is shortélongep than the time rate
of the change of control parameters, hysteresis phenomena

I, (arb. units) cannot(can be observed, e.g., in discussing stochastic tran-
. . . , sitions between turbulent and thermodynamic branches, us-
FIG. 12. (a) Time evolution of ion saturation curreht atx=—17 cm and .
bias current,, and(b) Lissajous figure betweehs and |, taken from(a) ing Contr_OI parameters as a pressure graa%dm O_ur cas_e,
(V3=200V, Py=1.6 mTorr, andP =160 W). hysteresis loops cannot be expected on the basis of this con-
text, since the time of changing bias voltage was chosen to
be longer than the transition time and staying time. There-
I, 1, decrease was also faster thhpincrease. From our fore, it is necessary to find a clue to explain the results of
measurements conducted so far’ 0n|y the Chang% ofas transitions with stochastic hyStel‘eseS; e.g., a search for local
seen to be earlier than other signals during a transitioiut not global parameters may be necessary, and the plasma
among the measured signals, which indicates the importandé@rameters near the electrode must be investigated. As to the
of changing parameters in the neighboring regisheath triggering parameters, from our measurements conducted so

region of the bias electrode for triggering a transition pro- far, only a change of, was faster/earlier than that of other
cess. signals during a transition among measured signals such as

ion saturation current and floating potential in the bulk
plasma region, as was discussed in Sec. l($&e Fig. 12
Compared to the H mode transition in torus plasmas, drastic
Here, we will discuss characteristics of bistable phenom¢hanges of floating potential profiland thus electric field
ena while focusing on triggering/governing mechanisms oforofile) as well as rotation profiles were not found in our
transitions. Generally, transitions in this bistable system magase; a smaller rotation speed at state Il than that at state |
be understood phenomenologically based on the effectivayas found near the electrode in Fig. 5, but the role of flow
asymmetric double well potential structure, e.g., Ginzburg-shear has been unclear up to now. These results indicate the
Landau equation, or Schmitt triggénobtained results may importance of changing parameters in the neighboring region
also be related to stochastic resonahé8; there are two (sheath regionof the bias electrode for triggering a transi-
stable states, whose staying probability can be varied by exion process. This may be related to similar results that
ternal parameters due to the structural modification of doubl@ower thresholds for the L—H and H-L transitions in the
well potential. Random reversal of the Earth’s magnetic fieldASDEX upgrade were both governed by energy flux to the
is still a hot topic. The bistability and oscillations were ana-separatrix regiori®
lyzed from the context of dynamo systéfnand governing Next, we will consider the characteristic time. Typical
equations of a disk dynamo model could be reduced to Lortransition time(rise and decay time between two statess
entz equationglow-dimensional dynamigsThis can also be 1-2 ms, while the average staying time in one state can be
used as an example to model our observed phenomena: ravaried in a wide range, depending on the fill pressure and
dom staying time or random transitions between two statebias voltage, as was mentioned in Sec. Ill. Here, the global
depending on external parameters with fluctuations. In thenergy confinement timgarallel transit time along the mag-
CHS device, the neoclassical bifurcation curves, i.e., theetic field line by an ion sound wave passing through the

30
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IV. DISCUSSION AND CONCLUSION
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plasma is estimated to be roughk 10 us (~300us). Col-  between the cases of our plasma and high-temperature
lision times between electrons or between ions were shortdlasma, such as the field geometend effects in the di-
than the ion—neutral collision time on the order of 10§,  rection must also be considered in our gased ionization
These are much smaller than the transition time, but the foltatio (neutrals are also important in our system
lowing times are comparable to the observed transition time, In conclusion, self-excited transitions between two states
if anomalous diffusivity is taken into account due to, e.g., thewere investigated by the voltage biasing to an inserted elec-
presence of some instabilities, as is often seen; parallel iofode in the inner region of a rf-produced, magnetized
transit time by ion thermal velociticharacteristic time esti- Plasma. Global repeated transition phenomiiia-flop pat-
mated by the ion classical transport across the magneti€™M Wwith sharp reductions and jumps of the electron density
field) is on the order of~ms (~10 ms). Collision time be- N the outer region were observépistable system Transi-
tween ion and electron and pumping time were on the ordefOns were accompanied by changes such as the floating po-
of seconds, which are much larger than the transition time.€ntial profile and the bias current. Control of the staying
The self-oscillations in thermionic dc dischared® furr_le probability P was_attempted,_ and hysteresis character-
show three phases in one oscillation period on the order dftics Of the averaged ion saturation currégt Ps, the av-
several ms: the expansion, double layer, and relaxatiofi"@9€ Staying timd,, and a probability distribution ofis

phases. In this case, changes of potential structure dependiﬁgre found on changing the bias voltagg, leading to the
on the position between the electrodes were found. In arole of a fine structural change. During transition, the change

asymmetric plasma divided by a magnetic filter, the timeof bias currentl, occured faster/earlier than that of other

scale of the limit cycle numerically observed was determineds'gnals’ which showed the importance of the sheath behavior.
by the speed of the laminar shock wav&sn our case, ap-
preciable strong asymmetry and a propagation of pOtemiaACKNOWLEDGMENT
change along the axis in the bulk plasma region were not
observed. Although the triggering mechanism and time scale We would like to thank Professor Y. Kawai for his con-
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