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Transitions of macroscopic structures and self-induced chaos observed in plasmas
by a dc hollow cathode discharge having features of nonlinear open systems
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A novel experimental investigation is presented on the connection between discontinuous transitions of
macroscopic structures of plasma and self-induced chaotic oscillations characterized by the positive Lyapunov
exponents\, through the period-doubling route in a dc hollow cathode discharge, which has features of
nonlinear open systems. We have clarified experimentally that there appear different discharge modes accom-
panying the discontinuous transitions, and detailed qualitative explanations are presented about the mechanism
of those transitions. It is shown that fundamental frequencies of the self-induced periodic oscillations with
nonpositivex | change with the changes of discharge current, and the amplitude of chaotic oscillations with the
positive A jumps up almost one order higher than that of nonchaotic ones with the nonpasitivéhe
self-induced chaotic oscillations with the positixg have been observed near two edges of discontinuous
transitions of plasma structures, suggesting that the chaotic mode is associated with the discontinuous transi-
tion of macroscopic structures in some nonlinear open systems.
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[. INTRODUCTION ode discharge, the chaotic behavior of plasma is considered
to have strong connections with the macroscopic structures
The subject of order and chaos in dissipative nonlineapf plasma. In this paper we report a novel experimental in-
systems has been extensively studied in many fields such aestigation on the connection between the macroscopic
in physics, chemistry, and biolod{t]. In the case of physics, structures of plasma, self-induced periodic oscillations, and
many experimental studies on chaos have been performed the self-induced chaos through the period-doubling route and
nonlinear systems such as nonlinear circ{@sor gaseous also the intermittent one in a dc hollow cathode discharge.
lasers[3]. The gaseous plasma in glow discharges is one oExperimental results show that the self-induced chaos, char-
such interesting nonlinear systems, where the externallpcterized by the positive Lyapunov exponents, relates with
driven chaog4,5] and the self-induced onfs,7] through  discontinuous mode transitions of the macroscopic structures
Feigenbaum’s period-doubling rouf8] have been experi- of plasma produced in the hollow cathode.
mentally observed. Cylindrical hollow-cathode discharges
are also k_nown to_exhibit the self-inducec_i oscillat_ions_ and Il. EXPERIMENTAL METHODS
the chaotic behaviof9-11]. The mechanism, which in-
creases plasma density dramatically in the hollow cathode The experimental apparatus used for the dc hollow cath-
discharge compared with use of the usual anode—cathod®le discharge is schematically shown in Fig. 1, where the
discharge, has not been clarified enough experimentally anidp cross-sectional view of the chamber, the figure of the
theoretically yet. The self-induced chaos has been found réiollow cathode, and the side cross-sectional view of the
cently in peripheral plasmas of a fusion devjd®]. A the-  chamber with the discharge circuit are presented. The cham-
oretical investigation of externally driven chaos in plasmasber and the anode, made of stainless steel, are connected to
has been reported in the wojrk3] showing that an ion fluid the earth. The hollow cathode is made of two parallel Al
model in the sheath potential with a low degree of freedonplates that are insulated from the chamber. The intdbvaf
(three variablesagrees fairly well with experimental results the two cathode planes is variable. Fixed sizes of the used
of the period-doubling route to chaos in the special plasmapparatus are shown in each figure of Fig. 1. The chamber is
device of the double layer systd4,15. Experimental ob- evacuated to a base pressure of abouk1@ * Torr and
servations of chaos in the gaseous plasma reported hithertfiljed with argon as a working gas. The working Ar pressure
however, have not been connected with macroscopic stru¢f,) is set by a flow gauge valve, and therefore the dis-
tures of plasma itself, even though the observations haveharge plasma is surrounded by this background Ar gas with
revealed the property of the low dimensional deterministica little flow as an unfixed open boundary. The discharge is
chaoq4-7,9-13. Since the gaseous plasma is a typical non-controlled by the Ar pressur@,, the discharge voltage/()
linear dynamical “open system” with a large number of de- between the anode and the hollow cathode, and the interval
grees of freedom, especially in the case of the hollow cathb of the cathode planes. The main diagnostic apparatus in-
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FIG. 1. Schematic figures of experimental apparatuses. FIG. 2. Six basic structures of plasma for A- to F-modes, taken
by the side view visible light.
volves movable double probes, a video recorder to observe
time evolutions of visible plqsma structures qIL!rlng increase.a_ 14 F-modes,”
or decrease o¥y, and a digital camera for visible light to
analyze the macroscopic structures of plasma by computer

N athode are shown in Fig. 2. In each figure, two parallel
Here, one of t_he two cyl|nd_r|cal probes at the top of thewhite blocks mark the hollow cathode, but the anode above
double probes is used as a single Langmuir probe to measufe. . ihode is not shown. In the lower pressure region
the floating potential in the produced plasma. The measured '

data of the floating potential are recorded as digital datground 0.3 Torr, as the value 8, is increased, the dis-

through an analog-to-digital transformer, and the digitizedCharge mode sequentially changes from A- to E-modes,

data are used to get the phase trajectories, the power Spethhere the A-mode is the dark current region with little vis-

I ; ; ) )
and the Lyapunov exponents . A x—y recorder is also e light. During the changes, there occur discontinuous

. .sudden transitions of modes between A- to B-, B- to C-, and
used for the probe measurement, and for observations of d'\%— to D-modes, and there follows continuous transition from
continuous transitions on the characteristic curves with re- ’ R .
spect to the relations between the discharge curightgnd D- to E-modes. Here, the E-mode is distinguished from the

: . -mode by the different power dependencd obn V4 and
Vy. Using the method mtroduceq by Sato, Sano and _Sawa e different luminous feature with the highest light intensity
in [16], we calculated the maximum, by the following

. from plasmas. Here, in the two discontinuous transitions
equation, from B- to C- and C- to D-modes, using the video recorder,

we have observed discontinuous sudden changes of luminous

shape and thickness of plasma, which occur simultaneously
(1) A . e -

with discontinuous transitions of—V4 characteristic curves

traced by thex—y recorder. In the higher pressure region
where the pair of;(t) andy;(t) denote possible near two more than 0.5 Torr, however, a direct discontinuous transi-
points on the two trajectories in the phase spates the tion from A- to F-modes takes place, where the F-mode is
large number of sampling data points on the trajectories andharacterized by the Faraday dark space at the center region

whose typical macroscopic structures of
glasma taken by the side view visible light inside the hollow

1(1 X |Xi(t+7)—yi(t+7')|]

)\L:_ N 2 |n

7| N <1 Ixi(t) = yi(t)]

7 is the sampling time. of the hollow cathode. Those clear discontinuous transitions
of macroscopic plasma structures between A- and B-, B- and

IIl. EXPERIMENTAL RESULTS AND DISCUSSION C-, C- and D-, and A- and F-modes have not begn reported
yet, as far as the authors know. When we say simply “the

Changing experimental values of the set &, (Vq4,D), hollow cathode discharge,” we should have to notice and

we have obtained six basic modes of discharge, called herefer to the fact that the discharge has the fine structures of
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B-, C-, D-, E-, and F-modes. We can observe hysteresis owhich cover the electrode surfaces of the plane hollow cath-
the I 4—V4 characteristic curves around each discontinuou®de, become narrower and narrower by the shielding effect
transition of modes mentioned above. of electrons.

From repeating careful observations with the use of the (3-B) As the width of each ion sheath becomes narrower,
diagnostic apparatus, we present here the following qualitathe intensity of the electric field in the ion sheath grows
tive explanations for the mechanism of each transition ofyreater and also the higher edge of ion densities reaches
modes that occur in the nonlinear open systems of the hollowloser to each electrode surface.

cathode discharges under experimental conditions with vari- (3-C) The resultant greater electric field in the ion sheath
ous values oP, andD. greatly accelerates the ions themselves towards each cathode

(1) Discontinuous transition from A- to B-modes: Ag, ~ Surface, so that the accelerated ions bombard the cathode

increases, electrons composing the dark current are accelg¥rface to emit the secondary electrons through the process
ated enough by the externally applied electric field, so thapf the SO'Cal,I,edV effect by ions, which we call here “the
they ionize neutral particles to increase plasma densitied’st ¥ effect” _

When the initially quite low plasma densities have reached (3-D) The emitted electrons by the first effect are ac-

some higher ones, the virtual anode is considered to be prét_elerated more effectively by the greater electric field in the

duced within a short time, extending near the upper area O§heath, and the accelerated electrons ionize the background

the two plane cathodes. This is because the conductivit 0ri;eutral gas to increase more both densities of electrons and
P ) Y 9bns through the avalanche of ionization inside the sheath

the plasma between the anode and the two plane CathOd?eSgion.
w_ould increase as the plasma den5|_t|_es increase. The mecha-(3_E) The increased densities of electrons and ions again
nism of this nonlinear mode transition, however, has noiy,e the width of the ion sheath narrower, and the processes
been clarified yet expenmeptally and th_eoretlcally and that ig;om (3-B) to (3-D) go on circulating as a positive feedback
also one of the research objects attracting the present authokg,stem with respect to the increment of the ion density near
The light shape of the B-mode plasma may be the result bgach surface of the plane hollow cathode.
the glow discharge between the virtual anode and the upper (3-F) The circulatory nonlinear processes fraq@B) to
area of the two plane cathodes. (3-E) continue to saturate to lead to the D-mode until estab-
(2) Discontinuous transition from B- to C-modes: Ag lishment of the balance between productions and losses of
increases further, the produced plasma in the B-mode woulins in the sheath region, where the former is due to the
diffuse around and also into the center area of the plan®nization, and the latter is due to diffusions towards sur-
hollow cathode. When the plasma densities, diffused into theounding regions of the central bulk plasma, the electrodes,
plane hollow cathode, have reached some higher ones, ti@d the chamber.
virtual anode would extend more widely within a short time ~ (3-G) Since the circulatory nonlinear processes from
inside the plane hollow cathode, in the same way as thé€3-B) to (3-F) are the positive feedback ones, the transient
nonlinear mode transition from A- to B-modes, as mentionedime from C- to D-modes would be very short, referred as the
above. The light shape of the C-mode plasma may be due @scontln.uous transmqn here, in the time scale of the. present
the glow discharge between the central virtual anode and th@PServations by the video and the-y recorders, as will be
two plane cathodes. Within the C-mode region, the depth ofhown later. The firsy effect by ions may be dominant in

the light shape grows deeper and deeper down to the bottof‘FLe transition from C- to D-modes, compared with that by
of thg plane %olgllow cathoc?e Ak, incregses photons, which we call here “the secondeffect,” radiated

(3) Discontinuous transition from C- to D-modes: A from excited neutrals due to excitation collisions by elec-

increases further, the plasma densities around the mid Iar%[aons in the discharge region.
' P P (4) Continuous transition from D- to E-modes: A& in-

in the plane hollow cathode would increase higher andcreases further within the D-mode, the discharge current den-

higher, just like the state shift from the normal to the abnor'sities and the electron ones go up more to affect excitation

mal glow discharge in the usual anode and cathode dissgjisions that will result in higher intensity of light emission
charge, where the peak point of the plasma densities movgg,m the bulk plasma. This higher intensity of light emission
nearer to the cathode surface. The mechanism of the discofoy|d lead to the increase of secondary electrons through the
tinuous transition process from C- to D-modes may be exprocess of the secong effect by photons. This second
plained by the following more detailed modéWe consider  effect may become gradually and relatively dominant to lead
the key mechanism for the discontinuous transition from C+to E-mode, which has the different power dependenck, of
to D-modes the same as that of the nonlinear transition frongn Vq4 and the different luminous feature with the highest
the a regime to they one in the capacitive coupled rf dis- light intensity from plasmas, compared with the D-mode as
charges, which we have investigated by computer simulamentioned at Fig. 2.
tions, as will be published elsewhere. In the case of the rf We have obtained experimental data shown below by de-
discharge, the changes of time averaged plasma densities atieéasing the value of 4 from high values, because of easier
ion sheath widths are used in the detailed model. setting of V4. We have observed the self-induced chaos
(3-A) As the plasma densities gradually increase highethrough the period-doubling route associated with the two
and higher because of the higher ionization rate accompanieatiscontinuous transitions of the macroscopic structures of
by the higher value oVy, the widths of both ion sheaths, plasma from D- to C- and from C- to B-modes, as will be
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shown below. Typical plasma parameters of the electrospace oV anddV;/dt, and the power spectravhich were

densityn, and the electron temperatufe measured by the

measured at the neighboring three points of marks on the

double probes at the midplane in the hollow cathode are ag—Vq4 curve around the transitional region between C- and

follows for the case oD =10 mm andP,=0.34 Torr: For
the C-mode discharge witty=5 mA andVy=348 V, n,
=0.67x10° cm 2 andT,=4.33 eV. For the D-mode dis-
charge with 143=18 mA and V4=322 V, n.,=1.23
x 10" cm 2 and T,=4.54 eV. For the E-mode discharge
with 14=30 mA and V4=330 V, n,=3.59x10* cm 3
andT.,=3.71 eV.

Figure 3 shows a typicdly—V4 characteristic curve mea-
sured for a case witP,=0.15 Torr andd =20 mm. Here,
marks on the curve represent the data points for which w

Lyapunov exponents\, from the data of the fluctuating

of
have gotten power spectra, phase trajectories, and tf\;\a

D-modes shown in Fig. 3. Here, Figs(ajt and 4b) show,
respectively, the data afy=324 V with A\, =—95.4 and
326 V with A = —23.6 within the C-mode region, and Fig.
4(c) shows the data afy=320 V with \| =408 within the
D-mode region. The wave form, the trajectory with the nega-
tive A, and the power spectra in Fig(a} represent the
self-induced periodic oscillation o¥; with a frequencyf
about 6.45 kHz and its harmonics. This fairly low frequency
f suggests that the observed oscillation comes from the mac-
roscopic motions of the ion fluid composed with heavy mass
Ar. WhenVj is increased a little from 324 to 326 V, the
lue of\ is kept negative and a very clear period-doubling
is observed as shown in Fig(b} in the C-mode region.

floating potentialV; measured at the boundary plasma insidethen,  there occurs discontinuous transition from C- to
the hollow cathode. The discontinuous transition of the macp.modes with the jump 0¥, down to 320 V, and the wave
roscopic structures of plasma mentioned in Fig. 2 occurs &orm and the trajectory turn into a chaotic mode having the
two transitional regions shown by broken lines between twGeatures with the positivk, and the continuous power spec-
regions of B- and C-modes and C- and D-modes marked ofta, as shown in Fig. #). (In this experiment, real time se-
the right-hand scale of Fig. 3. Negative differential resistancejuences of measurements were from Fig) o Fig. 4a), as
appears at the transitional region between C- and D-modesentioned in Fig. 2.1t is emphasized here that the ampli-
associated with the discontinuous transition of a plasmaude of fluctuation of the floating potenti&; jumps up to
structure. As was mentioned in Fig. 2, we observe hysteresisne order higher values in Fig(e} of the chaotic mode with
on thel4—V, characteristic curves around each discontinuthe positive\| than the cases of Figs(a} and 4b) with the
ous transition of modes. We cannot settle the point at anyegative\ . It is seen from Figs. 3 and 4 that there exists a

aimed position on the discontinuous region of the-Vy

period-doubling sequence to chaos which is accompanied by

curve in the present plane hollow cathode discharge, not likéhe discontinuous transition of the discharge mode, i.e., a
the usual -V curve of the simple plane anode—cathode dis-discontinuous change of the macroscopic structure of
charge. This is because the discontinuous transition of thel@sma, in the dc hollow cathode discharges.

I 4—V4 curve is not controllable due to nonlinear sudden tran-
sition of the macroscopic plasma structure in the hollow
cathode, whose transition mechanism is yet unsolved. A

present, we cannot draw the load line on theV, curve
used for the present simple plane hollow cathode discharg
We have to leave the detailed investigation on the hysteres
in the 14—V characteristic curve in the case of the hollow
cathode discharge to our future works.

In Fig. 4 we show a typical set of daftghe temporal
evolution of the floating potential;, the trajectory in phase

The phenomenon that the amplitude \6f jumps up to
one order higher values in Fig(e} of the chaotic mode in

e D-mode than the cases of Figgadand 4b) in the
-mode can be explained as follows: The plasma density in
the case of Fig. @) of the D-mode increases almost twice

$hat in the case of Fig.(8) of the C-mode, as is known by

Fata using the double probe measurement. The ion sheath

width also decreases extremely from the case of Rig). df

the C-mode to that of Fig.(d) of the D-mode, and therefore
the electrical field that accelerates electrons increases rela-
tively very large in the ion sheath of the D-mode. THe
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FIG. 4. A period-doubling sequence to chaos observed around the transitional region between C- and D-modes shown in Fig. 3. Scales
of time, V;, dV;/dt, and frequency are ms, mV, mV/s, and kHz, respectivedy.Vy=324 V within the C-mode\ =—95.4.(b) V4
=326 V within the C-mode\, = —23.6.(c) V4=320 V within the D-mode\ =408.

signal, which is measured by the single probe, results from When we decrease values Wf in the C-mode region
mainly the density and energy of electrons surrounding theowards the transitional region with the B-mode one, the
probe. The chaoti®/; fluctuations therefore increase fairly self-induced oscillations o ; with the frequency bifurcate
high through the discontinuous transition from FigbMof into the state of/2 and sometimes into the statefds, all of
the C-mode to Fig. &) of the D-mode with the higher hich have nonpositiva,, . After those bifurcations of the
plasma density and with the extremely thinner ion sheatlyg|f.induced oscillations, we can observe again the chaotic
width. _ o mode of oscillations with the positivie, within the C-mode

We can recognize that the power spectrum in Fig) #1  (oqion near the transitional region. The amplitude of the fluc-
El'hr? case ?}f the D-molije appgars tolhgvedsom]ce I?oheri_nr: pﬁa‘k?ation ofV; of the chaotic mode also jumps up almost one

ese co erent peaks can be explained as foflows. 1he agflder higher in this case, in the similar way as shown in Fig.
of Fig. 4(c) has the positive value of Lyapunov exponents
A =408, and the power spectrum of the data appears to have . . .
a coherent peak at about 18.2 kHz and possibly another at I_<eep|nng tq _be 324 v W't.hOUt ch_angmg all other ex-
36.4 kHz. These coherent peaks may be explained qualit®€imental conditions, we obtain a series of dat¥palong
tively as follows: Since these coherent frequencies are low€ time within a few minutes, as shown Fig. 5, where Fig.
the fluctuation signal may be due to motions concerned witlp(@ shows the same data as Figby Comparisons among
the ion mass. The bulk plasma within the two plane hollowthe data of Fig. &) (A =-95.4), §b), and Fc) (A,
cathode may naturally have various types of macroscopic=90.0) clearly show us that the period doubling takes place
oscillations such as moving back and forth between the tw@nd leads to the chaotic oscillations along the time within a
cathodes, changing the thickness and the height of the bullew minutes, i.e., intermittent chaos. In the case of intermit-
plasma region itself, and so on. The single probe signal caitent chaos, the amplitude of fluctuation \6f does not have
ries energies of electrons, which are passing through the twaignificant jumps, unlike in Fig. 4. This is because the dis-
ion sheath regions of the plane hollow cathode and alseharge mode stays in the same C-mode without occurrence
through the bulk plasma having the two or more coherenof the discontinuous mode transition. This type of intermit-
oscillations mentioned above. Because these mechanisngnt chaos will be shown more clearly in the next figure.
the single probe signal should be the mixture of the coherent We have calculated the values of the Lyapunov exponents
and the chaotic oscillations. N\ for all data points marked on thie—V, characteristic
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curve in Fig. 3. The resultant dependence pivalues on the  corresponding to the two transitional regions between B- and
discharge currerity is shown in Fig. 6, where the mafk at  C-modes and C- and D-modes. The clear chaotic modes of
I4=0.2 mA represents that data of the noise level. In the oscillations mentioned above are observed g1.7 mA
figure, there are two jump regions o¢f, where the lines (the lower edge of the D-moglend atl =0.43 mA (the
connecting neighboring data points are shown by dashelbwer edge of the C-modeand only dominant frequencies
lines, corresponding to the two transitional regions betweefare plotted in the figure for the clear chaotic cases. Near the
B- and C-modes and C- and D-modes. The chaotic modes @fdge of the D-mode region, the self-induced chaotic oscilla-
oscillations mentioned above are observed at the data pointions have relatively higher and continuous frequencies, as
with positive values ol near the edges of the two transi- was shown in Fig. &). As |4 is decreased in the C-mode
tional regions of discharge modes. Af=0.9 mA, where region, fundamental frequency slightly increases at first
V4=324 V, we see two close data points, one of which hagfrom the upper edge of the C-mode region to the point with
a negative value ok and the other a positive one. Thesel4=0.6 mA), and the period-doubling bifurcations take
two data points represent the intermittent chaos mentioned iplace during the increase &fln this region ofl 4, luminous

Fig. 4. thickness of plasma becomes thinner and thinnek age-

The frequencyf of the self-induced oscillations o¥;  creases, but the depth of plasma is kept from the top to the
shifts as the discharge parame¥gy or |4 changes. The de- bottom in the hollow cathode. The self-induced oscillations
pendence of the frequendy determined from the power of V;, however, become to be almost undetectabld jat
spectra, on the discharge currégis shown in Fig. 7 for the =0.55 mA. After this point, ady decreases to the lower
same marked data in Fig. 3. Here the matk at |4 edge of the C-mode region, fundamental frequency decreases
=0.2 mA represents that data of the noise level. In Fig. accompanied by bifurcations df2 or f/3 states, and the
7, there are also two jump regions Igf without data points, depth of the plasma becomes shorter and shorter to almost
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FIG. 6. Dependence of the Lyapunov exponentson the dis-  jetajled explanations frorf8-A) to (3-G) at the explanation
charge currenty obtained from the same marked data in Fig. 3. The(3)]_ The continuous transition from D- to E-modes may be
mark O atly=0.2 mA represents that data of tkle noise level. explained by the secongl effect by photons due to higher

light radiation from the bulk plasma. This secondeffect
gives gradual increment of the secondary electron emission
half depth of the hollow cathode. Near the lower edge of thehat may increase excitation collisions, some part of which
C-mode I’egion altd2043 mA, the self-induced oscillations lead again to the Seconﬂ effect, g|v|ng rise to the E-mode
of Vf become chaotic again, haVing relatiVEly lower and Con-specified by different power dependences| @fon Vd and

tinuous frequencies, as is seen from Fig. 7. different luminous features with the highest light intensity
We expect from the data shown in Figs. 5 and 6 that the,gm plasmas.

following two experimental results aB) and (b) belong to We have shown that there appear the self-induced chaotic

essential features of nonlinear open systems: modes of oscillations which are characterized by positive

(a) The fundamental frequency of the self-induced OSC”'Lyapunov exponents,, through the clear period-doubling
lations gradually changes as the control parametet of route (cf. Fig. 4). It should be emphasized here that the am-
changes. _ _ plitude of the self-induced chaotic oscillations jumps up to

(b) The appearance of chaotic modes is strongly congimost one order higher than the periodic ones with nonposi-
nected with the mode transitions of the macroscopic structjye A, and the chaotic oscillations accompany the discon-
tures of plasma. tinuous mode transitions of the macroscopic structures of
plasma, as was clearly demonstrated by two jump regions of
discharge current and the positive valuea pfshown in Fig.

6.

We have presented a novel experimental investigation on When we decrease values 9f; in the C-mode region
the connection between the discontinuous transitions of madowards the transitional region with the B-mode one, the
roscopic structures of plasma and the self-induced chaotiself-induced oscillations 0¥; with the frequencé bifurcate
oscillations in a dc hollow cathode discharge that has feainto the state of/2 and sometimes into the statefds, all of
tures of nonlinear open systems. We have clarified that therghich have nonpositive, (cf. the C-mode region in Fig.)6
exist the fine structures of B-, C-, D-, E-, and F-modes in the Keeping the value oV4, we have obtained two sets of
dc hollow cathode dischardef. Fig. 2. The discontinuous data, one of which shows the periodic oscillations with non-
transitions occur between A- and B-modes, B- and C-modegositive \; and the other the chaotic ones with the positive
and C- and D-modes. We can observe hysteresis on the (cf. at14=0.9 mA in Fig. 6. This experimental result
| 4—Vq characteristic curves around each discontinuous tranndicates that the intermittent chaos also appears in this dc
sition of these modes. From repeating careful observationkollow cathode dischargef. Figs. 5 and &
using the diagnostic apparatus, we have presented the quali- We have clarified that the fundamental frequency of the
tative explanations fronl) to (4) for the mechanism of cor- self-induced periodic oscillation changes with the valuéof
responding mode transitions. The common process of thand it correlates closely with the macroscopic structures of
mechanism of discontinuous transitions between both A- anglasma, such as the thickness and the size of luminous
B-modes and B- and C-modes may be attributed to the rapiglasma inside the plane hollow catho@é. the C-mode re-
extension of the virtual anode that occurs in the gaseougion in Fig. 7.
plasma. The dominant process in the discontinuous transition We have observed an interesting phenomenon from the
from C- to D-modes, however, may be explained by anothehigher edge of the C-mode region, the luminous thickness of
circulating positive feedback process with respect to the inplasma becomes thinner and thinnel gslecreases, and the
crement of ion densities near the cathode surface due to thelf-induced oscillations df; suddenly reduce to almost un-
first y effect by ion bonbardment at the cathop. the  detectable amplitude at the point bf=0.55 mA andV,

IV. CONCLUDING REMARKS

036401-7



Y. KONDOH et al. PHYSICAL REVIEW E 63 036401

=307 V in Fig. 3, as was seen in Fig. 7. Both sides of this (8) The fundamental frequency of the self-induced oscil-
point, the self-induced periodic oscillations, can be observetations gradually changes as the control parametet jof
clearly (cf. Fig. 7). changes.

We may conclude from the present experimental results (b) The discontinuous transitions of macroscopic struc-
that the following two facts ofa) and(b) belong to essential tures of plasma take place with the appearance of the self-
features of nonlinear open systems, such as the hollow catlinduced chaotic oscillations having large amplitude of fluc-
ode discharge system. tuations.
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