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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
exponentslL 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
nonpositivelL change with the changes of discharge current, and the amplitude of chaotic oscillations with the
positive lL jumps up almost one order higher than that of nonchaotic ones with the nonpositivelL . The
self-induced chaotic oscillations with the positivelL 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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I. INTRODUCTION

The subject of order and chaos in dissipative nonlin
systems has been extensively studied in many fields suc
in physics, chemistry, and biology@1#. In the case of physics
many experimental studies on chaos have been performe
nonlinear systems such as nonlinear circuits@2# or gaseous
lasers@3#. The gaseous plasma in glow discharges is one
such interesting nonlinear systems, where the extern
driven chaos@4,5# and the self-induced one@6,7# through
Feigenbaum’s period-doubling route@8# have been experi
mentally observed. Cylindrical hollow-cathode discharg
are also known to exhibit the self-induced oscillations a
the chaotic behavior@9–11#. The mechanism, which in
creases plasma density dramatically in the hollow cath
discharge compared with use of the usual anode–cath
discharge, has not been clarified enough experimentally
theoretically yet. The self-induced chaos has been found
cently in peripheral plasmas of a fusion device@12#. A the-
oretical investigation of externally driven chaos in plasm
has been reported in the work@13# showing that an ion fluid
model in the sheath potential with a low degree of freed
~three variables! agrees fairly well with experimental resul
of the period-doubling route to chaos in the special plas
device of the double layer system@14,15#. Experimental ob-
servations of chaos in the gaseous plasma reported hith
however, have not been connected with macroscopic st
tures of plasma itself, even though the observations h
revealed the property of the low dimensional determinis
chaos@4–7,9–13#. Since the gaseous plasma is a typical no
linear dynamical ‘‘open system’’ with a large number of d
grees of freedom, especially in the case of the hollow ca
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ode discharge, the chaotic behavior of plasma is conside
to have strong connections with the macroscopic structu
of plasma. In this paper we report a novel experimental
vestigation on the connection between the macrosco
structures of plasma, self-induced periodic oscillations, a
the self-induced chaos through the period-doubling route
also the intermittent one in a dc hollow cathode dischar
Experimental results show that the self-induced chaos, c
acterized by the positive Lyapunov exponents, relates w
discontinuous mode transitions of the macroscopic structu
of plasma produced in the hollow cathode.

II. EXPERIMENTAL METHODS

The experimental apparatus used for the dc hollow ca
ode discharge is schematically shown in Fig. 1, where
top cross-sectional view of the chamber, the figure of
hollow cathode, and the side cross-sectional view of
chamber with the discharge circuit are presented. The ch
ber and the anode, made of stainless steel, are connect
the earth. The hollow cathode is made of two parallel
plates that are insulated from the chamber. The intervalD of
the two cathode planes is variable. Fixed sizes of the u
apparatus are shown in each figure of Fig. 1. The chamb
evacuated to a base pressure of about 1.031023 Torr and
filled with argon as a working gas. The working Ar pressu
(Pa) is set by a flow gauge valve, and therefore the d
charge plasma is surrounded by this background Ar gas w
a little flow as an unfixed open boundary. The discharge
controlled by the Ar pressurePa , the discharge voltage (Vd)
between the anode and the hollow cathode, and the inte
D of the cathode planes. The main diagnostic apparatus
©2001 The American Physical Society01-1
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volves movable double probes, a video recorder to obse
time evolutions of visible plasma structures during incre
or decrease ofVd , and a digital camera for visible light to
analyze the macroscopic structures of plasma by compu
Here, one of the two cylindrical probes at the top of t
double probes is used as a single Langmuir probe to mea
the floating potential in the produced plasma. The measu
data of the floating potential are recorded as digital d
through an analog-to-digital transformer, and the digitiz
data are used to get the phase trajectories, the power sp
and the Lyapunov exponentslL . A x2y recorder is also
used for the probe measurement, and for observations of
continuous transitions on the characteristic curves with
spect to the relations between the discharge current (I d) and
Vd . Using the method introduced by Sato, Sano and Saw
in @16#, we calculated the maximumlL by the following
equation,

lL5
1

t H 1

N (
i 51

N

ln
uxi~ t1t!2yi~ t1t!u

uxi~ t !2yi~ t !u J , ~1!

where the pair ofxi(t) and yi(t) denote possible near tw
points on the two trajectories in the phase space,N is the
large number of sampling data points on the trajectories
t is the sampling time.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Changing experimental values of the set of (Pa ,Vd ,D),
we have obtained six basic modes of discharge, called

FIG. 1. Schematic figures of experimental apparatuses.
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‘‘A- to F-modes,’’ whose typical macroscopic structures
plasma taken by the side view visible light inside the hollo
cathode are shown in Fig. 2. In each figure, two para
white blocks mark the hollow cathode, but the anode ab
the cathode is not shown. In the lower pressure reg
around 0.3 Torr, as the value ofVd is increased, the dis
charge mode sequentially changes from A- to E-mod
where the A-mode is the dark current region with little vi
ible light. During the changes, there occur discontinuo
sudden transitions of modes between A- to B-, B- to C-, a
C- to D-modes, and there follows continuous transition fro
D- to E-modes. Here, the E-mode is distinguished from
D-mode by the different power dependence ofI d on Vd and
the different luminous feature with the highest light intens
from plasmas. Here, in the two discontinuous transitio
from B- to C- and C- to D-modes, using the video record
we have observed discontinuous sudden changes of lumi
shape and thickness of plasma, which occur simultaneo
with discontinuous transitions ofI d–Vd characteristic curves
traced by thex2y recorder. In the higher pressure regio
more than 0.5 Torr, however, a direct discontinuous tran
tion from A- to F-modes takes place, where the F-mode
characterized by the Faraday dark space at the center re
of the hollow cathode. Those clear discontinuous transiti
of macroscopic plasma structures between A- and B-, B-
C-, C- and D-, and A- and F-modes have not been repo
yet, as far as the authors know. When we say simply ‘‘
hollow cathode discharge,’’ we should have to notice a
refer to the fact that the discharge has the fine structure

FIG. 2. Six basic structures of plasma for A- to F-modes, tak
by the side view visible light.
1-2
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TRANSITIONS OF MACROSCOPIC STRUCTURES AND . . . PHYSICAL REVIEW E63 036401
B-, C-, D-, E-, and F-modes. We can observe hysteresis
the I d–Vd characteristic curves around each discontinu
transition of modes mentioned above.

From repeating careful observations with the use of
diagnostic apparatus, we present here the following qua
tive explanations for the mechanism of each transition
modes that occur in the nonlinear open systems of the ho
cathode discharges under experimental conditions with v
ous values ofPa andD.

~1! Discontinuous transition from A- to B-modes: AsVd

increases, electrons composing the dark current are acc
ated enough by the externally applied electric field, so t
they ionize neutral particles to increase plasma densi
When the initially quite low plasma densities have reach
some higher ones, the virtual anode is considered to be
duced within a short time, extending near the upper are
the two plane cathodes. This is because the conductivit
the plasma between the anode and the two plane cath
would increase as the plasma densities increase. The me
nism of this nonlinear mode transition, however, has
been clarified yet experimentally and theoretically and tha
also one of the research objects attracting the present aut
The light shape of the B-mode plasma may be the resul
the glow discharge between the virtual anode and the up
area of the two plane cathodes.

~2! Discontinuous transition from B- to C-modes: AsVd

increases further, the produced plasma in the B-mode wo
diffuse around and also into the center area of the pl
hollow cathode. When the plasma densities, diffused into
plane hollow cathode, have reached some higher ones
virtual anode would extend more widely within a short tim
inside the plane hollow cathode, in the same way as
nonlinear mode transition from A- to B-modes, as mention
above. The light shape of the C-mode plasma may be du
the glow discharge between the central virtual anode and
two plane cathodes. Within the C-mode region, the depth
the light shape grows deeper and deeper down to the bo
of the plane hollow cathode, asVd increases.

~3! Discontinuous transition from C- to D-modes: AsVd

increases further, the plasma densities around the midp
in the plane hollow cathode would increase higher a
higher, just like the state shift from the normal to the abn
mal glow discharge in the usual anode and cathode
charge, where the peak point of the plasma densities mo
nearer to the cathode surface. The mechanism of the dis
tinuous transition process from C- to D-modes may be
plained by the following more detailed model:~We consider
the key mechanism for the discontinuous transition from
to D-modes the same as that of the nonlinear transition f
the a regime to theg one in the capacitive coupled rf dis
charges, which we have investigated by computer sim
tions, as will be published elsewhere. In the case of th
discharge, the changes of time averaged plasma densitie
ion sheath widths are used in the detailed model.!

~3-A! As the plasma densities gradually increase hig
and higher because of the higher ionization rate accompa
by the higher value ofVd , the widths of both ion sheaths
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which cover the electrode surfaces of the plane hollow ca
ode, become narrower and narrower by the shielding ef
of electrons.

~3-B! As the width of each ion sheath becomes narrow
the intensity of the electric field in the ion sheath grow
greater and also the higher edge of ion densities reac
closer to each electrode surface.

~3-C! The resultant greater electric field in the ion shea
greatly accelerates the ions themselves towards each cat
surface, so that the accelerated ions bombard the cath
surface to emit the secondary electrons through the pro
of the so-calledg effect by ions, which we call here ‘‘the
first g effect.’’

~3-D! The emitted electrons by the firstg effect are ac-
celerated more effectively by the greater electric field in
sheath, and the accelerated electrons ionize the backgr
neutral gas to increase more both densities of electrons
ions through the avalanche of ionization inside the she
region.

~3-E! The increased densities of electrons and ions ag
make the width of the ion sheath narrower, and the proce
from ~3-B! to ~3-D! go on circulating as a positive feedbac
system with respect to the increment of the ion density n
each surface of the plane hollow cathode.

~3-F! The circulatory nonlinear processes from~3-B! to
~3-E! continue to saturate to lead to the D-mode until est
lishment of the balance between productions and losse
ions in the sheath region, where the former is due to
ionization, and the latter is due to diffusions towards s
rounding regions of the central bulk plasma, the electrod
and the chamber.

~3-G! Since the circulatory nonlinear processes fro
~3-B! to ~3-F! are the positive feedback ones, the transi
time from C- to D-modes would be very short, referred as
discontinuous transition here, in the time scale of the pres
observations by the video and thex2y recorders, as will be
shown later. The firstg effect by ions may be dominant in
the transition from C- to D-modes, compared with that
photons, which we call here ‘‘the secondg effect,’’ radiated
from excited neutrals due to excitation collisions by ele
trons in the discharge region.

~4! Continuous transition from D- to E-modes: AsVd in-
creases further within the D-mode, the discharge current d
sities and the electron ones go up more to affect excita
collisions that will result in higher intensity of light emissio
from the bulk plasma. This higher intensity of light emissio
would lead to the increase of secondary electrons through
process of the secondg effect by photons. This secondg
effect may become gradually and relatively dominant to le
to E-mode, which has the different power dependence oI d
on Vd and the different luminous feature with the highe
light intensity from plasmas, compared with the D-mode
mentioned at Fig. 2.

We have obtained experimental data shown below by
creasing the value ofVd from high values, because of easi
setting of Vd . We have observed the self-induced cha
through the period-doubling route associated with the t
discontinuous transitions of the macroscopic structures
plasma from D- to C- and from C- to B-modes, as will b
1-3
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FIG. 3. Typical I d–Vd characteristic curve.
Pa50.15 Torr. D520 mm. Broken lines de-
note transitional regions of discontinuous mo
transitions.
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shown below. Typical plasma parameters of the elect
densityne and the electron temperatureTe measured by the
double probes at the midplane in the hollow cathode are
follows for the case ofD510 mm andPa50.34 Torr: For
the C-mode discharge withI d55 mA andVd5348 V, ne

50.6731010 cm23 andTe54.33 eV. For the D-mode dis
charge with I d518 mA and Vd5322 V, ne51.23
31010 cm23 and Te54.54 eV. For the E-mode discharg
with I d530 mA and Vd5330 V, ne53.5931010 cm23

andTe53.71 eV.
Figure 3 shows a typicalI d–Vd characteristic curve mea

sured for a case withPa50.15 Torr andD520 mm. Here,
marks on the curve represent the data points for which
have gotten power spectra, phase trajectories, and
Lyapunov exponentslL from the data of the fluctuating
floating potentialVf measured at the boundary plasma ins
the hollow cathode. The discontinuous transition of the m
roscopic structures of plasma mentioned in Fig. 2 occur
two transitional regions shown by broken lines between t
regions of B- and C-modes and C- and D-modes marked
the right-hand scale of Fig. 3. Negative differential resista
appears at the transitional region between C- and D-mo
associated with the discontinuous transition of a plas
structure. As was mentioned in Fig. 2, we observe hyster
on the I d–Vd characteristic curves around each discontin
ous transition of modes. We cannot settle the point at
aimed position on the discontinuous region of theI d–Vd

curve in the present plane hollow cathode discharge, not
the usualI –V curve of the simple plane anode–cathode d
charge. This is because the discontinuous transition of
I d–Vd curve is not controllable due to nonlinear sudden tr
sition of the macroscopic plasma structure in the holl
cathode, whose transition mechanism is yet unsolved.
present, we cannot draw the load line on theI d–Vd curve
used for the present simple plane hollow cathode discha
We have to leave the detailed investigation on the hyster
in the I d–Vd characteristic curve in the case of the hollo
cathode discharge to our future works.

In Fig. 4 we show a typical set of data~the temporal
evolution of the floating potentialVf , the trajectory in phase
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space ofVf anddVf /dt, and the power spectra!, which were
measured at the neighboring three points of marks on
I d–Vd curve around the transitional region between C- a
D-modes shown in Fig. 3. Here, Figs. 4~a! and 4~b! show,
respectively, the data atVd5324 V with lL5295.4 and
326 V with lL5223.6 within the C-mode region, and Fig
4~c! shows the data atVd5320 V with lL5408 within the
D-mode region. The wave form, the trajectory with the neg
tive lL , and the power spectra in Fig. 4~a! represent the
self-induced periodic oscillation ofVf with a frequencyf
about 6.45 kHz and its harmonics. This fairly low frequen
f suggests that the observed oscillation comes from the m
roscopic motions of the ion fluid composed with heavy ma
of Ar. WhenVd is increased a little from 324 to 326 V, th
value oflL is kept negative and a very clear period-doubli
is observed as shown in Fig. 4~b! in the C-mode region.
Then, there occurs discontinuous transition from C-
D-modes with the jump ofVd down to 320 V, and the wave
form and the trajectory turn into a chaotic mode having
features with the positivelL and the continuous power spe
tra, as shown in Fig. 4~c!. ~In this experiment, real time se
quences of measurements were from Fig. 4~c! to Fig. 4~a!, as
mentioned in Fig. 2.! It is emphasized here that the amp
tude of fluctuation of the floating potentialVf jumps up to
one order higher values in Fig. 4~c! of the chaotic mode with
the positivelL than the cases of Figs. 4~a! and 4~b! with the
negativelL . It is seen from Figs. 3 and 4 that there exists
period-doubling sequence to chaos which is accompanie
the discontinuous transition of the discharge mode, i.e
discontinuous change of the macroscopic structure
plasma, in the dc hollow cathode discharges.

The phenomenon that the amplitude ofVf jumps up to
one order higher values in Fig. 4~c! of the chaotic mode in
the D-mode than the cases of Figs. 4~a! and 4~b! in the
C-mode can be explained as follows: The plasma densit
the case of Fig. 4~c! of the D-mode increases almost twic
that in the case of Fig. 4~b! of the C-mode, as is known by
data using the double probe measurement. The ion sh
width also decreases extremely from the case of Fig. 4~b! of
the C-mode to that of Fig. 4~c! of the D-mode, and therefore
the electrical field that accelerates electrons increases
tively very large in the ion sheath of the D-mode. TheVf
1-4
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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.
of time, Vf , dVf /dt, and frequency are ms, mV, mV/s, and kHz, respectively.~a! Vd5324 V within the C-mode.lL5295.4. ~b! Vd

5326 V within the C-mode.lL5223.6. ~c! Vd5320 V within the D-mode.lL5408.
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signal, which is measured by the single probe, results fr
mainly the density and energy of electrons surrounding
probe. The chaoticVf fluctuations therefore increase fair
high through the discontinuous transition from Fig. 4~b! of
the C-mode to Fig. 4~c! of the D-mode with the highe
plasma density and with the extremely thinner ion she
width.

We can recognize that the power spectrum in Fig. 4~c! in
the case of the D-mode appears to have some coherent p
These coherent peaks can be explained as follows: The
of Fig. 4~c! has the positive value of Lyapunov exponen
lL5408, and the power spectrum of the data appears to h
a coherent peak at about 18.2 kHz and possibly anothe
36.4 kHz. These coherent peaks may be explained qua
tively as follows: Since these coherent frequencies are l
the fluctuation signal may be due to motions concerned w
the ion mass. The bulk plasma within the two plane holl
cathode may naturally have various types of macrosco
oscillations such as moving back and forth between the
cathodes, changing the thickness and the height of the
plasma region itself, and so on. The single probe signal
ries energies of electrons, which are passing through the
ion sheath regions of the plane hollow cathode and a
through the bulk plasma having the two or more coher
oscillations mentioned above. Because these mechani
the single probe signal should be the mixture of the cohe
and the chaotic oscillations.
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When we decrease values ofVd in the C-mode region
towards the transitional region with the B-mode one, t
self-induced oscillations ofVf with the frequencyf bifurcate
into the state off /2 and sometimes into the state off /3, all of
which have nonpositivelL . After those bifurcations of the
self-induced oscillations, we can observe again the cha
mode of oscillations with the positivelL within the C-mode
region near the transitional region. The amplitude of the fl
tuation ofVf of the chaotic mode also jumps up almost o
order higher in this case, in the similar way as shown in F
4.

KeepingVd to be 324 V without changing all other ex
perimental conditions, we obtain a series of data ofVf along
the time within a few minutes, as shown Fig. 5, where F
5~a! shows the same data as Fig. 4~b!. Comparisons among
the data of Fig. 5~a! (lL5295.4), 5~b!, and 5~c! (lL

.90.0) clearly show us that the period doubling takes pla
and leads to the chaotic oscillations along the time withi
few minutes, i.e., intermittent chaos. In the case of interm
tent chaos, the amplitude of fluctuation ofVf does not have
significant jumps, unlike in Fig. 4. This is because the d
charge mode stays in the same C-mode without occurre
of the discontinuous mode transition. This type of interm
tent chaos will be shown more clearly in the next figure.

We have calculated the values of the Lyapunov expone
lL for all data points marked on theI d–Vd characteristic
1-5
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FIG. 5. A series of the inter-
mittent chaos along the time
within a few minutes, keeping the
value of Vd to be 324 V in the
C-mode. Scales of time,Vf ,
dVf /dt, and frequency are ms
mV, mV/s, and kHz, respectively
~a! lL5295.4. ~b! lL is not cal-
culated.~c! lL.90.0.
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curve in Fig. 3. The resultant dependence oflL values on the
discharge currentI d is shown in Fig. 6, where the marks at
I d.0.2 mA represents that data of theVf noise level. In the
figure, there are two jump regions ofI d , where the lines
connecting neighboring data points are shown by das
lines, corresponding to the two transitional regions betw
B- and C-modes and C- and D-modes. The chaotic mode
oscillations mentioned above are observed at the data p
with positive values oflL near the edges of the two trans
tional regions of discharge modes. AtI d.0.9 mA, where
Vd5324 V, we see two close data points, one of which h
a negative value oflL and the other a positive one. The
two data points represent the intermittent chaos mentione
Fig. 4.

The frequencyf of the self-induced oscillations ofVf
shifts as the discharge parameterVd or I d changes. The de
pendence of the frequencyf, determined from the powe
spectra, on the discharge currentI d is shown in Fig. 7 for the
same marked data in Fig. 3. Here the marks at I d
.0.2 mA represents that data of theVf noise level. In Fig.
7, there are also two jump regions ofI d without data points,
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corresponding to the two transitional regions between B-
C-modes and C- and D-modes. The clear chaotic mode
oscillations mentioned above are observed atI d.1.7 mA
~the lower edge of the D-mode! and at I d.0.43 mA ~the
lower edge of the C-mode!, and only dominant frequencie
are plotted in the figure for the clear chaotic cases. Near
edge of the D-mode region, the self-induced chaotic osci
tions have relatively higher and continuous frequencies
was shown in Fig. 4~c!. As I d is decreased in the C-mod
region, fundamental frequency slightly increases at fi
~from the upper edge of the C-mode region to the point w
I d.0.6 mA), and the period-doubling bifurcations tak
place during the increase off. In this region ofI d , luminous
thickness of plasma becomes thinner and thinner asI d de-
creases, but the depth of plasma is kept from the top to
bottom in the hollow cathode. The self-induced oscillatio
of Vf , however, become to be almost undetectable atI d
.0.55 mA. After this point, asI d decreases to the lowe
edge of the C-mode region, fundamental frequency decre
accompanied by bifurcations off /2 or f /3 states, and the
depth of the plasma becomes shorter and shorter to alm
1-6
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TRANSITIONS OF MACROSCOPIC STRUCTURES AND . . . PHYSICAL REVIEW E63 036401
half depth of the hollow cathode. Near the lower edge of
C-mode region atI d.0.43 mA, the self-induced oscillation
of Vf become chaotic again, having relatively lower and co
tinuous frequencies, as is seen from Fig. 7.

We expect from the data shown in Figs. 5 and 6 that
following two experimental results of~a! and ~b! belong to
essential features of nonlinear open systems:

~a! The fundamental frequency of the self-induced os
lations gradually changes as the control parameter oI d
changes.

~b! The appearance of chaotic modes is strongly c
nected with the mode transitions of the macroscopic str
tures of plasma.

IV. CONCLUDING REMARKS

We have presented a novel experimental investigation
the connection between the discontinuous transitions of m
roscopic structures of plasma and the self-induced cha
oscillations in a dc hollow cathode discharge that has f
tures of nonlinear open systems. We have clarified that th
exist the fine structures of B-, C-, D-, E-, and F-modes in
dc hollow cathode discharge~cf. Fig. 2!. The discontinuous
transitions occur between A- and B-modes, B- and C-mod
and C- and D-modes. We can observe hysteresis on
I d–Vd characteristic curves around each discontinuous t
sition of these modes. From repeating careful observat
using the diagnostic apparatus, we have presented the q
tative explanations from~1! to ~4! for the mechanism of cor
responding mode transitions. The common process of
mechanism of discontinuous transitions between both A-
B-modes and B- and C-modes may be attributed to the ra
extension of the virtual anode that occurs in the gase
plasma. The dominant process in the discontinuous trans
from C- to D-modes, however, may be explained by anot
circulating positive feedback process with respect to the
crement of ion densities near the cathode surface due to
first g effect by ion bonbardment at the cathode@cf. the

FIG. 6. Dependence of the Lyapunov exponentslL on the dis-
charge currentI d obtained from the same marked data in Fig. 3. T
mark s at I d.0.2 mA represents that data of theVf noise level.
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detailed explanations from~3-A! to ~3-G! at the explanation
~3!#. The continuous transition from D- to E-modes may
explained by the secondg effect by photons due to highe
light radiation from the bulk plasma. This secondg effect
gives gradual increment of the secondary electron emis
that may increase excitation collisions, some part of wh
lead again to the secondg effect, giving rise to the E-mode
specified by different power dependences ofI d on Vd and
different luminous features with the highest light intens
from plasmas.

We have shown that there appear the self-induced cha
modes of oscillations which are characterized by posit
Lyapunov exponentslL through the clear period-doublin
route ~cf. Fig. 4!. It should be emphasized here that the a
plitude of the self-induced chaotic oscillations jumps up
almost one order higher than the periodic ones with nonp
tive lL and the chaotic oscillations accompany the disc
tinuous mode transitions of the macroscopic structures
plasma, as was clearly demonstrated by two jump region
discharge current and the positive values oflL shown in Fig.
6.

When we decrease values ofVd in the C-mode region
towards the transitional region with the B-mode one, t
self-induced oscillations ofVf with the frequencef bifurcate
into the state off /2 and sometimes into the state off /3, all of
which have nonpositivelL ~cf. the C-mode region in Fig. 6!.

Keeping the value ofVd , we have obtained two sets o
data, one of which shows the periodic oscillations with no
positivelL and the other the chaotic ones with the positi
lL ~cf. at I d.0.9 mA in Fig. 6!. This experimental resul
indicates that the intermittent chaos also appears in this
hollow cathode discharge~cf. Figs. 5 and 6!.

We have clarified that the fundamental frequency of
self-induced periodic oscillation changes with the value ofI d
and it correlates closely with the macroscopic structures
plasma, such as the thickness and the size of lumin
plasma inside the plane hollow cathode~cf. the C-mode re-
gion in Fig. 7!.

We have observed an interesting phenomenon from
higher edge of the C-mode region, the luminous thicknes
plasma becomes thinner and thinner asI d decreases, and th
self-induced oscillations ofVf suddenly reduce to almost un
detectable amplitude at the point ofI d.0.55 mA andVd

FIG. 7. Dependence of oscillation frequencyf on the discharge
currentI d obtained from the same marked data in Fig. 3. The m
s at I d.0.2 mA represents that data of theVf noise level.
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5307 V in Fig. 3, as was seen in Fig. 7. Both sides of t
point, the self-induced periodic oscillations, can be obser
clearly ~cf. Fig. 7!.

We may conclude from the present experimental res
that the following two facts of~a! and~b! belong to essentia
features of nonlinear open systems, such as the hollow c
ode discharge system.
Bi
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~a! The fundamental frequency of the self-induced osc
lations gradually changes as the control parameter ofI d
changes.

~b! The discontinuous transitions of macroscopic stru
tures of plasma take place with the appearance of the s
induced chaotic oscillations having large amplitude of flu
tuations.
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