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Experimental evidence for a torus breakdown in a glow discharge plasma
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A global bifurcation scenario for a two-frequency torus breakdown depicted by Baptista and [Pdigsisa
D 132 325(1999] is observed on a glow-discharge experiment. The torus is broken through a crisis with an
unstable periodic orbit. The torus section before the bifurcation is a sided polygon that has a number of edges
equal to the period of the unstable orbit. Since the discharge is an extended system the two-frequency torus
breakdown is shown to be a possible way to space-time chaos.
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Understanding the route to chaos found in nonlinear dyat a pressure gi=3.28 Torr(273 K). The tube has an inter-
namical systems by varying bifurcation parameters allowsal radius ofr =2.0 cm and the electrodésold hollow cath-
one to predict the transition from regular to irregular oscilla-ode and plane anoylewere spaced at a distance &f
tions. One of the most prominent kinds of bifurcations is=70cm. Discharge operation was sustained by an external
associated with torus breakdown as exemplified by theoltage(Fig. 1) and the discharge currehtimited by a load
Ruelle and Takens scenafib]. Among the different possi- resistor R=50k(2). If the discharge current exceeds a
bilities of torus breakdown, there is also the destabilizationlow-current threshold, the positive column of the discharge
of a two-frequency torus as proposed by Curry and Yorkeadestabilizes through the ionization instability. Current feed-
[2]. The broken torus presents typical folds and wrinkles. Anback through the external circuit leads to ionization wave
overview of the possible topological transitions for the two-resulting in light-intensity fluctuations that can be easily de-
frequency torus breakdown to chaos may be founfBid]. tected by photodiodes or charge-coupled devices. lonization

Very recently, a global bifurcation for a two-frequency waves are one-dimensional waves with group velocity di-
torus has been reportg8l]. The bifurcation appears when the rected from cathode to anode, whereas the phase velocity is
torus grows in size and is broken through a crisis with andirected oppositely.
unstable periodic orbit. Just before the bifurcation, the torus The discharge currert acts as a bifurcation parameter
is constrained by the heteroclinic connections between thand variations ofl allows one to observe coherent waves,
periodic points of the unstable orbit. The section of the torugjuasiperiodic regimes, weak space-time chaos and developed
may be viewed as a sided polygon that has a number alefect turbulencg7]. Oscillations of the near-cathode region
edges equal to the period of the unstable orbit. At the bifurof the positive columr(column heaglinject high-frequency
cation, there are also heteroclinic connections between thienization wave that decays towards the anode into a low-
fixed point located near the center of the torus and the unfrequency eigenmode. Irregularity depends on commensura-
stable periodic points. The trajectory thus spirals out fromtion of the injected high frequency wayeathode sideand
the inner fixed point and reaches the neighborhood of théhe low-frequency eigenmodanode sidg Since the plasma
unstable periodic orbit. The trajectory is hereafter reinjected
near the fixed point through a complicated pattern. This bi-

. A . Power supply
furcation has been observed on a Matsumoto-Chua circuit I
driven by a sinusoidal forcgs]. The dynamics is described [ ZZ
in a five-dimensional5D) phase space and this global bifur- U R=0050
cation is a tangent bifurcation associated with a type-II inter-
mittency [6]. In this paper, we report on the experimental Photo-diode .
evidence of that bifurcation in an extended spatiotemporal !
system. )
Experiments were performed in a sealed cylindrical dis- Discharge tube

charge tub&Pyrex glassthat was filled with pure-neon gas < _S >

*Present address: Max-Planck-Institit Riasmaphysik, EURA- Anode Cathode
TOM Association, Teilinstitut Greifswald, Wendelsteinstrasse |, FIG. 1. Experimental setup. The light fluctuations are recorded
17491 Greifswald, Germany near the cathode with a sampling rate of 500 kHz.
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FIG. 2. Time series
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of the light intensity recorded near the cath-

ode by using a photodiodd € 30.4 mA).

parameters do not

vary significantly over a large current

range (15<1<50 mA) the eigenfrequency does not vary as

well. But the colum

n-head oscillation frequency increases
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FIG. 3. Plane projection of the reconstructed phase space

linearly with increasing discharge current. ConsequentlyspaInneol by derivative coordinatds=(30.4 mA).

varying the bifurcat

ion parametdr modifies the ratio of

column-head frequency and fixed eigenfrequency. It should When the discharge currehis varied from 28.2 to 33.0
be noted that the oscillation of the column head is owing tonA, the following regimes can be observed. A period-3
internal discharge mechanism, hence the plasma is said to Iphase-locked attractorl €£28.2mA), a period-6 phase-

internally driven. In the following we focus on the dynamics locked attractor I(=28.4 mA),

in the near-cathode
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a quasiperiodic regime

(28.6<1<29.8mA), a period-10 phase-locked attractor (
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FIG. 4. First-return maps to the Poincasection for four different values of the discharge currierithe three unstable periodic points

are drawn by hand in order to clarify the relative organization between the torus and the unstable periodic orbit. The heteroclinic connections

are represented by dashed lines. 130 points are recorded in the Paiectoa.
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FIG. 5. Evolution of the torus breakdown through the global bifurcation as observed in the Matsumoto-Chua circuit by Baptista and
Caldas. 200 000 points are used for these figures.

=30.0mA), a torus breakdowr £ 30.2 mA), and a chaotic Minimum-embedding dimension of 5 or 6. Nevertheless, the
attractor (30.41<33.6mA). In this paper, we will mainly 3D subspace spanned =L, Y=L, andZ=L will be
focus our attention on the global bifurcation inducing thesufficient to exhibit the main characteristics of the global
two-frequency torus breakdown at a discharge current obifurcation.
aboutl =30.2 mA. In the subspac&®(X,Y,Z), the dynamical structure is

A typical time series of the light fluctuations(t) is dis-  investigated by means of the first-return map to the Poincare
played in Fig. 2 forl =30.4 mA. The first step of any quali- section
tative analysis is to reconstruct a phase space from the re-
corded time series at a sampling frequency of 500 KFg.
3). We choose to employ the derivative coordinat¥s=(_,

Y=L, Z=L). The quality of the experimental time series When the discharge current is increased fica28.6 to 29.8
allows one to determine the successive time derivatives anarA, the torus grows in size and approaches the heteroclinic
lytically by fitting a polynomial through the experimental connections between the periodic points of a period-3 un-
data. For this purpose we used a singular value decompositable orbit. Its shape is thus constrained to look like a three-
tion technique for windows centered at all-time instantssided polygon as shown in Fig.(& where the periodic
where the derivatives have to be calculated. The time seriggoints and the heteroclinic connections are drawn for the
is slightly smoothed before. The number of dynamical vari-sake of clarity. When the discharge current is set to 30.2 mA,
ables required for an unambiguous description of the dynanthe trajectory spends most of its time close to the three un-
ics is estimated by computing the embedding dimension usstable periodic point-ig. 4(b)]. This feature is typical for a
ing a false nearest neighbors technidq@. We found a tangent bifurcation associated with an intermittency, involv-

P={(Y,,Z,) € R?X,=0X,>0}. )
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ing an unstable period-3 orbit. Unfortunately, the stepsize . v 1

used for varying the bifurcation parametedl £0.2 mA) is 60 ¢ < ]

not sufficiently small for locating more precisely the bifur- fee e <.

cation. SO . 1
For comparison we discuss a similar scenario in a purely

temporal system. Indeed, let us mention that Baptista and 40 R ]

Caldas used the fifth decimal of the amplitude voltage of the .-

driving force to identify the global bifurcation they observed 7+ 30t e - ]

in their numerical simulations of a Matsumoto-Chua circuit k

[6]. The Matsumoto-Chua circuit and the bifurcation param- 20 & ;'“ ]

eters values are described 56]. This global bifurcation for #

the two-frequency torus breakdown has been analyzed using Y e ene

the same diagnostic tools as for the experimental (& Lo

5). .

Only the amplitude of the driving external force is here re- 090 Lo 50 50 40 50 60

ported for illustrating the accuracy required for identifying 0

all characteristics of such a global bifurcation. First, a qua-

siperiodic motion is observed. The corresponding torus has a FIG. 6. Anuglar third-return maps to the Poincaeetion. Three
section that is constrained by the heteroclinic connectiontgangencies with bissecting line are identified. They confirm the
between the periodic points of an unstable period-5 orbiglominant role played by an unstable period-3 orbit.

[Fig. a)]. Io - - : :
: . . - . . oncluding, we give experimental evidence for a global

At the bifurcation, there is a heteroclinic orbit that spirals ifurcatioun Iingduv(;/ingglg twé?frelquency tz)”rus breakdov?n;
out from a periodic point near th‘? center of the torus ancEreviously depicted by Baptista and Caldas in numerical
toward the unstable periodic orbitSig. S(b)]. The trajectory simulations[6]) in a glow discharge representing an ex-
is finally reinjected in the neighborhood of the inner periodicgjeq spatiotemporal system. Three characteristic features
: : : . ; ®have been identified clearlyi) a torus section resembling to
unstable manlf(_)lds assoma_ted Wlth_the periodic points arjg sided polygon(ii) a tangent bifurcation exhibited by an
the stable manifold of the inner point. The unstable mani-, g iar third-return map, angii) three unstable manifolds
fol_ds spiral aromrjlnd the reg|ondoc;]cup|ed tljy tfhf(tahbroken toru%piralling around the region where the torus was before the
[F.'g' 5(c)]. We have computed the angular fitth-return mapyis cation. The stepsize of the bifurcation parameter, i.e., of
slightly before the tangent bifurcation. Five tangencies withye gischarge currerit cannot be chosen sufficiently small
the blser::tlng_ I'nﬁ are identified as Iexp%c[écg. S(fd)]ﬁ due to experimental limitations in order to identify where the

_For the discharge experimental evidence of the tangeni, cation exactly occurs and, consequently, the type-Il in-
b|furcat|on IS ?Xh'b't.ed by. using an angular Fhwd-rgturn maptermittency that should be associated with this bifurcation
to the Pomcaresectlon(ﬂg. 6. Near the blfurcat|on., the_ cannot be identified. Nevertheless, our findings clearly con-
angular third-return map is nearly tangent to the bisecting;., that the two-frequency torus breakdown is a possible

line in three pointgFig. 6). Shortly after the bifurcation, the av not onlv to temporal chaos but also to space-time chaos
torus is filled[Fig. 4(c)] and when the bifurcation parameter way y P . P ! '

is increased up td=31.0 mA the trajectory visits the un- C.L. thanks E. Macau for pointing out the papers by M.
stable manifold associated with the periodic points of theBaptista and I. Caldas and the latter for enlightening discus-
period-3 orbit[Fig. 4(d)] in a similar way as observed in the sions during his stay at the Universidade Federale de Minas
numerical Matsumoto-Chu circuifFig. 5(c)], i.e., three  Gerais(Brazil) supported by CNRS and CNPg. The German
branchegindicated by the arrows in Fig.(d)] are observed team is supported by the Deutsche Forschungsgemeinschaft

spiralling around the region where the torus was. through SFB 198.
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