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Abstract

We report new results on the generation and dynamics of multiple double layers (MDLS) in front of a positively biased electrode immersed
in plasma. The phenomenon appears as a set of concentric luminous shells with different intensities, attached to the electrode. The static
current-voltage characteristic of the electrode shows a number of jumps of the current, each of them associated with hysteresis, which proves
the role of excitation and ionization processes in the appearance and dynamics of such a strongly non-linear potential structure. The recorded
time series of the current oscillations and the associated FFTs elucidate that initially each of the double layer structures performs a proper
non-linear dynamical process, with the corresponding current oscillations being uncorrelated. This uncorrelation leads to the creation of flicker
noise, identified in the power spectrum of the current oscillations. At high voltages on the electrode the dynamics of the double layers become
correlated and the flicker noise disappears. The non-linear dynamical analysis of the signals yields information about the state space dynamics
of our plasma system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction DL needs at least four populations of charge carriers: (i) on
the low potential side free electrons, which can be accel-
Double layers (DLs)1] in plasma were intensively in-  erated through the DL towards the high potential side, (ii)
vestigated during the last decades because of their frequenbn the low potential side trapped ions, which are reflected
occurrence in almost all possible plasma devices: toka- back by the DL, (iii) on the high potential side trapped
maks [2,3] or spheromakg4], thermionic converter$5], electrons, which are reflected back by the DL, (iv) on the
Q-machineg6-8], double plasma (DP) and triple plasma high potential side free ions, which are accelerated through
(TP) machineqg9,10]. Also in natural plasmas DLs have the DL towards the low potential side.
been observed or postulated: aurofa$,12], solar flares One common way to obtain a DL structure is to positively
[13], ball lightnings[14,15). In many applications their  bias an electrode immersed in a plasma being in thermo-
bistable behaviour is suitable: e.g., for fast switches, quan-dynamic equilibrium. In this case, a complex space charge
tum photodetectors or high-frequency generators. DLs areconfiguration (CSCC) in form of a quasi-spherical luminous
non-linear potential structures, consisting of two adjacent plasma body attached to the electrode is obtained. This type
layers of positive and negative space charges, in which theof CSCC was named anode gldd6] and more recently
potential jumps, thereby creating an electric field. A usual fireball [17]. Experimental investigations revealed that such
a CSCC consists of a positive “nucleus” (an ion-rich plasma)
surrounded by a nearly spherical P17-20] The potential
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observed21-28] It appears as several (more than {i26]) analysis of the recorded signals, including the reconstruction
bright and concentric plasma shells attached to the anode ofof the state space and the wavelet decomposj8ah gives
a glow discharge. The successive DLs are precisely locatedus a broad picture of the state space dynamics of the plasma
at the abrupt changes of luminosity between two adjacentsystem and offers an excellent insight into the mechanism
plasma shells. Langmuir probes measurements emphasizedf the investigated phenomena.
that the axial profile of the plasma potential has a stair steps
shape, with potential jumps close to the ionization potential
of the used gaf26]. 2. Brief theory of spherical double layers

In this paper we report on experimental results concern-
ing the generation and dynamics of multiple double lay- The DL structure is maintained by the equilibrium be-
ers (MDLs) in a different experimental geometry. Usually tween the ions produced inside the structure and the ion loss
such a structure was obtained at the anode of a glow dis-from the structure. If we assume a nearly spherical structure
charge. We generate MDLs at a positively biased electrode (excepting a small region where the DL is attached to the
immersed in a DP-machine plasma. This experimental ar- electrode), the rate of ion production within the structure is
rangement presents many advantages, the most important of17]:
them is that we can analyse the elementary processes, which,,,
occur during the appearance and the onset of MDLs without — = 4z (—) I'e0iDN (1)
any change in the discharge plasma parameters. dr 2

The analysis of the experimental results proves the im- whereD is the diameter of the structur& is the electron
portant role of elementary processes for the formation of flux into the structureg; is the ionization cross-section of
a MDL. These are mainly electron impact excitation and the neutral gas, corresponding to an energy slightly above

ionization processes, which determine the appearance ofthe jonization energy anil is the neutral gas density. The
negative and positive space charges, respectively, spatiallyrate of ion loss from the DL is:

well separated because of the dependence of the respectiv

. L . ) i D

cross-sections on the kinetic electron energy, which varies — = 4x (—) I 2
along the MDL according to the potential profile. When the 2

potential drop between the opposite space charges attaingyhere I"; is the ion flux from the structure. For a stable

the ionization potential of the gas, a DL structure is formed. strycture, the two rates defined above must be equal. This
The DL can accelerate thermal electrons from the surround-means:

ing plasma to energies large enough to produce further ex-

citation and ionization processes. A further increase of the I1 = I',oiDN 3)

voltage on the electrode causes an Increase of the pOtentIa'll'he electron and ion fluxes, respectively, are related by the

drop across the DL and, consequently, an increase of theLangmuir condition{33]:

space charges. In this way the DL is driven away from the

electrode and, at a certain distance, it disrupts, and conse- (mi )121“
- |

D

qguently the trapped electrons and ions are freed. The disrup-re = (4)
tion of one DL triggers the appearance of a new DL in front

of the electrode, which starts its own dynamics, the processwherem andme are the ion and the electron masses, re-

nme

In this way, on the time average, always a DL exists in the diameter of the structure:
front of the electrode, but in a dynamic equilibrium. If the 1 [me\*?
plasma density and the gas pressure are large enough, a sed? = oN (E) (5)

ond quasistable DL structure can appear. When the two DL
structures start their proper dynamics at different frequen- For our experimental conditions, usirigy. (5) we obtain
cies, uncorrelated phenomena will appear in the plasma sys-D = 7.65 cm, which is a very good estimate of the experi-
tem, which lead to the creation of flicker noise in the current mentally observed values for the diameter of the DL struc-
oscillations power spectrum. This phenomenon was alreadyture, which in our case lies between 3.5 and 12 cm.
associated with the uncorrelated dynamics of DL structures The period of the current oscillations is proportional to
[30,31] At large values of the voltage on the electrode the the ionization time, given bj17]:

two DL dynamics become correlated, wherefore only one 1
peak remains in the power spectrum and the flicker noise fioniz = Noive (6)
disappears. 1ve

All these phenomena can be observed experimentally inwhereve is the electron velocity:

the static current—voltage characteristic of the electrode and
in the time series of the current oscillations with the associ- o — /29VDL
nme

. . . e —
ated power spectra. A comprehensive non-linear dynamical

(7)
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with Vp_ being the voltage across the double layer. This  In our experiments we used only the target chamber of the

delivers a frequency of: DP-machine. The plasma was pulled away from its steady
state by gradually increasing the voltage to a circular tan-
talum disk electrode (E ifrig. 1) with 2cm diameter. The

~ Nox 2eVpL g
f = Noi Mme (8) voltage is delivered by a power supply (PSHg. 1) through
a load resistorR = 50092. The background argon pres-

For VoL = 20V, i = 6 x 10~17cn? [34] and, using sure wasp = 5 x 10~3mbar and the plasma density=
Eq. (8) we obtainf = 19.2kHz, which is a good estimate  10'°-10"cm™3. An XY recorder was used to register the

of our experimental values, which lie between 2 and 45 kHz, static current-voltage characteristic of E. The ac compo-
approximately. nent of the electrode current was recorded with by a digi-

tal computer-controlled oscilloscope. The plasma potential
was measured by an emissive probe in the dynamic regime,
using a box-car averaging technique.

3. Experimental set-up

The experiments were performed in the DP-machine of ]
the University of Innsbruck, Austria, schematically pre- 4 Experimental results
sented inFig. L The DP-machine consists of a cylindrical ) _
vacuum vessel of 45cm diameter and a length of 90cm. Fi9- 2shows the static current-voltagk: (- V) charac-
The vacuum vessel is divided into two parts by a fine mesh teristic of thg electrode E obtained by gradually increasing
grid that extends over the entire cross-section of the inner @1d decreasing the voltage from the Réd), for the case
cylinder. The grid is electrically isolated from the wall and Where in front of E two luminous plasma shells were ob-
can be biased arbitrarily with respect to ground. The two t@ined. The smallletters indicate the positions on/the Ve
parts of the machine are named source chamber (|eft_hanocharacterlst|c, where sgdden changes of the current occur.
side in theFig. 1) and target chamber (right-hand side in the Between these current jumps, the AC componentg aid
Fig. 1), respectively. The source chamber has an additional the FFTs of them have been recorded, either during the in-
inner wall, which is isolated from the vessel wall and can Cré@se or during the subsequent decreas¥eo{Figs. 3
thus also be biased arbitrarily with respect to ground. In @nd 4 respectively).
both chambers there are filaments that act as hot cathodes BY gradually increasingvps, the /e — Ve character-
for glow discharges, which are produced independently in iStic follows the branch a— Db, in which Ig increases
argon at a pressure of about-fmbar. The walls of the ~ Proportionally to Ve (the ohmic branch of the charac-
two chambers act as the anodes of the discharges. On thderistic). A luminous sheet appears in front of E when
inner walls of the vacuum vessels small permanent magnetsVe approaches the value marked by b. Its luminosity
with alternate polarity are fixed, forming a picket-fence @nd extension increase simultaneously wia. On this
magnetic field, which supports the plasma confinement. Pranch of the/e — Vg characteristic the collected cur-
Because of the small dimensions, the filament collects only "€nt is stable, with no oscillations (séégs. 3(i) and 4(i)
a negligible part of the ions, most of them diffusing to the "espectively). WherVe reaches the value corresponding to
centre of the vacuum cylinder. The positive space chargeP: the luminous sheet suddenly expands into a spherical
will attract many electrons to this region. In this way, a Plasma configuration (a CSCC) attached to E. Simultane-
plasma with a high degree of ionization is created. ously, the currente abruptly increases (jump b- c), and

'y % m
U, 150+ &
| | \g‘:
If I
"y ~
WY ' W
- 100 +
g R2
i E CsSCC o
U, | PS
H 50+
SOURCE } TARGET
CHAMBER ; CHAMBER [] R
e
< a VE(V)
0 20 40 60 80 100 120
o Veird Vel

Fig. 2. Static upward and downward current-voltage characteristic of
Fig. 1. Schematic of the Innsbruck DP-machine. G: grid, F: filaments, E: the electrode E, for argon pressupe= 5 x 103 mbar, plasma density
electrode, PS: power supply, R: load resistor. n = 10%-101c¢m3 and a load resistoR = 500.
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Fig. 3. Time series of the AC components of the electrode current, taken on the static characteristic branches between current jumps.

then remains stable (séggs. 3(ii) and 4(ii) respectively). first one. Note that in this moment the diameter of the first
WhenVps is further increased (branch-e d) the current luminous body decreases from about 5cm to about 3.5cm.
I gradually increases simultaneously with the extension of A further increase oVg (branch g— h) leads to an in-

a stable CSCC. Whe¥ig reaches the value corresponding crease of the MDLs luminosity and of its diameter. When
to d, the currentg quickly decreases and simultaneously Vg reaches the value corresponding to point h, the MDL
becomes time dependent (deigs. 3(iii) and 4(iii) respec- starts a complex dynamic behaviour. First, simultaneously
tively). On the branch e~ f the frequency of thdg os- with the downward jump k- i, the current again becomes
cillations depends almost proportionally on the mean value time dependent (sd€gs. 3(v) and 4(v)respectively). In the

of Ig (the value from the statiée — Ve characteristic) (see  power spectrum two fundamental frequencies appear, one of
Fig. 5. The oscillations are strongly non-linear, with more about 2.75kHz corresponding to the dynamics of the inner
than 25 harmonics appearing in the power spectrum. Whensheet, and one of about 40 kHz corresponding to the dynam-
VE reaches the value corresponding to point f, the current ics of the outer sheet. The two dynamics are uncorrelated,
g quickly increases (jump f— g) and becomes stable giving rise to flicker noise (see the power spectrum in log-
(seeFigs. 3(iv) and 4(iv) respectively). Simultaneously, a arithmic co-ordinates frorfrig. 6(i)) [35—37] The shape of
second luminous spherical sheet appears, surrounding thehe current oscillationsHig. 3(v)) shows that the dynamics
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Fig. 4. FFTs of the AC components of the current fréig. 3.

of the inner sheet is dominant. After thejump j — Kk, the E. The amplitudes of these jumps are about 15 and 19V,
shape of the current oscillations changes {Sgs. 3(vi) and respectively, close to the ionization potential of argon. We
4(vi), respectively). The dynamics of the outer sheet tends notice that the plasma potential outside the MDL is about
to become dominant but the dynamics of the two sheets re-40V, which for these conditions is in keeping with recent
main uncorrelated and the flicker noise is still present (see findings[20]. WhenVg is gradually decreasing we observe
Fig. 6(ii)). WhenVg reaches the value corresponding to point that all current jumps are subject to hysteresis effects. In
I, the dynamics of the two sheets become correlated, andFigs. 3(viii—xii) and 4(viii—xii), respectively, the ac compo-
the flicker noise disappears. In the power spectrum only onenents oflg and their FFTs are shown, recorded during the
fundamental frequency remains and the amplitude of the os-decrease o¥g on the all branches located between current
cillations decreases (s€@s. 3(vii) and 4(vii) respectively). jumps.

In this region of thelg — Vg characteristic the axial profile

of the plasma potential was recorded with the help of an

emissive probe and a box-car averaging technique, using 5. Non-linear dynamical analysis

as reference signal. The results are shown irFige7, were

VE was about 80 V. We can observe two potential jumps, one  The non-linear dynamical analysis provides us with
at about 4.5 cm from E and the second at about 9.5 cm from powerful tools for analysing the evolution of a non-linear
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Fig. 5. Frequency of the current oscillations vs. the DC component of
the electrode current, on the branch-ef of the static current—voltage Fig. 7. Axial profile of the plasma potential in front of the electrode E.
characteristic Kig. 2).

external fluctuations (potential of the electrode, electron

system such as histograms, Fourier spectra, state spacer ion temperatures, electrical resistance, plasma density,
plots, Poincaré maps, Lyapunov exponents, attractor recon-gas pressure, etc.). The attractor Fi§. 8(vi) is strange,
struction, wavelet decomposition, and so forth. To apply with a very complicated geometrical shape and a fractal
some of these methods to our plasma system, we havedimension.
recorded the AC components of thewith a sampling rate Fig. 9.1 and 9.Zhow the wavelet decomposition of the
of 500 kHz, delivering 15,000 points in 0.03s. AC component ofg, obtained by a method extensively de-

To reconstruct the attractors of the system dynamics in the scribed in ref.[32]. The decomposition was made on 12
state space, we have used the method proposed by Packardctaves and the used wavelet functions were of Daubechies
et al. [38], Ruelle [39] and Takend40], extensively de-  type.
scribed in ref[41]. The results are shown in theg. 8 We The wavelet analysis is an important refinement and ex-
remark the limit cycle shapes of the attractors-ig. 8(iii), pansion of the Fourier analysis. Whereas the latter investi-
(v), (vii), (viii) and (x), respectively. These are characteristic gates a signal globally, the wavelet analysis looks into the
for periodical signal$42]. As a matter of course, the cycles signal locally. It not only gives the main frequencies, but also
are very deformed because of the strongly non-linear char-indicates when they occur and what their duration is. The
acter of the oscillations. The point-attractors Rig. 8(i), wavelet transform is sometimes called mathematical micro-
(i), (iv), (ix), (xi) and (xii), respectively, are stable nodes scope[43] because it allows to “zoom” in and out at any
of the well type. This explains why the non-oscillatory desired magnification and at any point of time in the sig-
state of the double layer structure is extremely stable to anynal. Using the wavelet analysis we can investigate complex
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Fig. 6. Power spectrum of the AC components of the electrode currentFignB3 (vi) and (vii) respectively, where the dynamics of the two DLs are
uncorrelated.
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signals like those ofFig. 3(vi). Thus, the wavelet decompo- 6. Discussion

sition of Fig. 9.1(vi)reveals the existence of periodic signal

“islands”, with different frequencies and amplitudes, inter-  The appearance of a CSCC in form of a spherical DL
rupted by noisy regions. in front of a positive biased electrode immersed in plasma

6) (i)
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(iii) (iv)

_‘—‘_‘-——_____ﬁ
) (vi)

Fig. 9. Wavelet decomposition on 12 octaves of the AC component of the electrode currerfifrogn
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Fig. 9. Continued.

is a well-known phenomenof®,16,17] So, here we will electrons from the neighbouring region are accelerated to-
concentrate on the explanation of the elementary processeswards it. This region is extended with the increase of the
which occur at the beginning of the generation and dy- voltage on E. The appearance of the luminous sheet near E
namic of the second DL of the MDL. When a positive on the a— b branch of thelg — Ve characteristic, proves
bias is applied on the electrode immersed in plasma, thethe occurrence of excitations processes of gas atoms there.
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Probe measurements complemented by spectral investigadynamical processes described above. This phenomenon
tions show that a net negative space charge is formed in thegives rise to an increase of the oscillation frequency, which
region where light is emittefll5,44] This space charge is is shown inFig. 5. At a certain value of the current, the
formed by accumulation of those electrons that have lost electron flux is large enough to sustain the simultaneous
their momentum after neutral impact excitations. The posi- existences of both DLs in a stable state. The current jumps
tion of the net negative space charge is in front of E, in the from the value corresponding to point f in tthe — Vg char-
region where the excitation cross-section of the gas atomsacteristic to the value corresponding to point g and becomes
suddenly increases. The electrons that have not undergonetationary. A further increase ®psleads to an increase of
excitation reactions obtain more kinetic energy eventually the diameter and the luminosity of the MDL. At a critical
sufficient to perform impact ionization reactions of the gas value of Ig the inner DL starts its dynamical behaviour,
atoms. The electrode E quickly collects the electrons that shown in thelg — Vg characteristic by the downward jump
have performed excitation reactions and those resulting af-of the current h— i. The inner DL begins first because
ter impact ionizations, so that a plasma enriched in posi- the current density through it is larger than that through
tive ions (a net positive space charge) appears in front of the outer DL, inversely proportional to their surfaces areas.
E. Simultaneously with its development, electrostatic forces When the outer DL starts its own dynamical behavidgr,
begin to act as long-range correlations between the two ad-makes a new downward jump in the static characteristic
jacent opposite net space charges. Consequently, the oppoj — k in Fig. 2). At the beginning, the two dynamics
site net space charges transforms into a double space chargare uncorrelated, which can explain the presence of flicker
configuration. This double space charge configuration sup-noise in the power spectrurkig. 6).
ports a local potential drop, the value of which depends on  With the increase o¥g, alsolg increasesKig. 2, branch
the amount of electrons and positive ions located at its two k — 1), and the two dynamics become correlated at a
sides and, implicitly, on the excitation and ionization rates. high-frequency and low amplitud€igs. 3(vii) and 4 (vii)
When the potential drop over the DL reaches the ion- respectively). The above-described mechanism can also ex-
ization potential of the gas atoms, an amplification of the plain the appearance of other DL structures (as described in
charge production takes place, which determines the cur-[26-28) if the plasma density and the gas pressure are large
rent jump b— ¢ on thelg — Vg characteristic Kig. 2). enough. The hysteresis effect, which appears inthe Vg
Simultaneously, the electrostatic forces between the two op-characteristic wheWg is gradually decreasing, proves that
posite space charges suddenly increase and become domthe DL can maintain its static or dynamic state under con-
nant with respect to the external forces. Consequently, theditions lower than those required for the appearance of the
space charge configuration performs a fast transition into arespective state. In literature (see, €46]) it said that such
state characterized by a local minimum of the potential en- a system possesses a special kind of memory of the past
ergy, i.e., a state, in which its shape becomes spherical. Instates.
the voltage range e> d, the stability of the DL is ensured To characterize the correlations, we have plotted the au-
by a balance between the charge losses by recombinatiortocorrelation functions (seBig. 10 corresponding to the
and diffusion, and the charges accumulated and created irsignals fromFig. 3(vi) and (vii) respectively. From these
adjacent regions. The further increase of the voltage on Efunctions we determined the autocorrelation time constant,
produces a shift of the DL away from E. In this way, the defined as the time corresponding to the first zero (or the
electrons can be accelerated between the DL and E to enerfirst local minimum) of the autocorrelation function. The
gies large enough to produce excitations of the neutrals, andobtained values prove that, at the beginnikgy( 10(i)), the
a negative space charge is developed. This negative spacedynamics of the two DLs is uncorrelatett (= 22ts, where
charge acts as a barrier for the current, reducing the flux of z5 is the sampling time of our acquisition data systegn:=
electrons through the DL (jump &> e in Fig. 2). Thus, 2 us), and become more correlated & 3ts) at high values
the balance needed for the DL existence is perturbed andof the voltage applied on the electrodgd. 10(ii)).
the DL disrupts. The electrons trapped in the DL become The frequencies of the observed two plasma states are so
free and move as a bunch toward E, arriving in the region different because, according Em. (8)
where a new DL is the growing phase. In this way, the ex-
citation and ionization rates suddenly increase at the value,ﬁ ~ 91 /@ 9)
for which the new DL at the CSCC edge starts the detach- f2 02 VbL2

ment process. The phenomenon becomes a periodical OneUsing our experimental data frofig. 7, i.e., VoL1 = 16

which is shown by the presence of oscillations in the current and VpL2 = 19V as the potential drops over the two DLs,

collected by EKig. 3(iif)). and the values fos1 » for 16 and 19 eV, respectively, again
The presence of such spatiotemporal phenomena was €Xgom [34], we obtain a theoretical ratio between the two

perimentally verified by plotting space—time diagra#s]. frequencies of:

The increase ofg on the branch e» f of the static char-

acteristic Fig. 2) leads to an increase of the electron flux f, _ 4x 10717 [19
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Fig. 10. Autocorrelation functions of the signals frdfigs. 3(vi) and (vii) respectively.
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