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Realization of SOC behavior in a dc glow discharge plasma
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Abstract

Experimental observations consistent with Self Organized Criticality (SOC) have been obtained in the electrostatic floating potential fluctuations
of a dc glow discharge plasma. Power spectrum exhibits a power law which is compatible with the requirement for SOC systems. Also the
estimated value of the Hurst exponent (self similarity parameter), H being greater than 0.5, along with an algebraic decay of the autocorrelation
function, indicate the presence of temporal long-range correlations, as may be expected from SOC dynamics. This type of observations in our
opinion has been reported for the first time in a glow discharge system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The study of non-equilibrium phenomena of naturally occur-
ring [1], and laboratory plasmas [1,2] has been an active area of
research in plasma physics. Within this frame work, the Self
Organized Criticality (SOC) concept has been quite rigorously
deployed to explain some of the turbulent transport observa-
tions in magnetically confined fusion devices like Tokamaks
[2,3]. The physics of glow discharge plasmas [4] in the last
two decades, have generated a renewed interest due to their im-
portance in low temperature plasma applications [5,6]. Being a
nonlinear medium, they have been a good test bed to investi-
gate various nonlinear phenomena like chaos, etc. [7–9]. In this
Letter we have attempted to apply, quite successfully the SOC
concept for the first time to some of the turbulent fluctuations
in a glow discharge plasma.

The outline of the Letter is as follows: In Section 2 we de-
scribe the experimental setup and observations. In Section 3 we
present the analysis techniques and results of the spectral and
statistical methods that have been carried to substantiate the
SOC behavior. Finally we summarize our results in Section 4.
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2. Experimental setup and results

The experiment was carried out in a coaxial cylindrical glow
dc discharge plasma system with argon as shown in Fig. 1. The
hollow stainless steel (SS) outer cylinder of 45 mm diameter is
the cathode and the SS rod of 1 mm diameter inside the cath-
ode is the anode, which is grounded. The whole system was
placed in a vacuum chamber, and evacuated to a base pressure
of 10−3 Torr by means of a rotary pump. Argon gas was in-
troduced using precision needle valve into the chamber. Plasma
discharges were obtained over a wide range of filling pressure
and discharge voltage. A Langmuir probe made of tungsten of
diameter ≈ 0.5 mm and length ≈ 2 mm was used to measure
the electrostatic floating potential fluctuations in the plasma at
about 12.5 mm from the anode (Fig. 1). The fluctuating data of
2500 points was recorded at a sampling rate ≈ 10−4 s using a
textronix oscilloscope, and then transferred to the computer for
further analysis.

Keeping the discharge voltage at a constant value of 800 V,
a discharge was struck with a very faint glow at ∼ 9 × 10−3

Torr, and, then as the filling pressure was gradually increased
by means of the needle valve, the intensity of the glow sud-
denly became bright at about 1.6 × 10−2 Torr. The sudden
change in the plasma dynamics at the critical pressure led to
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Fig. 1. Schematic diagram of the experimental setup of the cylindrical dc dis-
charge plasma system with Langmuir probe.

Fig. 2. The variation of plasma discharge current (solid line), and plasma float-
ing potential (dotted line) with pressure.

a change in the floating potential, and the discharge current.
The variation of the plasma floating potential, and the plasma
discharge current with pressure have been shown in Fig. 2. It
shows that, the current (solid line) jumped to a larger value by
a factor of 15 at 1.6 × 10−2 Torr, and then increased gradu-
ally with pressure. On the other hand, The floating potential
rapidly fell to a negative value (≈ −9 V) up to the same criti-
cal pressure (1.6×10−2 Torr), and then again increased (dotted
line in Fig. 2) with further increase in pressure, until it finally
settled down to ≈ −5 V. So the critical pressure divides the
scanned region into two regions I and II, shown by a verti-
cal line (− · −) in Fig. 2. The plasma density, temperature,
and electron–electron collision mean free path in region II are
107–108/cm3, 2–4 eV, and 2.6 × 105 cm, respectively. How-
ever, in region I, it was almost impossible to obtain the I–V
characteristics because of their extremely low values. Qualita-
tively looking at discharge current, and glow intensity, region
II is probably a normal glow discharge region, while region
I might be the dark or subnormal glow discharge region. The
critical pressure where the transition takes place is not a fixed
point, but decreases with the discharge voltage as seen in Fig. 3.
It is also seen that the floating potential, and the discharge cur-
rent also decrease with discharge voltage. Figs. 4(a), (b), and (c)
are the typical electrostatic fluctuations at pressures 0.9×10−2,
1.2 × 10−2, and 1.5 × 10−2 Torr respectively in region I, while
(d) and (e) are the fluctuations at pressures 1.7 × 10−2 and
2.2 × 10−2 Torr respectively in region II.
Fig. 3. Plot of critical pressures with discharge voltages. Corresponding floating
potential, and discharge are within brackets. The first value in the brackets is
the floating potential, and the second one is the discharge current in (V, mA)
unit.

Fig. 4. Figure shows the electrostatic fluctuations at pressures 0.9 × 10−2 (a);
1.2 × 10−2 (b); 1.5 × 10−2 (c); 1.7 × 10−2 (d), and 2.2 × 10−2 Torr (e),
respectively.

3. Analysis of SOC behavior

The experimental evidences considered as main ingredients
of SOC are 1/f β (β >0) power law (where f is the frequency
of the fluctuations obtained from fast Fourier transform) [10–
13], long-range correlation [14], and non-Gaussian probabil-
ity distribution function (PDF) [15]. From the power spectral
analysis we have estimated the β from ln(power) versus ln(f ).
For long-range time correlation we estimated the Hurst expo-
nent H , and the exponent (α) of autocorrelation function (ACF)
decay, as described bellow.

Hurst Exponent. The rescaled-range statistics (R/S) method
was proposed by Hurst and well established by Mandelbrot and
Wallis [16]. For the time series defined above, the R/S is de-
fined as [16,17] the ratio of the maximal range of the integrated
signal normalized to the standard deviation:

R(n)

S(n)
= 1

√
S2(n)

(
max(0,W1,W2,W3, . . . ,Wn)

(1)− min(0,W1,W2,W3, . . . ,Wn)
)
.
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Fig. 5. ln(power) vs. lnf plot. The solid line shows the best fit.

Here Wk = x1 + x2 + x3 + · · · + xk − kX(n), where X̄, S2(n),
and n are respectively the mean, variance, and time lag of
the signal. The expected value of R/S scales like cnH as
n → ∞, where H is called the Hurst exponent. For random
data H = 0.5, while H > 0.5 for the data with long range cor-
relations. H < 0.5 indicates the presence of long-range anti-
persistency in the data.

The ACF has been derived as follows:

Auto-correlation. For a time series of length n, X = [Xi,

i = 1,2, . . . , n], the ACF function can be written as [18]

(2)C(τ) =
1

n−τ

∑n−τ
j=1(Xj+τ − X̄)(Xj − X̄)

1
n

∑n
j=i (Xj − X̄)2

,

where X̄, and τ are the mean, and time lag of the time series re-
spectively. If there is long-range time dependence in the system,
then the algebraic decay of the ACF can be written as [19]

(3)C(τ) ∼ τ−α

for large τ , where 0 < α < 1.
In order to verify non-Gaussianity we obtained the PDF of

the fluctuating data.
Fig. 5 shows ln(power) vs. lnf of the fluctuations in region I

from which we estimated the exponent to be ≈ 1.6. This agrees
well with the numerical [10,20], as well as experimental obser-
vations [11,12,14] in the presence of SOC behavior.

Fig. 6 shows a typical plot of ln(R/S) vs. ln(time lag) of the
fluctuations in region I, for a pressure of 1.4 × 10−2. The Hurst
exponent H is about 0.96±0.01 (this indicates long-range time
correlations) [21], and it is almost constant over the entire pres-
sure range in region I. On the other hand, for sinusoidal like
oscillation in region II, the Hurst exponent is 1 for the lag length
of one period of oscillations, and zero with more than one pe-
riod lag [16] as shown in Fig. 7. Also in the same region (II)
multi slope ln(R/S) vs. ln(lag) plot as seen in Fig. 8 probably
due to plasma instabilities of many frequencies [16]. The ACF
exponent α has been calculated for the fluctuations in region I
from the ln(ACF) vs. ln(time lag) plot as shown in Fig. 9. The
ACF (Fig. 9) shows power law up to about 6 times the decorre-
Fig. 6. ln(R/S) vs. ln(lag) plot for the electrostatic fluctuation at the pressure
1.4 × 10−2 Torr. The solid line shows best fit.

Fig. 7. R/S as a function of time lag for the electrostatic fluctuation of the
coherent oscillations at the pressure 1.7 × 10−2 Torr. For one time period lag,
H = 1, and for lag more than one period, H = 0.

Fig. 8. ln(R/S) versus ln(lag) plot at the pressure 2.2 × 10−2 Torr, more than
one slope indicates instabilities with many modes.
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Fig. 9. ln–ln plot of ACF vs. time lag at pressure 1.4 × 10−2 Torr. Up to 6
decorrelation times, it shows power law (dotted line), and after that it follows
exponential decay.

Fig. 10. The probability distribution function (PDF) of the fluctuation at pres-
sure 1.2 × 10−2 Torr, and the dotted line is the corresponding Gaussian fit.

lation time, and after that it follows exponential decay. Average
value of α is about 0.30. Using the relation H = (2−α)/2 [19],
H calculated from ACF is ∼ 0.85, which is close to the value
of H , calculated using R/S technique. In region II no power
law decay of ACF has been observed.

The PDF of the floating potential fluctuations in region I seen
in Fig. 10(a) clearly shows a non-Gaussian nature. Correspond-
ing best Gaussian fit is given by dotted curve in the same figure.
We suspect that there might be a slightly bimodal distribution
similar to Ref. [12]. Fig. 10(b) shows the Gaussian nature of the
fluctuations in region II.

Our results of Hurst exponent, H > 0.5, ACF exponent, α ∼
0.30, non-Gaussian PDF, and power spectral index β ∼ 1.60
in the pressure range 9 × 10−3–1.6 × 10−2 Torr, are consistent
with the systems exhibiting SOC like behavior.
Table 1
In the following table the decay exponent α of the ACF, H from ACF, H using
R/S, and the power spectral index β have been shown in the second, third,
fourth, and fifth column respectively, for the pressures shown in the column
one

Pressure

10−2 (Torr)

α

(ACF)
Hurst
(ACF)

Hurst
(R/S)

β

(PS)

0.9 0.38 0.81 0.97 1.85
1.2 0.34 0.83 0.96 1.65
1.5 0.23 0.88 0.95 1.60

Comparison of α, H by ACF, H by R/S, and β have been
shown in Table 1, for pressures 0.9 × 10−2, 1.2 × 10−2, 1.5 ×
10−2 Torr.

4. Conclusion

We have obtained SOC behavior over a finite range of neu-
tral pressure of 9 × 10−3–1.6 × 10−2 Torr for a fixed discharge
voltage. Glow discharges are simple systems, but their physics
can be quite complicated due to the presence of several phe-
nomena like avalanche breakdown, ionization waves, low fre-
quency ion-acoustic instability, double layer, chaos, etc. Most
of them are highly nonlinear processes and hence one requires
different techniques both statistical and spectral to investigate
and understand their behavior. From our present analysis we
observe that the plasma dynamics in the region I is compatible
with self organized criticality, while region II is not. This could
also imply that plasma transport in region I is quite different
from region II. Detailed investigations of the spatio-temporal
chaos, and the multifractal nature of these fluctuations are in
progress and will be reported else where.

Acknowledgement

We would like to thank the Director SINP, for his constant
support and A. Bal, A. Ram, S. Sil, D. Das, and M. Chattopad-
hya of Plasma Physics Division for the technical assistance, and
the other members for their encouragement whenever required.

References

[1] A. Surjalal Sharma, P.K. Kaw, Nonequilibrium Phenomena in Plasmas,
Springer, 2005.

[2] B.A. Carreras, D. Newman, V.E. Lynch, P.H. Diamond, Phys. Plasmas 3
(1996) 2903.

[3] F. Sattin, M. Baiesi, Phys. Rev. Lett. 96 (2006) 105005.
[4] A. Von Engel, Electric Plasmas: Their Nature and Uses, Taylor & Francis,

1983.
[5] J.H. Chu, I. Lin, Phys. Rev. Lett. 72 (1994) 4009.
[6] J.R. Roth, J. Rahel, X. Dai, D.M. Sherman, J. Phys. D: Appl. Phys. 38

(2005) 555.
[7] B. Bruhn, A. Dinklage, B.-P. Koch, C. Wilke, Phys. Plasmas 8 (2001) 146.
[8] Md. Nurujjaman, A.N. Sekar Iyengar, Pramana J. Phys. 67 (2006) 299.
[9] W.X. Ding, H. Deutsch, A. Dinklage, C. Wilke, Phys. Rev. E 55 (1997)

3769.
[10] P. Bak, C. Tang, K. Wiesnfeld, Phys. Rev. Lett. 59 (1987) 381.
[11] T.L. Rhodes, et al., Phys. Lett. A 253 (1999) 181.
[12] V.N. Skokov, V.P. Koverda, A.V. Reshetnikov, Phys. Lett. A 263 (1999)

430.



Md. Nurujjaman, A.N. Sekar Iyengar / Physics Letters A 360 (2007) 717–721 721
[13] K. Christensen, Z. Olami, P. Bak, Phys. Rev. Lett. 68 (1992) 2417.
[14] B.A. Carreras, et al., Phys. Plasmas 6 (1999) 1885.
[15] Y.H. Xu, Jachmich, R.R. Weynants, 12th International Congress on

Plasma Physics, 25–29, October 2004, Nice, France http://hal.ccsd.cnrs.
fr/ccsd-00001755/en/.

[16] B.A. Carreras, et al., Phys. Plasmas 5 (1998) 3632, and references therein.
[17] N.C. Adhikary, A.R. Pal, H. Bailug, J. Chutia, Phys. Lett. A 350 (2006)
380.

[18] D. Barbieri, A. Vivoli, Physica A 355 (2005) 190.
[19] G. Rangarajan, M. Ding, Phys. Rev. E 61 (2000) 4991.
[20] P. Bak, C. Tang, K. Wiesenfeld, Phys. Rev. A 38 (1988) 364.
[21] B.A. Carreras, et al., Phys. Rev. Lett. 80 (1998) 4438.

http://hal.ccsd.cnrs.fr/ccsd-00001755/en/
http://hal.ccsd.cnrs.fr/ccsd-00001755/en/

	Realization of SOC behavior in a dc glow discharge plasma
	Introduction
	Experimental setup and results
	Analysis of SOC behavior
	Conclusion
	Acknowledgement
	References


