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Abstract. Dusty plasmas are formed when micrometre particles of solid matter are introduced into glow discharge 

plasma. In the present research work, we investigated the fluctuation dynamics of the particles using the dynamic 

light scattering (DLS) technique and particle tracking with high-speed imaging technique. The DLS technique gives 

light intensity fluctuation which is analysed by fractal tools namely wavelet scalogram to give the Hurst parameter, 

“H” being associated with the fractional Brownian motion. The structural phases of particles are analysed using the 

pair correlation function. Particle trajectory analysis determines the transport characteristics of the charged dust 

particles. The scaling behaviour of the mean squared displacement (MSD) is investigated for different pressures. 

Results from both the DLS and MSD analysis are discussed regarding different transport mechanisms based on the 

fractional Brownian motion as the transport model. This study also highlighted the use of fractal analysis as a 

powerful tool for investigating fluctuation dynamics in dusty plasmas.  

Keywords: particle tracking; dynamic light scattering (DLS) technique; dusty plasma; DLS and MSD analysis and 

scalogram. 
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1. INTRODUCTION  

Dusty plasma research is concerned with the interactions taking place between charged dust 

particles and plasma. Dusty plasma consists of electrons, ions, neutral gas atoms and additional 

microscopic particles, with sizes ranging from about 10 nm to several 10 micrometres. Typically, 

the additional particles are larger than other plasma particles attracting ions and electrons [1]. 

The dusty plasma may be considered as a complex system, due to the numerous interactions 

between dust particles, electrons, ions and neutral atoms. The collection of thousands of charged 

plasma species (for example electrons and ions) on dust particle surface cause the dust particles 

to carry large amount charge, hence induce strong Coulomb interaction. The charged dust 

particles not only alter the composition of plasma but also trigger new physical processes on the 

systems.  

Research on dusty plasma has covered different areas including the fundamental aspects of 

plasma physics, hydrodynamic, nonlinear physics, kinetics of phase transitions and solid state 

[1]. It also includes dynamics of dust-plasma dust particles [2], collective dynamics [3], self-

organisation [4] and many other nonlinear processes [5]. The experiments concerning complex 

plasma diffusion as reported by [6], marks one of the primary studies conducted on this topic. 

This paper is inspired by the fact that fluctuation is ubiquitous in a variety of complex systems 

including complex plasmas such as dusty plasma. Among the common features of fluctuation 

dynamics is the fractal properties with power-law scaling properties. A typical example 

originating from plasma related phenomenon is the lightning process with the fractal pattern. 

Fractal modelling also found application in economics, geography, physics and biology that 

exhibit scale invariance or self-similarity behaviour. Fractal behaviours can be seen in the spatial 

patterns such as trajectories of Brownian motion of dust particle or variation of relevant physical 

quantities such as position, temperature or current as a function of time, hence known as fractal 

signals and can be modelled using fractal stochastic processes. 
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Fractal scaling behaviour in fluctuation of various physical quantities related to plasmas and 

dusty plasmas have been reported in a number of studies. For example, fluctuation in floating 

potential glow discharge was reported by Nurujjaman et al.  [7], and in tokamak edge by Zajac et 

al [8]. Some literature of scaling behavior in the dusty plasmas are mostly focused on identifying 

the type of particle transport.  It is capable of differentiating the normal and the anomalous 

diffusion using mean square displacement. 

Recognizing this prospect has not been widely explored in the field of complex plasmas such 

as dusty plasmas, has serve as the motivation for this thesis. Based on the versalities and ease of 

applications to complex data, such as fluctuations, noisy time series and complex spatial patterns, 

we have applied a suite of fractals, multifractals, wavelets and information theoretic approaches 

to understand particle dynamics, fulfilling our first and second objectives. We have carried out 

detailed experiments involving two complementary approaches namely dynamic light scattering 

experiments and particle trajectory analysis and interpret the relevant scaling relations and the 

corresponding scaling exponents. Scaling exponents of power-law relations are signature of 

fractal or (time/spatial) scale invariance, which is the third objective of this study. Finally we 

have provided a consistent interpretation that link what may appear to be exclusive approaches, 

one observing indirectly the effect of particle motion via the scattered lights and another based 

on direct observation of the particle in real space and time domain. This answered the final 

objectives of the study. The details of the findings and their significances are discussed in the 

following section. 

 

2. PARTICLE TRANSPORT IN DUSTY PLASMA 

In the particle transport, the diffusion is one of the main interests. For example, the diffusion 

exponent is calculated from the scaling behaviour of particle trajectories [9]. An anomalous 

scaling often found in the liquid and crystal state of dusty plasma which indicates the different 

type of transport in the shorter time and longer time. A various technique to identify the type of 
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transport such as; mean square displacement, velocity autocorrelation function and the 

probability distribution function. Super diffusion in the dusty plasma frequently reports by the 

Lin I group and Goree group [10,11]. However, Hou and Nonumura report they found the 

subdiffusion and no sign of super diffusion [9,12]. Ratynskaia used fractal analysis to calculate 

the Hurst exponent and suggest this approach overcome the difficulty in the anomalous scaling in 

means square displacement [13].   

Other particle transport also has been actively investigated in dusty plasma laboratory and by 

computer simulation. The viscosity, diffusion constant and pair correlation function at different 

conditions in dusty plasma have been studied [14]. Experimental techniques using high speed 

camera and laser illumination in the microgravity experiment was carried out to study the 

transport coefficient and shear viscosity in a strongly coupled dusty plasma system [15]. Particle 

image velocimetry was used to obtain detailed measurements of particle transport and thermal 

state in dusty plasma [16].  

The work of correlation analysis in dynamic light scattering have been carried to study the 

transport behaviour [17], correlation model [18], thermal energy [19], structure function [20] and 

particle growth [21]. The time series of scattered light carried information of charge particle 

indicate the intensity function is a long memory. Muniandy et al. demonstrates the fractional 

correlation model fit better than another convention model [18]. Comparing the dynamic light 

scattering (DLS) and particle visualization technique, Aschinger proved that the thermal energy 

of DLS in the phase transition of dusty plasma gives better results [19]. 

 

3. METHODOLOGY 

In this work we have presented an empirical investigation of particle dynamics and fluctuation 

complex dusty plasma in 13.5 MHz radio-frequency capacitively coupled gas discharge systems. 

The observation of structural states was performed by varying the argon pressure discharge in the 

range of 0.1 mbar to 0.7 mbar with constant power at 50 W. Once the charged dust clouds are in 
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equilibrium floating above the lower electrode, measurement intensity fluctuation from dynamic 

light scattering of particle were measured and at the same time the particle clouds are observed 

using high-speed video imaging system connected to the particle tracking software. Particle 

trajectories were constructed from the sequential image frames based on the video files. 

The study was focused on the surface layer of the dust cloud with a diameter of 2.5 cm. The 

dust cloud was levitated by a high electric field that was formed by a small hole with a 5 mm 

depth of the lower electrode. The dynamics of the charged dust are affected by the power and 

pressure applied to the system. This includes the strength of Coulomb coupling between the 

charged dust particles through the kinetic energy via collisions of neutral atoms. 

The height of the electric field is also affected by the pressure. The electric field regime is 

lowered as the pressure is increased. Based on other studies on dusty plasma system with similar 

experimental parameters,  the charge number on the dust particles were reported to be in the 

range of  Q =  103 to 105. Meanwhile, the electron temperature was typically below 10 keV.  

For visualization purposes, the dust particle motion was recorded using an EoSens CL high-

speed-CMOS video camera running at a rate of 200 frames per second and equipped with a 

macro lens. The raw image obtained from the camera was shown in Figure 2.  Particle tracking 

algorithm was implemented on the raw video data to obtain particles trajectories. Blair and 

Dufresne developed the particle tracking algorithm used in this work [22]. The algorithm search 

for the most probable particle location in the consecutive image frame based on the closest inter-

particle distance. This will eventually allow us to construct the time series of particles’ 

trajectories in two-dimension. 
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FIGURE 1.  A pictorial depiction of the filtered time series of the light intensity fluctuation in 

the DLS signals such as;  a) Dust off, b) 0.696 mbar, c) 0.592 mbar, d) 0.441 mbar, e) 0.292 

mbar and f) 0.141 mbar repectively. 
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FIGURE 2. The raw image of the dust particles at a pressure; (a) at 0.141 mbar and (b) at 0.696 

mbar respectively. 

 

4. WAVELET ANALYSIS 

Wavelet analysis is a robust tool for characterising the fractal scaling in fluctuation 

phenomena in the presence of non-stationary or trend. Referring to Section 3.2.4, Eq. (3.2.8), one 

can deduce the Hurst exponent from the power-law scaling exponent 𝛾 of the scalogram, namely 

𝛾 = 2HW + 1 (subscript W is used to differentiate the Hurst exponent obtained from PSD). Here 

once again similar to PSD, one assumes the fractal signal can be modelled as FBM, where 𝛾 

indicates the slopes of the linear scaling regimes determined by using the linear least square 

fitting as shown in the inset of Figure 3. We used Daubechies wavelet (Db2) to calculate the 

discrete wavelet transform and eventually the discrete scalogram as function of scale parameter a 

= 2j, with j is scale index or octave, The flat spectrum at a small-scale regime (or high frequency) 

for scale index j ~ 1,…,5 represents the background noise present in all the time series. The 

background noise is found to be a non-scaling time series with relatively flat spectrum as one 

would expect of the non-scaling white noise. The background noise has been shown to satisfy the 

Gaussian statistics and temporal uncorrelated.  

Compared to the previous analysis (PSD), the trend was similar to the graph can be divided 

into two regimes. The wavelet scalogram must be interpreted in a reciprocal way as compared to 

a) b) 
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the power spectral analysis because the scale a is inversely proportional to frequency. Small 

scale implies a high frequency and vice versa. Thus, background noise was found in a small-

scale regime, while the correlated signal was found in an intermediate to large-scale regime. 

Figure 3 shows the discrete scalogram obtained from discrete wavelet analysis. The power-law 

scaling regime in the plots will be used to determine the scaling exponents, hence the Hurst 

exponent using the relation described earlier. In the presence of dust, the power-law behaviour in 

a log-log plot of the wavelet scalogram is quite evident (indicating a monofractal behaviour), 

particularly in the scaling regimes having indices from j= 5 to j=11 (corresponding to the time 

scales 0.01s − 1s). The scaling exponents are determined from the gradient of this regime and 

summarized in Table 4.2. The wavelet scalogram analysis shows a significant difference in the 

scaling behaviour for lower pressure and higher pressure cases. The scalogram scaling exponent, 

 for a gas pressure of 0.141 mbar is significantly higher (implying higher Hurst exponent) in 

comparison to the other DLS signals, which have almost comparable gradients (or spectral 

exponents) at higher pressures.  

 

 

FIGURE 3. Wavelet scalograms of intensity fluctuation time series for different pressures.  
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The lowest pressure (0.141mbar) shows the largest scaling range and has the highest value of 

the Hurst exponent, HW = 0.81  0.02 (persistent). The Hurst exponents of other higher pressures 

were lower than H = 0.5, which indicates that the signals displayed short-range dependence (anti-

persistent) behaviours. The power-law scaling regime appears to be shifted as one increase the 

gas pressures. The lowest value of Hurst exponent HW = 0.25 0.04 is obtained for the gas 

pressure of 0.696 mbar. 

 

TABLE 1. The wavelet scalogram scaling exponents and the Hurst exponents for light intensity 

fluctuation analysis at different pressures. 

 

Pressure 

(mbar) 

The range of 

scale index, j 

Scalogram 

Scaling 

Exponent, γ 

Wavelet-based 

Hurst exponent, HW 

0.141  0.001 5 - 10 0.81 0.02 0.81 0.02 

0.292 0.001 6 - 10 0.45 0.01 0.45 0.01 

0.442 0.001 7 - 11 0.36 0.01 0.36 0.01 

0.592 0.001 7 - 11 0.47 0.02 0.47 0.02 

0.696 0.001 7 - 11 0.25 0.04 0.25 0.04 

 

In the next section, we present an alternative approach to characterizing the degree of 

irregularity in time series based on the concept of generalized entropy following the information 

theoretical framework described in Section 3.2.5. In this study, we show for the first time how 

such an approach can provide useful information on fluctuation dynamics in complex plasmas. 

 

5. PAIR CORRELATION FUNCTION 

A standard technique to characterize spatial ordering is to use the particle-particle pair 

correlation function, g(r) = n(r)/(total particles number  particle density  annular area 

enclosed), where n(r) is the number of particles located inside a concentric annular ring of radius 
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r from a center particle. The pair correlation function g(r) measures the translational order of the 

particle ensemble where series of peaks in the g(r) plot indicate the presence of periodicity. In 

the g(r) plot, the radius is normalized by inter-particle distance (ipd).  

The corresponding pair-correlation functions for these particle configurations are shown in 

Figure 4. At pressure 0.441 mbar, 0.591mbar and 0.696 mbar, the distinctive peaks at the first 

nearest neighbor distance of g(r) plot suggesting the presence of short-range order as expected in 

the disordered liquid state. While at pressures 0.141 mbar and 0.291 mbar, pair correlations show 

no distinctive peak, which indicates the lack of periodicity in the particle arrangement, typical of 

disorder gas state.  

 

 

FIGURE 4.  The pair correlation function g(r) of the dust particles at different pressures. 
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6. MEAN SQUARE DISPLACEMENT ANALYSIS 

The advantage of direct observation of dust particles using high-speed video camera is the 

possibility of capturing the detailed motions of many individual particles. By having multiple 

video cameras to capture x-y and x-z planes, one is able to construct three-dimensional motion. 

The discharge chamber used in this experiment is however, very respective and only allow the 

video imaging in one plane (with the camera giving the top view). This will also limit the 

accuracy of the analysis. Despite this constraint, we have performed a detailed study of the 

particle trajectories and calculated the mean square displacement of particles. The slope of the 

log MSD versus log (lag-time, t) will give the MSD scaling exponent, α. The MSD scaling 

exponent α is related to HMSD via the relation α=2H. This is possible if one associate the particle 

motion to resemble fractional Brownian motion.  

For a lower pressure of 0.141 mbar and 0.292 mbar, the particle can only be tracked up to 100 

image frames due to rapid motion of the dust particle dispersing out of imaging view window. 

For higher pressures, more frames up to 1000 can be obtained allowing longer observation time 

because the particles seem to disperse slower. The trajectories of the dust particles at different 

pressures are shown in Figure 5. MSD was calculated using the relation discussed in Section 

3.3.2 and the results are shown in Figures 4.22 -4.26 for different pressures. One noticeable 

feature among all the MSD plots in this study is the existence of bi-scaling behaviour in the 

MSD at all gas pressures. The scaling exponents at short lag-time are different from the scaling 

exponents at longer lag-time with a cross-over time, tc. We found the particles exhibit super-

diffusive transport (with HMSD > 0.5) at short lag-time for all the pressure. This finding is in 

agreement with other studies [22]. The particles move fast at short time and able to gain high 

speed and travel a greater distance. It then slows down to sub-diffusive behavior (HMSD < 0.5) 

after a cross-over time, tc due to collisions with other dust particles.  
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FIGURE 5. The trajectories of dust particles at different pressures a) 0.141 mbar, b) 0.292 mbar, 

c) 0.442 mbar, d) 0.592 mbar and e) 0.696 mbar. 

 

 

 

 

FIGURE 6. Means square displacement analysis for pressure 0.696 mbar. 
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Key transport characteristics associated with MSD analysis are summarized in Table 4.4. We 

notice the difference in MSD behaviour low pressure as compared to high pressure. For high 

pressure, there is a little bump after time transition. The little bump of MSD slope is due to the 

effect of caging as reported by Nunomura [9]. The transition from very fast superdiffusive to 

mild super-diffusive transport (near diffusive) occurs at a low pressure of 0.141 mbar within 

short cross-over time. For higher pressures, the transition is from super-diffusive to sub-diffusive 

altogether, but the switch took a longer time.  

The damping effect in the kinetic energy comes largely from the collision with neutral gas at 

higher gas pressures. The change of super-diffusion to sub-diffusion when the pressure increases 

can then be corroborated to the caging effect by the Coloumb potential which causes particle 

movement to be confined and slower. 

 

TABLE 2. Key parameters from mean square displacement analysis at different gas pressures. 

 

Pressure (mbar) Hurst exponent HMSD 

(short time-lag t < tc),  

Cross-over time, 

tc (sec) 

Hurst exponent, HMSD 

long time-lag, t > tc) 

0.141 0.001 0.92  0.01 0.5 0.1 0.66  0.01 

0.292 0.001 0.91  0.01 0.7 0.1 0.42  0.01 

0.442 0.001 0.87  0.01 0.7 0.1 0.39 0.01 

0.592 0.001 0.90  0.01 0.7 0.1 0.46 0.01 

0.696 0.001 0.87 0.01 0.9 0.1 0.38 0.01 

 

 

7. DISCUSSION 

In this paper, we have presented an empirical investigation of particle dynamics and 

fluctuation complex dusty plasma in 13.5 MHz radio-frequency capacitively coupled gas 

discharge systems. The observation of structural states was performed by varying the argon 

pressure discharge in the range of 0.1 mbar to 0.7 mbar with constant power at 50 W. Once the 



14 

S. S. SAFAAI, S. L. YAP, S. V. MUNIADY, M. AYAZ AHMAD 

charged dust clouds are in equilibrium floating above the lower electrode, measurement intensity 

fluctuation from dynamic light scattering of particle were measured and at the same time the 

particle clouds are observed using a high-speed video imaging system connected to the particle 

tracking software. Particle trajectories were constructed from the sequential image frames based 

on the video files. 

The first approach was based on a fractal time series analysis of the intensity fluctuation from 

the dynamic light scattering data measured as photocurrent from the photodiode. We used a 

widely popular fractal stochastic model known as the fractional Brownian motion that provides 

the framework to related key power-law scaling exponents to the model parameter, namely the 

Hurst parameter. Established fractal parameter estimators such as power spectral density (PSD) 

and wavelet scalogram were used to estimate the Hurst parameter from the time series. It was 

found that the Hurst exponents obtained from PSD and wavelet scalogram implied persistent 

characteristics with 0.5< H <1 (fast dynamics/super-diffusion) at low pressure (0.141 mbar). The 

fluctuations were observed to be antipersistence with 0 < H <0.5 for higher pressures (0.292 

mbar - 0.696 mbar ), which can be associated to slow dynamics/sub-diffusion. An alternative 

measure of randomness based on approximate entropy (ApEn) was also used to examine DLS 

data and was found to be consistent with interpretation provided by the Hurst exponents obtained 

in the fractal analysis (Table 5.1).  

The second part of the study was based on direct observation of the particles using video 

imaging to study particle motion in the spatio-temporal domain. The pair correlation function 

was used to study the structural phase of particles’ configurations. Next, the transport properties 

of charge dust particles were investigated using MSD for different pressures. We found the 

presence of different scaling regimes for different time scales. In general, dust particles showed 

fast transport (super-diffusion) at short time scales and slow dynamics (sub-diffusion) at long 

time scales for all pressures. At intermediate time scales of 0.1 seconds to 0.5 seconds, scaling 

exponent HMSD = 0.69 + 0.01 is estimated at pressure 0.141 mbar, implying a super-diffusive 
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transport. Meanwhile, at pressure 0.292 mbar, 0.442 mbar, 0.592 mbar and 0.696 mbar, 

subdiffusive transport with HMSD = (0.31 - 0.47) + 0.01 was observed.  The possible dynamics of 

transports at different pressures are summarized in Table 5.1 with a comparison to the deduction 

obtained from DLS experiments. 

On long time scales, we found dust particle transports are sub-diffusive in the dusty plasma 

that has liquid-like state and super-diffusive in the gas-like state. This was consistently explained 

using the mean squared displacement analysis. Sub-diffusion mostly occurs because of the 

caging wells created by neighbouring particles. This finding has been published in Safaai et al., 

(2013), and also supported by other studies [9,12]. All of these works studied transport behaviour 

in dusty plasma liquid. However, this result is in disagreement with work reported in [23] and 

[13] who showed superdiffusion behaviour at long-time scale. 

 

 

FIGURE 7. Comparison of Hurst exponents determined from DLS and MSD analysis. 

 

When compared to a study on pair correlation analysis reported in [23], we infer that the dusty 

plasma at pressure 0.141 mbar is in the weakly coupled state, while at all other pressures, they 

are strongly coupled. The present study has provided new insights on the fluctuation dynamics in 

dusty plasmas covering both temporal and spatial perspectives. 
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TABLE 3. Comparison of transport characteristics (Hurst exponent) based on DLS and 

MSD analyses for different pressures. 

 

Pressure (mbar) DLS MSD 

0.141  0.001 
Persistence 

HDLS > 0.5 

Super-diffusive 

HMSD > 0.5 

0.292 0.001  

Anti-persistence 

HDLS < 0.5 

 

Sub-diffusive 

HMSD < 0.5 

0.442 0.001 

0.592 0.001 

0.696 0.001 

 

 

8. CONCLUSION 

From this work, we were able to understand the scaling behaviour of DLS signal by 

comparing diffusion exponent from MSD of particle trajectories. DLS approach depends on 

collective effects, where the intensity measured by the photodiode is the sum of scattered light 

interfering with each other and fluctuating due to motion of particles. On the other hand, MSD 

analysis is an average of many individual particle trajectory. Both of these techniques have 

different approaches; however, we managed to show that both can be related based on scaling 

behaviour. We remark that the absolute values of the Hurst exponents reported in this study are 

relatively lower as compared to previous study published by the author on similar system. This is 

due to the thermal energy in the dust particles. The RF power from the previous work is greater 

with 100 Watt, while in this work we used only 50 W. 

To summarize, fluctuation analysis of DLS signal was successfully carried out using 

fractal analysis to study complex changes in the particle configuration in a dusty plasma. The 

Hurst exponent determined from the DLS time series can be used to describe particle transport. 

The persistence value represents the fast dynamics and antipersistence value represents the slow 

dynamics.  
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We suggest the advantage of using fractal analysis for DLS time series as it provides an 

alternative way to identify the type of particle transport and this can be corroborated with MSD 

analysis. In some cases, it is even harder to estimate scaling exponent from MSD during the 

difficulty to observed the particle visually for long time in a given imaging window [13]. 

Understanding particle transport and the influence of scale invariance or power-law behaviour is 

important for predicting plasma behaviour in material processing and astrophysics plasma 

systems [5].  
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