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Abstract. The self-consistency and basic openness of dusty plasma, charge fluctuations, high
dissipation and other features of dusty plasma system lead to the appearance of a number
of unusual and unique properties of dusty plasma. “Anomalous” heating of dusty particles,
anisotropy of temperatures and other features, parametric resonance, charge fluctuations
and interaction potential are among these unique properties. Study is based on analytical
approach and numerical simulation. Mechanisms of “anomalous” heating and energy transfer
are proposed. Influence of charge fluctuations on the system properties is discussed. The
self-consistent, many-particle, fluctuation and anisotropic interparticle interaction potential is
studied for a significant range of gas temperature. These properties are interconnected and
necessary for a full description of dusty plasmas physics.

1. Introduction

The basic openness and self-consistency of dusty plasma system, inconstancy of the particle
charge and charge dependence on the environment parameters, high dissipation, significant
influence of stochastic processes and self-organization lead to the appearance of a number of
unusual properties [1–3].

The study of properties and phenomena, which occur only in dusty plasmas, is presented.
Precisely this meaning is put into the term of uniqueness of dusty plasmas not only in the
collisional plasma and also in general physics. The beginning of this area is put in [4, 5], which
are first to formulate the equation of dust particles motion with account of fluctuations in the
dust particles charge, the dependence of the charge on the position in near-electrode layer and
the proximity of other dust particles, gas discharge sheath features, which are are specific to the
forces acting on the dust particles. These features lead to a number of unique phenomena that
are observed among examples of collisional low-temperature plasma only in dusty plasmas.

(1) “Anomalous” heating of dusty plasma system. The dust particles average kinetic energy may
exceed the value of the ion and neutral gas temperatures and even electron temperature
and can be as high as thousands of eV [3, 6–15]. In particular, the average kinetic energy
of dust particles in ordered structure can be several of eV [9,16]. The increase of the dust
particles mean kinetic energy to such values is called “anomalous” heating. The average
kinetic energies of horizontal and vertical motion of dust particles differ greatly from each
other [10, 11, 17, 18] when observing the phenomenon of “anomalous” heating, which leads
us to the following point.
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(2) Anisotropy of the temperatures and other features. Dusty plasma in laboratory is observed in
the gas discharge under gravity, which leads to the anisotropy and separation in the vertical
and horizontal subsystems with different average kinetic energies [10,11,17–19], coefficients
of heat and mass transfer, and other features. The average kinetic energy of the vertical and
horizontal motion may differ significantly, but each of them has a normal distribution [17,20]
and may be considered as in partial equilibrium. The relaxation processes of plasma-dust
system is largely influenced by dust particles charge fluctuations and its effects.

(3) Parametric resonance in dusty plasma system. Significantly different mean kinetic energy
of dust particles vertical and horizontal motion is based on the energy transfer mechanism
between different degrees of freedom of a dusty plasma system [4, 5, 21–26]. In particular,
this mechanism leads to the “anomalous” heating. One of such mechanisms is based on
the parametric resonance [4, 5, 23]. Energy transfer mechanism depends on interparticle
interaction potential and stochastic processes, like charge fluctuations.

(4) Interparticle interaction potential. The interaction between the dust particles in plasma is
self-consistent with the ambient plasma, i.e. depends on it and affects it; the interaction is
many-particle one since it depends on the proximity to other dust particles; the interaction
depends on the particle charge fluctuations and related effects; the interaction is anisotropic
as a cloud of ions with a positive effective charge is formed under particle due to the ion
flux [2, 19, 27–30]. The dependences of interparticle distance and interaction potential on
temperature and gas pressure help us to describe the dusty plasmas features.

(5) Dust particle charge fluctuations. The plasma fluctuations around the dust particle lead to
the dust particle charge fluctuations, which significantly affect the dusty plasma dynamic
characteristics [2, 3, 8, 10, 13, 14, 31–37]. The dependence of the particle charge on the
distance from the electrode and the position of other dust particles results in a strong
self-consistency of the system and points to the importance of collective effects. Significant
charge fluctuations alter the interaction potential, make stochastic component significant
and lead to a set of unique effects. Dust particle charge fluctuations has a direct impact on
the “anomalous heating” of dusty plasma system, which hung up the chain of the research.

The development of equations [4,5] and, most importantly, the analysis of their consequences
constitute the fundamental problem underlying this article. Sections of the article are arranged
in accordance with the unique properties mentioned above.

2. “Anomalous” heating of dusty plasma system

Dust particles are considered as material points with charge and mass. Effect of gas-discharge
plasma on dust particle is simulated by a stochastic term of dust particle charge. The influence
of gas discharge near-electrode layer is simulated by dependence of the electric field and dust
particles charge on the distance from the electrode. The influence of other charged dust particles
on ambient plasma and, consequently, on dust particle charge is simulated by the dependence
of dust particle charge on the distance to other dust particles.

The simulation is carried out for parameters corresponding to the typical laboratory
experiment. The simulation results allow formulating temperature dependence on parameters
and the mechanism that is the main for this model and parameters. The dependencies of the
vertical kinetic temperature on the system parameters can be combined into the formula

Kv ≈ Troom + (1.0 ± 0.1)a(N)m(gδq)2/(γΩ), (1)

where Troom is the temperature of neutral gas, which is usually 300 K, a(N) is a function
of number of dust particles. The resulting formula (1) for kinetic temperature consists of
only five parameters: the mass m, the gravity g, the friction coefficient γ, the normalized
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amplitude of charge fluctuations δq and the characteristic frequency of dust particle charge
deviations Ω. Similar dependence of the vertical kinetic temperature on the system parameters
is previously obtained in some theoretical papers [10, 33] in another form. The value of the
vertical temperature depends weakly on the other seven parameters. Two parameters can be
identified as the next parameters due to importance: number of particles and dust particle
charge. Vertical temperature is nearly constant for the five remaining parameters in the typical
for laboratory experiment range of parameters.

The conditions of the separation of vertical kinetic temperature of dust particles from
the neutral gas temperature are estimated by the formula (δq)2/(γΩ) ≈ Troom/(mg2). The
phenomenon may occur at γ < 90 s−1 or δq > 0.0006, or Ω < 3.6 × 106 s−1 for first set of
parameters [5] close to the ones of typical laboratory experiment. The kinetic temperature of
dust particles motion in the simulation does not fall below the neutral gas temperature, because
the model takes into account the effect of neutral gas on dust particle motion with Langevin
thermostat. This mechanism of heating is based on influence of stochastic terms in the system
of equations.

3. Anisotropy of the temperatures and other features

In laboratory experiments under conditions of strong gravity the considering system has a
preferred direction, and kinetic energy of horizontal motion and vertical motion can vary
greatly [10, 11, 17, 38–40], which also suggests inconsistency of the kinetic temperature of the
three-dimensional motion.

It has been found that the velocity of dust particles in laboratory experiments has Maxwellian
distribution [10,11,17,38–43].

A monolayer of dust particles in the near electrode layer of RF discharge is considered in [39].
Dust particles velocities are measured for three different degrees of heating of dust particles
system, from gaseous to crystalline state. The velocity distribution is Maxwellian in all cases,
and for some cases, the distribution of vertical velocities differs from the distribution of horizontal
velocities. Note that both distributions are Maxwellian, but the parameters of the distributions
differ from each other. Thus, if we want to introduce the concept of kinetic temperature as a
characteristic of velocity distribution, then it is necessary to introduce the concepts of vertical
and horizontal kinetic temperature of dust particles.

It is found in simulation that the system of dust particles approach a partial equilibrium and
velocity distribution becomes Maxwellian in a period of time smaller than the period time of
several dust particles oscillations (the time required for the collection of statistics and verification
of the distribution). Maxwellization of velocity distribution is explained by the influence of two
stochastic processes on the system: a stochastic Langevin force and stochastic fluctuations of
dust particle charge. Stochastic fluctuations of charge dominate for considered conditions, since
these fluctuations lead to a Maxwellian distribution of dust particles velocities faster. Particular
attention should be paid to the fact that the distribution of the vertical velocity differs from
the distribution of horizontal velocity under certain conditions in the simulation, but both
distributions are Maxwellian. Results for the equilibrium state for one and the same set of
parameters are shown in figures 1 and 2.

Thus, the system of dust particles is divided into two subsystems, the both are in partial
equilibrium [20]. Correspondingly, the concept of temperature can be introduced for each
subsystem. The situation with separated temperatures for two subsystems occurs frequently
in nonequilibrium systems. For example, translational, vibrational, rotational, and other
temperatures are often marked out in a nonequilibrium low-temperature plasma. Horizontal and
vertical motions are equalized for certain condition, the velocity distribution are also beginning
to match, and then it becomes possible to talk about the temperature of the dust system without
any division into additional subsystems. It is possible to divide the dynamics of dust particles
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Figure 1. The distribution of horizontal ve-
locities: histogram is the result of simulation,
line is the approximation by Maxwell distribu-
tion. Distribution corresponds to the kinetic
temperature 0.026 eV.
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Figure 2. The distribution of vertical veloci-
ties: histogram is the result of simulation; line
is the approximation by Maxwell distribution.
Distribution corresponds to the kinetic tem-
perature 538 eV.

kinetic temperature on the three basic modes:

(1) vertical and horizontal temperatures coincide and are equal to the ambient gas;

(2) vertical temperature is greater than the horizontal temperature and the ambient gas
temperature;

(3) vertical and horizontal temperatures coincide and are much more than the temperature of
the ambient gas.

The separation of dusty plasma system on the vertical and horizontal subsystem applies not
only to temperature but also to transport coefficients and other system characteristics.

4. Parametric resonance in dusty plasma system

This instability in 2D plasma crystals is associated with collective processes in dusty plasma.
Therefore, the model [5] of dusty plasma should take into account collective and even small
effects, those influence the dynamics of dust particles in plasma. The three-dimensional motion
of a dust particle is represented by the system of equations as follows:







mẍi =
∑

F inter + F fr + F trap,
mÿi =

∑

F inter + F fr + F trap,
mz̈i =

∑

F inter + F fr + F el + F grav.
(2)

The symmetry of two horizontal axes allows simplifying the system by neglecting one of them.
Interaction with other dust particles is modeled by the interaction of particle with two fixed

charged points on the same horizontal line. This model allows accounting for most of the effects
of particle interaction with other dust particles in this plane. Dust particles form an ordered
structure and oscillate about the equilibrium position and amplitude of particle oscillations
is much smaller than the average interparticle distance. Therefore, the forces acting on dust
particles can be expanded in a Taylor series and some of small stochastic terms may be neglected

{

ẍ = −a1x+ a2xz + a3x
3 + a4xz

2 + · · · ,
z̈ = −b1z + b2z

2 + b3z
3 + b4x

2z + · · · .
(3)
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Numerical evaluation of expansion coefficients shows that linear terms a1x and b1z have the
most significant impact on the system. The following leading terms are a4xz

2 and b4zx
2, where

the coefficients a4 and b4 are equal and depend mostly on the interaction potential parameters.
The substitution of harmonic instead of the coordinate lead the equation to a form of the

Mathieu equation [4, 5]. So, the parametric resonance may rise under certain conditions in this
system. The parametric resonance may only occur if the vertical frequency ωzis comparable to
the in-plane frequency ωx. In many laboratory experiments with monolayer b1 ≫ a1 and as
b1 decreases and approaches a1, the dust monolayer may loose its stability, and a multilayer
structure may appear. But in this case there is no need for b1 be close to a1, because the
horizontal eigenfrequency has a wide range of values due to dimensionality, nonlinear terms,
also stochastic terms and other factors. The peaks of spectrum of dust particle vertical motion
is also rather wide [23]. These facts lead to the intersection of the frequency ranges of vertical
and horizontal motion. These facts are approved by the expansion of dust particles trajectory
(simulation) in a Fourier series. Thus, the predominance of some terms and the intersection of
the frequency ranges of vertical and horizontal oscillations leads to the possibility of parametric
resonance [44], which pump energy from vertical to horizontal motion. The condition of
parametric resonance can be represented as

γ < a4A
2
z/8ωz . (4)

Second parametric resonance can occur if the amplitude of horizontal oscillations is close to
the value of the amplitude of vertical oscillations. This resonance can pump energy from the
horizontal oscillations in the vertical oscillations. This phenomenon can stop heating of the
horizontal oscillations and bring the system to equilibrium. The condition of equilibrium of
energy flows reveals relationship between the amplitudes of vertical and horizontal oscillations
for the case of small frequency deviation

A2
z −A2

x ≈ γωz/b4 > 0. (5)

This relationship between the amplitudes is valid only when this mechanism operates the
exchange of energy between vertical and horizontal oscillations.

5. Interparticle interaction potential

The dusty particles interaction potential is self-consistent with the ambient plasma, i.e. depends
on it and affects it; the interaction is many-particle one since it depends on the proximity to
other dust particles; the interaction depends on the particle charge fluctuations and related
effects; the interaction is anisotropic as a cloud of ions with a positive effective charge is formed
under particle due to the ion flux [2, 19,27–30].

A substantial change in the potential interaction can be observed while the temperature
of neutral gas changes from room to cryogenic ones both in experiments and in numerical
simulations. Technological difficulties hindered the progress of experimental work in this
direction for a long time. Significant reduction of the screening radius as the temperature
decreases to cryogenic one reduces greatly the interparticle distance that allows determining
the interaction potential and its temperature range. Furthermore, the decrease in temperature
leads to a unique structures [45], such as the formation of dense luminous dust particles at a
temperature of about 4 K.

Three potentials (Debye potential, Gurevich potential and others) are used to describe dusty
particles interaction in order to get the theoretical dependence of interparticle distance on
temperature and pressure of the neutral component. Experimental data was taken from [46] and
from the experiments performed in JIHT RAS in 2010–2012 by I S Samoylov, V P Baev et al [47].
The estimated value of the screening length in dusty plasma is in one order of magnitude larger
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Figure 3. The dependence of the diffusion coefficient in the vertical and horizontal directions
on the relative amplitude of dust particles charge fluctuations.

than the ion Debye length. The experimental data fitting leads to the estimation of effective
screening length λscr ≈ 8λD in the temperature range 200–275 K for pressure 8.5 mBar for the
Debye–Hückel potential.

6. Dust particle charge fluctuations

Dust particles charge fluctuations significantly affect the dynamic properties of plasma-dust
system. The diffusion coefficient is calculated on the basis of the Einstein relation. It is shown
that the diffusion coefficient is differs significantly in the vertical and horizontal directions, and
greatly depends on the amplitude of the dust particle charge fluctuations (figure 3). It is worth
noting that the dependence of the diffusion coefficient of the charge fluctuation amplitude differs
substantially in different directions, but this difference decreases as the system approaches the
partial equilibrium.

7. Conclusions

The uniqueness of dusty plasmas lies in the properties and phenomena that occur only in dusty
plasmas. These features of dusty plasmas are interconnected and their description is necessary
for a full description of the dusty plasmas physics.

(1) “Anomalous” heating of dusty plasma system. Dust particles under certain conditions can
acquire kinetic energy of the order of 10 eV and higher, far above the temperature of gas
and temperatures of ions and electrons in the discharge. The evidence of this phenomenon
is found in laboratory experiments [6–12]. Despite such kinetic energy dust particles can
form a crystalline structure [9,16,48,49]. The mechanism for “Anomalous” heating of dusty
plasma system is proposed.

(2) The anisotropy of temperature and other features. The average kinetic energy of horizontal
and vertical motion can differ from each other greatly [10, 11, 17, 39]. The dusty plasma
system is divided into two subsystems that are in partial equilibrium. The concept of
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temperature can be introduced for each subsystem. The processes of relaxation [50] are
studied and applicability limits of the thermodynamic relations for dusty plasma with
temperature anisotropy are determined.

(3) Parametric resonance in dusty plasma system. Dust particle vertical motion heating and
energy transfer from the vertical to horizontal motion is studied in the experiment [51]. The
mechanism of energy transfer on the basis of parametric resonance allows us to describe the
experimental growth rate of the kinetic energy and the energy spectrum of the motion of
dust particles, which indicates the existence of the parametric resonance in dusty plasmas.

(4) Interparticle interaction potential. The dependence of dust particle interparticle distance
on gas temperature [46] and methods for interaction potential restoration [52] show the
complexity of potential. The self-consistent, many-particle, fluctuation and anisotropic
interparticle interaction potential is studied for significant range of gas temperature. The
estimated value of the screening length in dusty plasma is in one order of magnitude larger
than the ion Debye length.

(5) Dust particle charge fluctuations. It is shown that fluctuations of dust particles charge
significantly influence dynamic properties of dust particles system, in particular, diffusion
coefficient. Dust particles charge fluctuations influence dynamic properties in the horizontal
plane and vertical differently.
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