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1 Introduction 

Dusty or complex plasma is a new field of 
plasma physics studding the interaction of solid 
micron-sized particles immersed into typical low-
temperature plasma (see e.g. recent reviews [1,2]). 
Many different phenomena associated with the 
dusty plasma have been studied experimentally and 
numerically: dust grains charging [3], the formation 
of crystalline and liquid structures [4,5], phase 
transitions between these structures [5,6], dust-
acoustic waves [7], the orientation of non-spherical 
dust particles in a discharge [8], and many others.  

It is well known that in streaming plasma or in 
an external electric field the pseudo-periodic 
oscillating structures in electric potential and ion 
density arise behind a dust particle [18,19,20]. 
These phenomena are responsible for the dust 
particles ordering. Such a periodic structure is 
called a wake, and is a consequence of ion focusing 
behind the dust grain. The most popular approaches 
for studying wakes are PIC [9-11] and LR [12,13] 
numerical methods.  

In previous works [14-19], the behavior of 
plasma parameters around an isolated charged dust 
particle under the action of the external electric 

field was studied. As a result of the calculations, 
the dependencies of self-consistent spatial 
distributions of the electron and ion densities and 
electric potential around the dust particle on 
reduced external electric field strength were 
obtained. The processes of ion focusing and wake 
formation behind the dust particle were studied. 
The dust particle charge and the dipole moment of 
the “ion cloud – dust particle” are calculated for 
different values of dust particles size, electric field 
strength and ion mean free paths. However, in all 
these studies the parameter  = Te/Ti, i.e. the ratio 
of electron and ion temperatures, was the constant 
parameter (typically  = 100), which did not 
depend on the external electric filed. It is well 
known that the electron mean energy is a function 
of the reduced electric field specific for the type of 
a buffer gas. In present work, the dependence of 
mean electron energy on the reduced electric field 
was taken into account for the first time. 

2 Model 

A detailed description of the numerical model 
used for the calculation of the plasma parameters 
around an isolated dust particle was presented 
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elsewhere [14-19]. Let us just remind the following 
points. The geometry of the computational domain 
was taken as a parallelepiped. An impenetrable 
sphere of radius r0 << λi placed in the center of this 
domain plays the role of the solid dust particle, 
where λi is the ion Debye length.  

To start the calculations, an ion is generated 
with the random coordinates and velocities. The 
speed of ions is taken according to the Maxwell 
distribution. Newton's motion equations were used 
to calculate the trajectory of this generated ion. In 
these equations, the action of electric field induced 
by the charged dust particle and external 
electrostatic field on the ion trajectory is taken into 
account. During its movement the ion could either 
fall on a dust particle or fly away the computational 
domain or collide with a neutral atom. 

The modeling domain was subdivided into cells 
(i,j) according to cylindrical coordinates ρ and z, 
respectively. The volume of each cell is determined 
by: 

, 2i j i i jV z      (1) 

During ion traveling through the cell (i,j), the 
time Ti,j, which the ion spent in this cell, is 
accumulated. Then, this time is normalized to the 
volume of the cell Vi,j. The obtained value is 
summed up with the already accumulated time 
statistics for this cell: 
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We use the dimensionless parameters in the 
calculations, i.e. the dimensionless charge of the 
dust particle Q and the dimensionless external 
electric field E given by the expressions: 
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At the beginning of calculations, the following 
spatial distribution of the electric potential was 
used: 
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From the statistics obtained for every cell, the 
dimensionless distribution of space charge n(ρ,z), is 
calculated: 
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were n∞ is the plasma density far from the dust 
particle. The spatial distribution of electron density 
ne is assumed to be equal to the Boltzmann 
distribution ne(ρ,z) = n∞exp(U(ρ,z)/(kTe)). 

The self-consistent spatial distribution of 
electric potential in the system is then calculated 
as: 
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The general iterative scheme for calculation of 
a steady state self-consistent solution for all plasma 
parameters is as follows:  

1) The calculation of ion trajectories under the
action of the spatial distribution of electric potential 
(6). After the ion collides with the neutral atom or 
fall onto the dust particle surface, a new ion is 
simulated. The statistics is accumulated for all ions. 

2) The distribution of the space charge (5) is
determined and the self-consistent electric potential 
of the system is calculated (6). The charge of the 
dust particle is calculated from the condition that 
the flows of ions and electrons to its surface are 
equal to each other. 

3) The iterative procedure is repeated until the
full convergence of all spatial distributions, 
including the charge of the dust particle. 

For small values of the external electric field, 
the spatial distributions of electron density ne(r,θ), 
ion density ni(r,θ) and electric potential U(r,θ) 
weakly deviate from spherical symmetric (r and θ 
are spherical coordinates). In this case, U(r,θ) can 
be determined through the expansion of the space 
charge distribution n(r,θ) into the Legendre 
polynomials (spherical harmonics): 
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where 
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It should be noted that the zero isotropic term 
of the expansion, n0(r), determines the plasma 
charge around the dust particle: 
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and the first isotropic term of the expansion, n1(r), 
determines the dipole moment of a “dust particle – 
ion cloud” system: 
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3 Results 

In calculations, a spherical dust particle of 
radius r0 = 1 μm is considered. Ion temperature is 
assumed to be equal to the room temperature, i.e. 
kTi = 0.03 eV, Ti = Tg. The ion Debye length is set 
to be i = 10-2 cm, i.e. r0 = 10-2 i. Ion mean free 
path for the resonant charge exchange collisions 
with neutrals (argon) is taken in the interval li = 
2.5-10 i. The interval of external electric field  

values is E = 0 – 0.6, i.e. E = 0 – 1.5 V/cm. The 
gas (argon) density n0 = 1/(21/2σli) is determined by 
the ion mean free path li and the resonant charge 
exchange collision cross section σ (for argon [20]). 

In the previous authors works as well as in 
other literature, the parameter  = Te/Ti was the 
given parameter, where Te is the electron 
temperature. In this paper, we take into account 
that electron temperature is the function of the 
reduced external electric field E/N. We use the 
dependence of the electron mean energy <ε> = 
3/2kTe versus reduced electric field E/N calculated 
with the help of BOLSIG+ solver [21] (see Figure 
1) to obtain the dependence Te(E/N). This
dependence plays significant role in the 
determination of electron density spatial profile and 
of electron flux towards the dust particles, i.e. 
influences the dust particle charge. 

Figure 2 presents the dependence of the particle 
charge on electric field strength both in 
dimensionless and dimension forms. The aim of the 
calculations is to determine the role of the ion mean 
free path li on the dust particle charge at the same 
electron temperature. It is seen that different curves 
for different ion mean free paths substantially differ 
from each other (40%). The dust particle charge 
and charge number increase almost linearly with 
the electric field strength excepting the region of 
low electric filed, i.e. the low electron temperature. 
It should be noted that at constant parameter  
considered in previous papers the charges differ 
more slightly. 

Figure 1 – Electron mean energy <ε> versus reduced electric field E/N [21]
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Figure 2 – Dimensionless dust particle charge Q′ versus dimensionless electric field E′ (left 
figure) and dust particle charge number Zd versus reduced electric field E/N (right figure)  

for different values of ion mean free paths

Figure 3 – The sections of the spatial distributions of the space charge density n(z,ρ=0)  
(left figure) and the electric potential U(z,ρ=0) (right figure) for different values  

of ion mean free paths. Reduced electric field E/N = 37 Td

Figure 3 shows sections (ρ=0) of the 
longitudinal distributions of the space charge 
density n(z,ρ=0) and the electric potential 
U(z,ρ=0). The value of the reduced electric field 
strength for all curves is the same E/N = 37 Td. It is 
interesting to note that the right parts of the space 
charge density and the electric potential are 
substantially deviate for different ion mean free 
paths and the right parts are almost coincide with 
each other. Thus, the wakes are formed almost at 
the same distances. The more the ion mean free 
path the more amplitude of the oscillations of the 

electric potential behind the dust particle due to the 
fact that the collisions of ions with neutrals destruct 
the wakes. 

Figure 4 presents radial distributions of zero 
and first harmonics multiplied by special 
compounds, i.e. functions n0(r)r2/Q and n1(r)r3li

1/2. 
The result for n0(r)r2/Q shows that at different 
electron energies the shape of the charge 
distribution is uniform. This is very interesting 
taking into account that the case for li = 2.5 has a 
strongly narrowed ion cloud. The result for 
n1(r)r3li

1/2 is also interesting and shows that the 
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unscreened part (closer to the particle than 3i) 
behaves like a functional from the root of the li. 

The area beneath function n1(r)r3 multiplied by the 
li

1/2 is equal for different li (see Figure 5).  

Figure 4 – Functions n0(r)r2/Q′ (left figure) and n1(r)r3li1/2 (right figure)  
for different values of ion mean free paths. Reduced electric field E/N = 37 Td

Figure 5 – Dimensionless dipole moment versus dimensionless electric field (left figure) 
 and function P′li1/2 versus reduced electric field E/N for different values of ion mean free paths

The dipole moment of the “dust particle – ion 
cloud” ought also be reviewed for the same 
electron energy for various li. The dipole moment 
Ppl is calculated by Equation (10). Figure 5 (left 
figure) shows the dependence of dimensionless 
dipole moment P on dimensionless electric field 
E for different ion mean free paths. It is seen that 
the curves increase almost linearly with the 
electric field. The more li the more value of the 

dipole moment due to ions could orbit around the 
particle more time contributing to plasma 
anisotropy. The dependence of the function Pli

1/2 
on the reduced electric filed is presented on the 
right image of the Figure 5. It is seen that different 
curves for different li are almost coincide with 
each other.  

As a result of this study, it was shown that, 
despite taking into account the change in the 
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electron energy, and, as a consequence, the change 
in the dust particle charge value, the dipole moment 
can still be characterized as a linear function of the 
external electric field (as in [17]). Thus, taking into 
account the electron energy does not affect the 
dependence of the ion cloud anisotropy on the 
magnitude of the external field. 

4 Conclusions 

In the paper the results of the numerical 
modeling of the plasma parameters around an 
isolated charged dust particle under the action of an 
external electric field are presented. Previously 

developed computational model was expanded by 
taking into account the dependence of mean 
electron energy on the reduced electric field 
strength. As a result of calculations, the 
dependencies of self-consistent spatial distributions 
of the electron and ion densities, electric potential 
around the dust particle were obtained for different 
values of ion mean free path and reduced electric 
field. It is shown that the accounting for the 
dependence of electron temperature on electric 
field strength plays significant role in the 
determination of electron density spatial profile and 
the dust particle charge by means of electron flux 
towards the dust particle. 
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