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Structural properties of a chain of dust particles in a field of external forces
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This paper presents a numerical study of the structural parameters of a one-dimensional chain of three dust
particles levitating in the near-electrode layer of an rf discharge or in the stratum of a dc discharge. The model
considers the motion of dust particles under the action of gravity, external electric field, the Coulomb repulsion,
and the electrostatic force from the space charge surrounding the dust particles. Particular attention is paid to
the effect of plasma polarization around dust particles and the wake formation under the action of the external
electric field. Calculations showed that the charge of the first dust particle in the chain and the total charge of the
entire chain, as well as the length of the chain, grow linearly with the external electric field strength. Obtained
data are in qualitative agreement with the experimental and numerical data presented in the literature. It was
shown that for a certain large value of the external electric field, the charge of the third dust particle is the
smallest of all the particles in the chain. It was found that with an increase in the mean value of the external
electric field, the chain of dust particles is displaced as a whole in the direction opposite to the action of the

electrostatic force on them.
DOI: 10.1103/PhysRevE.106.025204

I. INTRODUCTION

The formation of the ordered structures of dust parti-
cles in low-temperature laboratory plasmas is a widespread
and highly intriguing phenomenon [1-5]. Self-organized dust
structures can be easily obtained in laboratory conditions
in rf discharges [1-3] and dc discharges [4,5], in which
charged dust particles are trapped in electric fields. Along
with well-known two-dimensional (2D) crystals of dust par-
ticles levitating above the lower electrode, one-dimensional
(1D) chains of dust particles were also obtained in different
investigations [4—13]. Various mechanisms have been pro-
posed for the interaction of dust particles with each other and
for the dust particles’ alignment into linear chains or strings
[6,10,14—16]. It should be emphasized that a one-dimensional
dust particle chain is a simple example for studying one-
dimensional particles’ interaction, momentum and energy
transfers, phase transitions, and wave propagation.

Along with the works mentioned above, a cycle of works
on the formation of chains of dust particles in the Plasma
Kiristall-4 facility should also be noted [8,17-20]. A series of
works on the experimental observation of long vertical chains
of dust particles trapped inside a glass box placed on the
bottom electrode of an rf discharge [21-26] should also be
mentioned. In [26] linear chains of one to seven dust particles
long were obtained in such a discharge. The interparticle
distances in such chains were measured and the charges of
each dust particle were calculated numerically.

The most common numerical model for studying clusters
and chains of dust particles today is a DiP3D model based
on the Particle-in-cell (PIC) method [27-30]. In recent pa-
pers, a three-dimensional DiP3D model has been presented,
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in which the calculation of plasma flow around the structures
of dust particles is performed. DiP3D makes it possible to
self-consistently calculate the charges of dust particles, take
into account elastic and inelastic collisions of electrons and
ions with neutral atoms, and even allow calculations taking
into account the magnetic field [30]. Using the referred model,
the charges of dust particles and the interparticle distances in
the dust chain were calculated for subsonic and supersonic
regimes of plasma flow. The disadvantages of the DiP3D
include numerical complexity and the inability to obtain accu-
rate solutions in the plasma region closest to the dust particles.
On the basis of the PIC method, a complex model Particle-
in-cell Monte Carlo collision/particle-particle particle-mesh
was also created and tested, in which, around a stationary
cluster of dust particles [31], the kinetics of ions and electrons
is simulated. This model simulates with good accuracy the
process of dust particles charging in a cluster. However, its
complexity [joint solution by two methods: PIC far from the
dust particles and molecular dynamics (MD) near the dust
particles] does not allow to independently model the self-
consistent formation of a dust structure.

Modeling the arrangement of dust particles in the chains
was also considered in [18,25,32]. Within the framework of
these papers, the DRIAD (dynamic response of ions and dust)
model was presented, in which, using the MAD (molecu-
lar asymmetric dynamics) approximation, the simultaneous
motion of ions and dust particles was simulated, where the
time steps for dust particles and ions are different. In [32],
the motion of two dust particles in an external ion flow was
simulated and it was demonstrated that the dust particle lo-
cated downstream of the ion flow discharges relative to the
dust particle located upstream. In [25], numerical studies of a
chain of seven dust particles were carried out for three con-
figurations of the spatial (vertical) electric field distributions:
constant, linear, and quadratic. The work [18] investigated
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configurations of many dust particles and compared them with
the results of an experiment performed within the framework
of the Plasma Kristall-4 Project. The main disadvantage of
this model is its high computational power requirements for
calculating large configurations of dust particles, and exposure
to computational noise during charging of dust particles [32].
This computational noise also does not allow one to calculate
with high accuracy the spatial distribution of the plasma po-
tential in the vicinity of the dust particles [18].

In this paper, a numerical model for studying the structural
properties of a one-dimensional dust particles chain is pre-
sented. The results consist of a self-consistent calculation of
the dust particle charges and interparticle distances depending
on the configuration of the external electric field.

II. MODEL

The presented model considers the self-consistent spatial
ordering of a one-dimensional dust particle chain under the
action of various forces. It also takes into account the dust
particles charging self-consistently. The forces under consid-
eration are Coulomb interaction (repulsion) force between the
particles, the gravity force, and the electrostatic force from an
external electric field, as well as the force acting on each dust
particle from the plasma space charge (of ions and electrons).
The presented model can be conditionally divided into two
main blocks. Block 1 calculates the self-consistent spatial
distributions of the space charge n(r) and the plasma potential
U(r) around a stationary dust particle chain (the positions
of dust particles r; are calculated prior and do not change).
Block 1 also calculates the self-consistent charges of these
dust particles Q. In block 2, the calculations of equilibrium
positions of each dust particle are carried out, taking into
account the spatial distribution of the plasma potential and the
dust particle charges obtained in the framework of block 1.

The computational domain is chosen as a parallelepiped
with sides L,, Ly, L;, where x, y, z are the Cartesian coordi-
nates (see Fig. 1). In this paper, the one-dimensional chain of
three dust particles placed on the z axis (x =y = 0) is con-
sidered. The chain is oriented in the direction of the external
electric field E = (0, 0, E) and the gravitational field g =
(0, 0, g). Therefore, the size of the computational domain
along the z axis is chosen to be three times larger than in
the transverse directions, L, = L, < L,. With the presented
configuration, the problem becomes cylindrically symmetric,
and the forces acting on the dust particles in the direction of
the x and y axes prove to be symmetrical around the z axis.
Spatial distributions of the space charge n(x, y, z) and the
plasma potential U(x, y, z) are also axisymmetric and, thus,
are defined as functions n(p, z) and U(p, z).

In this work, the following dimensionless quantities are
used. All variables which denote length are normalized to
the ion Debye length A; = \/kT;/4mwe?ny , where ng is the
unperturbed plasma density far from the dust particle chain.
The value ng is chosen as a normalization parameter for the
ion n; and electron n, densities. All variables which denote
energy are normalized to the ion thermal energy kg Tj, velocity
variables are normalized to the ion thermal velocity Vy; =
VkgT;/m; , and time variables are normalized to A;/Vy, . For
such a choice of dimensionless variables, the dimensionless
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FIG. 1. Schematic representation of the dust particle chain in the
computational domain.

forms of the dust particle charge Q' and the external electric
field E’ are defined as
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In subsequent descriptions, the dust particle charge and
the external electric field strength are considered only as
dimensionless quantities. Therefore, for the sake of conve-
nience, the strokes in the notation will be omitted.

In this model, the external electric field spatial distribution
E(2) is specified as a linear function of coordinate z:

E(z)=E, + Ez, 2)

where E,, determines the mean value of the electric field
strength, and E; determines the function E(z) slope. Such a
linear distribution E(z) was chosen as an approximation for
the electric field distribution in the near-electrode layer of
an rf discharge, in which the electric field strength increases
with approaching the lower electrode [33]. Above the lower
electrode of the rf discharge, dust particles usually levitate
as a result of balancing of the electrostatic and gravitational
forces [34,35]. The same linear dependence can be used as an
approximation of the axial electric field spatial distribution in
the stratum of a dc discharge, where the electric field strength
increases approaching the head of the stratum, over which the
dust particles levitate [5,36].

The specified configuration of the electric field strength
E(z) corresponds to the stable position of one or more dust
particles levitating in the gravitational field [36]. Let us con-
sider one negatively charged dust particle with a charge Q,,
which is in the equilibrium position z;, where the electrostatic
force Fgy = —QyE, is balanced by the gravitational force
F, =mg, i.e., Fgy + F; = 0. When this particle moves down
in the direction of the z axis, for example, to position z3, it
will be affected by the electrostatic force Fgz = Q4E3. Since
Es > E>(|Fg3| > |Fg2|), the resulting force will push the dust
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particle back to the position z,. Similarly, if the dust parti-
cle moves up to the position z; with a smaller electric field
E| < E,, the resulting force will return the dust particle to the
equilibrium position z;.

In the previous version [37] of the model, the self-
consistent spatial distribution of the electric potential and the
configuration of the dust particle chain were calculated in
a constant external electric field, E(z) = const = E,,. The
position of the first dust particle of the chain was set to be
z1 = 0. In order for dust particles not to scatter from each
other, an additional parameter, the external confining force
Fex, was introduced. The setup of our model is closer to
the real physical situation, when dust particles levitate in an
inhomogeneous electric field that counterbalances the gravity.
In this case, the equilibrium positions z; of dust particles in
the chain are determined self-consistently, and the parameters
of the particle chain (charges and interparticle distances) do
not depend on the additional parameter Fyy;.

In the framework of block 1, the spatial distributions of the
space charge and the plasma potential near a fixed chain of
dust particles are calculated. At the beginning of the calcula-
tions, a set of ~10° ions with a uniform spatial distribution is
generated in the computational domain (L, Ly, L;). The initial
velocity of each individual ion is determined according to the
Maxwellian velocity distribution for the average ion energy
corresponding to the temperature 7; = 273 K. An isotropic
angular distribution of their velocities is specified. Then, the
trajectories of these ions according to Newton’s motion equa-
tions in a three-dimensional space of Cartesian coordinates
(x, y, z) are calculated for a constant spatial distribution of the
electric potential.

At the initial time, + = 0, the total potential spatial dis-
tribution is determined analytically as a superposition of the
Debye-Hiickel potential of three dust particles and the poten-

tial of the external electric field:
N

O _,
Up(p, ) =) —e " —E(2)z,
=1 Tk
R=p +@—n)?, P =xT 4y 3)

where k is the order number of a dust particle in a chain of N
particles, and z; is the position of the kth dust particle on the
Z axis.

The ion dynamics in the current model corresponds to
the earlier versions [38] of the model. In the course of their
movement, ions can collide with a dust particle or with a
neutral atom. The average time between ion-atom collisions is
determined by the mean free path /;, which is also a given pa-
rameter in the model. The collision of ions with dust particles
is determined directly from the calculations of Newton’s mo-
tion equation for each individual ion. Before the calculation
of the plasma parameters spatial distributions, the charges of
each dust particle are modified by the following formula:

= O+ hlig — L), “
where [;  is the ion flux to the kth dust particle, calculated
from the number of collisions of ions with the dust particle,
and I, ; is the electron flux to the kth dust particle, which is
determined according to [39].

The ion density spatial distribution n;(p, z) is defined as a
quantity directly proportional to the residence time of ions in

cylindrical segments of space (p, z). The ions’ residence time
corresponds to the ion density n;(p, z). This correspondence is
calculated from the condition that at the boundaries of the sys-
tem, n;(pp, 2») = np = 1, based on the previously mentioned
nondimensionality criterion. Due to this normalization of the
ion density to the constant value ny on the region boundaries,
the ion motion was calculated for a constant value of the
external electric field E,,. It is assumed that the ion flow has
sufficient kinetic energy enough for the ions’ motion not to
be affected by the slope coefficient E;. The coefficients Ej
and E,, are chosen as parameters in the current model, and
their dimensionless form is determined in accordance with
formula (1).

The electron density spatial distribution n.(p, z) is de-
termined according to the Boltzmann distribution, which is
calculated with the current electric potential spatial distribu-
tion. Then, the space charge spatial distribution n(p, z) is
defined as

n(p, z) = ni(p, 2) — np, 2). ®)

From the obtained space charge spatial distribution n(p, z)
at the end of each iteration of block 1, a self-consistent plasma
potential spatial distribution U(p, z) is determined according
to the Poisson equation:

AU (p,z) = —n(p, 2). (6)

This equation is solved using the Jacobi method, which
uses a seven-point stencil to represent the discretization of the
Laplace operator in a cylindrical coordinate system [40]. It
should be stressed that this computational method for solving
the Poisson equation for 2D spatial distribution of the electric
potential is very suitable for parallel calculations, especially
on graphics processing units. The electric potential calculated
by (6) modifies the total potential spatial distribution in the
computational domain:

N

Unn(p, ) =Y ?—: —Ez+U(p,2), (7)
k=1

where ry, is the distance from the point to the kth dust particle.

Block 1 can be represented by an iterative cycle. Its calcu-
lation steps are as follows:

(1) The initial positions of dust particles and the initial
total potential spatial distribution U, (p, z) (3) are set. In the
computational domain, according to the procedure described
above, the coordinates and velocities of the ions are set.

(2) Based on Newton’s motion equations, ion trajectories
are calculated for the current total potential Uf (0, z).

(3) From the calculated fluxes of ions /; ; and electrons /, x
to the dust particles’ surface, the charges of dust particles Oy
(4) are calculated for the next iteration of calculations.

(4) According to the calculated ion trajectories, the ion
density spatial distribution n;(p, z) is calculated. Based on
the given distribution of the electric potential U} (p, z), the
spatial distribution of the electron density n.(p, z) is calcu-
lated, and then the space charge spatial distribution n(p, z) is
calculated using (5).

(5) A self-consistent plasma potential spatial distribution
U(p, z) (6) is calculated.
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(6) Transition to step 1 for a total potential spatial distribu-
tion ULH (p, 2) (7).

The iterative execution of the block 1 continues until
U (p, 2)-U'(p, z)| < ¢ for the whole domain, i.e., when
the electric potential in the system stops changing.

Block 2 determines the equilibrium positions of the dust
particles according to the forces acting on them. In this model,
the influence of the following forces on the dust particles
configuration is considered:

(1) Coulomb repulsion force F, acting on a certain dust
particle from all other dust particles.

(2) The gravitational force F,, which is the same for all
particles and is a given parameter.

(3) The force F;, acting on dust particles from the plasma
space charge, which is determined according to the obtained
potential spatial distribution in block 1.

(4) Force Fg acting on dust particles by an external electric
field.

(5) Friction force Fy. of a dust particle on neutral gas
atoms when moving in the domain.

The sum of these forces determines the total force F; acting
on a single kth dust particle according to the formula (all
variables are taken in a dimensionless form):

Fe=F+Fp+Fo+ Fep + Frg,

% — 2
Foe= ZQij 3 ,
Jk
U (p, 2)
F.i= _Qka— ,
z 7=k, p=0

Foo = 19 En+E2),2>0
Ek= QkEm» z2<0 ’

Frrx =y (8)

Due to the fact that the mass of dust particles significantly
exceeds the mass of ions, the simultaneous calculation of dust
particles and ion motion according to Newton’s motion equa-
tions would take an unlimited time. Therefore, the division of
the model into two iterative blocks is utilized. In block 2, it is
assumed that the ions are immobile, and the plasma potential
spatial distribution U(p, z) is constant. In accordance, the
motion equations of the dust particles are solved:

may = Fk. (9)

These equations are calculated in a constant plasma poten-
tial spatial distribution until the velocity and acceleration of
each dust particle become equal to zero. Such positions of dust
particles correspond to equilibrium, at which the total force F
acting on particle k turns out to be equal to zero.

The considered form of total force (8) is identical to that
presented in the DRIAD model [32]. The main difference
between these two approaches is in the calculation of force
F,. In [32], F, is calculated directly from the interaction of
a dust particle with each ion. In the case in [32], this force
is asymmetric—dust particles act on ions according to the
Coulomb potential, and ions interact with a dust particle ac-
cording to the Debye potential. In the current model, the mean
field approximation is considered; i.e., the interaction of dust
particles and the surrounding plasma is calculated through the

plasma potential spatial distribution, calculated in fixed cells
of the computational domain.

Block 2 includes the execution of block 1 for determination
of the plasma potential spatial distribution. Thus, the complete
algorithm of this model is as follows:

(1) The initial parameters of the dust particle chain are set,
namely, the values z; (dust particle positions) and Qy (dust
particles charges).

(2) Block 1 is executed. If this is the first iteration of block
2, then block 1 is executed from step 0, otherwise from step 1.

(3) Based on the plasma potential spatial distribution cal-
culated by block 1, the equilibrium positions of dust particles
are determined using (8) and (9).

(4) Transition to step 1.

Blocks 1 and 2 are executed iteratively until the val-
ues of zx, O, and other spatial distributions of plasma
parameters stop changing. This model, despite its apparent
simplicity, requires significant computing power. To calcu-
late the trajectories of 10° ions as well as the Poisson
equation for plasma potential, the GPU architecture is used.
However, even with its help, for a chain of three dust
particles, the calculation of the steady state condition takes
from 10 to 20 days for one mode depending on the magnitude
of the external electric field.

III. RESULTS

In the current paper the calculations are carried out for the
following parameter values: the dust particle radius ry = 0.01
and the ion mean free path /; =5 (in dimensionless units
specified in Sec. II). To simulate the dust particle’s motion, the
functional form (2) of the external electric field E(z) = E,, +
Ez is used. The case of balance between the gravitational
force and the electrostatic force (2) acting on a dust particle
of a unit dimensionless charge, such that F, + Fg,, =0, is
considered. It should be noted that the absolute values of
these parameters are chosen to be consistent with typical dusty
plasma parameters of dc and rf discharges [see, e.g., [41]. The
cross section for ion-argon atom charge exchange collisions
is taken, and the dimensionless ion mean free path /; = 5 cor-
responds to the argon pressure p = 5Pa. The dimensionless
electric field strength £ = 1 corresponds to £ = 2.35V/cm
(i.e., reduced electric field E/p ~ 63 V/cm/Torr. The charge
number of the micron-sized particle (rp = 1 um) is equal to
Z; = 1650 for dimensionless charge Q = 1.

Figures 2—4 show the spatial distributions of the space
charge and plasma potential near a chain of three dust par-
ticles. From the two-dimensional representations of these
distributions shown in Figs. 2 and 3, it can be seen that the
chain shifts as E,, increases, the ion cloud around the chain
is significantly warped, and a wake appears downstream of
the structure. It is worth noting that Figs. 2 and 3 have been
substantially truncated for clarity and ease of presentation.
The size of the system for each calculation is chosen in such a
way that at the boundaries of the system the plasma turns out
to be unperturbed. Figure 4 shows the influence of the mean
value of the external electric field strength E,, on the spatial
distributions of the space charge n(p, z) and the plasma poten-
tial Unyi(p, z) along the dust particle chain. The coefficient Ej
of the slope in the electric field spatial distribution (2) is fixed,
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FIG. 2. Spatial distributions of the space charge n(p, z) (top) and
the total plasma potential Usy(p, z)-E(z) (down) for E,, = 0.3.

E; = 0.1, for the results presented below unless otherwise
specified. It is worth noting that the gravitational force Fy acts
on the dust particles in the positive direction of the z axis (to
the right), while the electrostatic forces Fg ; = E(z:)QOy act
in the negative direction (to the left). With an increase in the
strength of the external electric field E,,, the ion cloud around
dust particles warps, which is a consequence of the polariza-
tion of the ion cloud. This effect is described elsewhere [38]
and is intuitively understandable—under the action of a strong
external electric field ions are not retained in the particle field.
From the basic point of view, it may seem that with an increase
in the external electric field strength E,,, the chain of particles
should shift towards the action of the electrostatic force on
them, Fg; = OrE(z1), i.e., to the left. However, the surprising
effect was found that with an increase in the parameter E,,, the
dust particle chain shifts as a whole in the direction opposite
to the action of the electrostatic force, i.e., in the direction
of the gravitational force (to the right). This phenomenon
can be explained in terms of the spatial distribution of the
plasma potential derivative F,(z) = —%@Z) |,o—0 with respect
to the z coordinate, which, when multiplied by the negative
charge of the dust particle Qy, is converted into the force
F,x (8) acting on the dust particles from the plasma space
charge.

The spatial distributions of force F,(z) acting on the probe
particle with unit charge Q = -1 are shown in Fig. 5. The
vertical dashed lines in Fig. 5 show the equilibrium positions
Zr of dust particles. The absolute values of the force with
which the anisotropic plasma space charge acts on each spe-
cific dust particle are determined by the intersection of the
dashed lines with the spatial distribution of F,(z). For the
case of an external electric field E,, = 0.3, the forces F,
from the plasma space charge acting on the kth dust particle
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12 s
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—~ 02
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FIG. 3. Spatial distributions of the space charge n(p, z) (top) and
the total plasma potential Uy (p, z)—E (z) (down) for E,, = 1.0.

are F, | = 0.55, F,» = 0.26, F, 3 = —0.23, while for the case
E, =10theyare F,; = 0.7, F,» =0.47, F,3 =0.2. In the
first case, the last (third) dust particle is pushed by the ions
to the left, to the side codirectional to the action of the ex-
ternal electric field. In the second case, all three particles are
pushed in the direction of gravitational force. In both cases,
gravity counterbalances the action of mean electric field E,,.
Therefore, without self-consistent changes in the dust parti-
cle chain characteristic there should not be any shift. Since
the Coulomb repulsive force does not affect the position of the
dust particle chain as a whole, it can be concluded that the
chain is displaced against the direction of the electrostatic
force Fr as a result of the distortion of the ion cloud. This
force appears as a result of ion focusing behind dust particles,
as described in [27,38,42—-46] and others. It has been shown
that such distortion leads to the formation of a positive region
in the electric potential (see Fig. 6) called a “wake.” This
remains true in this case as well.

One of the main forces that is usually considered in the
ordering of the dust particles in the flowing plasma is the
ion drag force [35,39,47-51]. The ion drag force consists of
two parts: direct momentum transfer and Coulomb scattering.
There are several approximations for the ion drag force for
different limits of the ion drift velocities. According to [39],
for high values of the ion drift velocity u; > Vr, the ion drag
force is mainly determined by the direct momentum transfer
and can be described as

F, = rémin,-u?. (10)
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FIG. 4. Spatial distributions of the space charge n(p = 0, z) (left) and the total plasma potential Uy (o = 0, z)-E(z) (right) for various
values of the parameter E,,,.
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FIG. 5. Spatial distributions of F,(z) for E, = 0.3 (a), (c) and E, = 1.0 (b), (d). Spatial distributions are presented on two scales:
distribution near the entire dust structure (a), (b) and near the first dust particle (c), (d).
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FIG. 6. “Wake” in the plasma potential spatial distribution
U(p =0, z) (to the right of the particle chain) for various values of
the external field E,,.

For the case of low drift velocity, an approximation pre-
sented in [48] is more accurate:

8+/2 Ai %
F, = < n)rém;n;VTiui[l + g— + <9_> Ail’

3 2}’0 27‘0

o [T ey [ L
A_Z/O exp( x)ln(zx%_i_Q)dx. (12)

This force acts on the dust particles in the opposite direc-
tion to the force acting from the external electric field:

Frf = Zye(Ep + Ei2). (13)

Let us compare these forces for two cases, i.e., low value
of the dimensionless external electric field E,, = 0.3 and high
value E,, = 1 in the position z = 0. According to previous cal-
culations made in [52], the ion drift velocity is u; = 0.82 Vr,
for E, = 0.3 and ; = 2.02Vy, for E,, = 1, correspondingly.
The estimations show that the magnitude of the electrostatic
force turns out to be Fgy ~ 1.95 x 107 and 6.88 x 107*N
for these cases. The ion drag force estimated by formula
(11) turns out to be equal to Fz ~ 1.43 x 107'* and 3.43 x
10" N, correspondingly. According to (10), the forces Fj; are
equal to 3.95 x 107" and 2.39 x 107'¥ N, correspondingly.
In both cases the value of the ion drag force calculated by
(11) is close to the value of electrostatic force; however, the
approximation (11) is less accurate for such drift velocity.
In this paper, the ion drag force was not considered due to
the difficulties in its implementation but its importance in
the ordering of the dust particles into a chain in the flowing
plasma should be emphasized. It should also be noted that if
the ion drag force would be implemented with approximation
(11) it would lead to further shift of the dust particle chain as
a whole in the direction of the ion flow, i.e., opposite to the
direction of the electrostatic force.

Figure 6 takes a closer look at the potential spatial distribu-
tion U(p = 0, z). It can be seen that a region with a positive
value of the plasma potential appears behind the dust particle

chain. These areas represent the main part of the wake, which
predictably turn out to be larger for a larger value of E,,.
A similar distortion in the potential also occurs between the
dust particles, but it does not lead to the appearance of the
positive values in the potential as a result of the contribution
to the electric potential from the dust particles themselves (see
Fig. 4). However, the forces from such space charge distortion
indeed act and are shown to be much larger for the larger value
of E,, = 1.0.

The main goal of this paper is to determine the self-
consistent spatial configuration of a chain of dust particles
(positions z; and charges Qy of each particle, interparticle dis-
tances L; ;) depending on the external electric field strength.
Chain configuration depends on the external forces (gravita-
tional and electric field), on the plasma space charge, and
on the Coulomb interaction of the dust particles between
each other. The magnitude of Coulomb interaction is deter-
mined by the dust particle charges, which, in turn, depend
on the external electric field strength and the interparticle
distances.

The range of external electric field strengths considered
in [37] was significantly limited due to the absence of the
gravitational force in the model and the fixed position of the
first dust particle. In this paper, a wider range of electric field
strengths is considered. Figure 7 shows the dependence of
the dust particle charges Oy on the mean field strength E,,.
According to [37,38], the dust particle charge should grow
linearly with an increase in the external electric field. In our
case, this turns out to be true for the charge Q; of the first dust
particle in the chain, as well as for the total charge of the entire
dust chain ) |Qx|, the dependence of which on the electric
field still remains linear. In experimental studies [53,54], it
was shown that the dust particle charges decrease with an
increase in number of dust particles. In [27-29,37], it was
demonstrated that the second dust particle (downstream of the
ion flux) is less charged than the first and third dust particles.
Additionally, the charge of the third dust particle turns out
to be less than the charge of the first, but greater than the
charge of the second dust particle, |Q;| < |Q3] < |Q;]. In [16]
this phenomenon is defined as fundamental for the formation
of a stable structure of the dusty particles, and in [27] it is
explained as a result of ion focusing (“lensing”). The results
shown in Fig. 7 are broadly consistent with those of the studies
mentioned. However, it is worth noting the case of a high
electric field strength E,, = 1.0, in which the charge of the
third dust particle becomes less than the charge of the second
one, |Q3| < |Q>| < |Q1]. This occurs as a result of the fact that
as the field increases, the ion cloud decreases in volume (see
Fig. 4), and the ion flow towards the dust chain accelerates.
Therefore, shielding of the second dust particle is reduced and
its electrostatic lensing becomes significant enough [27] to
distort ion trajectories so that the flux to the third dust particle
increases. This conclusion is supported by the results of [26],
where for a larger number of dust particles, the charge of the
third particle also becomes less than the charge of the second
one.

It should be noted that during the simulation process, the
condition of electrical quasineutrality of the entire computa-
tional domain is satisfied; that is, the total charge of the dust
chain, shown in Fig. 7(b), is equal to the charge of the plasma
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FIG. 7. Dust particle charges Q, (left) and total charge Q. of the chain (right) as functions of the dimensionless external electric field E,,.

surrounding it, calculated in dimensionless form by

1 rk L2+L}
Op = 5/ f n(p, z)pd pdz. (14)
—L. JO

The total force, which consists of the gravitational force,
the external electric field force, the Coulomb force of repul-
sion of dust particles, and the plasma volume charge force,
determines the interparticle distances in the dust particle
chain. The dependence of the values of the interparticle dis-
tances Lj_, and L, 3 and the chain length Ly, =L;_3 =
Li_» + L,_3 on the external electric field strength E,, is shown
in Fig. 8. The results presented in Fig. 8(a) are in qualitative
agreement with the data shown in [37]. A linear increase in
the interparticle distances is observed over the entire range of
E,, values presented. This growth is explained primarily by
an increase in the dust particle charges. Since the total charge
of the first and second dust particles (see Fig. 7) is greater
than the sum of the charges of the second and third ones,
|O1] + 102 > |Q2] + 03], the interparticle distance between
the first and second dust particles is greater than that between
the second and third, L;_, > L,_3. The presence of an asymp-
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tote in [37] was explained by the absence of a gravitational
force restraining the infinite movement of the chain, as well
as by the fixation of the first particle in the chain. In this
paper, there is no such asymptote, and the dependences of
interparticle distances remain linear, which is more natural.
The dependence of the length of the dust chain on the field
strength shown in Fig. 8(b) is a direct consequence of the lin-
ear growth of the chain total charge. Based on Fig. 8, it can be
concluded that with an increase in the external electric field,
the chain lengthens, while rearranging in such a way that the
interparticle distances are not equal to each other. It should be
noted that the inequality of interparticle distances in the dust
particle structure is an effect observed both experimentally
[25,26] and in numerical simulations [27].

The obtained interparticle distances L;_, = 150-200 um
and L, 3 = 150-180 um are in accordance with the experi-
mentally measured ones. Reference [19] presents the results
of the PK-4 Project carried out on the International Space
Station (ISS), where the stability of a chain of dust particles
was studied under zero-gravity conditions. In [19], for a long
chain of dust particles of radius ro = 1.7 um, it was found
that the interparticle distance was close to 250-300 um for

(b) ' ' '
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FIG. 8. Dependences of interparticle distances (left) and dust chain length (right) on mean external electric field E,,.
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FIG. 9. Distribution of the dust particle charges Qx(z) in space
depending on the slope of the external electric field E;.

pressure intervals of 25-40 Pa. If we take into account the
ratio of the particles’ radii in the present calculations and
in [19] (assuming the charge of the dust particles is directly
proportional to it), then we obtain an appropriate interval of
interparticle distances. In [26], the positions of dust particles
was experimentally studied under laboratory conditions of
rf gas discharge plasma. The dust particles of radius rg =
4.5 um were studied at a pressure of approximately 13 Pa.
After reaching a steady state, the charge of dust particles
in [26] was determined from the iterative calculation. Even
when normalized to the radius, the charges obtained in [26]
turn out to be 4-5 times greater than the absolute values of
the dust particle charges calculated by this model, which is
associated with a large value of the external electrostatic field
(1100-1350 V/m compared to the maximum of 230 V /m
considered in this paper). The experimentally obtained inter-
particle distances for the case of three dust particles in [26]
turn out to be approximately equal to L;_, =~ 1000 um and
L,_3 ~ 700 um. Considering the ratio of these two quantities,
we obtain L;_»/L; 3~ 0.7. In this work, this ratio fluctu-
ates in the interval Ly_,/L,_3 & 0.85—1. Thus, despite the
differences, the results of the presented model demonstrate ac-
ceptable quantitative agreement with experimental data both
in laboratory and in zero-gravity conditions.

It is also worth considering the influence of the coefficient
E; [the slope of the function E(z) in formula (2)] on the
dust chain structure. Figure 9 shows the space distribution
of dust particle charges Qx(z) depending on the parameter
E;. It can be seen that with an increase in the slope Ej,
the electric field displaces the dust chain in the direction of
the electrostatic force. In addition, the charge of the central
dust particle is reduced by 2%. This is a consequence of
the change in interparticle distances, which for the case of
E, =0.05are Li_, =1.75, L,_3 = 1.72, and for E; = 0.1
they are L1, = 1.52, L, 3 = 1.49, which leads to a decrease
in the dust particle charges [27,53,54].

IV. CONCLUSION

The behavior of a chain of dust particles placed in grav-
itational and external electric fields and oriented along them
is studied. The investigated situation corresponds to the dust
particles’ levitation in the near-electrode region of rf discharge
or in the stratum of dc discharge, in which the electric field
spatial distribution can be approximated by a linear depen-
dence with a certain mean value and slope coefficient.

For this purpose, a numerical model was developed based
on simulating the ion motion in an external electric field and
the field of negatively charged dust particles screened by the
space charge surrounding them. The charges of dust particles
were determined self-consistently from the ion and electron
flows towards their surfaces, and the positions of the dust
particles in the chain were determined taking into account the
following forces acting on them: the gravitational force, the
electrostatic force from an external electric field, the Coulomb
repulsion force, and the electrostatic force from the space
charge induced around dust particles.

With the help of numerical simulation, the following sur-
prising effect was obtained and analyzed: With an increase of
the external electric field strength, the chain of dust particles
shifts as a whole in the direction opposite to the action of
the electrostatic force acting on them from the external field,
i.e., in the direction of the gravitational force. This occurs
even though the ion clouds around the dust particles decrease
with increasing electric field due to plasma polarization. The
analysis showed that there is a strong force acting on the
negatively charged dust particles from the space charge, which
arises as a result of ion focusing behind the dust particles in
an external electric field. It was also shown that behind the
chain of dust particles there is a region with a positive plasma
potential (wake), which predictably turns out to be larger for
a larger electric field.

The dependences of the dust particle charges and the inter-
particle distances on the electric field strength were calculated.
It was shown that the charge of the first dust particle in the
chain, as well as the total charge of the entire chain, increases
linearly with an increase of the external electric field that is
in qualitative agreement with the experimental and numerical
data presented in the literature. The effect of discharging of
the second and third dust particles due to electrostatic lensing
(ion focusing) on the first one was also demonstrated. The
discharging occurs under the action of an additional ion flux
due to the warping of ion trajectories by the potential of the
dust particles in the chain. It is shown that for a certain large
value of the external electric field, this effect is significant
enough for the charge of the third dust particle to be the
smallest of all the particles in the chain.

The presented model and the obtained results could be
helpful in the study of the nature of self-organization of
different ordered structures in strongly coupled Coulomb sys-
tems, and, in particular, in description of the formation of
1D chains (strings) or 2D-3D crystals of dust particles in
low-temperature plasmas.
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