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In present work on the basis of numerical modeling by the dynamics of many particles, a self-consistent
problem of the formation of a charge accumulated by a dusty particle of a rodlike shape in a two-
temperature plasma flow is considered. An analytical model useful for understanding the phenomenon of
ion focusing and its effect on the formation of the surface charge of a needle was considered. Pairwise ra-
dial correlation functions evaluated in the approximation of binary interaction for moving particles with a
stationary Coulomb center. Using conservation law for the momentum ion velocity component has been
determined. It was noticed that electron shielding does not influence on the ion focusing density peak val-
ue. In that reason ion focusing parameters in the concrete doesn’t depend on the electron screening Debye
radius. A system with Coulomb particles containing moving point particles, ions and electrons, and fixed
spheres have been chosen. The cases of dielectric and metallic dust grains having different orientations

with respect to the flow direction are considered.
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1 Introduction

Dusty plasma is the object of intense experi-
mental and theoretical research of recent years (see,
for example, [1-4]). The present work continues a
series of studies on numerical simulation of the
properties of dusty plasma [5-11]. It investigated
processes charging spherical dust particles and the
structure of the space charge region around one dust
particle placed in a single-temperature, two-
temperature, resting [5, 7, 8] and moving plasma [6,
10, 11], as well as Brownian motion [7] and the dy-
namics of particulates in the plasma flow [6, 8]. In
[9, 10], the mutual influence of the charging of two
particles located along the flow and perpendicular to
it is considered. In the present work, for the first
time, the charge characteristics of a long-form dust
particle have been investigated on the basis of a
computational experiment, experiments with which
are being actively carried out, and the theoretical
study of their properties is very limited at the pre-
sent time (see papers [12-15], in part the results of
this paper are given in [11]). In the case of a super-
sonic ion plasma flow around a negatively charged
spherical dust particle (such a situation can occur
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when a dust particle levitates in the near-electrode
plasma layer), a region of increased ionic density-
ion focus is formed behind the dust.

The process of formation, structure and charac-
teristics of the ion focus are considered in [5, 6]. In
the near-electrode layer, dust particles can form an
ordered structure, and ion focusing can affect the
interaction of particulates. To describe the interac-
tion of particles in this case, it is not enough to use
models based on the introduction of potential forces
(the most commonly used is the screened Coulomb
potential of Debye-Hiickel). An example of this is
the effect of ion focusing on the formation of the
average charge of a particle in the wake tail consid-
ered in [9, 10]. The performed calculations showed
that ion focusing on the first particle can lead to a
significant decrease in the negative charge of the
second particle due to the increased ion current. In
this connection, the question arose about the effect
of ion focusing on the charging of particles of an
extended shape. In the present work, the formation
of a space charge around extended-shape structures
in a moving plasma is studied when the ion-focusing
effect significantly affects the distribution of the
space-charge region around the dust particle [11]
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and accordingly the density of the flux of charged
plasma particles varies in different parts of the dust
motif of the extended shape.

On the basis of a computational experiment, the
charge characteristics of a chain of micron-sized
dust particles (macroparticles) that touch each other
and are placed in a plasma flow are investigated.
Such a chain of dust particles simulates dust parti-
cles of extended shape. The cases of a different ori-
entation of the needle relative to the flow are con-
sidered, and the dependence of the charge character-
istics on the conductivity of the dust particle materi-
al is investigated.

2 Ion focusing in the binary ballistic approx-
imation

Let us first consider an analytical model of ion
focusing, which is useful for understanding the phe-
nomenon of ion focusing and its effect on the for-
mation of the surface charge of a needle. We obtain
the necessary estimates in the same way as in [5],
pairwise radial correlation functions were obtained
in the binary interaction approximation of moving
particles with a stationary Coulomb center. Let the
stationary point Coulomb center (a massive dust
particle) with a negative charge —Ze be placed at the
origin of coordinates, onto which a uniform plane
ion flux with density Ny, mass m, positive charge e,
velocity V>0 flies from infinity. We select the x
axis in the direction of the original ion velocity.
Then, in the binary interaction approximation with a
point Coulomb center, the ion moves in the collision
plane along the trajectory described by the paramet-
ric equation [16]:

r=p/(l+ecosg), p=p,/p,,

1
e=(+p,/p))" M

, pl=ezZ/mVof,

where 7 is the distance to the Coulomb center at
some point of the trajectory, ¢ is the angle between
the radius vectors at this point and the maximum
approach point, V., is the velocity at infinity, po is
an impact parameter, p is the parameter, ¢ is the ec-
centricity of the collision [16 ]. It follows from (1)
that an ion incident from infinity in the direction of
the x with a velocity V. and impact parameter po ,
intersects the x axis at some point
x,(p,) = p22p . The number of ions that inter-

sect the x axis in unit time in the range 0< xp < x
<xp < xo+tA x, is A j=2x NV_p Ax. The flux

density per unit length of the x axis does not depend
on the point on it.

The component of the ion velocity orthogonal to
the x axis at the point of intersection of the x axis is
determined by the momentum conservation law and
is ¥V, (x,)=V,p,/x,=V,2p, /x,)" . From this it fol-

lows that near the axis x the density of ions is

N(x,p)=N,2p,x)"*/ p. )

This expression, obtained for a collinear flow of
non interacting ions, leads to an infinite value of the
ion density on the axis. Interaction of plasma parti-
cles and thermal velocity spread leads to a blurring
of the focusing peak near the x axis. Let us estimate
the magnitude of the maximum ion density on the
axis with allowance for the smearing due to the
thermal velocity of ions V. = (T /m)".

Let us assume that the thermal velocity of the
ions is much less than the velocity of the directed
flow. This condition is usually satisfied even for a
subsonic flow because of the low ion temperature
compared to the electron temperature. Then it is
possible to average the density of ions over the radi-
us determined by the thermal velocity of ions
Po=xV,1V,.

The number of ions entering a thin cylinder
around the x axis in the range 0< xp < x <xyp < xp+A4
x for a time tis AN =7 AxJ_, each of them will

be in it for a time A¢=2p, /V , the cylinder vol-
ume is AV =rx /002 Ax, respectively, the average

(NY=AN At/ AV 7.

Hence we obtain the following estimate for the ion
density near the x axis:

density in this cylinder

Ny(x)=N,@8p, /x)"*V, vy, 3)

which in the field of its applicability is in good
agreement with the results of calculations of the ion
focusing of a plasma flow around one and two mac-
roparticles [6, 8, 9].

We note that electron shielding practically does
not affect the value of the peak of the ion focusing
density, so the parameters of ion focusing are practi-
cally independent of the electron Debye radius

¥, =(T, /47 N,)"?. A characteristic quantity that
determines the parameters of ion focusing is the im-
pact parameter p, = e’Z/mV?, at which the ion
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rotates after a flight near the particle to a right angle.
The electronic Debye radius determines not the
characteristics of ion focusing, but the scale of the
length at which the space charge of the ion focus is
screened. Screening by ions under conditions typical

for dusty plasma, when 7, <<7, and the thermal

velocity of ions V, <<V_, as well as electron

shielding, does not play an important role in the
formation of the ion focus. However, along with the
size of the macroparticle, the Debye ion radius

1, =(T, /47 N,)"? is the lower boundary of the

region of applicability of formula (3). In the shield-
ing of the charge of a macroparticle by ions, their
contribution is approximately the same as that of
electrons, since the characteristic kinetic energy of a
directed ion flux is of the order of the electron tem-
perature and, accordingly, the effective screening
radius of ions roughly coincides with the electronic
Debye radius.

3 Statement of the problem for numerical
simulation

The technique used here to study the properties
of a dusty plasma on the basis of the numerical inte-
gration of the equations of the dynamics of many
particles is described in detail in [5—11]. This tech-
nique was adapted to solve the problem of the inter-
action of a plasma with a dust particle of an extend-
ed shape, the cylindrical dust particle was represent-
ed as a chain of spheres. If we assume that the
charge of each sphere is uniformly along its surface,
then the problem reduces to the usual scheme of
solutions of the system of equations of motion of
molecular dynamics. The errors of this model lead
to a loss of information on the distribution of the
charge density over a length equal to the radius of
the dust particle. Because of this, near the surface of
the speck, by reason of the averaging of the charge
along its surface, the trajectories of ions and elec-
trons will be inaccurately determined. In addition,
some influence is exerted also by the geometric fac-
tor of replacement of a body of the cylindrical form,
on a chain of spheres. Apparently, to calculate the
charging characteristics, we should choose the di-
mensions of the spheres such that the volume of the
cylinder and the total volume of the spheres coin-
cide. But since at this stage of the study we are not
talking about an accurate determination of the
charging characteristics of a cylinder in plasma, but
about the qualitative nature of the charge distribu-
tion of long-form dusty grains, the use of such a

model seems quite adequate to the purpose of the
study.

We consider a system of Coulomb particles con-
sisting of moving point particles, ions and electrons,
and fixed spheres. lons have a mass M, a positive
charge e, electrons have a mass m and a negative
charge —e. Let us consider the case when all spheres
are fixed, have the same radius R, and absorb all the
electrons and ions that fall on them. Accordingly,
the charge of spheres is determined by the number
of absorbed electrons and ions and depends on time.
The case of Brownian motion of mobile spheres
with variable mass and charge is considered in [7].

We consider the time evolution of a system ini-
tially consisting of 2n particles inside a parallelo-
gram 0<x<Lx, 0<y<Ly, 0<z<Lz. The trajectories
of n positive and n negatively charged particles are
determined by numerical solution of Newton's equa-
tions:

d’r. /dt* =F, /m,,

2n+ng

F, = kan

I#k

4

here ri(t is the radius vector of the x - th particle,
each of which is characterized by the mass m; and
the charge gx, and n, is the number of spheres. The
Coulomb interaction force fi; between mobile parti-
cles at distances between particles less than ry was
modernized in accordance with the interaction of
uniformly charged mutually permeable spheres of
diameter 9. This value was chosen much less than
the average interparticle distance and such that it did
not influence the investigated characteristics. This
was usually checked by comparing the results of
calculations with various 7). When calculating the
Coulomb interaction force fi between moving parti-
cles and spheres, it was assumed that the charge of
each sphere is uniformly distributed over its surface.

The initial distribution of electrons and ions
along the coordinates was chosen to be equiprobable
in the volume of the calculated cell. The velocity
distribution  corresponded to the Maxwell-
Boltzmann distribution at infinity. Depending on the
initial distance to the nearest macroparticle, Max-
well's velocity distribution was shifted by the
amount of interaction energy with the macroparticle.
The direction of the velocity was chosen isotropic
with a constant increment corresponding to the
moving plasma. Thus, an initial distribution without
bound particles (ions) was formed. In calculating
flow characteristics, a sufficiently large initial time
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interval was emitted from consideration, on which
the steady-state nature of the flow was established in
the gasdynamic sense, and the values of dust charg-
es reached the mean steady-state values.

The number of ions in the system was assumed
to be fixed, the number of electrons was variable.
The particle-throwing algorithm (instead of the ab-
sorbed ones) is used, which accurately preserves the
neutrality of the entire system. Instead of the ab-
sorbed particle from a randomly chosen point on the
surface of the calculated cell, the particles were
thrown in such a way as to ensure the neutrality of
the entire system, including the charge of the partic-
ulates. This procedure consisted in the fact that
when the electron was absorbed, their number in the
system decreased, and when an ion was absorbed,
an electron-ion pair was injected into the system
from a random point on the surface. Thus, the num-
ber of ions in the system was kept constant, while
the number of electrons was variable, ensuring neu-
trality of the system.

The boundary conditions for modeling the ion
flux differed somewhat from those used earlier [6,
8—11], where an absorbing condition was used for
the ions at the right boundary and emitting on the
left. Here, after the collision of the ion with the wall,
it was thrown into the system from a random point
on the surface. Moreover, the choice of a point on
the surface corresponded to the fact that the distribu-
tion function of the particles entering the volume
corresponded to the Maxwell distribution shifted by
the velocity of the plasma flow. In the absence of
absorbing spheres, this procedure yields a uniform
plasma flow. When reflecting from the walls for
electrons, thermostating boundary conditions were
used. Thus, the Maxwell-Boltzmann distribution for
electrons and the possibility of appearing in the
simulated system of electrons having kinetic energy
sufficient to overcome the potential barrier was
maintained. This formulation of the problem allows
us to take into account the charge and charge fluctu-
ations of a macroparticle in a self-consistent man-
ner.

In addition, a new realization of the boundary
conditions makes it possible to simulate the flow of
plasma around the dust particle at a lower ion flow
rate more correctly than in previous studies, even
when the flow velocity is comparable or even much
lower than the thermal velocity of the ions. We note
that the constant number of ions in the system, if it
is possible to reduce the number of electrons due to
absorption by a macroparticle, means that the

average electron density in the modeled system can
be significantly reduced in comparison with the ion
density. An estimate of the decrease in electron den-
sity is the ratio of the charge of the macroparticle to
the number of ions in the system. The situation,
when the electron density in the cell is much lower
than the ion density, corresponds to the case of dust
clouds, crystals, in the near-clectrode region the
electron density is also lowered.

4 Results of numerical simulation

In all the above calculations, we studied a mov-
ing two-temperature argon plasma with z=/, a tem-
perature of 7= 0.025 5B eV and electrons 7= 1 eV,
the velocity of motion of the plasma corresponded
to the kinetic energy of the ions K; = 1 aB , Vo, =

2.2x10° em/s, thermal ion velocity V, = (T/m)"* =

2.4x10 cm/s, ion density N; = 2x10"? cm™. At N; =
2x10" cm?, the Debye radius (total) is 3.6 um, the
number of particles in the Debye sphere is 876.
Plasma with such parameters is ideal for both ions
and electrons. With the value of the charge of the
needle O/e =3100, which is characteristic of the cal-
culations given below, the impact parameter, at
which the ion turns at a right angle, is equal to

p =eZ/mV;=22x10"cm.

The calculated region was a parallelogram of
size 20 umx 10 um x 10 um, in which 4000 ions
were located. There were 6 spheres in the simulated
volume, absorbing electrons and ions, touching each
other and located along a straight line lying in the xy
plane at z = 5 um.

Fig. 1 illustrates three variants of the arrange-
ment of spherical dust particles that touch each other
and imitate a needle. The angle a characterizes the
inclination of the needle relative to the ion flow.
Variant a) corresponds to the location of the needle
along the stream, the angle a = 0, the coordinates of
the sphere centersx = 5, 6, 7, 8, 9, I0um, y =z =135
um, with a radius R = 0.5 wm. Variant b) corre-
sponds to the location of the needle at an angle a =
7/ 4 to the direction of the ion flow, variant c¢) corre-
sponds to the location of the axis of the needle per-
pendicular to the flow. The calculation time for
these results was 26 ns, the ion Langmuir period
was 21 ns. When calculating the average charging
characteristics of the dust chain in the table and in
the figures, the initial time relaxation region was
ejected, which usually amounted to several ion
Langmuir periods.
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Table 1 — Integral charging characteristics of the entire chain of dust particles (calculations NeNel-6), depending on the
conductivity of the surface os and the angle of inclination of the needle to the flux a. Calculation Ne7 is the characteris-
tics of a single spherical speck of dust in the same flow. The time averages are given: the charge in electron charge

units, the ion flux normalized to the unperturbed stream J, = zR'N (2K, /M ), the average potential over surface ¢,
normalized to the electron temperature, the projections on the x, y axis of the dipole moment of the entire Coulomb sys-

tem normalized by the quantity P, = ele”3 .

Ne O Angle -Qle J/Jo -eQs /Te <Px/Po> <Py /Po>
1 0 0 3157 125 3.08 9084 -118
2 0 /4 3242 251 2.80 11090 1485
3 0 /2 3199 187 2.80 11580 330
4 ) 0 3087 51 2.61 7301 3
5 ) /4 3159 246 2.74 10410 1165
6 ) /2 3220 192 2.83 11980 255
7 one particle 1214 9 3.02 239 -10

In the table, the integral characteristics of the
needles for different types of surface and the angle
of inclination with respect to the flow are given, in
addition, for comparison, the charging characteris-
tics of one dust particle of the same size under simi-
lar conditions are included. In addition, the dipole
moment of the entire system is calculated. Since the

a) b)

NN

total charge of the system is zero, the magnitude of
the dipole moment does not depend on the choice of
the coordinate system — its projection to the x axis is
equal to P = qu , the summation is over all

particles. The projection of the dipole moment
onto the y
similar way.

axis 1s calculated in a

c)

ARAS

Figure 1 — Scheme of arrangement of a chain of dust particles (needle) relative to the ion flow:
a) along the stream, the angle a = 0, the coordinates of the sphere centers x =5, 6, 7, 8, 9, 10 um, y =z = 5 um,
with a radius R = 0.5 um; b) at an angle a = 7/ 4 to the direction of the ion flow; c) perpendicular to the flow

In Figure 2 shows the charging characteristics of
dielectric dusty grains that do not conduct a charge
and are located along the ion flow. Histograms are
given that characterize: a) the value of the average
negative charge of the speck of dust; b) the flux of
ions per dust particle, normalized by a value
J,=zR’N. (2K, /M )" that is equal to the gas-
dynamic flow of cold ions absorbed by the sphere,
moving in the same direction and having directional
energy Kj; c) the average surface potential of the
dust particles, determined by all the plasma particles
and the surface charge of all the dust particles.
When calculating the surface potential of a dusty
grain, it was assumed that the charge along the sur-
face of the dust particle was distributed uniformly.

In this case, the average potential over the surface
from the sphere averaged over the surface of the
other sphere is equal to the charge potential at the
center of these spheres. In this case, a known prop-
erty of the electrostatic potential is used, that its av-
erage value over the sphere is equal to its value at
the center of the sphere (for a charge located outside
the sphere). It is obvious that the error with this cal-
culation of the average potential is very insignifi-
cant.

The results corresponding to this calculation are
given in the first line of the table - calculation Nel.
The time-average charge of the entire needle, the ion
flux absorbed by it, and the surface potential are
presented. As the surface potential for the dielectric
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chain of dust particles, an average of 6 dusty grains
is given. The table also presents the projections of
the dipole moment of the entire system. Charging
characteristics of dusts that do not conduct an elec-
tric charge and are located along the flow

(calculation Nel from the table): a) the value of the
average negative charge of the dust particle; b) the
flux of ions per dust particle, normalized by the flow
J,=#R’N,(2K,/ M )"*; c) average surface potential of
dust particles.

chargz of grain / 2
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potential on the surface of grain V

Figure 2 — Charging characteristics of dusts that do not conduct an electric charge
and are located along the flow (calculation Nel from the table):
a) the value of the average negative charge of the dust particle;

b) the flux of ions per dust particle, normalized by the flow J, = zR*N,(2K, /M )"*;
¢) average surface potential of dust particles
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In Figure 3 and 4 show the results of calculating
the densities of ions and electrons around dielectric
dust particles. In Figure 3 shows the ion densities in
the xy plane passing through a chain of dust particles.
Here and below, in all the figures, the values of the
density are normalized to the mean ion density N; =
2x10" cm?. In Figure 3a shows the distributions of
the ion density along the x axisaty = 0.1, 1, 2, 3, 4, 5
um. The maximum ion density, which exceeds the
average density by about & times, is reached immedi-
ately behind the dusty grain. The estimate from for-
mula (3) gives for this point a density exceeding by
about /6 times. Obviously, the difference is due to

the influence of the fineness of the size of the dust
particles (the shadow effect), the screening of the
charge of the needle and the repulsion of the ions
near the peak density. Obviously, all these factors
lead to dissipation — the spreading of the peak densi-
ty. In general, estimates (2) and (3) correctly describe
the behavior of the density in the ion focus (wake
tail). In Figure 3b shows lines of equal level in the xy
plane passing through a chain of dust particles. In
Fig. 3c shows a three-dimensional image of the ion
density surface in the xy plane passing through a
chain of dust particles. In Figure 4 shows similar dis-
tributions for the electron density.

o o
= '
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L

Figure 3 — Density of ions in the xy plane passing through a chain of dielectric dusts:
a) the ion density distribution along the x axis at y = 0.1, 1, 2, 3, 4, 5 um;
b) a line of equal level in the xy plane passing through a chain of dust particles;
c) three-dimensional image of the ion density surface in the xy plane passing through a chain of dust particles
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b)

Elactrons

Figure 4 — Similar Figure 3 distribution for the electron density

In Figure 5 shows the characteristics for a
charge-conducting needle oriented along the ion
flow — calculation No. 4 in the table. Here are the
histograms characterizing: a) the value of the aver-
age negative charge of a dusty grain; b) the flow of
ions to the dust particle; c) the flow of electrons to
the dust particle. The fluxes of ions and electrons to
the dust particle, as in Figure 2 are normalized by
magnitude Jo. In contrast to the calculation of die-
lectric dust grains, the surface potential of metallic
dusts does not change, because dust particles touch
each other, but the fluxes of ions and electrons vary
significantly. In Figure 5 a) circles with a thick dot
in the center indicate the values of the equilibrium
charge obtained from the simplest model of the
charge distribution on metallic spheres placed not in

the plasma but in vacuum. In this model, it was as-
sumed that the total charge 0=3087e obtained in the
calculation of Ne4 was redistributed over the spheres
in such a way that the surface potentials of all the
dust particles were equal. When calculating the sur-
face potential of a dust particle, it was assumed that
the charge along the surface of the dust particle is
uniformly distributed, respectively, the average po-
tential from other spheres is equal to the potential
determined through the distances between their cen-
ters. In Figure 6 shows the charging characteristics
of the needles located at anglesa =7 /4 anda =7/
2 to the flow - calculations Ne2, 3, 5, 6 from the ta-
ble. In Figure 6a) the values of the mean negative
charge of dust particles are given; in Figure 6b) is
the average surface potential of the dust particles.

11
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charze of grain /e

1000

a)
% dimensionless ion flow to srain
12
b) .
4
0 0 2 3 4 3 6
7 dimensionless electron flow to grain
¢)

Figure 5 — Charging characteristics of dust particles conducting electric charge
and located along the flow (calculation Ne4 from the table):
a) the value of the average negative charge of the dust particle;
b) the flow of ions,
c) the flow of electrons to the dust particle, normalized to the flow

chargs of grain |/ 2 potential on the surface of grain, V

1000 3
800 / 29 g
600 23
L I

-— - s
400 27
200 26
0 235

0 1 2 3 4 5 6 7 0 1 2 3 4 3 6 7
a) b)

Figure 6 — Characteristics of charge of dust particles when the needle is placed at angles
o =n/4and a =z /2 to the flow - calculations Ne2, 3, 5, 6 from the table (circles, dots,
dashed curves and solid curves, respectively): a) the value of the average negative charge of dust particles;
b) the average surface potential of the dust particles
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5 Discussion

The results of the calculations show two inter-
esting new effects: the effect of ion focus on the
character of charge of a long needle and a strong
dependence on the conductivity of the surface of the
dust particles. Strictly speaking, to ensure the equi-
potentiality of the surface, there is no need for the
entire dust particle (its volume) to be conductive
(metallic). The finite surface conductivity (even ra-
ther low) may be sufficient to ensure equipotentiali-
ty. Since the surface of the dust particles is exposed
to particles of plasma and radiation, surface conduc-
tivity can also occur in dielectric materials. This
possibility must be taken into account in interpreting
the experiments.

Let us first consider the charging characteristics
of the needles oriented along the ion flow. In this
case, the total charge of dust particles for both types
of surface differs insignificantly (for an insulator it
is approximately 2% higher), but the nature of the
distribution of charge density along a dusty grain
varies radically. In a dielectric dusty grain, about
half of the charge is concentrated at its beginning,
and then there is an area in which the charge density
even changes sign. This effect is due to focusing
into this part of the dust particle a more significant
ion flux and a corresponding decrease in the elec-
tron flux due to the geometric factor. As a result, the
dielectric dusty grain has a significant dipole mo-
ment, which can have a significant effect on its sta-
bility and lead to the appearance of oscillations [13]
and rotation [14].

Another interesting feature is that the flow of
plasma particles to a dielectric dusty grain is ap-
proximately two and a half times higher than that of
a metallic particle (with an approximately equal to-
tal charge — see table, calculations Nel, 3). That is,
the dielectric speck because of the accumulation of
charge in its nose more strongly focuses the ion
stream on its tail. Accordingly, a large drag force on
the ion side, due to the momentum transfer during
collision, acts on the dielectric dust particle.

Let us now consider the charging characteristics
of the needles oriented at an angle to the direction of
the ion flux. In this case, the total charge of the nee-
dles also differs insignificantly and practically does
not depend on either the angle or the type of surface
(see table, calculations Ne2, 3, 5, 6). The nature of
the distribution of the charge density along the nee-
dle is the same for all calculations, see Fig. 6 a) and

is close to the distribution of the charge density dis-
tribution of a conducting dust, located along the
flow. Accordingly, for all these calculations, the
distribution of the surface potential of the needles is
also close.

An interesting feature is the appearance of a sig-
nificant dipole moment in a direction perpendicular
to the flow, with an acute "angle of attack" a = 7/ 4.
This effect, together with the dependence of the drag
force on the angle, opens up rich possibilities for the
appearance of rotational oscillations, a simple ana-
lytical model of which was considered in [14]. We
note that an attempt has also been made in [15] to
study theoretically the behavior of charged needles
in an ion beam. But since it used the model of a very
long needle and did not take into account the focus-
ing of ions, the comparison of the results obtained
there with the present calculations goes beyond the
range of applicability of the theoretical model.

6 Conclusions

The results of numerical simulation lead to
the need to rethink many phenomena observed in
the near-electrode layer containing dust particles
of extended shape. The inhomogeneity of their
charging, the large dipole moment of the needle
itself and the surrounding plasma (see the exper-
imental results in [15]) lead to a very complex
interaction of the needles between themselves
and the surrounding plasma. Although the devel-
oped model is the first numerical experiment to
investigate the electrical characteristics of spin-
dle-shaped structures located in the ion flow of
the near-electrode layer and, in spite of suffi-
ciently significant assumptions embedded in the
numerical model, the calculations make it possi-
ble to clarify the character of the charge for-
mation of long-sized dust grains, to analyze the
kinetic processes leading to formation of dust
structures in the plasma, to test theoretical mod-
els [17 - 22]. These results are important for pre-
dicting processes under experimental conditions.
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