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IN PLASMAS

Abstract. It is believed in the classical treatment of dust particle charging that the material of the dust is a perfect
absorber, i.e. all the plasma particles that reach the grain surface are inevitably absorbed. This typically leads to that the
grain charge is determined by the buffer plasma parameters and is not material dependent. On the other hand it is known
that a charged double-layer exists near the surface of solids, and whenever an attempt is undertaken to pull out an electron
from a solid, the polarization phenomena come to play an essential role to cause an attraction. This results in that to extract
an electron from the bulk of the solid it is necessary to perform some work, which is called the work function. The main
idea of this paper is to account for the polarization effects, which should ultimately lead to a microscopic theory for the
charge of the dust particle in a plasma. To do so the interaction potentials of electrons and ions of the buffer plasma with
the dust particles are chosen to treat the polarization effects. For the sake of simplicity it is assumed that the material of
the dust particle is a conductor, and the polarization phenomenon is simply the electrostatic induction. The latter effect is
empowered within the electrostatic image method, so that the polarization is responsible for an additional effective mech-
anism of attraction. The aforesaid interaction potential energy between the plasma particles and the dust consists of two
parts. The first part is determined by the particle charge and the distribution of the plasma around it, i.e. the sheath for-
mation. It is that way the charging of dust particles was interpreted in the literature until recently. The second part of the
potential energy is governed by the interaction with surface charges of the dust matter stemming from the polarization
effects. Consideration of the charging process is carried out within the orbital motion limited approximation, in which the
trajectories of plasma particles, i.e. electrons and ions, are considered ballistic such that the interparticle collisions are
completely ignored. To justify such an approach the mean free paths of plasma particles should be much greater than both
the size of the dust and the so-called Debye screening radius. When the polarization effects are neglected, application of
the conservation laws of energy and angular momentum is sufficient to determine the absorption cross sections of elec-
trons and ions by the dust particle. If the dust grain is assumed polarizable, further consideration turns much more com-
plicated because of the nature of the interaction, which leads to the attraction of both electrons and ions at rather small
distances from the dust surface. Although, the angular momentum with respect to the field center is still conserved, sub-
sequent calculations turn much more difficult because the dependence of the effective potential energy on the distance
proves to be non-monotonic. This necessitates a numerical solution of an equation for the position of the maximum of the
effective potential energy. Nevertheless, it is possible to find an approximate solution since the respective extremum is
located very close to the particle surface. This allows one to calculate the electron and ion absorption cross sections,
evaluate the corresponding fluxes and then to determine the dust charge as a function of the so-called coupling parameter.
Keywords:coupling parameter, orbit motion limited (OML) theory, absorption cross sections, polarization phenomena,
image charge approximation.

Introduction of dust particles is crucial for correct explanation
It has long been known that dust particles,  of all the physical properties of dusty plasmas.
immersed in a plasma, can form different struc- It is well known that the problem of theo-

tures with short- and long-range orders, which  retical calculation of the dust particle charge ina
can be interpreted as liquid and crystalline plasma is closely related to the theory of a so-
phases, respectively [1-4]. In such systems, even  called Langmuir probe, which is widely used for
phase transitions are observed and studied by dif-  plasma diagnostics. The standard approach here
ferent methods [5-7]. This straightforwardly tes-  is to use the orbital motion limited approxima-
tifies that a strong interaction does exists be-  tion [10], which assumes that the buffer plasma
tween the dust particles in the plasma, whose av-  remains quasi-neutral and Maxwellian far away
erage energy can significantly exceed the ther-  from the dust grain, and the mean free paths of
mal energy of their chaotic motion. Such nonide-  plasma particles are much greater than the char-
ality in the system is a consequence of that, being  acteristic size of the sheath. This allows one to
placed in a plasma, the dust grains starts to inten- ~ consider only ballistic trajectories of electrons
sively absorb electrons and acquire a high nega-  and ions, and further use of the conservation laws
tive electrical charge, which can reach tens of  of energy and angular momentum makes it pos-
thousands of the elementary [8,9]. Thus, it is sible to derive the corresponding absorption
clear that an ability to predict the electric charge  cross sections, and, hence, to determine the
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charge of the dust particle, or the current-voltage
characteristics of the Langmuir probe.

It is implied in the classical version of the
orbital motion limited approximation that the in-
teraction energy between the plasma particles
and the dust grain are monotonic functions of the
distance between them, which is not always ac-
curate. Taking into account the shielding results
in the appearance of the so-called absorption ra-
dius effect, which is caused by the onset of local
maxima in the curve of the effective interaction
energy with a centrifugal component included
[11,12]. At the same time there is a need to treat
the anisotropy of the ion flow near the dust grain,
which is due to the action of accelerating field of
the sheath [13].

It is clear that a variety of physical condi-
tions, under which a dusty plasma is encoun-
tered, may lead to a deviation of the velocity dis-
tribution functions of electrons and ions from the
Maxwellian, which immediately affects the
charge of dust particles themselves. Such devia-
tions of the velocity distribution function are par-
ticularly frequent in space dusty plasmas and
various astrophysical objects. Thus, the charge
of the dust particle was studied for the spherical
Lorentzian velocity distribution function [14],
for the so-called bi-Maxwellian electron distri-
bution function [15] as well as for the power dis-
tribution function [16,17], obtained in the frame-
work of non-extensive statistics, taking into ac-
count the long-range nature of the Coulomb in-
teraction and the processes of the secondary elec-
tron emission [18].

A more consistent approach in the frame-
work of the orbital motion limited theory was
proposed in [19], where the Vlasov kinetic equa-
tion for a collisionless plasma was solved to-
gether with the Poisson equation. This allowed
the authors to determine the so-called floating
potential of the dust grain by imposing the equal-
ity of electron and ion fluxes on the dust surface,
and thereby to calculate its electrical charge.
Such a theoretical approach has the drawback
that for sufficiently large dust particles ion con-
centration may give imaginary values [20]. It
took a further complication of the orbital motion
limited theory, including an account for the ac-
celeration of ions in an electric field of the sheath
[21,22]
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With the growth of the plasma density the
role of collisions, especially with the neutrals, in-
creases dramatically so that the trajectories of
electrons and ions in a plasma can no longer be
regarded as ballistic. To treat them consistently
it is necessary to solve the kinetic equation [23],
which can be done both phenomenologically
[24], and using computer simulations in the
framework of the particles-in-cell method [25].

It is easy to imagine that the orbital motion
limited approximation presumes that the electron
and ion fluxes on the dust limited are determined
by their spatial distribution and the charge of the
dust particle itself. In this sense, the equilibrium
charge of the dust grain, usually derived from the
equality of electron and ions fluxes, is com-
pletely determined by the parameters of the sur-
rounding plasma and independent of both the
material the dust particle is made of and elemen-
tary processes taking place on its surface. That is
why it turns out that the orbital motion limited
approximation works rather well only for the
dust particles whose dimensions are small com-
pared to the Debye radius [26]. It is obvious that
the above presented interpretation, in spite of its
attractiveness, is unsatisfactory from the physi-
cal point of view, since it essentially exploits the
idea that the surface of the dust particle is a per-
fect absorber of incoming electrons and ions
[27]. To avoid such an unjustified assumption an
attempt was made in [28,29] to develop a true
microscopic theory that takes into account the
near-surface states of electrons and ions appear-
ing as a result of the polarization of the dust par-
ticle. Moreover, the electron emission from the
surface of dust particles [30], which is deter-
mined by the work function of electrons, and the
secondary electron emission [31] should be thor-
oughly included.

It should be noted that the electric charge
and its dependence on the grain size can be meas-
ured in sophisticated experiments [32], which
continue to develop at present [33,34]. It is re-
markable that the dust particles can themselves
be used to diagnose the buffer plasma by their
motion around the cylindrical Langmuir probe
[35].

Dimensionless plasma parameters

For the sake of simplicity this paper deals
with the hydrogen buffer plasma with the elec-
tron number densityne and the proton number
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densityny, =ne = n, in which a spherical mac-

roscopic particle of radiusR and the electric

charge— is place ce the dust particle is

soﬁtgry, ﬁfgqua%meu rali y conditionn. =1 =
e

n is imposed

The state of the electron component of the

plasma is described by the density parameter:

1)
1/3

rs =4,
ap
where a = (3/4nn)  denotes the average dis-

tance between the electrons,as =h /me?
stands for the first Bohr radius withh h h being
the Planck constant and € being the elementary
electric charge.

Another dimensionless parameter relevant
for description of the state of the buffer plasma
Ls the so-called called coupling parameter given

Y P
P (2)
whereks is the Boltzmann constant,T designates

the ainblent tem er e. It should be noted tha{
coupling param i5 commonto represen

the ratio of the average Coulomb interaction en-
ergy of the electrons to their average kinetic en-
ergy of thermal motion.

To take into account the finite dimensions
of the dust particle, the size parameter is intro-
duced as

(©)

D =g
R
to show how many times the average distance
between the buffer plasma particles is less than
the radius of the dust grain.

Note that to determine the electric charge
of the dust particle in the classical case it is suf-
ficient to only point out one dimensionless pa-
rameter

Mk =&—=

= RkaT DT.

(4)

Absorption cross sections of electrons
and protons

Consider the interaction of a proton with a
spherical dust particle, which is made of a con-

t|ve erial. To accouynt for th larizatio
ts 0 h 3 st grain, the poten |gloenergy o?

the interaction is written with the aid of the
charge image method as [36]: 3
(r = — z4€" _ e , (5)
r 2r2(r2—R?2)

U
dp

Let the dust particle absorb a proton with

the fixed energy E and the impact parameter p

. Itis known [37] that this process is governed by
the effective potentlal gnergy dglt‘gned as |,
Ueff(r,p, E) = + Er.(6)
dp 2r2(r2—R2) r2

It is known that for a non-monotonic po-
tential like in (6),p4pis obtained from the follow-
ing relation:

maxUSf (r, pap, E )

The numerical SO|UtI6I’IROf equatlon (M) 1s

found as follows. For a fixed value of the energy

E it is necessary to find such p = p,, that the

r

maximum of effective potential energy (6)
should exactly be equal to the total energy E
.Using the fact that the position of the maximum
is closely located to the dust grain surface, equa-
tion (7) can be analytically solved to yield

p —R\/1+e [8Z +32F].(8)
dp d o2

d—3+x/1+h'z

If the polarization effects are neglected, the
following classical result is recovered

o = RVI T 72
RE

dp

(9)

Figures 1 and 2 show a comparison of the
absorption cross section of protonsoay = mp? dp
by the dust particle, calculated from expression
(7) with formulas (8) and (9) for different values
of the charge numberZa. Since polarization ef-
fects lead to an additional attraction of the proton
by the dust particle, they are responsible for an
increase in the corresponding absorption cross
section. Comparison of Figures 1 and 2 drives us
to a conclusion that increasing the dust particle
charge results in the growth of the absorption
cross section of protons and analytical formulas
(8) and (9) better describe its behavior since the
polarization effects play less significant role. It
is quite natural that formula (8) treats more accu
rately the behavior of the absorption cross sec-
tion than formula (9), which is only valid for
pure Coulomb interaction.

Consider the interaction of an electron with
the same spherical dust particle. In this case the
potential energy of the interaction is written with
the aid of the charge |magg method s [36]:

de( r) = 222(x2_ p2) (10)

Thereisa S|gn|f|cant difference for the in-

teraction of the electron with the dust Rarticle in
comparison with its interaction with the proton.
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Due to the mutual repulsion the electron absorp-
tion is only possible when its energy reaches the

critical value E_determined as:

Ec = maxUage(r). (12)
10 s
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Figure 1. Absorption cross section of protons as a
function of the energy of the incident proton at
Z,="5,13=0.1. Dotted line: exact value from ex-

pression (7); dashed line; formula (8); solid line: the
formula (9)
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Figure 2. Absorption cross section of protons as a
function of the energy of the incident proton at
Z,=15,T;=0.1. Dotted line: exact value from
expression (7); dashed line; formula (8); solid line: the
formula (9)

Equation (11) can be solved numerically
since the rebound of electrons occurs close to the
dust particle surface. Thus, an expansion in se-

ries gives risg to the following analytical result
Ea =¢ (Z +5-1V11+162). (12
c R d g g d
Note that in case of pure Coulomb interac-
tion between the electron and the dust grain the
critical energy is exactly found from the energy

conservation law as follows
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_ Zde2

E itical R (13)
Figures 3 and 4 provide comparison of ex-
act expression (11) with approximate formulas
(12) and (13). It can be seen that equation (12)
better describes the exact data obtained from for-
mula (11) than expression (13) which completely
ignores the polarization of the dust particle. At
the same time, it is rather obvious that the polar-
ization phenomena cause an additional attraction
of electrons, and thus the value of the critical en-
ergy is reduced as compared with the expression
for pure Coulomb interaction (13).

10

E,

0 20 40 60 80 100
Zy

Figure 3. Ccritical energy of electrons as a function of

the dust particle charge at 'y = 0.1. Dotted line: for-

mula (11): dashed line: formula (12); solid line: for-
mula (13)
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Figure 4. The dependence of the critical energy of

electrons on the coupling parameter at Z,= 10 . Dot-

ted line: formula (1): dashed line: formula (12); solid
line: formula (13)

Let the dust particle absorb an electron
with the fixed energy E and the impact parame-
ter p . It is known [37] that this process is gov-
erned by the effective potential energy defined as
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e 2R3 2
Uelf(r,p, E) =%~ ¢~ +Er. (14)

de r 2r2(r2—R?) r2
It is known that for a non-monotonic po-
tential like in (14), p, is obtained from the fol-
lowing relation:

maxUglT (r, pde, E)r=r =E. (15)
The numerical solution of equation (15) is
found as follows. For a fixed value of theenergy
E itis necessary to find such ~ p= p, thatthe
maximum of effective potential energy (14)
should exactly be equal to the total energy E .
Using the fact that the position of the maximum

is closely located to the dust grain surface, equa-
tion (15) can be analytically solved to yield

2. (16)

e2

p =RV1-¢[Z +3+1yT=167 ¥32
dp RE 4 8 8 d
If the polarization effects are neglected, the
following classical result is recovered
pCl — R,ll — Z_He
dp RE
In Figures 5 and 6 a comparison is made of
the absorption cross section of electrons by the
dust particle, calculated from the expression (15)
with formulas (16) and (17) for different values
of the charge number Z,, .
3.5
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E/kpT
Figure 5. Absorption cross section of electrons by the

dust particle as a function of the energy of the incident
electronat Zy,= 5, I';= 0.1. Dotted line: the exact

value from expression (15); dashed line; formula (16);
solid line: formula (17)

Since polarization effects lead to an addi-
tional attraction of electrons by the dust particle,
they are responsible for an increase in the corre-
sponding absorption cross section. A comparison
of Figures 5 and 6 shows that an increase in the
dust particle charge gives rise to the decrease of
the absorption cross section, and analytical for-
mulas (16) and (17) better describe its behavior

since the polarization phenomena play less sig-
nificant role. It is quite natural that formula (16)
treats more accurately the behavior of the ab-
sorption cross section than formula (17), which
is valid the case of the pure Coulomb interaction.
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Figure 6. Absorption cross section of electrons by the
dust particle as a function of the energy of the incident

electron at Z,= 15, 'y = 0.1. Dotted line: the ex-

act value from expression (15); dashed line; formula
(16); solid line: formula (17)

Dust grain charge

It is known that the proton flux on the sur-
face of the dust particle is obtained from the rel-
evant absorption cross section by integration
over the velocity distribution function as:

Jo = [ voapfpr(v)dv, (18)
where the Maxwellian distribution js
f ) =@rnv*)2exp(=v__), (19)
p Tp 21?72~p

andvrp = ksT/myp stands for the thermal ve-
locity of protons with the mass m,, .

Substituting the expression for the absorp-
tion cross section of protons obtained from (8)
into (18), the following analytical approximation
for the proton flux on the dust particle is found
J =Rz (14 T3
—E:Z— e2(1+162)

[Z
P =
el —
exp ( A erfc(\/ 32Rk3Td))(20)

8RkpT
where

erfc(z)=1—erf(z) =1 —_ZJ[ZOexp(—tZ) dt (21)
stands for the auxiliary error function.
Note that in the absence of the polarization

effects expression (20) turns into the classical ex-
pression for the proton flux on the dust particle

[9]

32RkgT
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C_ i Ha
J“= BTET | p2 (1+ Zdez) (22)  only valid for the case of the pure Coulomb in

P mp RieT teraction.
. BT . .

Figures 7 and 8 demonstrate a comparison Similar to (19), the electron flux on the sur-
of the proton flux on dust particles, calculated face of the dust particle is determined by the ab-
from expression (18), with formulas (20) and  sorption cross section as an integral over of the
(22) for the fixed values of the charge Z,. velocity distribution function

/ Je =1e f 'UO'defe(U)dV, (23)

40 / where 2 32 )

— - —V
. i 0= G ew (1) @4
'0' vie
230 P T andvre = VksT/me stands for the thermal ve-
% s pd taatl Rt locity of electrons with the massme.
% // Substituting expression for the absorption
T 20 / cross section of electrons obtained from (16) into
15 - _,.‘-‘j,'. - (23), the following analytical approximation for
| et the electron flux on the dust particle is found
= wksT e? S —
0.2 0.4 0.6 0.8 1.0 Je=N— nRI[(1 - W(\/N +16Za— 2)x
Figure /. I he proton TIux oﬁffne surtace of the dust o2 5 VJtFFt6ZT e’
particle as a function of the coupling parameter I ' at xexp (— RE,T (Zatgm———7g—I + ‘/SR,(BT
Z,=5. Dotltedzlcl)n.e: f;)_rdn:gla.(fZ); d?shig line: for- X1+ exp ( €¥2L+ 1620 — WTTTTEZ0) z
mula (20); solid line: formula (18) 32RkaT 8RksT
100 W21+ 16Z4— 4v17 + 16Za) +erf (— ¢32Rk )X
v xV@T+16Z — AVIT+162)) exp (° “16za=Dy(75)
80 Lt 32RkgT
& Note that in the absence of the polarization
% 60 glosce effects expression (25) turns into the classical ex-
3 T pression for the electron flux on the dust particle
e [9] ae
J¢= \/&Ik—nRZexp (—“< ) (26)
e m, RkpT
Figures 9 and 10 show a comparison of the
0.2 0.4 0.6 0.8 1.0 electron flow on the dust particle, calculated
Frguv oo v prowns s v B vaniacs or vie wact from expression (23), with formulas (25) and
particle as a function of the coupling parameter I ' at (26) for fixed values of the charge Z,. Since the
Z,= 15 . Dotted line: formula (22); dashed line: for- polarization effects lead to an additional attrac-
mula (20); solid line: formula (18) tion of electrons by the dust particle, they result

in an increase in the corresponding flux. A com-
Since polarization effects lead to an addi-  parison of Figures 9 and 10 reveals that an in-
tional attraction of the proton by the dust particle, ~ crease in the dust particle charge results in the
they result in an increase in the corresponding  decrease of the electron flux, and analytical for-
flux. A comparison of Figures 7 and 8 shows that ~ mulas (25) and (26) better describe its behavior
the proton flux increases when the grain charge  since the polarization plays less significant role.
grows and analytical formulas (20) and (22) bet- It is rather natural that formula (25) treats more
ter describe its behavior since the polarization  accurately the behavior of the electron flux than
play less significant role. It is rather natural that ~ formula (26), which is valid for the case of the
formula (20) treats more accurately the behavior  pure Coulomb interaction.
of the proton flux than formula (22), which is

]
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Figure 9. The electron flux on the surface of the dust
particle as a function of the coupling parameter I ' at

Z,=5. Dotted line: formula (26); dashed line: for-
mula (25); solid line: formula (23).
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0.2 0.4 0.6 0.8 1.0

Figure 10. The electron flux on the surface of the dust
particle as a function of the coupling parameter [ ' at

Z,= 15 . Dotted line: formula (26); dashed line: for-
mula (25); solid line: formula (23)

F( [ e ( 5
L W(3{7+16Zd 2)exp| RkT K 8

2
_ 17 +16Z, ‘H+ l 1+exp\ X

8 ) VBRkBT L \ 32RksT

e? (21+16Z~ 4 If7 +16Z
x(21+162d—4«/17+162d ) I ( )”

87 RksT

e (21F16Z —4# Z (e2(162-1)\1
+erfl —I d J @ Hexp —L

[\ 32RksT )
Note that in the absence of the polarization
effects this equation turns into the classical equa-
tion for the dust partlcle charge }9]2 62

(28)

32RkBT )]

(29)
Me 14— | =exp
m, \ Rk ' )\ RkT)

Figure 11 shows a comparison of the dust
particle charge, calculated from expression (27),
with formulas (28) and (28) as a function of the
coupling parameter. Since the polarization ef-
fects lead to a stronger increase in the electron
flux than the proton flux on the dust particle sur-
face, this results in the growth of the grain
charge. Equations (28) and (29) better describe
the behavior of the grain charge at low values of
the coupling parameter since the polarization
plays less significant role in this case. It is rather
natural that formula (28) treats more accurately
the behavior of the dust particle charge than for-
mula (29), which is valid for the case of the pure
Coulomb interaction.

20

18 \
t‘\
16

N\
It is known that the charge of the dust par- 14 f\‘\
ticle is determined by the equality of the electron 3 \
and protons fluxes on its surface as 12 \
Je = Jp. (27) 10 :‘*.\ .
In general, equation (27) must be solved RN
numerically. However, using formulas (20) and 8
(5 vyields the following equation for the dust 6
particle charge 0.1 0.2 0.3 YRR
e o2 VIF16Z7 3 Iy
Vg O ¥ R 2+ —g— gl * Figure 11. The charge of the dust particle as a
—r (1 +162) ST 167) function of the coupling parameter. Dotted
VRt P szt e O ) line: formula (29); dashed line: formula (28);

solid line: formula (27)

Conclusions
In this paper we have studied the proton
and electron fluxes on the polarized dust particle
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immersed in the plasma. Consideration is en-
tirely based on the orbital motion limited approx-
imation, which implies the collisionless ballistic
trajectories of plasma particles in an electric field
of the charged dust grain. It has been demon-
strated that the polarization effects lead to a sub-
stantial modification of the calculation tech-
nique.

It is assumed that the dust particle is nega-
tively charged resulting in the electron repulsion
and proton attraction. As a consequence, the ab-
sorption of electrons by the dust particle can only
occur when the electron energy reaches a certain
value, which turns linearly dependent on the
charge of dust particle and the coupling parame-
ter. It has been found that the proton and electron
fluxes on the grain surface strongly depend on its
charge and the coupling parameter of the buffer
plasma. In particular, the proton flux grows line-
arly with increasing the grain charge and the cou-
pling parameter, which is explained by their mu-
tual attraction. The opposite pattern is observed
for the the electron flux since the electrons are
repelled by the negatively charged dust particle.
Finally, the influence of polarization effects on
the grain charge has been studied to show that it
decreases when the coupling parameter grows.
The polarization phenomena have been found to
be responsible for an increase of the dust grain
charge due to electron and proton fluxes behav-
ior described above.
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Abstract. It is believed in the classical treatment of dust particle charging that the material of
the dust is a perfect absorber, i.e. all the plasma particles that reach the grain surface are inevitably
absorbed. This typically leads to that the grain charge is determined by the buffer plasma parameters
and is not material dependent. On the other hand it is known that a charged double-layer exists near
the surface of solids, and whenever an attempt is undertaken to pull out an electron from a solid, the
polarization phenomena come to play an essential role to cause an attraction. This results in that to
extract an electron from the bulk of the solid it is necessary to perform some work, which is called
the work function. The main idea of this paper is to account for the polarization effects, which should
ultimately lead to a microscopic theory for the charge of the dust particle in a plasma. To do so the
interaction potentials of electrons and ions of the buffer plasma with the dust particles are chosen to
treat the polarization effects. For the sake of simplicity it is assumed that the material of the dust
particle is a conductor, and the polarization phenomenon is simply the electrostatic induction. The
latter effect is empowered within the electrostatic image method, so that the polarization is responsi-
ble for an additional effective mechanism of attraction. The aforesaid interaction potential energy
between the plasma particles and the dust consists of two parts. The first part is determined by the
particle charge and the distribution of the plasma around it, i.e. the sheath formation. It is that way
the charging of dust particles was interpreted in the literature until recently. The second part of the
potential energy is governed by the interaction with surface charges of the dust matter stemming from
the polarization effects. Consideration of the charging process is carried out within the orbital motion
limited approximation, in which the trajectories of plasma particles, i.e. electrons and ions, are con-
sidered ballistic such that the interparticle collisions are completely ignored. To justify such an ap-
proach the mean free paths of plasma particles should be much greater than both the size of the dust
and the so-called Debye screening radius. When the polarization effects are neglected, application of
the conservation laws of energy and angular momentum is sufficient to determine the absorption cross
sections of electrons and ions by the dust particle. If the dust grain is assumed polarizable, further
consideration turns much more complicated because of the nature of the interaction, which leads to
the attraction of both electrons and ions at rather small distances from the dust surface. Although, the
angular momentum with respect to the field center is still conserved, subsequent calculations turn
much more difficult because the dependence of the effective potential energy on the distance proves
to be non-monotonic. This necessitates a numerical solution of an equation for the position of the
maximum of the effective potential energy. Nevertheless, it is possible to find an approximate solu-
tion since the respective extremum is located very close to the particle surface. This allows one to
calculate the electron and ion absorption cross sections, evaluate the corresponding fluxes and then
to determine the dust charge as a function of the so-called coupling parameter.

Keywords: coupling parameter, orbit motion limited (OML) theory, absorption cross sections,
polarization phenomena, image charge approximation.

A.E. laBaertos, JI.T. Epum6eroBa, A. Kucan, C.b. MomsbinoB, E.C. MyxameTrkapumoB
an-Dapadbu ameindasel Kaszax ¥immuix ynueepcumemi, Aimamet K., Kazaxcman

HOJIAPU3ALNSA KYBBIJIBICBIHBIH ITJIASMAJJATBI TO3AHAAP 3APAATAJTYBIHA
OCEPI

AnnoTtanus: To3aH OenmiekTepal 3apsaTayIblH KIACCUKAIBIK KO3Kapachl OOWBIHINA TO3aH
MaTepuaabl Tamalla CIHIPTiml Jem caHajajbl, COHABIKTaH, TYHIpPIIK OeTiHe XaHacKaH OapIbIK
mIa3Ma OeJmeKTepl Tyrenaen CiHipimin oketutenl. OcblFaH 0alIaHBICTHI, YKANIIBUIBIKTA TYHIPIITIK
3apsiabl OydepIaik mia3Ma napameTpiaepiHeH aHbIKTaa bl )KOHE OHBIH MaTepHAlIbIHAH Toyenci3. Tarsl
O1p »KaFbIHAH KATThI JCHEIEePI1H OCTTIK KaOaThl MAaHbBIH/IA 3apsATAIFaH KOC KabaT 00JIaThIHBI O 1.
JKoHe ne, KaTThl IeHeeH dJEKTPOH YIIBIN MIBIFATHIH 00JICa, MONSIpU3aius KYObUTBICHIHBIH OCEPIHEH
MEKTPOH KaiTa TapThiiaabl. OCBIHBIH HOTH)KECIHJIE JJIEKTPOHJIBI KATTHI JICHEJCH IIbIFapy YIIiH
KYMBIC MOJIIM KYMBIC KacayFa Typa KeJlemi. By >KyMbIC HIBIFY XKYMBICBI JieN aranaabl. by
3epTTEYAIH HET13T1 HaesChl mossipu3aius 3 (EeKTICIH ecKepe OTBIPHIIN, COHBIH/IA IJIa3MaIaFbl TO3aH
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OeNIeKTepAiH 3apsAibl YIIiH MHUKPOCKONMSIBIK TEOpUsHBl amy. Tozaabl Oydeprni miazMana
AJIEKTPOH KOHE MOHJAP/BIH ©3apa dcepiiecy MOTEHIMAIBIH eCKepy YIIH mossipu3anus 3¢dexrici
eckepiinai. bepinren ecenTi >KEHUIIETY MakKcaThIHAA, TO3aHIbI OOJIIEKTIH MaTepHallbl ©TKI3TiIl
0O0JICBIH, MONSIpU3ANMS KYOBUIBICHIH SJICKTPOCTATHKANBIK KYOBUIBICHI PETIHAE KApPacChITHIPANBIK.
[Tonspu3anus KyObUIBICH KOChIMINIA A((HEKTHUBTI KYMBUIILIPY KYOBLIBICHIHA XKayar OepreHIiKTEeH,
OHBI DJICKTPOCTATUKANIBIK KOPIHICTep 9Jici peTiHae KapacTelpyra Oomaznsl. JKorapeiga aiTbuiran
miazMa OesiekTepi MEH TO3aHJApJbIH e3apa MOTEHIHAIIBIK SCepiiecy PHEpPrusicbl 2 OejiMHEH
Typaabl. 1 OGemimi, 3apsAThl OOINIIEKTEp OHE OJIapiAbl IUIa3MaHBIH KOpLIail Tapaiybl, SFHH
KaOBbIKIIaHbIH Takaa 00aybl. COHFBI Ke3re JIeHiH, OOIeKTepIiH OChUIal 3apsATalybl eHOEKTepIe
TankpuiaHOaraH. ExiHmi Oerimi, TO3aHIBI MaTepUSHBIH OCTKEWJI 3apsaTapbIMEH ocepiecyiHeH
naiia 001aThlH MOTSHIUAIIABIK SHEPT U, SFHU noJsipu3anus ¢ dexrici. 3apsarany mporecci meKTik
OpOUTANBIBIK KO3FAIBIC JKYBIKTaybIHA KapacThIpbUIaAbl. [lna3zma OemeKkTepiHiH (3JIEKTPOH, UOH)
TPAeKTOPUSCHl OAJUIMCTUKANBIK Typae Oojaabl, OeJIIeKTepiAiH e3apa COKTBHIFBICYbIH e€CKepMeyre
O0omanbl. MyHIal >KybIKTayAbl KOJJIAHY VIIH, TUTA3MaHBIH CPKIH KYPY JKOJbI OOIIEKTEp.IiH
OJIIIIEMIHEH JKoHe SKpaHaany Jlebas paauychiHaH yikeH 6oy kepek. Erep monspusaius KyObUIbICHIH
€CKEPMECEK, TO3aH/bl OOJIIIEKTIH MOHAAPhl MEH DJICKTPOHIAAPBIHBIH KYThUTy KUMACHIH aHBIKTAY
YIIIH UMIOYJIbC MOMEHTI MEH JHEPrUSHBIH CaKTally 3aHbl KeTKUTKTI. Erep To3ay TyiHipurikrepi
MOJIIpU3alUsIIaHATEIH 00JIca, OHJAa OCTTIK TO3aHJap MEH JJICKTPOH MEH HOHJAp apachIHIaFrbl
CaJIBICTBIPMAIIBl aJbIC €MEeC apa KAllbIKTHIKTa ©3apa TapThUIyblHA albIl KeJedi, MyHaal skyieHi
KapacTeIpy oJCKaiija KWUBIH. Opic ICHTpiHE KATBICTBI HMITYJIbC MOMEHTI CaKTaJFaHBIMEH,
3¢(}eKTUBTI  MOTEHIMAl  HJHEPTUSCHIHBIH  apa  KAIIBIKTBIKTAaH  TOYENAUIrT  MOHOTOH/IBI
OoMaraHIBIKTaH, ecenTeny KublHaai Tycemi. COHAbIKTaH 3()(HEKTHBTI MOTCHIINAIIBIK SHEPTUSHBIH
MaKCHMYMBIH Ta0y YIIiH TeHACYAl CaHABIK Typ/e LIemyre Typa kenei. bipak, colikec akcTpeMymaap
OenmiexkTiH OeTiHEe >XaKplH OpHAJIACKAHMABIKTAaH, KYBIK IIemimaepai Ttadyra Oomamel. MyHnmai
KYBIKTAy apKbUIBI AJIEKTPOHAAPABIH KUMACHIH KOHE HOHAAPABIH KYTHUTYbIH, OJApbIH COHMKeC
aFbIHBIH, TO3AH/IBI 3apsITap/IbIH OailIaHbBIC TapaMeTPiHEH TOYESIIUIITIH Ta0yFa O0Ia bl

Tyiinai ce3aep: OaiaHpic mapameTpl, MIEKTENTeH OpOUTAIbABIK KO3FAJIbIC JKYBIKTAYhI,
KYThUTY KUMAChl, MOJSPU3AIHS, KECKIHICY 9JIICI.

A.E. laBaertos, JI.T. Epumé6eroBa, A. Kucan, C.b. MombinoB, E.C. MyxamerkapumMoB
Kazaxckuu Hayuonanvhuiii ynusepcumem um. ano-@Papabu, 2. Anmamol, Kazaxcman

BJIMUSAHUE MMOJIAAPU3ALINN HA 3APSA/] IIBIVIMHKHA B ITIVIAZME

AHHOTanugA: B knaccruueckoil moAXoAe K ONPEETCHUIO 3apsA/ia YaCTUIl IbUIM CYUTAETCS, YTO
MarTepuall MbUIMHKU SBJSIETCS WICAIBHBIM IOTJIOTUTENEM, T.€. BCE YAaCTHUILbI IUIA3MbI, KOTOPBIE J10-
CTUTAIOT €€ MOBEPXHOCTH HEN30€KHO MOTIIOMIA0TCS. DTO, KaK MPaBUIIO, TPUBOAUT K TOMY, YTO 3a-
PSA TBUTMHKY OTpeJeNseTcs napamerpamMu 0ydepHoii mia3Mbl U HE 3aBHCUT OT ee marepuana. C
JPYTOM CTOPOHBI, H3BECTHO, YTO BOJIM3M TOBEPXHOCTH TBEP/BIX TEJI CYIIECTBYET ABOMHON 3apsiKeH-
HBIU CIIOM, U BCAKUH pa3, KOT1a NPEeANPUHUMAETCS MONBITKA BBITAHYThH 3JIEKTPOH U3 TBEPAOIO Tena,
HAYMHAET UTPaTh CYIIECTBEHHYIO POJIb SABJICHUE MOJSPU3AIMHU, TPUBOISIIECE K MOSBICHUIO MPUTS -
KEeHHs. ITO BEAET K TOMY, YTO JIJIsl U3BJICUEHUS AJIEKTPOHA U3 00bEeMa TBEPJOTo Tella HEOOXO0IUMO
COBEPIIUTH PaboTy, KOTOpasi Ha3bIBaeTCsa paboToi Beixoaa. OCHOBHAS WSl ATOTO UCCIIEIOBAHUS 3a-
KITFOUYAeTCsl B yUeTe MOJSPU3AMOHHBIX () (PEKTOB, KOTOpas B KOHEUHOM HTOT€ JIOJDKHO MPUBECTH K
MHKPOCKOIIMYECKON TEOPUH ISl ONTPEAECIEHU 3apsa YaCTULIbI ITbUTH B T1a3me. st 3Toro Bo B3au-
MOJICHICTBHE DJIEKTPOHOB U MOHOB Oy(hepHOI MIa3Mbl ¢ YACTUIIAMU TBUTA BBOAUTCS METOJI AIEKTPO-
CTaTHYECKUX M300pakeHu. JIJIsk mpOCTOTHI MpenoiaraeTcs, YT0 MaTepruall YaCTUIIBI TTBUTH SIBIISETCS
MIPOBOJIHUKOM, 2 SIBJICHUE MOJSPU3ALUUA CBOAUTCS K 3JIEKTPOCTATUUECKOM MHAYKIIUU. DTO SIBJIICHUE
JIETKO OTHCHIBACTCS B PaMKax METOJA dJEKTPOCTATHYECKOTO M300PKEHUSI, TaK YTO TOJSIpU3AIUS
OTBEUAET 3a JIOTOJHUTENbHBIN (PPEKTUBHBIN MeXaHU3M MPUTSKeHUs. [Ipyu 3TOM MOTeHIMaNIbHAs
SHEPrus B3aMMOJICHCTBUS MEXKY YaCTUIIAMH TIa3Mbl U MBLJIM COCTOUT U3 IBYX yacten. IlepBas
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4acTb ONpeJeNsieTcs 3aps/I0M YacTHI] U paclipe/ieJIieHHeM I1JIa3Mbl BOKPYT Hee, TO eCTh (popMHpoBa-
HUEM MOBEPXHOCTHOIO IUIa3MEHHOIO ciosi. TONBKO ATOT coco0 pacCMOTpPEHUs 3apsiiKK YacTHII
MBUIM pacCMaTPUBAJICA B JIMTEPATYpPE A0 HEJABHErO BpEMEHU. BTOpast yacTh MOTEHUMAIBHON dHEP-
TUU OIPEAEIIAEeTCS B3aUMOCICTBUEM C IOBEPXHOCTHBIMHU 3apsiIaMH MaTepuaa NbUIMHOK U OIlpeie-
JISIETCS MOJSIPU3AMOHHBIMU Y dekTamu. PaccMoTpenue mporiecca 3apsiIKi OCYIIECTBIIICTCS B pPaM-
Kax MPUOJIMKEHHUS] OTPAaHMYEHHOTO OpPOUTAIIBHOTO JBUKEHHS, B KOTOPOM TPACKTOPUU YACTHIL
J1a3MBI, T.€. JJIEKTPOHOB M HOHOB, CYMTAIOTCS OALTUCTHYECKUMU, TaK YTO CTOJKHOBEHUSMH TIOJTHO-
CTbIO MpeHeOperatoT. i Toro, 4ToObl ONpaBaaTh TAKOW MOAXOJ AJTUHBI CBOOOAHOTO mpobera ya-
CTHII TIJIa3MbI JOJDKHA OBITh 3HAUUTEIBHO OOJIBIIE, YeM pa3Mep NMBLUIMHOK U J1e0aeBCKON paanycoM
skpanupoBanusi. Koraa nonspusanuonubivMu 3¢ GekTaMu MoKHO MpeHeOpeyb, IpUMEHEHHE 3aKOHOB
COXPAHEHUS DHEPTMM U MOMEHTA UMILYJIbCA JOCTATOYHO JJISI ONPEAEIICHUS CEYEHUN MOTJIONIEHUS
3JIEKTPOHOB M MOHOB NbLIEBOM yacTulel. Ecinu nbuieBas yacTuiia npeanoiaaraeTcs nojispu3yeMon,
TO JaJIbHEHIIIee PACCMOTPEHHE OKA3bIBACTCS TOPa3I0 00JIee CIOKHBIM H3-3a N3MEHUBIIETOCS Xapak-
Tepa B3aMMOJICUCTBUS, KOTOPBIM NPUBOJIUT K MPUTSKEHUIO 3JIEKTPOHOB U HOHOB IIPH CPABHUTEIBHO
HEOOJBIINX PACCTOSIHHUSIX OT MOBEPXHOCTH IbLIH. HecMOTpst Ha TO, YTO YIJIOBOM MOMEHT OTHOCH-
TEJIbHO CWJIOBOTI'O LIEHTpa MO-TIPEXKHEMY COXPAHSETCS, MOCIEAYIOIINE PacyeThl OKA3bIBAIOTCSA I'O-
pa3no CIOXKHEE, TTOTOMY YTO 3aBUCUMOCTh 3PPEKTUBHOUN MOTCHIIMATBLHOW YHEPTHH OT PACCTOSTHUHN
OKa3bIBACTCSI HEMOHOTOHHOM. DTO MPUBOIUT K HEOOXOJUMOCTU YHCIEHHOTO PEHICHUS YPaBHEHHUS
JUTS TIOJIOKEHHSI MaKCUMyMa 3D (PEeKTUBHOM MOTEHITMAILHOM HEepTUr. TeM He MeHee, MOKHO HalTH
MpUOIIHKEHHOE pellleHue, MOCKOIBKY COOTBETCTBYIOIIMI AKCTPEMYM PACIOJIOKEH OYeHb OJIM3KO K
MMOBEPXHOCTHU TMBUICBOM YACTHUIIBI. DTO MO3BOJIAET BHIYUCIUTH CEUCHUSI MOTJIONICHUS AIEKTPOHOB U
HMOHOB, BBIUHCIUTh COOTBETCTBYIOIIME ITOTOKHU, a 3aTE€M ONPEIEIUTh 3aps/l MbUIMHKU B 3aBUCUMOCTH
OT TaK Ha3bIBa€MOI'0 ITapaMeTpa CBS3H.
KuioueBble c¢ji0Ba: mapameTp CBA3M, MPUOJIMIKEHHUE OTPAHMUYCHHOTO OPOUTAIIBHOTO JABUXKE-

HUS, CEYCHUS TTOTIIOMICHMSI, TOJISIPU3ALIUs, METO H300paXKEHHUS.
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