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Ordered spatial structures of dust grains in the thermal plasma
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The thermal complex plasma of atmospheric pressure, containing the grains of condensed phase, has been
studied. It has been demonstrated that the existence of the space charge areas around the dust grains leads to
the inhomogeneous ionization of the plasma and the occurrence of the fluxes of nonequilibrium charge carriers.
These fluxes change the pressure of the gas on the grain surfaces and define the forces that force the grains to
move towards the zone of maximum ionization perturbation of the plasma. It has been shown that the com-
bined operation of the electrical forces and the forces of the interface pressure leads to the formation of the
ordered structures, corresponding to the balance of forces. The results of computer simulation, corresponding

to the experimental data, are given.

DOI: 10.1103/PhysRevE.73.026403

I. INTRODUCTION

The low-temperature thermal plasma is a gas at atmo-
spheric or higher pressure and at temperatures of
1000-3000 K. Ionization in the thermal plasma occurs due
to the collisions between gas particles, therefore, such
plasma is strongly collisional, unlike the low-pressure gas-
discharge plasma. It usually contains easily ionizable atoms
of alkali metals, as a natural impurity or in the form of spe-
cial additional agents, which are the basic suppliers of free
electrons and singly charged positive ions.

Combustion plasma is a thermal collisional plasma, con-
taining solid or liquid grains that appear as a result of volume
condensation or represent not-burnt-down particles of fuel.
The values of components’ temperatures are close to each
other, and the whole system can be considered as isothermal.
The interaction between phases leads to the charging of the
grains and change of the ionization degree of the plasma.

The study of similar two-phase systems in collisionless
gas-discharge plasma has allowed finding out that the dust
grains tend to form ordered structures, which are called
“plasma crystals,” the low-pressure two-phase gas-discharge
plasma is called “dusty plasma” [1,2]. The study of the in-
terface interaction in dusty plasmas has led to the develop-
ment of the two basic theoretical models of ordering of the
dust grains: shadow forces, the essence of which consists in
the fact that the stream of plasma on the surface of the dust
grain carries away other grains [3-5], and the ion drag forces
entrainment, which arises if the average velocity of ions rela-
tive to the dust grain is not equal to zero [6-9].

The experimental researches of the plasma of metallized
fuel combustion, headed by M. N. Chesnokov, Odessa Uni-
versity, 1982, have revealed the formation of the ordered
structures in thermal collisional plasma [10], which, unlike
the collisionless dusty plasma, is called “smoky plasma”
[11]. Figure 1 shows a typical spatial distribution of the
grains in the sample, selected in the smoky plasma.

A previous paper [12] considered the thermodynamic rea-
sons for the agglomeration of dust grains in thermal plasma.
The present paper is dedicated to the detailed study of the
mechanisms of the dust grains’ interaction in smoky plasma,
which causes the formation of equilibrium structures.
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II. THE STATE OF THE PROBLEM

The equilibrium ionization in thermal plasma, which does
not contain a dust component, is described by the Saha equa-
tion

n,n; i -1
- l=&veexp—EKS, (1)
n, 8 T

where v,=2(m,T/27h%)3? is the effective density of the
electron states, g; and g, are the statistical weights of ions
and atoms, respectively / is the ionization potential of the
alkali-metal atoms, T is the equilibrium temperature of the
plasma, which in this case is an isothermal system, m, is the
electronic mass, # is the Planck constant, and K is the Saha
constant.

It is true provided the charge and mass are preserved, i.e.,

n,=n;=ng, n;+n,=ny, (2)

where n is the unperturbed number density, n4 is the number
density of easily ionizable additional agents, and in the low-
temperature plasma the ionization degree is so low that n;
<n,~ny.

FIG. 1. Photomicrography of the sample, selected in the plasma
of combustion of the metallized fuel [10].
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The presence of any external perturbation in the plasma
causes the increase or decrease of the ionization degree, i.e.,
displaces the ionization equilibrium. It was suggested to de-
scribe such displacement of ionization equilibrium by the
thermodynamic parameter of nonequilibrium ¢ [13], which
can be presented as some additive to the potential of ioniza-
tion I,;;=1-1. Thus, in the Saha equation there is an addi-
tional factor:

i exp L 3)
n, T

The presence of the charged dust grains of condensed
phase in the plasma also is the source of perturbation in
relation to the equilibrium gas phase, which leads to the dis-
placement of ionization equilibrium and the existence of a
nonzero value of the parameter ¢, depending on the charges
of the grains.

The necessity of use of the concept of bulk plasma poten-
tial for the description of the electrostatic potential distribu-
tion in the systems of dust grains in the plasma was proved
and experimentally confirmed [14,15]. The bulk plasma po-
tential is linearly related to the thermodynamic parameter of
nonequilibrium = —e®,, i.e., if the displacement of the
plasma ionization equilibrium occurs only due to the action
of the charged grains, the effective potential of ionization is
equal to I,;=I+egq,, and the Saha Eqgs. (3) should look as
follows:

nn;
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The intensity of collision ionization in the any microvol-
ume of the thermal plasma at the atmospheric pressure (the
smoky plasma) is much more than the diffusion or drift ve-
locities of the charge carriers through this volume. This
means that the number densities of the charge carriers can be
described by the Boltzmann distribution law

e —ed
Me=ng €Xp T, M=y exp =, (5)

where n, is the quasiunperturbed number density: n
=ng exp(—eq,/2T).

The value of the bulk plasma potential is determined by
the height of the potential barrier at the phase boundary. For
example, for a plane with the surface potential ¢, [15],

q

T (ed,
p=- 2; tanh(ﬁ) . (6)

Accordingly, the quasiunperturbed number density is

equal to
eds
= tanh| — | |. 7
n, noexp[ an <4T)} (7)

The quasiunperturbed number density characterizes the
degree of ionization of the plasma in the space charge layer
near the grain surface. The perturbation, caused by the grain
in the plasma, should damp as it is removed from its surface.
This means that values n,, ¢, and ¢,; should have a spatial
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distribution. In [14] it was shown that the distribution of the
bulk plasma potential ¢,;~ 1/r around the grain completely
satisfies the equilibrium theory. For a spherical grain with
radius a, it should be <pp,(r)=<pf,l(a/ r); i.e., the bulk plasma
potential decreases with the increase of the distance from the
grain. In order to define the relative potential ¢, it is still
possible to use the Poisson-Boltzmann equation, and in order
to describe, the electron and ion number densities, the Eqs.
(5) are valid.

Thus, the thermodynamic parameter ¢/~ 1/r behaves in
the same way as the electrical potential in vacuum. The elec-
trical forces could compensate the forces caused by thermo-
dynamic parameter ¢, if there was no screening. However,
the screening effect in the plasma leads to diminution of the
effective length of the grains’ electrical interactions, restrict-
ing it to the characteristic Debye gauge length r,. Therefore,
the long-range interaction of the dust grains is determined
only by the nonuniform ionization, caused by one grain near
the surface of the other grain:

2 K
0 exp<ﬂz/‘_’>. @)
ny r

Thus, the change of the ionization state of the plasma as a
result of interface interaction near the surface of one grain is
spread in the volume of plasma with damping, inversely pro-
portional to the distance from the grain.

II1. ION INTERFACE PRESSURE

The existence of the space charge layer at the dust grain
surface leads to the change of the spatial distribution of elec-
trons and ions as a result of electrostatic interaction. Hence,
there is the imbalance between the ionization rate of atoms
of the additional agent G,;=Byn.n, and the intensity of the
volumetric recombination Gg=yyn.n;, where Sy is the coef-
ficient of volumetric ionization, and vy is the coefficient of
volumetric recombination. Therefore, if far from the space
charge layer the continuity equation looks like

(9]16(1-)

po +div(j,;)) = G;— Gg=0, )
inside the space charge layer the right part is not equal to
Zero.

The nonequilibrium charge carriers, which are not de-
scribed any more by the Egs. (5), are formed as a result of
this process. It leads to the infringement of the balance be-
tween the diffusion and drift streams:

jez,u,en:V(;‘)—DeVn: #0,

ji=—mn V.p—D;Vn; #0, (10)

where p,; is the electron (ion) mobility, D, ;) is the electron
(ion) diffusivity, and “*” means nonequilibrium character of
the charge carriers number density.

However, it is possible to consider the nonequilibrium
values as a deviations from the equilibrium number densities
of electrons and ions:
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n,=n,+on, n, =n;+on. (11)

The electron and ion number density deviations are equal,
as ions of alkaline metals are singly charged, and for each
ion, formed as a result of collision ionization, there appears
one electron.

As a result, the continuity equation can apply only for the
nonequilibrium additives:

don
E—DA&:GI—GR;EO. (12)

In a stationary case the Eq. (12) is reduced to the follow-
ing form [16]:

on expled/T) — 1

on 1 on\?
A )| 2 et D
a 1+<?DE> a a 1+(?DE>
erD 2
X|1+|{—E] |, (13)
T

where Ng=\VD7p is the recombination length, D
=2D,D;/(D,+D,) is the ambipolar diffusion coefficient, and
7=(Byn,)~" is the lifetime of nonequilibrium charge carri-
ers.

Equation (13) can be reduced, taking into account the
following:

(i) At small values of the potential ep<<T the ratio
on/n,<1; therefore, in Eq. (13) it is possible to neglect the
quadratic term. However, it can also be made at more poten-
tials, as in this case 6n/nq~ 1, but erpE/T>1.

(ii) In the smoky plasma the divergence of electron and
ion fluxes is much less than the ionization and recombination
rates, and the Maxwell relaxation time 7,,> 7; accordingly,
the ratio of the recombination length A, to the screening
length Ng/rp=+1/ 7yy<<1. Therefore, it is possible to con-
sider the potential and the field as constant values on the
recombination length.

Basing on such assumptions, the solution of Eq. (13) is
the function

exp(ed/T) — 1 A - 2

5n=nqp(¢;)2[l +-8 exp()\—r 1+ (?E) )]

er

1+ (—DE) o R
T

(14)

Accordingly, the flux of the nonequilibrium charge carri-

ers, providing the transfer of momentum to the dust grain
surface, is equal to

. Dn, expled/T) -1 -r er 2
j =_(£L)2 exp<_ 1+(—DE> .
rp erp )\R T
1+ —E

T

The gas phase of smoky plasmas puts pressure upon the
grain surface, which is radially symmetrical, if there are no
other grains. The presence of other grains causes additional
nonequilibrium ionization of the plasma near the surface of

(15)
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the grain, which can be asymmetrical. Therefore, the change
of pressure on the grain surface can be related only to the
surface inhomogeneity of the flux of nonequilibrium ions Eq.
(15) as the flux of electrons can be neglected in the isother-
mal system. If such inhomogeneity exists, there appears the
force of the ion interface pressure [16]

mA\gD exp(edp/T) - 1 f
n,ds,
s

F=—)\Rmifj*ds=— E
I'pT,
N DTR \/1+<€VD )

_Ey
T E
(16)

which depends only on inhomogeneity of the quasiunper-
turbed number density, characterizing the nonequilibrium
ionization, when the distance between the grains exceeds the
size of the space charge layer.

IV. EQUILIBRIUM SPATIAL DISTRIBUTION OF THE
DUST GRAINS

The force equation (16) provides for the movement of the
dust grain towards the greater ionization perturbation of the
plasma. The flux of nonequilibrium ions [Eq. (15)] is di-
rected so that the ion interface pressure would be directed
toward the greater change of the ionization degree in both
cases: as the ionization degree increases and as it decreases.
It provides for the force, which attracts the likely charged
dust grains. The attraction continues until the space charge
layers overlap and the forces of the electrical repulsion start
being effective. When there is balance of forces, there is also
some equilibrium spatial distribution of the grains.

The force equation (16), in view of n,=ng
Xexp(—e¢,/2T), can be represented in the following form:

=_m,-n0)\RD exp(edp/T) — 1 f exp( %)ds,
s

I'pTR \/1 N <%E5>2 2T

and taking into account the discrete arrangement of the
neighboring grains, forming the anisotropic value ¢, this
force can be represented as

(17)

dma*mmo\gD exp(e/T) — 1 (— egt, ak)
= E €r»

=2, exp —=
DR \/1 + (@Es> g
T

2T r k
where (p;‘,ls is the bulk plasma potential at the surface, a; is
the radius of the kth neighboring grain, r, is the distance
from the surface of the chosen grain to the surface of the kth
neighboring grain, and e, is the unit vector, directed from
chosen grain to neighboring one.

In the weakly coupled plasma, the exponents in Eq. (18)
can be linearized, and the force of the ion interface pressure
can be represented as the interaction of effective charges

(18)
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9k
F=0, —ey, 19
fo% 4megrpry k (19)

where

goma’*mA\gD ¢,

Qeff_ 2r,237'RT

is the effective charge of the chosen grain and g
=—4’7780ak(p§k are the effective charges of the neighboring
grains. The interaction Eq. (19) is not Coulomb-type as it is
proportional to 1/r, instead of 1/7* and, accordingly, more
long range.

In the strongly coupled plasma, the force of the ion inter-
face pressure depends nonlinearly on the potential of the
grain surface, which is connected not only with the presence
of the exponential curve in Eq. (18), but also with the non-
linear dependence of the bulk plasma potential on the poten-
tial of the grain surface. For example, if the size of the grain
allows applying the “flat” approach of the Poisson equation,
the bulk plasma potential for a single grain is described by
Eq. (6). Accordingly, the force equation (18) depends on the
potential of the grain surface as follows:

/T) -1
F=C ’exp(eqbs ) > exp[ﬂtanh(—e%k”ek,
V2 cosh(egp/T) — 17 I aT

(20)

where C=(4ma’*mmno\gD)/(rp7y), and ¢y is the surface po-
tential of the kth neighboring grain.

Let us consider the two identical dust grains on which the
attraction force of the ion interface pressure and the repul-
sion electrical force act. When the grains are located far
apart, the force of the ion interface pressure [Eq. (20)], which
causes the grains to attract, is defining. When the space
charge layers of the grains overlap, the repulsion electrical
force become effective. When the distance between the sur-
faces of the grains becomes equal to some value d, the
balance of the forces is reached. The dependence of the equi-
librium distance between the surfaces of the two grains on
their potential is represented in Fig. 2. In this case the pa-
rameters of plasma that correspond to the experiment [10]
are used: the number density of atoms of additional agent of
cesium (the ionization potential is I=3.89 eV) n,=2
X 10" cm™3, the temperature 7=0.2 eV (2300 K), and the
radius of the grains a=2u. The equilibrium value of the
unperturbed number density in this case is ny~4
X 10" cm™, and the screening length is r;,~ 0.4 .

The equilibrium distance between the positively charged
grains depends weakly on the value of the surface potential
and, accordingly, on the value of the grain charge, if ed,
>T. However, at highly negative surface potential —e ¢,
>T, the equilibrium distance grows as the dust grain charge
increases. This is explained by that the fact that the low-
temperature (1000-3000 K) plasma is weakly ionized.
Therefore, the limits of variation of the nonequilibrium car-
riers’ number is wider at the increased ionization degree than
at the decreased ionization degree. The increase of the ion-
ization degree at the positive charge of dust grains leads to
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FIG. 2. Dependence of the equilibrium distance between the two
identical grains on the surface potential.

an increase of the repulsion electrical force and simultaneous
increase of the ion interface pressure, providing for the at-
traction of the dust grains. As a result, the distance corre-
sponding to the equilibrium state remains constant. At the
negative charge of the dust grains the plasma ionization de-
gree in the space charge layer decreases to the near-zero
value already at —e¢p;~ T. The further increase of the nega-
tive surface potential does not lead to the increase of the ion
interface pressure; however, the repulsion electrical force in-
creases. That is why the equilibrium distance between grains
increases.

o, ITle

5 4 3 2 1 0 1 2 3 4 5

FIG. 3. Dependence of the variation of equilibrium distance,
caused the deviation e¢,=e¢; 1T on the potential ¢;.
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The difference in the interaction between the positively
and negatively charged dust grains leads to different patterns
of influence of the fluctuations of the positive and negative
charges on the rate of this interaction.

The deviation of the equilibrium distance between the
dust grains, corresponding to the deviation of the surface
potential of the second grain by =17/e, on the value of the
surface potential of the first grain is presented in Fig. 3. Here
it is clearly seen that at identical variations of the potential of
the second grain, the oscillations of the grains in relation to
the equilibrium state ¢,=¢; decrease as the positive grains’
charges increase, and increase up to a certain value as the
negative grains’ charges increase. The peak dependence of
the grains’ oscillations on the change of potential is ob-
served, at the given parameters of the plasma, at —e¢; ~2T.
The further increase of the potential —¢, leads to impairment
of this dependence.

Thus, it is possible to conclude that the impairment of the
influence of variation of the charge of one grain on the equi-
librium spatial distribution of the dust grains in the plasma
corresponds to greater charges of dust grains both positive
and negative. Such impairment is connected to the nonlinear
dependence of the bulk plasma potential ¢,, on the surface
potential of the grains. This means that the ordered structures
of the dust grains in the smoky plasma, formed by the grains
with greater charges, are more inconvertible than the struc-
tures formed by grains with small charges, or, in other words,
the dusty structures are more inconvertible in the strongly
coupled plasma.

V. COMPUTER SIMULATION

Equation (20), used jointly with the well-known equations
of electrical interaction, allows calculating the equilibrium
distribution of a system of grains in the plasma.

For each grain, the resultant force as the difference be-
tween the force of the ion interface pressure [Eq. (18)] and
the force of electrical interaction of the chosen grain j and
each of other grains k (k# j) has been calculated:

exp(e;/T) - 1 [ak <e¢k>]

exp| — tanh| —

F; =eZE, - Ca*—
J’k ¢ 2 cosh(eg/T) - 1

(21)

where C=4mmng\gD/rp7y=32 N/m?, ¢, is the potential of
the surface of the chosen grain, ¢, is the potential of the
surface of the kth grain, and Z; is the charging number of the
chosen grain [17]:

8megai(a; +rp)T e
Zj= —0(%;[)) sinh(—¢1>,
e I’D 2T

where E is the field created by the kth grain at the surface of
the chosen jth grain.

For the potential of the surface where e, <T, the follow-
ing expression for the electric field can be used:

1 1 -R;
(—+—)exp(u>, (22)
D Rj,k p

ax
E.(R.,) = —_—
k( j,k) (ﬁkRj,k

where R; is the distance between the grains j and k.
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FIG. 4. Result of the 2D computer simulations of the interaction
of nine identical grains.

For grains with radius a>rp, the following expression
can be used:

r . 'p
Ey(R; ;) =2— sinh) In é R
er ap—
P 1 —tanh(u)exp(k—u{>
4 'p
-2T
= 4 Ik (23)
a —_— .
erp sinh ln{tanh<u>J e
4T rp

However, the computer research of Egs. (22) and (23) dem-
onstrate the possibility to use the following expression:

1 1
—2T&<— + —)

R. \r R
E(R; ) = ]’ke; "ka Wk (24)
e sinh) In tanh(—k> § ik
4T rD

which describes the electrical field generated by small and
large grains with any values of the surface potential.

Having calculated the resultant force of interaction of
each jth grain with all other grains, we obtain N values of
coordinate components of the force, where N is the total
number of grains. For the two-dimensional (2D) simulation it
is a 2 X N matrix, containing Fx and Fy components of the
forces, acting on each of the grains

N N

X=X Yi= Yk

_ 2Tk _ 2Tk

ij— E Fj,k > ij_ E Fj,k R s
k=1,k#j ok k=1,k#j ok

where x and y are the coordinates of grains, and

Rip= V0= x0)% + (3= v

If the time step is Az, then over this time the grains will
travel

2 2
_ FxAt _ FyAt
xj - ’ yj - ’
2m; 2m

7

where m; is the mass of the grain.
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FIG. 5. Photo of the spatial distribution of nine grains according
to [18].

The calculation is finished when grains reach the equilib-
rium state; i.e., there are no further changes of the average
relative position in time.

Figure 4 shows the results of 2D computer simulation of
the motion dynamics of nine identical grains in the plasma
with the parameters specified above. At the initial moment
the grains are located far apart. As a result of activity of the
force of the ion interface pressure and the electrical forces of
repulsion the grains form a hexagonal structure.

The continuation of simulation demonstrates further
movement of grains, but only as a whole structure, which
rotates and moves incidentally. The spatial distribution of
grains in relation to each other is preserved. This result well
correspond to the experimental data [18], given in Fig. 5.

The following simulation was made for the plasma with
the same parameters, but containing three fractions of grains,
corresponding to the three fractions, obtained experimentally
[10] and presented in Fig. 1. The calculation is based on the
use of six grains with radius a;=2rp~ lu, 13 grains with
radius a,=0.2rp,~0.1x and 270 grains with radius as
=0.02rp~0.01u, which corresponds to the quantity of simi-
lar grains in the photomicrography Fig. 1.

When the potentials of the grain surfaces were equal ¢,
=5T/e=1V for the first fraction, ¢;=2T/¢=0.4 V for the
second fraction, and ¢ =1T/e=0.2 V for the thirds fraction,
the grains formed the structure, presented in Fig. 6.

The structure, formed by the grains of three fractions as a
result of computer simulation, corresponds well to the struc-
ture obtained experimentally and presented in Fig. 1.

VI. CONCLUSION

The proposed model of long-range interaction of the dust
grains in the plasma, based on the concept of the bulk plasma
potential as the method of the description of the inhomoge-
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FIG. 6. Result of the 2D computer simulations for the plasma
containing three fractions of the condensed grains.

neous ionization of plasma, corresponds well to the experi-
mental data and is suitable for description of the collective
interaction of the condensed grains and formation of ordered
structures in thermal collision (smoky) plasma.

According to this model, the emergence of ordered spatial
structures of dust grains in smoky plasma is caused by inho-
mogeneous ionization, resulting from interface interaction.
The displacement of the ionization equilibrium in the space
charge layer around the dust grain occurs as a result of local
infringement of electroneutrality of the gas phase of plasma.
A flux of nonequilibrium ions appears here, which changes
the pressure of the gas phase on the surface of the grain. The
ionization perturbation caused by one grain is transferred to
other grains, damping according to the hyperbolic law. When
the grains are located nonuniformly at the surface of a sepa-
rate grain, radial asymmetry of the ionization perturbation
and, accordingly, asymmetry of the flux of nonequilibrium
ions appear, which cause the ion interface pressure directed
towards the zone of greater ionization perturbation of the
plasma irrespective of the fact whether this perturbation con-
sists in the increase or decrease of the ionization degree.
Thus a force appears that attracts the likely charged grains.

As a result, the electrical forces and forces of the ion
interface pressure act on the charged dust grains. Under the
influence of these forces, the grains tend to form structures
corresponding to the balance of forces. It should be noted
that the impairment of the influence of variation of the
charge of one grain on the equilibrium spatial distribution of
the dust grains in the plasma corresponds to greater charges
of dust grains both positive and negative. This means that the
ordered structures of dust grains in the smoky plasma,
formed by the grains with greater charges, are more incon-
vertible than the structures formed by the grains with small
charges.
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