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The flowing of small microcurrents in a thermal complex plasma
which exist under the interaction of dust grains or in the probe’s
measurements has been considered. A change of the ionization
degree of the plasma and the formation of nonequilibrium charge
carriers during the flowing of a direct microcurrent have been
demonstrated. The functional connection between the voltage
drops on the plasma layer and on the plasma—dust grain or
plasma—probe contact has been established.

1. Introduction

The combustion of a metal powder in the oxygen
medium is a perspective method to obtain high-purity
submicron metal oxides. The low-temperature plasma
with condensed dispersed phase is formed in the region
of condensation of the products of combustion of a metal
powder cloud. Such a plasma consists of the gas at
atmospheric pressure and solid or liquid dust grains
resulting from the volume condensation or being the
particles of a not-burnt fuel. The absolute temperature
of such a plasma is usually about 1500-3500 K (0.1-
0.3 eV), and the system is considered isothermal. It
usually contains easily ionizable atoms of alkali metals as
a natural impurity or in the form the special additional
agents which are the basic suppliers of free electrons and
singly charged positive ions.

Charged dust grains interact intensely with the
plasma and with one another. The interphase interaction
or the interaction of charged dust grains are
accompanied by the electric current flow. Therefore,
the knowledge of the mechanisms of the current flow
in a plasma is necessary both for the calculations
of parameters of the interaction of dust grains with
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a plasma and with one another and for the correct
interpretation of the probe’s measurements.

The problem of the electric current in a plasma
has been studied for a long time since Langmuir who
was the first to propose the theory of an electrical
probe in the plasma, but for the collisionless plasma
within the orbit-limited probe model [1-5]. The current
flow in the thermal plasma (the theory of probes at
elevated pressures [6-8]) was studied mostly with regard
for magneto-hydrodynamic generators, where the basic
problem was the increase of the current up to the peak
value.

The dependence of the ionization equilibrium on
the electric microcurrent in a thermal plasma has been
insufficiently studied till now. The present paper is
devoted to the study of the influence of the flowing of
small direct currents, which do not heat a plasma, on
the nonequilibrium ionization in a thermal plasma by
the example of the interaction of charged metal planes
(probe electrodes).

2. Statement of the Problem

2.1. Ionization equilibrium in a thermal plasma

The ionization in the thermal plasma occurs due to
the collisions between gas particles. Therefore, such a
plasma is strongly collisional unlike a low-pressure gas-
discharge plasma. The thermal plasma is characterized
by the equality of the temperatures of electrons, ions,
and neutral particles. The equilibrium ionization in any
microvolume of such a plasma is described by the Saha
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equation [9, 10]

NeN; G -1
= —rve.exp — = Kg, 1
Ng YGa T ( )

where n., n;, and n, are the number densities
of electrons, ions, and atoms, respectively; v, =

2 (m.T/ 27rh2)3/ s the effective density of electron
states; g; and g, are the statistical weights of ions and
atoms; I is the potential of ionization of atoms of the
additional agent; T is the equilibrium temperature; m,
is the electron mass; h is the Planck constant; and Kg
is the Saha constant.

Here, the conditions of conservation of the mass and
the charge

Ne =N; =Ng, N +MNg ="y (2)

should be fulfilled, where ng is the nonperturbed number
density, and n4 is the number density of the easily
ionizable additional agents. In the low-temperature
plasma, the ionization degree is so low that n; < n, ~
na.

The existence of any external perturbation leading
to an increase or decrease of the ionization degree of
the plasma causes a displacement of the ionization
equilibrium that can be described by the thermodynamic
parameter of the interphase interaction [11] ¢ = pe+p;—
ftq, Where p1; is the chemical potential of the component
j. In the low-temperature plasma, at a low degree of
ionization, the chemical potential of atoms changes a
little under the external action as n, =~ m4. Therefore,
the parameter 1) depends only on the changes of the
chemical potentials of electrons and ions ¥ = dpe + Sp4;.

In the equilibrium case, the nonperturbed number
density in the low-temperature plasma is equal,
according to Eq. (1), to

ng = V/naKg = veexp(peo/T). (3)

The presence of a perturbation leads to a change
of this number density. In this case, the ionization
equilibrium is described by the modernized Saha
equation

ng/na = Kgexp(y/T), (4)
where ng = /nen; is the quasinonperturbed number

density of charge carriers.
Respectively, the quasinonperturbed number density
looks as

ng = noexp(v/27T). (5)
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If the isolated electrodes are the perturbing factor,
the ionization equilibrium displacement, being a result
of the exchange of charges with the equilibrium
electrode (i.e. without current), can be described by the
introduction of a concept of bulk plasma potential ¢ =
—ewp [11,12]. The bulk plasma potential characterizes
the charge of the whole plasma volume and depends
on the potential barriers on the phase boundaries. In
particular, the bulk plasma potential can by defined
by the expression [12] ¢, = —2(T/e) tanh (e¢s/4T) for
semiinfinite plasmas with a potential barrier e¢s on the
interface and by

(6)

ep1 + epa
4T

T
¢pl = —2— tanh (
e

for the plasma layer restricted by two flat electrodes
with potential barriers e¢; and e¢o. As long as the bulk
plasma potential remains constant or is a solution of
the Laplace equation A¢p = 0, the application of the
Poisson—Boltzmann theory is possible. Thus, the total
(measurable) value of the potential is ¢ = ¢+ ¢y, where
¢ is the solution of the Poisson equation.

2.2. Balance of currents on the isolated solid
surface

The potential barrier on the solid-plasma boundary is
determined by the balance of the currents that flow
through the surface of a dust grain or a probe electrode.
In the thermal plasma, there are the following currents:

(i) For the Richardson—Dushman thermionic emission

from the surface,
W
exp (_T> , (7)

where J is the density of the electric current in the
direction from the electrode to the plasma; W is the
electron work function from the metal into the plasma,
which is less than the work function into the vacuum
W =W,, — (1/4)T In(m;/m.) [13].

(ii) The backflow of electrons absorbed by the electrode
surface,

JT _ _47T€’I’YLET2
¢ (27h)3

J2S = (1/4)enesvre, (8)

where vp, = /8T /mm,. is the thermal velocity of
electrons, and n.s is the electron number density at the
electrode surface.
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(iii) The current density of the surface recombination of
ions,

Ji¢ = —(1/4)ysen;svri, (9)

where vp; = /8T /mm; is the thermal velocity of
ions, m;s; is the surface number density of ions, -,
is the surface recombination coefficient v, = [1 +
(gi/ga) exp(=E°" /T~ Elon = [ — W — 4, is the
surface ionization energy; and s = TlIn(nesn;s/n3)
is the parameter of the interphase interaction at the
surface.

(iv) The current density of the surface ionization of
atoms,

Jtizon = (1/4)BsenasUTa>

where vp, is the thermal velocity of atoms (vr; & vry),
Ngs ~ Na is the surface number density of atoms,
and [ is the surface ionization coefficient 35 = [1 +
(9a/9:) exp(EL"/T)) "

In the equilibrium state, the detailed balancing
principle is true, i.e. the current densities (7)—(10) in
pairs should be equal to

T abs rec __ jon
JT = — b and  Jrec = _ jion,

(10)

(11)

which allows us to determine the potential of an isolated
electrode ¢49. The floating potential of the electrode is
defined by the sum

0 = ds0 + Ppl, (12)

where the bulk plasma potential ¢, depends on the
potentials of both electrodes bounding the plasma layer
[Ea. (6)]-

The existence of the spatial charge in the plasma
at the electrode surface leads to the nonequilibrium
ionization. This case is considered in [14,15], where it
is shown that the surface number densities of electrons
and ions are as follows:

exp(2e¢s/T)

e anCosh(e(bs/T) -1 (13)

n

exp(—2e¢,/T) + 2sinh(eps/T)
2cosh(eps/T) — 1

Nis = Ngq (14)

The potential of an isolated electrode with respect to
the bulk plasma potential can be determined, by basing
on the balance of currents, Eq. (11). In view of Egs. (13)
and (14), this potential is a solution of the equation [13]

g exp [VV+26¢>30} = 2cosh (G(ZSTSO) —1.

. T (15)
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The connection of the electrodes bounding the
plasma layer to an external power supply causes the
current flow through the layer under the action of a
voltage drop on it and due to the spatial inhomogeneity
of the ionization degree, which is accompanied by a
change of the number densities, Eqs. (13) and (14).
In the present paper, we study the influence of the
nonequilibrium ionization on the flowing of a direct
current through the plasma layer in the limit of small
currents which do not heat the plasma.

3. Displacement of Ionization Equilibrium by
a Current

3.1. Balance of the surface currents and the
conduction currents

The flowing of an electric current through the plasma
is a complex process which is accompanied by both
the injection of electrons into the contact area and a
change of the plasma ionization degree. The current of
the external circuit J. = J. + J; is provided by the
imbalance of currents (11) on the surface of electrodes,

Tes ' ond  J. = gion (1 — Mis.
T — Ya ’
TNeso Nis0o

(16)

€

JezJT<1—

where n.s0 and n;sq are, respectively, the surface number
density of electrons [Eq. (13)] and ions [Eq. (14)] without
current.

The thermionic current (7) remains constant at the
surface of the positive electrode, whereas the current
owing to the absorption of electrons (8) increases,
providing the current of the external circuit. The current
of the recombination of ions (9) decreases to the value
Ji®® = 0, and the current of the external circuit
is supported by the current caused by the ionization
of atoms, which has a constant value in the low-
temperature plasma. Therefore, the current arisen from
the ionization of atoms Ji°" is the saturation current for
the positive electrode.

The current owing to the absorption of electrons
decreases to the value J2* = 0 at the surface of the
negative electrode, and the current of the external circuit
is maintained by the thermionic current. Therefore,
the thermionic current JI is the saturation current
for the negative electrode. The current caused by the
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recombination of ions increases, which ensures the
current flow in the external circuit.

The electroneutrality of plasma is disturbed only in
the space charge region at the electrode surface. The
rest of the volume of the plasma remains electroneutral.
The electroneutrality of plasma means that the following
relations should be valid outside of the space charge
region:

V-E=0. (17)

Ne = Ng = Ng,

In addition, while the current of the external circuit
is less than the saturation currents, it is completely
provided by the imbalance of currents Eq. (11) and
should not cause a spatial change of the electron and ion
number densities. Therefore, the current of the external
circuit should be provided by the conduction currents

Joe=0.F and J,=0;F, (18)
where, for the plasma layer bounded by flat electrodes,
E = 6U/d, 6U is the voltage drop on the plasma
layer, d is the layer thickness; 0.y = eK;ng is the
electron (ion) conductivity, and K,.(;) is the electron
(ion) mobility.

3.2. Change of the tonization degree of the
plasma as a result of the current flow

Let the voltage of the external power supply be set in
such a manner that electrode 1 is positive, and electrode
2 is negative. The voltage drops on the contacts make
6¢p1 > 0 and d¢o < 0. Thus, ¢p1 = ¢s0 + 01 and
P2 = P50 + dpo. The total voltage U = §U + d¢p1 — §ps.

Equations (16) and (18) connect the voltage drop on
the contact d¢ and the voltage drop on the plasma layer
0U. Let us assign

exp {26(%0 + 5¢)}

O - T
2 cosh [W} -1
o |22 289 o [l 00
O — T T
2 cosh [W} -1

Then, for the positive contact,

oe OU n

e 0Y 1 _q, M 19
JeT d nes()’ ( )
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o; U n
L =1-Q,—. 2
J(llon d Nis0 ( 0)

Respectively, for the negative contact, it is necessary to
change the sign of the right parts of the equations.

However, these two equations cannot provide for
the identical dependence between d¢ and 6U, if the
quasinonperturbed number density n, remains the
constant. The voltage drop on the plasma—electrode
boundary caused by the electron current J. provides
for a change of the potential barrier by the value
0¢ [Eq. (19)]. At such a change of the barrier, the
ion number density caused by the imbalance of the
ionization current and the recombination current is
more than the one, which is necessary for the flowing
of the ionic current J;, or it is less. The intensity
of the collisional ionization in the thermal plasma is
proportional to n.n 4, and the volumetric recombination
rate is proportional to n.n;. Therefore, the change of the
electron concentration does not influence (if one does
not consider a change of the volumetric recombination
coefficient) the ionization degree of the plasma as it
affects the ionization and recombination rates. At the
same time, the increase of the ion number density leads
to an increase of the recombination rate and a decrease of
the ionization degree of plasma. Moreover, the decrease
of the ion number density leads to an increase of the
ionization degree of the plasma due to the decrease of
the recombination rate.

Therefore, in Egs. (19) and (20) instead of the
constant value n, which is determined by the bulk
plasma potential, it is necessary to use some other
value ng, which provides for the conformity of the
currents through the barrier with the currents through
the plasma layer. Thus, we obtain the equation for
ngs(0¢), having excluded the voltage drop on the plasma
layer U from Eqs. (19) and (20):

o e ei— Il o
g, JT Q0

Oe MesO

(21)

0i MNis0

The values of ngs(d0¢) are different for the positive
and negative voltage drops d¢. As an example, Fig.
1 presents the dependence of the ratio of ngs to the
equilibrium value n49 on the voltage drop on the contact.
In this case, the following parameters of the plasma
are used: the isothermal temperature 7' = 0.2¢eV (2300
K); the electron work function of a metal into vacuum
W,, = 4.5eV, that provides the thermionic current
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Fig. 1. Dependences of the relative quasinonperturbed number
density at the electrode surface on the voltage drop on the contact:
light markers for d¢1 > 0 and dark markers for d¢a < 0

density JI ~ —14kA/m?. Here, we take three different
number densities of the additional agent, potassium,
(I = 4.34eV): nap = 108¥m=3, nge = 102°m=3, and
naz = 1022m~3. This provides the current densities
of the ionization of atoms JI§" ~ 17A/m?, Jioo =~
130 A/m?, and JiP ~ 2kA/m?.

It should be noted that the ionization degree can
simultaneously be incremented at both contacts or be
simultaneously decreased. Nevertheless, in any case,
there is a gradient of the quasinonperturbed number
density which is accompanied by the gradient of the
chemical potential [Eq. (3)]. This gradient causes the
ambipolar diffusion of electrons and ions which can be
directed along the field or against it.

3.3. Voltage drop on the plasma layer and on the
contact

Any of Eq. (19) or Eq. (20) after the replacement n,
by ng4s obtained from Eq. (21) allows us to determine
the relation between the voltage drops on the contact
and the plasma layer. In the case where the potential of
the isolated electrodes ¢4o ~ 0, it is possible to use the
following asymptotic expressions:

T e OU T i oU
0p1 ~ —In (1 — U) = len <1 - Jg‘md) ,
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Fig. 2. Dependences of the voltage drop on the contact on the
voltage drop on the plasma layer with the additional agent,
potassium, at 7" = 0.2eV; and with the additional agent, caesium,
with n4 = 10?3m~3 at the temperature 7' = 0.1eV

T e OU T o; oU
6¢2:eln(1+Jgd>__eln<1+<](ilond).
(22)

The limiting of the external current by the saturation
currents leads to the limiting of the voltage drop on
the plasma layer. As follows from Eq. (22), the current
through the positive electrode imposes limiting 06U <
Jiongd /o, and the current through the negative electrode
imposes the limiting 6U < —JXd/o,.

In Fig. 2, the dependence d¢(dU) is presented for the
plasma parameters which are the same as those in Fig.
1. The voltage drop on the contact is usually much less
than the voltage drop on the plasma layer. Therefore,
the dependence is linear in the limit of the external
supply voltages under consideration. This does not hold,
when the conduction current of the plasma exceeds the
currents through the electrode surface. For example, if
the additional agent, caesium, (I = 3.9eV) with the
large number density ny = 10?m™2 is used, and the
temperature is lowered to T' = 0.1eV, §¢ > U in the
range of small values of the external supply voltage.

4. Diffusion of Nonequilibrium Charge
Carriers

4.1. Continuity equations

The imbalance of the surface current densities (11) leads
to a change of the ionization degree of the plasma
near the electrode surface, when the current flows
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through it. The change of the surface value of the
quasinonperturbed number density defined by (21) leads
to the spatial distribution of n4(r), which causes the
ambipolar diffusion of nonequilibrium charge carriers
[14].

Let us consider the continuity equations for the
electron and ion current densities in the plasma layer
[16, 17]

8ne 10
ot a J + /anGnA — YvNely,
5 = ecaiT By nena — yvnen;, (23)

where [y is the alkali-metal atom ionization rate, and vy
is the electron-ion volumetric recombination coefficient.
Here, it is considered that the ionization degree in the
low-temperature plasma is low enough to assume the
atom number density to be equal to the number density
of the additional agent n, ~na4.

Outside the space charge region, n, = n;, = ng.
Therefore, the current densities are as follows:
0 0
Jo=0.F + eDeanq, Ji=0,F — eDiEnq (24)

Then, it follows from Egs. (23) and (24) in the stationary
case that

02 0
62nq+K8 (ngE)+G =0, (25)
0? 0

where G = Byngna — 'yvng.
We now multiply Eq. (25) by o; and Eq. (26) by o,
and combine both equations as

GiDe + UeDi 82 GiKe - O'eK 0
2 — - E —
Oe+o; Or? " oo +o; Or (ngB) + G
0? 0
Do sny+ Ko (ngB) + G =0, (27)

where D is the ambipolar diffusion coefficient, and K is
the ambipolar drift mobility:

;D; D, D.D; D.D;
D:nz ie +Nele i el/q 7 (28)
neDe+niDi De+Di
niKiKe — neKeKi
’I’LeKe + TLZKZ ( )
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As follows from Eq. (29), the ambipolar mobility is
equal to zero in the electroneutral plasma, i.e. outside
the space charge region, and the external electric field
does not influence the movement of charge carriers.
It is determined by the attractive forces between the
electrons and ions which considerably surpass the forces
applied to the charges by the external field. Therefore,
the action of the field on the electrons and ions, whose
number densities are equal, is counterpoised. Without
the current, G = Byngna — ’ango = 0; therefore,
Eq. (27) can be reduced to the form

d? (n no \> n
Me— (L) (%) +-—*L=0,

dr? \ ngo Nq0 Nq0
where A = /D/Byna is the recombination length.
In the thermal plasma at atmospheric pressure, Ag ~

0.01 — 0.1 pm.

(30)

4.2. Space distribution of nonequilibrium
carriers caused by the current flow

Let us present the quasinonperturbed number density
in the form of a deviation from the equilibrium value
ng = Ngo + 6ng. Respectively, the ratio ng/ng = 1+
0ng/ng = 1+ & Then Eq. (30) is reduced, after the
change x = r/Ag, to

- —¢=0. (31)

Having lowered the order of Eq. (31), we obtain the
equation with parted variables which can be presented
as

dg

=4 Cs.
Jepeera e

(32)

We note that our aim is not to find the exact solution
to Eq. (31) which can be expressed in terms of the
elliptic functions [18], but to define the most simple
function describing this solution. At first, let us consider
the case |£| < 1, when we can neglect the quadratic
term in Eq. (31). The solution of the equation &’ = ¢
is the function { = Cjexp(z) + Cyexp(—z). For the
semiinfinite plasma, £ = & exp(—x). The gauge of the
solution is defined by the recombination length which is
much less than the screening length rp ~ 1 pum. The
thickness of the plasma layer d should be much more
than the screening length, i.e. d > Ag. Therefore, the
solution for |{| < 1 can be presented as
§ =& exp(—

x) + & exp(r — d/AR). (33)
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For great values of &£, it is possible to use a
superposition of solutions for the semiinfinite plasma,
which means C; = 0 in Eq. (32). Then the solution of
Eq. (32),

3 1
f=t——,
2 cosh®(z/2 + C3)

can be presented, after the definition of the constant
from the requirement £(0) = &, as

v_ a1+ V/ITB
2 £ 1+/1+26/3)

This allows us to put down the superposition of the
solutions for each electrode in the form of an equation
which similar to Eq. (33),

€ = & exp(—2)8f + &2 exp(z — d/AR)3

or

—Tr
g = + (= ) xp () 02+

—d
(ng2 — ngo) exp <T> 53
AR

in the dimensional form, where ng; and ng are
determined by Eq. (21). The equilibrium value (without
current) of ng is determined by the bulk plasma
potential [Eq. (6)]: ngo = no exp{tanhle(¢1 + ¢2)/4T]},

2 (ng1 —r
1 14+ 2 2= _
+\/ HE (nqo )exp</\R>
2 )
1+\/1+<”ql—1>
3 T q0
2 Ng2 r—d
1 14+ 2 222 _
+\/+3(nq0 )exp<)\3>
1+\/1+2<”"2>
3 g0

It should be noted that 6; ~ do ~ 1 in most cases.
Therefore, we have presented the solution in a form
which allows using the solution of the linearized equation
[Eq. (33)] with regard for possible small nonlinearities.
The space distribution of nonequilibrium charge
carriers (34) defines their ambipolar diffusion and
depends on the current flowing through the plasma
layer. Thus, the nonequilibrium ionization is promptly
damped, because the gauge of the spatial changes of ¢ is
defined by the recombination length A\gp < rp < d.

(34)

(51%

(35)
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5. Conclusion

The flowing of a direct microcurrent through a
thermal plasma at atmospheric pressure is accompanied
by a change of the ionization degree of the
plasma and establishes the spatial distribution of
nonequilibrium electrons and ions along the streamlines.
The nonequilibrium ionization caused by the current
flow is promptly damped, while removing from the
solid—plasma contact, but influences the relation
between the voltage drops on the contact and on the
plasma layer.

The presented model of the nonequilibrium
ionization of a thermal plasma under the flowing of
a direct current is applicable only to the currents which
are smaller than the saturation currents that correspond
to the limit of the voltage drop on the plasma layer:
JTd/o. < 6U < Ji°%d/o;. If the current of the external
circuit exceeds the saturation current, the additional
ionization of the plasma caused by the injection of charge
carriers will occur.
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IMPOTIKAHHS ITOCTINHOTO MIKPOCTPYMY
Y TEPMIYHIN IIJIA3MI

B.I. Buwmnaxos
PezwowMme

HocminzkeHo nporikaHHs MajuxX MIKPOCTPYMIB y TepMidHiil KOM-
MJIEKCHIN I1a3Mmi, KOTpi ICHYIOTH 3a YMOBH B3a€MOJil JaCTHHOK
abo y 3onpoBiil miarnocruni. IlpomemMoncTpoBaHO 3MiHy cTyIe-
HA ioHi3amlil mja3Mu Ta yTBOPEHHsI HEPIiBHOBaXKHUX HOCIIB 3apsi-
Iy TIoA, Jii€ro MikpocTpymy. BeraHoBiieHO (DyHKITIOHAJIBLHUN 3B’ 130K
Mi>K HaJiHHAM HaIpyTru Ha IIapi IJIa3MH i Ha KOHTAaKTi IIa3Ma—
YaCcTHHKa a00 IJIa3Ma—30H/I.
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