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Abstract
Heterogeneous ion-induced nucleation in thermal dusty plasmas such as welding fumes or
combustion plasmas containing metals and metal oxide vapours is considered. The influence
of nucleus charging as a result of the interphase interaction on the nucleation free energy is
determined. It is shown that the environment enrichment by electrons results in the formation
of nuclei at lower values of supersaturation than without electrons. The nucleus equilibrium
and the critical radii dependences on the plasma temperature and dusty plasma contents are
demonstrated.

resistance furnaces and ultra-high-frequency furnaces [6].
Another application of nano-sized particles is the production
of fuel cells. Solid oxide fuel cells differ from other fuel
cell technologies, because they are composed of all-solidstate materials, and as a result can operate at temperatures
significantly higher than any other category of fuel cells [7].
The nano-sized particles are formed in the plasma as
a result of vapour-phase condensation. There are two
kinds of nucleation in the plasma: homogeneous nucleation
(as a result of fluctuations) and heterogeneous nucleation on
some wettable nuclei [8–11]. In the case of homogeneous
nucleation, the change in Gibbs free energy of casual
nucleus formation is equal, according to classical nucleation
theory [12–14]:

1. Introduction
A low-temperature thermal plasma is a gas at atmospheric
or higher pressure and at temperatures of 1000–3000 K.
Ionization in a thermal plasma occurs due to collisions between
gas particles; therefore, such a plasma is strongly collisional
unlike a low-pressure gas-discharge plasma. It usually
contains easily ionizable atoms of alkali metals as a natural
impurity or in the form of specific additional agents, which
are the basic suppliers of free electrons and singly charged
positive ions [1]. Examples of thermal collisional plasmas
are the combustion plasma, which is formed in flames [2, 3],
and the condensation zone welding fumes [4]. Both kinds
of plasmas represent ionized gas containing atoms of metals
and/or molecules of metal oxides. This gas is similar to the
supercooled vapour, which is ready to condensate; therefore,
as a result of volume condensation, such a plasma contains
either solid or liquid particles (dust).
Such a plasma is interesting because of its technological
application, in particular in the technology of synthesis of
nano-sized oxide particles with the required properties in
a plasma environment. Thus, a new technology can be
developed to obtain new materials. New materials are not
the only issue, as refining, conservation of materials and new
processes are also targeted; the particles are used in various
forms such as powders, composite materials, suspensions and
films [5]. Flexible ceramics is an example of such new
materials that can be used to make crucibles for melting
metals, gas turbines, liners for jet and rocket motor tubes,
0022-3727/11/215201+07$33.00

4
ρ
G = 4π rn2 γ − π rn3
kB T ln S,
3
mM

(1)

where rn is the radius of the nucleus; γ is the surface free
energy per unit area, or surface tension; ρ is the density of
the nucleus substance; mM is the molecular mass; T is the
temperature in kelvin; kB is the Boltzmann constant and S is
the vapour supersaturation, equal to the ratio of the pressure
of condensed substance vapour P to the pressure of saturated
vapour:


P
−β
,
S=
,
Psat = α exp
Psat
T
where α and β are constants that characterize the condensed
substance.
1
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nuclei exchange electrons with the plasma. There is electron
flux on the nucleus surface as a result of sporadic collisions;
plus there is a flux of thermionic emission from the hightemperature nucleus, which is opposite to the former one. As
a result, the nucleus gets a charge resulting in an electric field,
which maintains the dynamic balance of fluxes on the nucleus
surface. It should be noted that the mean free path of the
electrons and ions is much less compared with the screening
length in the thermal plasma, therefore the dust charging occurs
in the drift-diffusion regime [18].
In [3, 19] homogeneous nucleation in a plasma consisting
of dust grains and electrons is considered, and the influence
of nucleus–plasma electron exchange on the nucleation is
demonstrated. The same processes are observed during
heterogeneous nucleation in an ionized gas containing dust
components, but equilibrium nuclei formation on ions is
added. This paper deals with the heterogeneous ion-induced
nucleation in a thermal strongly collisional dusty plasma
and special attention is paid to the nuclei–plasma electron
exchange.

Figure 1. Typical dependences of the Gibbs free energy change on
the nucleus radius during heterogeneous nucleation for different
values of supersaturation S.

The nucleus, at homogeneous nucleation, is the liquid
droplet that grows if its size exceeds some critical value, since
the free energy decrease corresponds to the growth in this case
only. The value of the critical radius R0 for droplet is defined
by the Kelvin equation,
R0 =

2mM γ
.
ρkB T ln S

2. Nucleus electric energy
The classical theory of heterogeneous ion-induced nucleation
suggests that the equilibrium nucleus formation on an ion
results in a change in the ion’s electric field through the
dielectric constant change (see (3)). It is supposed that
the nucleus particle is an uncharged dielectric one with the
exception of its own ion charge. Equation (3) is not suitable
for a charged nucleus.
The electric energy of spherical vacuum volume with
radius rn containing the single-charged ion with radius ri at
the centre is equal to

(2)

The change in Gibbs free energy (1) at the heterogeneous ion-induced nucleation depends on the electrostatic
energy [15, 16],



e2 1
1
1
U =
,
(3)
−
−1
2 ε
ri
rn

1
Ui =
8π

where ε is the nucleus dielectric constant, ri is the singlecharged ion radius and rn is the nucleus radius.
In this case the nucleation regime at the expense of
fluctuations is still valid, i.e. the droplets with radius rcr
(to which the maximum of G(r) corresponds) appears.
Moreover, smaller equilibrium nuclei with radius req are
formed on the ions. The minimum of G(r) corresponds
to this nucleus (figure 1; it is taken into account that G at the
point r = ri falls to zero because the plasma already contains
the ions and their formation requires no additional energy [10]).
It is worth noting that the equilibrium nucleus cannot grow
at small values of supersaturation S, as their growth results
in an increase in Gibbs free energy. There is a necessity for
some activation energy Eact for nucleus growth. The activation
energy decreases monotonically as the vapour supersaturation
increases [10].
During nuclei formation in the plasma, the dust–gas
interaction results in the charging of dust grains and nuclei, as
well as in changes in plasma ionization degree [17]. Thus, the
metal (metal oxide) vapour condensation in a thermal plasma is
not described by classical nucleation theory, where the ionized
environment saturated by electrons is not considered. The



rn
ri



 e 2
e2 1
1
2
.
4π r dr =
−
r2
2 ri
rn

(4)

According to classical theory, it is assumed that, during
nucleation, this spherical volume is filled with a substance with
dielectric constant ε, therefore, the energy change is reduced
to equation (3). But, if the nucleus gets some additional charge
eZ, the energy (4) must change. For the dielectric nuclei, it
may be regarded as the volume-charged sphere with the total
charge number Zn = Z + 1. It is a simplified consideration
of course; in more detail the charge distribution into the
nucleus can be considered separately for each substance. In
our simplified case, the charged sphere energy is added to the
actual ion energy,
Usph =

3 e2 Zn2
,
5 εrn

and the total electric energy of the nucleus with dielectric
constant ε is


3 e2 Zn2 e2 1
1
.
+
−
Un =
5 εrn
2ε ri
rn
2
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The change in electric energy to be considered in the
change in Gibbs free energy (1) is described as follows:


Zn2
e2 (ε − 1) 6
1
1
UZ =
.
(5)
+ −
2ε
5 (ε − 1)rn rn
ri

charged positively in such a system, and the total charge of
the dust grains eZ is the sum eZ = eZ̃ + eZ0 , where the
charge part eZ0 together with some part of electrons with
number density n0 (unperturbed number density) forms the
neutralized background, and Z0 = n0 /nd , where nd is the dust
number density. Another visible part of charge eZ̃ forms the
potential barrier Vb at the dust grain surface with respect to
the neutralized background and is defined by the ratio of the
surface electron number density to the unperturbed number
density:
 
nes
,
(10)
Vb = kB T ln
n0

Such an energy change is true in the case where the metal
oxide vapours are condensed. However, the condensation of
metal vapours is possible as well. In this case, the substance
of the nucleus is a conductor, i.e. all the charge is concentrated
on the nucleus surface and the total electric energy is
Un =

e2 Zn2
,
2rn

where the surface electron number density is described by the
Richardson equation


−Wd
nes = νe exp
,
(11)
kB T

and the energy change is described by the following equation:


e2 Zn2 + 1
1
UZ =
.
(6)
−
2
rn
ri

where Wd is the electronic work function from the dust, and
νe = 2(me kB T /2π h̄2 )3/2 is the effective density of the electron
states. While considering the nucleus, it is necessary to take
into account the work function change for the smaller particles.
According to [26], it is possible to use the following expression
for nucleus:
0.39e2
,
(12)
Wn ∼
= Wd +
rn

The change in free energy G results from the electric
energy change in the form of equation (5) or equation (6) as
well as a result of the nucleus–plasma electron exchange. As
a result of thermionic emission, the charge and energy are
transferred by electrons to the gas phase, thus reducing the
free energy G. At the same time, there is electron backflow
to the nucleus surface, which increases the free energy G.
The balance of these fluxes determines the displacement of
G. It was demonstrated [19] that the electron exchange
results in a nucleus energy change and can be described in
the following form:

Uex = −Zn Wn + 23 kB T .
(7)

where the subscript ‘d’ is used for the dust and ‘n’ for the nuclei
particles.
The visible charge of the particle is described by the
following expression [24]:
√



1/2
2kB T (λD + rx )rx
Vb
Vb
exp
,
−
−
1
Z˜x =
sgn(Vb )e2 λD
kB T
kB T
(13)

Further, one should keep in mind that the surface tension
depends on the nucleus curvature [20, 21]
γ (r) = γ0

rn
,
rn + 2δ

where λD = (kB T /4π e2 n0 )1/2 is the screening length; rx
is the radius of the particle; for dust grain x = d and for
nucleus x = n.
In addition to the electrons emitted by the dust grains
it is necessary to consider the electrons formed through gas
ionization. In this case, some electrons are screened by the
positive ions with an average number density of ni . Therefore,
the charge number of the neutralized background,

(8)

where γ0 is the surface tension of the corresponding planar
surface and δ is the Tolman length [22].
Moreover, the nucleus charge leads to the double electrical
layer formation on its surface and to the surface tension
γ change, which can be considered by the Lippmann
equation [23],
dγ
Zn
=−
,
(9)
dVb
4πrn2

Z0 =

where Vb is the potential barrier on the plasma–nucleus
boundary.
Therefore, it is necessary to define the nucleus charge
and the potential barrier on the plasma–nucleus boundary.
The system under consideration is a thermal dusty plasma
containing electrons, ions, dust grains and neutral gas
at atmospheric pressure.
The values of components’
temperatures are close to each other and the whole system
may be considered isothermal. A thermal plasma without
ions, i.e. a dust-electron plasma is considered in [24, 25] where
the theory of neutralized charges is proposed. This theory
describes a system consisting of dust grains and electrons
emitted by these grains only. Most of the dust grains are

n0 − ni
,
nd

(14)

and equations (13) and (14) describe the total charge of the
grain or nucleus.
The total charge of the dust with the electron and ion
number densities defines the neutrality of the plasma Znd =
ne − ni . The average electron number density ne and
unperturbed number density n0 are related by the following
equation [24]:


eϕ0
,
(15)
ne = n0 exp
kB T
where ϕ0 is the potential of the neutralized background.
The potential of the neutralized background (or bulk plasma
potential) is the reference point for the potential barrier Vb ,
3
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ϕ0 =

3 e 2 4/3
4/3
(Z n − ne4/3 + ni ).
2 nd 0 d

∆G (eV)

but in the complex plasma (with ions) it also describes the
non-equilibrium ionization of the plasma [17] as a result of
interphase interaction (see equation (22) below).
It is necessary to define this potential. The Coulomb
energy per electron can be defined as e2 /Re [27], where
Re = (3/4π ne )1/3 is the half of the average distance between
the electrons. Accordingly, the Coulomb energy per ion is
e2 /Ri , where Ri = (3/4πni )1/3 ; and the Coulomb energy of
the neutralized charge per dust grain is (eZ0 )2 /RW , where
RW = (3/4π nd )1/3 is the Wigner–Seitz radius [18]. Then,
taking into account that ne /nd electrons and ni /nd ions are
needed per dust grain, it is possible to define the potential of
the neutralized background,
(16)

Here we assumed that (4π/3)1/3 ∼
= 3/2.
Then unperturbed number density is defined by the
following equation:


3e2
4/3
4/3
2 4/3
(n − ni − Z0 nd ) .
(17)
n0 = ne exp
2kB T nd e
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Figure 2. Changes in Gibbs free energy at the heterogeneous
nucleation of iron in the environment of dust grains at small
number densities of ions:
curve 1, nd = 107 cm−3 , ne = 3.0 × 108 cm−3 , Z0 = 24;
curve 2, nd = 108 cm−3 , ne = 1.5 × 109 cm−3 , Z0 = 13;
curve 3, nd = 109 cm−3 , ne = 3.5 × 109 cm−3 , Z0 = 4.
The number density of potassium ions ni = 1 cm−3 .

Thus, the equations listed above are sufficient to describe
the plasma environment.
From equation (8), taking into account (13) and assuming
that rn  λD , the amendment to the surface tension can be
determined:
√



3/2
Vb
2(kB T )2
Z 0 Vb
Vb
exp
−
.
−
−
1
γZ = −
4π rn2
6πe2 rn
kB T
kB T
(18)

The dependences of change in Gibbs free energy (19) on the
size of the iron nucleus are presented in figure 2. The number
density of the potassium ions is so low (ni = 1 cm−3 ) that they
do not influence the plasma neutralization, i.e. the saturation
of the environment with electrons is defined by the thermionic
emission from the dust grain surfaces only, and the neutrality
condition is ne ∼
= Zd nd , where Zd is the average charge number
of the dust. Since iron is a conductor, then UZ is used in the
form of equation (6).
The free energy G decreases monotonically as the
nucleus size grows when the number density of the dust grains
is 107 cm−3 . Thus, barrier-less heterogeneous nucleation takes
place, as the activation energy is equal to zero. The charge
number of the neutralized background in this case is Z0 = 24.
An increase in number density of the dust grains (for
example, through nucleation and growth) results in the
emergence of an equilibrium nucleus activation energy, and
the neutralized charge Z0 decreases simultaneously. It is
caused by the fact that the higher the number of dust grains
participating in the neutralization of the volume charge of
electrons the smaller is the charge needed per grain. Despite
the fact that supersaturation is constant (S = 2), the nucleation
process occurs as if the supersaturation grows as the charge of
neutralized background increases.
The saturation of plasma with potassium atoms leads to
an increase in the electron number density due to collision
ionization, thus the neutrality condition is ne = Zd nd + ni .
It influences the nucleation in the same way as the increase in
the number of dust grains (provided the gas collision ionization
delivers the number of electrons comparable to the thermionic
emission). The dependences of the change in Gibbs free
energy (19) on the size of the iron nucleus are presented in
figure 3 at a constant number density of dust grains nd =
107 cm−3 (which corresponds to curve 1 in figure 2) but at

As a result, the change in Gibbs free energy during
the heterogeneous ion-induced nucleation in an environment
saturated with electrons is described by following expression:


8
rn
γ0
2
+ γZ − πrn3
G = 4π rn γ0
rn + 2δ
3
R0


3
− Zn Wn + kB T
2
 2 2

e
Z
+
1
1

n

—for conductor
−

rn  ri

+ 22
e (ε − 1) 6
1
1
Zn2



—for dielectric.
+ −
2ε
5 (ε − 1)rn rn
ri
(19)
Here, we assumed that ρkB T ln(S)/mM = 2γ0 /R0 is
according to equation (2).

3. Influence of free electrons on heterogeneous
nucleation
The case of heterogeneous ion-induced nucleation of the
vapour of iron in a thermal dusty plasma is considered here.
Let the plasma consist of a neutral buffer gas with an impurity
of potassium atoms, iron vapour with supersaturation S = 2
and monodisperse dust grains of iron with a radius of 10 nm,
which are the result of previous condensation and growth. The
system is isothermal with a kelvin temperature of T = 2000 K.
4
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Figure 3. Change in Gibbs free energy at the heterogeneous
nucleation of iron in the environment of dust grains at large
number densities of potassium ions:
curve 1, ni = 2 × 107 cm−3 , ne = 3 × 108 cm−3 , Z0 = 23;
curve 2, ni = 2 × 108 cm−3 , ne = 4 × 108 cm−3 , Z0 = 18;
curve 3, ni = 5 × 108 cm−3 , ne = 6 × 108 cm−3 , Z0 = 13;
curve 4, ni = 2 × 109 cm−3 , ne = 2 × 109 cm−3 , Z0 = 9;
curve 5, ni = 2 × 1010 cm−3 , ne = 2 × 1010 cm−3 , Z0 = 0.
The number density of dust nd = 107 cm−3 .
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Figure 4. Change in Gibbs free energy at the heterogeneous
nucleation of silicon in the environment of dust grains of iron
at high number densities of potassium ions:
curve 1, ni = 2 × 107 cm−3 , ne = 3 × 108 cm−3 , Z0 = 23;
curve 2, ni = 2 × 109 cm−3 , ne = 2 × 109 cm−3 , Z0 = 9;
curve 3, ni = 2 × 1010 cm−3 , ne = 2 × 1010 cm−3 , Z0 = 0.
The number density of dust nd = 107 cm−3 .

reduces the free energy of nucleation while UZ increases it, if
Zn  1; and the growth of G is inversely proportional to
the nucleus radius rn . It was determined that Zn = Z̃n + Z0 ,
and Z̃n describes the relative charge of the individual nucleus,
whereas Z0 characterizes all the dust components, i.e. it is the
characteristic of interphase interaction in the dusty plasma.
Therefore, the charge of the neutralized background is a
suitable parameter to describe heterogeneous nucleation in an
electronic environment.
The above fact concerns the nucleus of a conductive
material. The behaviour G(rn ) in the case of a dielectric
nucleus should be considered. Let the environment remain
the same with the dust grains of iron and potassium ions at a
temperature of T = 2000 K, but the vapour of silicon with
supersaturation S = 2 is used as a condensed substance.
The corresponding distributions G(rn ) are shown in
figure 4.
In this case, all the tendencies stated above are the same.
However, the influence of the electron environment is less than
in the previous case. It is caused by the fact that the influence
of charge decreases when the dielectric constant is introduced,
i.e. UZ ∼ (Zn2 /εrn − 1/ri ), and can be negative if the nucleus
has a sufficiently big radius and ε  1.

variable number density of potassium ions. The values of
temperature and supersaturation of the iron vapour are the
same—T = 2000 K, and S = 2.
The growth of ion number density provokes the growth
of electron density, and results in an increase in the activation
energy of the equilibrium nuclei, which appears on the ions. As
in the previous case, there is a neutralized background charge
decrease. When the ion number density is very high so that
the emitted electrons do not participate in plasma neutralization
(ne ∼
= ni ), the charge of the neutralized background Z0 = 0
and the heterogeneous ion-induced nucleation can be described
by classical theory (curve 5 in figure 3).
Thus, the mode of heterogeneous ion-induced nucleation
in the dusty plasma changes as the electron number density
changes, but the charge of the neutralized background Z0
is the parameter that describes the heterogeneous nucleation
mode. It is caused by the fact that by varying the number
density of both dust grains and potassium atoms one can obtain
identical dependences G(rn ) for different values of electron
number density, to which the identical value of Z0 corresponds.
For example, curve 2 in figure 2 corresponds to the value
ne = 1.5 × 109 cm−3 , and Z0 = 13. The same dependence
G(rn ) corresponds to the value ne = 6 × 108 cm−3 , and
Z0 = 13 (curve 3 in figure 3). The electron number densities
are different, but the values of Z0 are identical as well as the
dependences G(rn ).
In general, the nucleus should acquire some charge to
reach an equilibrium with the plasma. The charge number
influences the exchange energy of the nucleus Uex ∼ −Zn
and the change in electric energy UZ ∼ Zn2 /rn − 1/ri (see
equations (6) and (7)); the change in surface tension γZ is small.
In most cases, the nucleus is charged positively, therefore Uex

4. Nucleus radii
The Gibbs free energy G(r) (19) has the minimum value
corresponding to the nucleus, which is in stable equilibrium
with the vapour at nucleus radius req . Thus,


5

∂G
∂rn




= 0,
eq

∂ 2 G
∂rn2


> 0.
eq

(20)
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The maximum value G at the point rcr corresponds to
the unstable equilibrium of the nucleus with the vapour,



 2
∂G
∂ G
= 0,
< 0.
(21)
∂rn cr
∂rn2 cr

14

n (108 cm-3)

13

Let us consider the dependences of radii req and rcr
on the temperature, keeping the supersaturation S constant.
The system consists of a buffer gas at atmospheric pressure,
which contains potassium atoms with an initial number density
nA = 109 cm−3 and iron dust, resulting from the previous
condensation and growth, with size rd = 10 nm and number
density nd = 107 cm−3 . As a result of collision ionization
some ions are formed in the system. Their number density
ni (T ) is determined by the modernized Saha equation [17, 28],


eϕ0
ne ni
,
(22)
= KS exp
na
kB T

ne

12

n0

11

ni

10
9
8
7
1900

2000

2100

2200

2300

2400

T (K)
Figure 5. Temperature dependences of the number densities of
electrons ne , ions ni and unperturbed density n0 .

where ne , ni , na are the number densities of the electrons, ions
and atoms;




gi me kB T 3/2
−I
KS = 2
exp
ga
kB T
2πh̄2

2.5

rn (nm)

2

is the Saha constant, me is the electron mass, h̄ is the Planck
constant, gi and ga are the statistical weights of ions and atoms,
I is the potential of ionization of atoms, and the bulk plasma
potential (potential of neutralized background) ϕ0 describes
the displacement of ionization balance as a result of interphase
interaction.
The electrons in the system are formed through both
collision ionization and thermionic emission from the surface
of the dust grains, and the number density of electrons is
determined by the neutrality of the system: ne = Zd nd + ni .
The average charge number of the dust component is equal
to Zd = Z0 + Z̃d . As the monodisperse system of dust is
considered, Z̃d  = Z̃d and it is defined by equation (13); the
charge number of the neutralized background Z0 is defined by
equation (14) as a function of the unperturbed number density
n0 and the ion number density. The unperturbed number
density, in its turn, is defined by equation (17) as a function
of the neutralized background charge Z0 , and the number
densities of electrons and ions. Thus, the calculation of the
parameters of the environment where the nuclei are formed
represents a self-consistent problem, the solution of which is
shown in figure 5 as the temperature dependences of number
densities.
Let us consider the condensation of iron vapour with
supersaturation S = 2 in the environment with the calculated
parameters. The radii of nuclei req and rcr are defined by
equations (20) and (21). The temperature dependences of these
values are shown in figure 6(a). The temperature dependences
of the charge number of the neutralized background Z0 and
the activation energy Eact are shown in figure 6(b). All the
dependences have an extremum within the temperature range
of T ∼ 2250 K.
The existence of extremum is caused by the unperturbed
number density dependence on the neutralized background
charge. The unperturbed number density n0 depends linearly

1.5
1
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rcr
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0
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Figure 6. Temperature dependences of the radius of equilibrium
nucleus req and the radius of critical nucleus rcr (a); the charge
number of the neutralized background Z0 and the height activation
barrier Eact (b) for supersaturation of iron vapour S = 2 (full curves)
and S = 2.05 (broken curves).

on the average electron number density (15) which, according
to the neutrality condition is proportional to the average charge
ne ∼ Zd = Z0 + Z̃d . At the same time, n0 exponentially
depends on the bulk potential ϕ0 defined by the Coulomb
energy of the dust (16) and, hence, is in quadratic relation
to the neutralized charge ϕ0 ∼ Z02 . Therefore, the dependence
of the unperturbed number density on the neutralized charge
6
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has the following simplified form:

as the increase in supersaturation. Therefore, equilibrium
nuclei formation in the electronic environment at low values of
supersaturation is possible, in contrast to the classical theory.
Control of the heterogeneous nucleation process by a
change in supersaturation is possible through a change in
substance quantity, as well as through a change in interphase
interaction by changing the ion and dust number densities in the
plasma. Thus, nano-sized particles with required properties
could be obtained through heterogeneous nucleation in the
plasma.

n0 ∼ Z0 exp(−Z02 ),
which has a maximum.
The unperturbed number density depends on the
temperature, therefore, there will always be such a temperature
at which the dependence n0 (T ) has a maximum value and,
accordingly, the activation energy has a minimum value. Thus,
in the thermal dusty plasma, there is a temperature at which
the activation energy has a minimum value. It is worth noting
that there are large temperature gradients in the condensation
area in combustion plasmas and in condensation zone welding
fumes. Therefore, it is expected that in such systems there will
always be a space area where the heterogeneous nucleation
occurs with a minimum activation energy.
The insignificant increase in the iron vapour supersaturation to a value S = 2.05 causes the activation barrier to disappear within the temperature range T = 2200–2300 K (broken
curves in figure 6(b)). Here, at the distribution G(r) the
minimum and maximum result in the inflection point (broken
curves in figure 6(a)). Further increase in S reduces the distribution G(r) to a monotonic function and equations (20)
and (21) have no roots in this case.
The most interesting is the range of temperature values,
where the activation energy is minimum, since the activation
barrier depression increases the probability of growth of the
equilibrium nucleus. As it follows from the analysis, in the
same temperature range the charge number of the neutralized
background Z0 accepts the maximum value. Such a correlation
considerably simplifies the theoretical study of heterogeneous
nucleation. The temperature range, where the neutralized
background charge is a maximum, can be found through the
definition of the parameters of the system where the nucleation
occurs. There is a need for further analysis within this
temperature range, because the minimum value of activation
energy (i.e. the maximum probability of nucleus growth) is
expected here.
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5. Conclusion
An account of the charging of nuclei as a result of
interphase electron exchange in a thermal dusty plasma
(such as combustion plasmas and condensation zone welding
fumes) helps in the determination of a new mechanism for
heterogeneous ion-induced nucleation control, along with
supersaturation change.
The neutralized background charge describing the
free electron volume charge determines the heterogeneous
nucleation in an electronic environment. The system is
described by the classical nucleation theory, when the
neutralized background charge Z0 = 0. However, the increase
in neutralized background charge produces the same result
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