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IONIZATION BALANCE
IN LOW-TEMPERATURE PLASMAS
WITH NANOSIZED DUST

Ionization mechanisms in the low-temperature thermal plasma, which contains alkali metal
atoms as ionizable component and nanosized dust grains, are studied. In such a plasma, elec-
trons are captured by dust grains, because the work function of grains depends on their sizes,
and the electron adsorption rate is more than the thermionic emission rate for nanosized
grains. Accordingly, an increase of the dust grain number leads to a decrease in the volume
ionization and recombination rates, because they depend on the number density of electrons. At
the same time, the role of surface processes in the plasma ionization balance is increased,
because the total grain surface is increased. The approximate calculation techniques for low
and high grain number densities are proposed. The criterions for approximate calculations are
specified.
K e yw o r d s: dusty plasmas, surface ionization, thermionic emission.

1. Introduction
The low-temperature atmospheric-pressure thermal
plasma consists of electrons, single charged positive
ions, ionizable atoms, and a neutral non-interacting
buffer gas. The ionization balance in such a plasma
without external source is determined by the elec-
tron impact ionization of atoms and the electron-ion
recombination and is described by the Saha equa-
tion [1]:
𝑛𝑒𝑛𝑖

𝑛𝑎
=

Σ𝑖

Σ𝑎
𝜈𝑒 exp

−𝐼

𝑘B𝑇
≡ 𝐾S, (1)

where 𝑛𝑒, 𝑛𝑖, and 𝑛𝑎 are the averages for local ther-
modynamic equilibrium (LTE) region number den-
sities of electrons, ions, and ionizable atoms, re-
spectively; 𝑛𝑎 = 𝑛A − 𝑛𝑖, 𝑛A is the number den-
sity of atoms available for the ionization; Σ𝑖 and
Σ𝑎 are the ion and atom statistical weights; 𝜈𝑒 =
= 2(𝑚𝑒𝑘B𝑇/2𝜋~2)3/2 is the effective density of elec-
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tron states; 𝐼 is the ionization potential of an atom;
𝑘B is the Boltzmann constant; 𝑇 is the Kelvin tem-
perature; 𝑚𝑒 is the electron mass; ~ is the Planck
constant; 𝐾S is the Saha constant. The condition of
neutrality in this case is 𝑛𝑒 = 𝑛𝑖 = 𝑛0, where 𝑛0 is
the unperturbed number density, and

𝑛2
0 = (𝑛A − 𝑛0)𝐾S.

The presence of dust grains in plasma causes the
ionization balance displacement. For the first time,
Calcote [2] and, later, other researchers [3, 4] ob-
served the abnormal high ionization of rich hydrocar-
bon flames. Shuler and Weber [4] assumed that the
source of the excess ionization is the electrons emit-
ted from the surface of carbon particles. Einbinder
[5] proposed a description of the plasma ionization,
based on the equilibrium of submicron particles with
plasma. This method has been modified by Arshinov
and Musin [6, 7] in the case of negatively charged
particles. They have obtained the equilibrium con-
stant as a function of the particle size and charge
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distribution. Gibson [8] proposed the numerical mod-
eling of the ionization balance at the thermionic emis-
sion. The further studies, including up-to-date ones,
are basically devoted to the determination of the elec-
tron number density and dust grain charges [9–15].

The ionization balance in a dusty plasma was stud-
ied insufficiently. The effects of thermionic and ion
emissions from dust grains on the ionization state of
the hot gas was considered in Ref. [16] for the problem
of the evolution of protoplanetary disks. This con-
sideration also demonstrates that the electron and
ion number densities increase. However, the dusty
plasma in flames and welding fumes is a result of
metal’s (metal oxide’s) vapor condensation and can
contain nanosized particles (liquid nuclei) with a very
high number density, which provide the intense inter-
phase interaction and electrons’ adsorption by dust
[17, 18]. The Saha equation is inapplicable in this
case, because the additional channels for atom ioniza-
tion/recombination and electron emission/adsorption
are appeared.

The presented paper is devoted to the description
of the ionization balance in thermal dusty plasmas
with intense processes on the interphase boundary as
a function of dust grains’ number density. The ioniza-
tion balance determines the equilibrium electron and
ion average number densities, which are provide the
plasma conductivity and dust grains’ charging and
are necessary for any plasma application. The local
thermodynamic equilibrium approach is used, i.e. the
system is considered as isothermal with absolute tem-
perature about 2000–3000 K, which is usual for the
flames and welding fumes. The modeling of the for-
mation of primary particles in welding fumes [19, 20]
is used for the calculation of ithe onization balance
and nucleation.

2. Ionization and Recombination Rates

The Saha equation (1) describes the volume ioniza-
tion via gas particles’ collisions. Electron-atom col-
lisions are described by the electron thermal veloc-
ity 𝑣Te =

√︀
8𝑘B𝑇/𝜋𝑚𝑒 and the collision cross-section

𝜋𝑟2𝑎, where 𝑟𝑎 is the atom radius, which determines
the ionization rate constant 𝑘ion = 𝜋𝑟2𝑎𝑣Te [1]. The-
refore, the ionization rate via electron-atom collisions
is determined by following equation:

𝑑𝑛𝑒(𝑖)

𝑑𝑡
= 𝑛𝑒𝑛𝑎𝑘ion ≡ 𝑄ion

𝑉 . (2)

The electron-ion recombination in plasma usually
occurs as a three-body interaction, when two elec-
trons collide near an ion, and one of them loses the
kinetic energy and is captured by the ion. The three-
body recombination rate is described as
𝑑𝑛𝑒(𝑖)

𝑑𝑡
= 𝑛2

𝑒𝑛𝑖𝑘rec ≡ 𝑄rec
𝑉 , (3)

where 𝑘rec = 𝑘ion/𝐾S is the recombination rate
constant.

The balance of equations (2) and (3) leads to the
Saha equation (1) for the plasma without interphase
interaction.

However, the presence of dust grains creates addi-
tional channels for the appearance and disappearance
of charge carriers at the expense of the phase bound-
ary, which causes the thermionic emission, electron
adsorption, surface atom ionization, and ion recom-
bination.

The plasma ions and atoms have sporadical colli-
sions with dust grains, which cause the surface atom
ionization and ion recombination. The surface ioniza-
tion balance is determined by the ratio of ion (𝑛𝑖𝑠)
to neutral atom (𝑛𝑎𝑠) number densities at the grain
surface, which is described by the well-known Saha–
Langmuir equation [21]:

𝛼𝑠 =
𝑛𝑖𝑠

𝑛𝑎𝑠
=

Σ𝑖

Σ𝑎
exp

𝑊𝑑 − 𝐼

𝑘B𝑇
,

where 𝑊𝑑 is the work function of a dust grain with
regard for the dependence of the work function on
the grain radius [22]: 𝑊𝑑 = 𝑊 + 0.39𝑒2/𝑟𝑑; 𝑊 is the
work function of a material; 𝑟𝑑 is the grain radius.

The neutral atoms are adsorbed by the dust grain
surface via collisions with the cross-section 𝜎𝑎𝑑 = 𝜋𝑟2𝑑,
and there exists a probability of the electron transi-
tion between a valence electron level in the atom and
the Fermi level in the dust, which is determined by
the ratio 𝛼𝑠/(1 + 𝛼𝑠) [16]. The activation energy 𝜀𝑖
is necessary for the ion desorption [23], and the con-
stant for the atom surface ionization can be defined
as 𝛽𝑠 = 𝛼𝑠(1+𝛼𝑠)

−1 exp(−𝜀𝑖/𝑘B𝑇 ). The positive ion
must overcome the attraction of a negatively charged
grain for leaving it, which is determined by potential
barrier on the plasma-grain boundary [19]

𝑉𝑏 =
𝑟D𝑘B𝑇

2𝑟𝑑
arsinh

2𝑒2𝑍𝑑

𝑟D𝑘B𝑇
,

where 𝑍𝑑 is the dust grain charge number, 𝑟D =
=

√︀
𝑘B𝑇/8𝜋𝑒2𝑛0 is the Debye screening length. In
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the system under consideration, the increase of 𝑛𝑑

leads to the Coulomb approach applicability: 𝑉𝑏 =
= 𝑒2𝑍𝑑/𝑟𝑑.

Therefore, the activation energy 𝜀𝑖 = −𝑉𝑏 and the
surface ionization constant

𝛽𝑠 =
𝛼𝑠

1 + 𝛼𝑠
exp

𝑉𝑏

𝑘B𝑇
, 𝑉𝑏 < 0.

Then the rate of atom ionization on the grain sur-
face is

𝑄ion
𝑠 = 𝑛𝑎 𝑛𝑑 𝜎𝑎𝑑 𝑣𝑇𝑎 𝛽𝑠, (4)

where 𝑛𝑑 is the dust grain number density; 𝑣𝑇𝑎 =
=

√︀
8𝑘B𝑇/𝜋𝑚𝑎 is the atom thermal velocity, 𝑚𝑎 is

the atom mass.
The rate of ion recombination on the grain sur-

face is

𝑄rec
𝑠 = 𝑛𝑖 𝑛𝑑 𝜎𝑖𝑑 𝑣Ti𝛾𝑠, (5)

where 𝑣𝑇𝑖
∼= 𝑣𝑇𝑎 is the ion thermal velocity; 𝛾𝑠 =

= (1 + 𝛼𝑠)
−1 is the surface recombination constant;

𝜎𝑖𝑑 is the ion-grain collision cross-section [14]:

𝜎𝑖𝑑 = 𝜋𝑟2𝑑

(︂
1− 𝑉𝑏

𝑘B𝑇

)︂
.

The thermionic emission is determined by the
Richardson equation

𝑗𝑇𝑒 =
4𝜋𝑚𝑒(𝑘B𝑇 )

2

(2𝜋~)3
exp

−𝑊𝑑

𝑘B𝑇
=

1

4
𝜈𝑒𝑣Te exp

−𝑊𝑑

𝑘B𝑇
,

and the thermionic emission rate is

𝑄𝑇
𝑒 = 𝜋𝑟2𝑑 𝑛𝑑 𝜈𝑒 𝑣Te exp

−𝑊𝑑

𝑘B𝑇
. (6)

The electron adsorption rate via sporadical colli-
sions is

𝑄ads
𝑒 = 𝑛𝑒 𝑛𝑑 𝜎𝑒𝑑 𝑣Te, (7)

where 𝜎𝑒𝑑 is the electron-grain collision cross-sec-
tion [14]:

𝜎𝑒𝑑 = 𝜋𝑟2𝑑 exp
𝑉𝑏

𝑘B𝑇
.

It should be noted, that the collisionless approach
is used here, because, in air with a temperature of
3000 K, the mean free paths of electrons (𝜆𝑒 ∼ 5 𝜇m)
and ions (𝜆𝑖 ∼ 1 𝜇m) are greater than the screening
length (𝑟D ∼ 40 nm) and the grain size.

Fig. 1. Dependences of the rates on the grain number den-
sity for potassium ionizable atoms and the dust grain radius
𝑟𝑑 = 0.5 nm

Fig. 2. Dependences of the rates on the grain number den-
sity for potassium ionizable atoms and the dust grain radius
𝑟𝑑 = 3 nm

The rates of surface processes, which provide the
equilibrium state, depend on the dust grain num-
ber density. The example of such dependences is pre-
sented in Fig. 1 for potassium (𝐼 = 4.3 eV) ion-
izable atoms with the initial number density 𝑛A =
= 1018 cm−3, which provides the Saha unperturbed
number density 𝑛0 = 4.5 × 1015 cm−3 at the tem-
perature 𝑇 = 3000 K. The work function of major-
ity metals is in the interval 4–5 eV. Therefore, the
value 𝑊 = 4.5 eV was chosen for calculations with
regard for the dependence of the work function on the
grain radius. The dust grain radius 𝑟𝑑 = 0.5 nm. Ac-
cordingly, the work function 𝑊𝑑 = 5.6 eV.
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Fig. 3. Dependences of 𝑛𝑖 (black) and 𝑛𝑒 (grey) on
the grain number density for potassium (circle) and sodium
(triangle) ionizable atoms with the initial number density
𝑛A = 1018 cm−3

Fig. 4. Dependences of 𝑛𝑖 (black) and 𝑛𝑒 (grey) on
the grain number density for potassium (circle) and sodium
(triangle) ionizable atoms with the initial number density
𝑛A = 1015 cm−3

The same dependences for the grain radius 𝑟𝑑 =
3 nm and the work function 𝑊𝑑 = 4.7 eV are pre-
sented in Fig. 2.

3. Electron and Ion Number Densities

Thus, the ionization balance in a dusty plasma should
be determined by separate equations for electrons and
ions with regard for the volume (Eqs. (2), (3)) and
surface (Eqs. (4)–(7)) processes:

𝑄ion
𝑉 +𝑄𝑇

𝑒 = 𝑄rec
𝑉 +𝑄ads

𝑒 , (8a)

𝑛𝑒𝑘ion

(︂
𝑛𝑎 −

𝑛𝑒𝑛𝑖

𝐾S

)︂
= 𝜋𝑟2𝑑 𝑛𝑑 𝑣Te ×

×
(︂
𝑛𝑒 exp

𝑉𝑏

𝑘B𝑇
− 𝜈𝑒 exp

−𝑊𝑑

𝑘B𝑇

)︂
, (8b)

𝑄ion
𝑉 +𝑄ion

𝑠 = 𝑄rec
𝑉 +𝑄rec

𝑠 , (9a)

𝑛𝑒𝑘ion

(︂
𝑛𝑎 −

𝑛𝑒𝑛𝑖

𝐾S

)︂
= 𝜋𝑟2𝑑 𝑛𝑑 𝑣𝑇𝑖

1

1 + 𝛼𝑠
×

×
[︂
𝑛𝑖

(︂
1− 𝑉𝑏

𝑘B𝑇

)︂
− 𝑛𝑎𝛼𝑠 exp

𝑉𝑏

𝑘B𝑇

]︂
, (9b)

which should be added by the neutrality equation [14]

𝑛𝑒 = 𝑛𝑖 + 𝑍𝑑𝑛𝑑. (10)

The dependences of the equilibrium average elec-
tron and ion number densities on the grain number
density are presented in Fig. 3 for potassium and
sodium ionizable atoms with the initial number den-
sity 𝑛A = 1018 cm−3, temperature 𝑇 = 3000 K, and
grain radii of 0.5 nm and 3 nm. The same depen-
dences for the initial number density 𝑛A = 1015 cm−3

are presented in Fig. 4. The Muller method is used for
calculations.

The increase of the dust grain number leads to the
volume ionization. The recombination rates decrease,
because they depend on the number density of elec-
trons (see Eqs. (2) and (3)), which are captured by
grains.

The ionizable atom number density strongly in-
fluences the ionization balance displacement via sur-
face processes. It is illustrated by Fig. 5. Such depen-
dences were discussed in details in Refs. [11, 24]. At
low 𝑛A, the plasma presents a system of posi-
tively charged dust grains and electrons emitted by
them. Such a plasma can be described as the dust-
electron plasma [25,26]. At a very high ionizable atom
number density, the presence of dust has a little ef-
fect on the electron number density. The values of 𝑛𝑒

and 𝑛𝑖 are close to the unperturbed (Saha) number
density 𝑛0. At intermediate 𝑛A, a reversal of the grain
charge occurs; the electrons are adsorbed by dust and
𝑛𝑖 ≫ 𝑛𝑒.

4. Discussion

Solving the balance equations (8) and (9) demon-
strates a decrease in the electron number density,
while the grain number density increases. The elec-
trons are captured by dust grains, because their ad-
sorption rate is greater than the thermionic emission
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rate. When plasma contains a small number of the
dust grains, the ionization and recombination rates
via electron-atom and electron-ion collisions are de-
fined. In this case, the average electron number den-
sity can be determined by the Saha equation (1) with
neglected inhomogeneity in the space charge layer
near the grain surface. However, the ion number den-
sity should be calculated with regard for the surface
ionization by using the expression 𝑄ion

𝑠
∼= 𝑄rec

𝑠 :

𝑛𝑖
∼=

𝑛A𝛼𝑠(︁
1− 𝑉𝑏

𝑘B𝑇

)︁
exp −𝑉𝑏

𝑘B𝑇 + 𝛼𝑠

, (11)

𝑛𝑒
∼= 𝜈𝑒

(︂
1− 𝑉𝑏

𝑘B𝑇

)︂
exp

−𝑊𝑑 − 𝑉𝑏

𝑘B𝑇
, (12)

𝑉𝑏 =
𝑒2(𝑛𝑒 − 𝑛𝑖)

𝑟𝑑𝑛𝑑
. (13)

The comparison of the numerical solutions of the
full system (8)–(10) and system (11)–(13) gives the
following criterion for this approach (with a discrep-
ancy less of 10%):

𝑛𝑑 ≤ 35
𝑛0

𝑟2𝑑
nm2.

The high number density of dust is observed in the
systems, where the condensation of metal (metal ox-
ide) vapors occurs. The nucleation in the cooling (as
a result of the mixing of hot vapors with air) thermal
plasma [27,28] provides a much greater nucleus num-
ber density than the number densities of charge car-
riers [29]. The heterogeneous ion-induced nucleation
occurs, while the activation energy of the growth ex-
ists, which decreases down to zero under the cooling
of plasma. After that, the nucleation transfers into
the unrestricted growth of nuclei via the vapor con-
densation and coagulation [30].

When the grain number density

𝑛𝑑 ≥ 300
𝑛0

𝑟2𝑑
nm2,

Eq. (12) should be replaced by the following equation

𝑛𝑒
∼= 𝜈𝑒 exp

−𝑊𝑑 − 𝑉𝑏

𝑘B𝑇
, (14)

because the detailed balance in surface processes
(𝑄𝑇

𝑒
∼= 𝑄ads

𝑒 ) is applicable in this case.

Fig. 5. Dependences of 𝑛𝑒 (black) and 𝑛𝑖 (white semitrans-
parent) on the potassium initial atom and dust grain number
densities; the grain radius 𝑟𝑑 = 0.5 nm

In the transition interval of grain number densities

35 <
𝑛𝑑𝑟

2
𝑑

𝑛0
nm−2 < 300,

Eqs. (8) and (9) should be used, though Eq. (11) for
the ion number density remains valid in the transition
interval.

The detailed balance between the thermionic emis-
sion and electron adsorption is applicable for any
dust number at the low atom number density (see
Fig. 2). In this case, the potential barrier 𝑉𝑏 ≪ 𝑘B𝑇 ,
Eq. (12) becomes equal to Eq. (14) and 𝑄ads

𝑒
∼= 𝑄𝑇

𝑒

even at low 𝑛𝑑. An increase of the dust number den-
sity causes a decrease of the volume collision ioniza-
tion. Therefore, the electron number density remains
a constant, as the atom number density increases up
to a limit, which is determined by the grain number
density (see Fig. 5).

The volume thermal ionization is the basic process
at the low number density of dust grains; however, the
ionization mechanism is replaced by the surface ion-
ization at the high dust grain number. The investiga-
tion of the Poisson–Boltzmann equation [31] demon-
strates that the unperturbed number density can be
determined as 𝑛*

0 =
√
𝑛𝑒𝑛𝑖, which equals the unper-

turbed Saha number density 𝑛0 in the plasma without
dust. The change of the ionization mechanism can be
illustrated by the dependences of the ratio

√
𝑛𝑒𝑛𝑖/𝑛0

on the grain number density, which are presented in
Fig. 6.
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Fig. 6. Dependences of the unperturbed number density on
the grain number density for potassium (black) and sodium
(grey) ionizable atoms

In the case where the volume ionization can be ne-
glected, the unperturbed number density is described
by the equation

𝑛*2
0 = 𝑛𝑒𝑛𝑖

∼= 𝑛𝑎𝐾S

(︂
1− 𝑉𝑏

𝑘B𝑇

)︂−1

, (15)

which gives the unperturbed number density smaller
than that from the Saha equation (1).

The average charge of grains is inversely propor-
tional to their number density; therefore, its abso-
lute value decreases, as the grain number increases,
and causes a decrease of the potential barrier absolute
value. Thus, the value in brackets in Eq. (15) tends to
1, when the grain number density is increased. There-
fore, unperturbed number density tends to the Saha
value at the very great numbers of dust grains, be-
cause only one of many grains has a charge 𝑍𝑑 = −1,
others are neutral; and a displacement of the ion-
ization balance takes place only near these charged
grains, and another part of plasma can be described
by the Saha equation.

Accordingly, the surface ionization, which is de-
scribed by Eq. (4), occurs only near these dust
grains. This is well illustrated in Fig. 4, where the
saturation of ion number densities with increase of
the grain number density is demonstrated.

An increase of the ionization potential of an atom
reinforces the effect of the surface ionization on
the ionization balance. The equilibrium unperturbed
number density for sodium (𝐼 = 5.1 eV) ioniz-
able atoms with the initial number density 𝑛A =
= 1018 cm−3, calculated by the Saha equation, 𝑛0 =

= 9.6×1014 cm−3 at the temperature 𝑇 = 3000 K. In
this case, the Saha number density less than for the
potassium and surface processes begins to influence
the volume ionization at the smaller value of the grain
number density. This fact correlates with experimen-
tal data from Ref. [32], where the effect of a potassium
additional agent (𝐼 = 4.3 eV) on the nucleation in the
plasma with iron atoms (𝐼 = 7.9 eV) as a predomi-
nant ionizable component was studied. The theoreti-
cal model of nucleation, which explains this effect by
the surface ionization, is presented in Ref. [18].

5. Conclusion

The ionization balance in a thermal plasma without
external sources of ionization is determined by the
Saha equation, which describes the ionization and re-
combination via collisions between gas particles. This
description remains applicable in a dusty thermal
plasma at the small number of dust grains. Howe-
ver, the surface atom ionization ion recombination,
thermionic emission, and surface electron adsorption
become the predominant processes at the large dust
grain number.

The surface processes begin to play an essential
role, if the grain number density becomes greater than
50 (𝑛0/𝑟

2
𝑑) nm2. It should be noted that the grain

number densities, which were used in the present
consideration, could be applied only for nano-sized
grains, because the average distance between them is
∼12 nm for 𝑛𝑑 = 1018 cm−3.

The ionization potential of an atom also influence
the competition between the volume and surface ion-
izations. An increase of the ionization potential pro-
vides a decrease of the ionization degree, i.e. a de-
crease of the unperturbed number density. Thus, the
surface ionization begins to replace the volume ioniza-
tion at the smaller value of the grain number density.

For low and high dust grain number densities, the
approximate calculation techniques are proposed. For
a low dust grain number density, the average electron
number density can be determines by the Saha equa-
tion. For a high dust grain number density, the av-
erage electron number density is determined by the
detailed balance in surface processes. The ion num-
ber density should be calculated by using the Saha–
Langmuir equation in any case.
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IОНIЗАЦIЙНА РIВНОВАГА
В НИЗЬКОТЕМПЕРАТУРНIЙ ПЛАЗМI
З НАНОРОЗМIРНИМИ ПОРОШИНКАМИ

Дослiджено iонiзацiйнi механiзми в низькотемпературнiй
термiчнiй плазмi, яка мiстить атоми лужних металiв як
iонiзуючий компонент, та нанорозмiрнi пиловi порошинки.
У такiй плазмi електрони захоплюються пиловими поро-
шинками, оскiльки робота виходу порошинок залежить вiд
їх розмiрiв, а iнтенсивнiсть адсорбцiї електронiв перевищує
iнтенсивнiсть термоелектронної емiсiї для порошинок ма-
лого розмiру. Вiдповiдно, збiльшення концентрацiї пороши-
нок приводить до зменшення iнтенсивностi об’ємної iонiза-
цiї i рекомбiнацiї, так як вони залежать вiд концентрацiї
електронiв. При цьому зростає роль поверхневих процесiв
у балансi iонiзацiї плазми, оскiльки збiльшується загаль-
на поверхня порошинок. Запропоновано наближенi методи
розрахунку для низької i високої концентрацiї пилових по-
рошинок. Вказано критерiї для використання наближених
розрахункiв.

Ключ о в i с л о в а: запилена плазма, поверхнева iонiзацiя,
термоемiсiя.
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