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Taking into account the size dependence of the electron work function,
the average concentration of free electrons in thermal plasma dusty
plasma formed by nanoparticles of tungsten and hot inert gas has been
calculated. It is shown that taking into account the size dependence
of the electron work function of tungsten nanoparticles leads to an un-
derestimation of the average concentration of free electrons in ther-
mal plasma. With increasing temperature, this e¨ect is weakened. It
is found that with decreasing radius of nanoparticles ranging from 5
to 50 nm, averaged thermal electron concentration in the plasma in-
creases monotonically, the maximum is not observed.

Introduction

Low-temperature plasma containing the particles of the condensed mat-
ter is commonly called dusty plasma or plasma with dust condensed dis-
persed phase. If the pressure of the gas surrounding the dust particles,
is close to atmospheric or higher pressure and at temperature from 1500
to 3500 K, the particles may be heated to emit electrons and acquire
a certain positive charge [1�5]. Such a system is called the thermal of
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dusty plasma (TDP). This kind of plasma occurs in practical applica-
tions such as, for example, thermal spray coating application processes,
and plasma chemical gas-phase synthesis of the particles, as well as in
nature. It should be noted that the TDP can be formed by heating the
gas by passing of shock waves in the presence of particulate [6, 7].
There are many experimental and theoretical papers devoted to

research of TDP (see, for example, [1, 2, 5�8]). In the recent paper [8],
the calculation of TDP conductivity has been carried out. The main
objective of this work is to determine the concentration of electrons
emitted by particles in the ambient bu¨er gas. In this paper, it is
pointed out that in the calculations, the size dependence of the electron
work function of the material particles was not taken into account.
However, it should be borne in mind that the inclusion of dimension
correction for a work function may a¨ect the ¦nal result of calculations
of the concentration of free electrons in the TDP. The question of the
size dependence of the work function has been extensively studied (see,
for example, [9�16]). In [9], it is noted that an increase in the work
function with decreasing particle size results in the fact that at a certain
radius of particles, the maximum e¨ect of emission of electrons in the
hot gas is achieved. This, in turn, leads to the fact that the condensed
particles may more e©ciently deliver free electrons than the gas phase.

Model Description

In this paper, accounting of the size dependence of the work function
in the calculation of the electron density in the heat of dusty plasmas
produced by nanoparticles of tungsten and hot inert gas has been carried
out. The temperature was set in the range from 3100 to 3500 K.
The following equation was used to take into account the contribu-

tion of the size e¨ect in the work function [10�16]

Ip(n) =W +
Const

n1/3
(1)

where Ip(n) is the ionization potential (work function) of the particle,
consisting of n atoms and W is the work function of bulk material.
Equation (1) was obtained in studies on the size dependence of the
work function, which is used in various modi¦cations of the method of

I. I. Fayrushin et al. 643



NONEQUILIBRIUM PROCESSES IN PHYSICS AND CHEMISTRY

density functional theory. According to theoretical works [10,11,14] and
experimental data [12,13,15,16], the constant in Eg. (1) depends on the
material. If, following Smirnov [17], one takes as Ip(1) the ionization po-
tential of a single atom, then, for instance, in the case of a tungsten par-
ticle of diameter 10 nm (which contains approximately 263 200 atoms),
one obtains Ip(263 200) = 4.594 eV. It is seen from this that for such
level of precision, the size correction for these particles is 0.054 eV.
To calculate the value of the concentration of free electrons in the

TDP, let us use the model which is based on the Poisson�Boltzmann
equation for the electric ¦eld potential φ:

–φ =
q

εε0
ne0 exp

(

qφ

kT

)

(2)

where q is the absolute value of the electron charge; ε is the relative
dielectric constant of the gas; ε0 is the electric constant; k is the Boltz-
mann constant; and T is the absolute temperature of the TDP. The
number density of the thermally emitted electrons near the surface of
a particle is determined from the following expression [18, 19]:

ne0 = 2

(

2πmekT

h2

)3/2

exp

(

−

Ip(n)

kT

)

,

this includes the value of Ip(n) which also takes into account the size
dependence of the work function.
Since the spherical particles are considered to be of the same radius

and to be uniformly distributed in space, Eq. (2) becomes

d2φ

dr2
+
2

r

dφ

dr
=

q

εε0
ne0 exp

(

qφ

kT

)

.

The boundary conditions are speci¦ed in the form φ(R) = 0, φ′(l)
= 0, and the second condition means electroneutrality area per particle
(Wigner�Seitz cell).

Results

Knowing the distribution of potential in terms of the Boltzmann equa-
tion, the distribution of the concentration of free electrons in the space
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between the particles can be cal-

The dependence of the concentration of

free electrons in TDP on the radius of

the nanoparticles of tungsten at various

temperatures: 1 ¡ 3500 K; 2 ¡ 3300;

and 3 ¡ 3100 K. Solid curves ¡ the

dimensional adjustment is taken into

account for work output; and dashed

curves ¡ without dimensional amend-

ments

culated. The ¦gure shows the
plots averaged over the volume
concentration of free electrons in
plasma vs. the radius of the par-
ticles at di¨erent temperatures.
The calculations are performed
for tungsten nanoparticles by
their mass equal to the plasma
concentration of 19.25 g/m3.
The particle radii were set in the
range of 5 to 50 nm. The smaller
particles were not considered be-
cause in this case, the size de-
pendence of tungsten melting
temperature starts to in§u-
ence [20].

As can be seen from the ¦g-
ure, the account of the size de-
pendence of the electron work
function of tungsten nanoparticles leads to not signi¦cant underesti-
mation of the concentration of free electrons in the plasma formed by
the heat of the dust of these particles and the heated inert gas. When
the temperature increases, the relative increase in the concentration of
free electrons is reduced. When the particle size decreases, the elec-
tron density monotonically increases. Thus, in the tungsten particle
radius range between 5 and 50 nm, the maximum concentration of free
electrons in the plasma was not observed.

Concluding Remarks

Thus, it was shown that taking into account the size dependence of
the electron work of tungsten nanoparticles exit leads to an underes-
timation of the concentration of free electrons in the TPD formed by
these particles and the heated inert gas. In the above range of the free-
electron concentration, the maximum particle size is not found in the
TDP. This maximum is apparently located in the smaller nanoparti-
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cles of tungsten which has to be considered as well as size-dependent
melting and vaporization of substance.
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