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In the framework of the statistical “cell” approach to the description of the ionization in het-
erogeneous plasma (HP), the mechanism of braking radiation generation in the bulk of hetero-
geneous plasma formations has been studied. A new model was proposed for the description
of the effective interaction between microfields and charges in plasma. The stochastic motion
of charged particles in HP is considered as an evolution of anharmonic oscillations executed
by separate charges in an instant field of electric forces in the electroneutral cell. The ef-
fective values of frequency and the specific integral power of the braking radiation from HP
in the radio-frequency spectral range are calculated by averaging over the ensemble of cells.
The amplitude-frequency function and the relative contributions of separate oscillation modes
of plasma charges to the emitted radiation intensity are determined in the framework of the
random phase approximation. A comparative analysis of the data obtained in the model theory
and the experimental ones obtained for plasma with aluminum oxide nanoparticles was carried
out in the space of key HP parameters. A good agreement was obtained between the results of
computer-assisted simulation and the experimental data both at the qualitative and quantitative
levels. Possibilities to apply the results obtained for making telediagnostics of heterogeneous
plasma formations were discussed.
K e yw o r d s: cell, quasi-neutrality, heterogeneous plasma formation (HPF), heterogeneous
plasma, condensed dispersed phase (СDPh), braking radio-frequency radiation of the plasma,
telediagnostics.

1. Introduction

High-temperature emissions of industrial aerosols,
ionized dusty gas formations in the atmosphere and
in space, decay products of meteorites at their in-
teraction with the Earth atmosphere, aggregates of
space dust under the conditions of ionizing radiation,
products of surface ablation in high-velocity and high-
temperature gas flows – this is a list of objects of the
terrestrial and space origins – this list is far from be-
ing complete – for which ionization of structural units
(dust macroparticles and gas atoms and molecules) is
sufficient for the quasi-neutrality in the volume to be
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established owing to long-range electromagnetic in-
teractions between particles [1–8]. In other words,
such objects in view of their high specific energy con-
tributions and, as a consequence, a substantial result-
ing ionization of structural elements acquire plasma
properties. In this case, the role of energy suppliers
for separate system components is usually played by
external (ionizing radiation) or internal (exothermic
plasma-chemical reactions) ionization sources [1–5].
The majority of such processes are nonequilibrium.
They are accompanied by the presence of macroscopic
energy, momentum, mass, and electric charge flows in
the volume of heterogeneous plasma formation (HPF)
itself [6].
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At the same time, the lightest in the HPF is the
electron subsystem. It is characterized by a relax-
ation time that is shorter by many orders of mag-
nitude than all other time scales of relaxation pro-
cesses directed at establishing the local thermody-
namic equilibrium (LTE) in the system. The electron
subsystem quickly “traces” changes in the local self-
consistent electrostatic field in the LTE regions of a
plasma system. The consideration of electron-ion pro-
cesses in HPFs based on the model of quasi-neutral
plasma cells and carried out in the framework of the
“adiabatic approximation analog” opens new capabil-
ities for the research and description of braking ra-
diation emission in the LTE regions of nonequilib-
rium plasma systems [6–10]. In particular, monitor-
ing the evolution of braking radiation and the inten-
sity of its “particle” component in the signal emitted
by heterogeneous plasma with a condensed dispersed
phase (CDP), it is possible to study the parameters
of the relevant heavy subsystem, i.e. an ensemble of
CDP particles. Specific contributions of anharmonic
oscillations executed by separate charges govern the
intensity and the profile of the amplitude-frequency
function for the braking radiation emitted by HPFs.
A comparative analysis of relative intensities inher-
ent to the spectral components of HPF radio signals
carried out in the framework of the inverse problem
of the “statistical cell approach” provides the access
to information concerning the electrophysical param-
eters of the gaseous and condensed dispersed phases.
In a vast number of monographic publications (see,
e.g., works [11–16]) and separate papers, the brak-
ing radiation emission by macroparticles in thermal
plasma has not obtained enough attention, both in
the experimental and theoretical aspects. The statis-
tical issues faced with when theoretically describing
electron-ion braking radiation processes in heteroge-
neous plasma comprise the main goal of researches in
this work.

2. Local Electrostatic Field of Plasmosol

In the model of statistical electroneutral cells for a
rarefied plasmosol (a system of emitting macroparti-
cles, buffer gas, and electrons [5–10]), the distribution
of a self-consistent electrostatic potential 𝜙(𝑟) in the
free cell volume, 𝐶 ′

𝜉 = 𝐶𝑧
𝜉 − 𝑉𝑝, is described by the

Poisson–Boltzmann equation, and the solution of the

latter is expressed by the formula

𝜙(𝑟) =
𝛼

𝜅𝑟

{︁
𝜅𝑟Cch[𝜅(𝑟C−𝑟)]−sh[𝜅(𝑟C−𝑟)]−𝜅𝑟

}︁
, (2.1)

where 𝑟 is the radial coordinate, 𝑟C the radius of
spherical electroneutral cell, 𝜅 =

√︁
4𝜋𝑒2

𝑘𝑇 𝑛𝑒0 is the re-
ciprocal Debye length of free electrons in the HPF, 𝑘
is the Boltzmann constant, 𝑒 the elementary charge,
𝑇 the absolute temperature, 𝑛𝑒0 the concentration of
electrons at the cell boundary, and 𝛼 = 𝑘𝑇

𝑒 is the
problem parameter. Within the own volume of a se-
lected macroparticle, r ∈ 𝑉𝑝, the self-consistent elec-
trostatic potential 𝜙(𝑟) satisfies the Poisson–Fermi
equation

𝑑2𝜙

𝑑𝑟2
+

1

𝑟

𝑑𝜙

𝑑𝑟
= − 4𝑒

3𝜋𝜀𝑝
×

×
(︂
2𝑚𝑒

~2

)︂3/2 [︁(︀
𝐸0

F

)︀3/2 − (𝐸F)
3/2

]︁
. (2.2)

Here, 𝜀𝑝 is the relative dielectric permittivity of the
macroparticle substance, 𝑚 the electron mass, ~ =
= ℎ

2𝜋 is the Dirac constant, 𝐸0
F is the Fermi energy of

conduction electrons in the nonperturbed macropar-
ticle substance, and 𝐸F = 𝐸F(𝑟) is the local Fermi
energy value.

The solution of Eq. (2.2) determines the distribu-
tion of the self-consistent electrostatic potential in
the macroparticle body reckoned from its value at
the body center. This value, which is selected as
the potential zero, differs by the constant 𝐶 from the
zero point of “external” potential at the cell bound-
ary. Therefore, the constant 𝐶 must be determined
from the matching condition for the “external” and
“internal” potentials across the macroparticle bound-
ary, i.e. at 𝑟 = 𝑟𝑝,

𝜙(𝑟𝑝) = 𝜙(𝑟𝑝) + 𝐶. (2.3)

Another condition, which makes the problem “closed”,
is the continuity of the normal component of the elec-
trostatic induction D = 𝜀E at the macroparticle sur-
face; it looks like

𝜀𝑝
𝜕𝜙

𝜕𝑟

⃒⃒⃒⃒
𝑟=𝑟𝑝

= 𝜀𝐺
𝜕𝜙

𝜕𝑟

⃒⃒⃒⃒
𝑟=𝑟𝑝

. (2.4)

Making allowance for Eqs. (2.3) and (2.4), the func-
tion 𝜙(𝑟) is determined in the form

𝜙(𝑟) = �̃� · [sh(𝜅F𝑟)/𝜅F𝑟 − 1]. (2.5)
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The reciprocal Fermi length of conduction electrons,
�̃�F, and the parameter �̃� in Eq. (2.5) are given by the
following formulas:

𝜅F =

[︃
2𝑒2

𝜋𝜀𝑝

(︂
2𝑚𝑒

~2

)︂3/2√︁
𝐸0

F(1 + 𝐹 − 𝐹 0)1/2

]︃1/2

, (2.6)

�̃� =
2

3

𝐸0
F

𝑒

[︁
(1 + 𝐹 − 𝐹 0)− (1 + 𝐹 − 𝐹 0)−1/2

]︁
. (2.7)

Solutions (2.1) and (2.5) for the Poisson–Boltz-
mann and Poisson–Fermi equations were obtained
with the use of the Neumann–Dirichlet boundary con-
ditions and in the linear approximation in the cor-
responding potential, namely, the potential at the
boundaries of free cell volume for the “external” po-
tential, 𝜙(𝑟), and the potential in the own macropar-
ticle volume for the “internal” one, 𝜙(𝑟). The homo-
geneous Neumann conditions were imposed at the
𝐶𝑧

𝜉 -cell boundary for the external problem (because
the cell is electrically neutral as a whole) and at the
macroparticle center for the internal one (bearing in
mind the symmetry of potential distribution). The
matching of the found solutions across the macropar-
ticle surface brings us ultimately to the final equation
for the Fermi level of the HPF electron component in
the LTE regions of plasma,

Ω(𝐹 ) =
�̃�𝜀𝑝𝜅𝐸

0
F

�̃�F𝑘𝑇

ch(�̃�F𝑟𝑝)

ch[𝜅(𝑟C − 𝑟𝑝)]
×

× [�̃�F𝑟𝑝 − th(�̃�F𝑟)]− 𝜅(𝑟C − 𝑟𝑝)+

+ (1− 𝜅2𝑟C𝑟𝑝)th[𝜅(𝑟C − 𝑟𝑝)] = 0. (2.8)

The electron characteristics of HPF were deter-
mined with the use of solutions (2.1), (2.5), and (2.8)
in a computer-assisted experiment for a given set of
key parameters, such as the temperature, the con-
centration and the size of macroparticles, and the di-
electric and electronic characteristics of a macropar-
ticle substance. In Table 1, the values obtained for
the Fermi level, the macroparticle charge, the elec-
tron concentration in the HPF, and the surface po-
tential of Al2O3 particles normalized by the thermal
energy, Φ𝑒

𝑝 ≡ Φ𝑒(𝑟𝑝) =
𝑒𝜙𝑝

𝑘𝑇 , are quoted. They were
calculated for the temperatures that are characteris-
tic of plasma obtained as a combustion product of
aluminum-based rocket fuels [17–19]. The charge 𝑧
is expressed in elementary charge units, and the di-
mensionality of the calculated electron concentration
is [𝑛𝑒0] = cm−3.

Fig. 1. Dependence of the Fermi level for the electron com-
ponent in the HPF on the concentration of CDP particles and
the temperature 𝑇 in a locally equilibrium volume of plasma

The local ionization parameters of HPF are un-
equivocal functions of the Fermi level of free elec-
trons at the concentration 𝑛𝑒0. Therefore, the func-
tions 𝐹 = 𝐹 (𝑇, 𝑛𝑝, 𝑟𝑝, 𝜀𝑝 𝑊

0, 𝐸0
𝑐 ), which are simi-

lar to that depicted in Fig. 1, were determined in
the numerical experiment and directly used in the
calculations of HPF parameters, namely, the intensi-
ties of the spectral components of braking radiation
emitted by macroparticles and electrons. The statis-
tical model of anharmonic oscillation processes in the
subsystem of HPF charges is considered in the next
section.

3. Anharmonic Oscillation Motion of Charges

A fluctuation-induced or externally activated shift of
a separate charge in an effective electroneutral HPF

Table 1. HPF parameters at various temperatures

No. 𝑇 , К 𝐹 , eV 𝑧 lg(𝑛𝑒0)

0 2750 –6.8807 1.7109 8.2331
1 2830 –7.0662 1.8967 8.2779
2 2910 –7.2516 2.0938 8.3208
3 2990 –7.4368 2.3045 8.3624
4 3070 –7.6214 2.5313 8.4032
5 3150 –7.8053 2.7777 8.4435
6 3230 –7.9881 3.0484 8.4839
7 3310 –8.1695 3.3497 8.5248
8 3390 –8.3492 3.6904 8.5669
9 3470 –8.5264 4.0834 8.6108

10 3550 –8.7005 4.5477 8.6576
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Fig. 2

cell (Fig. 2) is equivalent to a chain of consecutive
stages in an anharmonic oscillation motion of the
shifted charge in a perturbed electrostatic field of an
averaged cell 𝐶𝑧

𝜉 that relaxes to the equilibrium state.
In Figs. 2, a and 2, b, the cells 𝐶𝑧

𝜉 perturbed by the
shift of a macroparticle or an electron, respectively,
are shown. The shift of a macroparticle is always
reckoned from the origin of Lagrange coordinates, and
that of an electron from its initial position.

Every position 𝛿 with respect to the center of the
shifted charge cell is characterized by a certain quasi-
elastic coefficient 𝜇 of the perturbed cell, which is de-
termined by an instant value of the force f = f(𝛿) act-
ing upon the charge. Therefore, every particle shifted
from its equilibrium position executes a complicated
oscillation motion in the cell. At every moment, this
motion around the point of instant particle local-
ization can be characterized by a certain cyclic fre-
quency, which would be inherent to particle oscilla-
tions within the time interval [0, 𝜏 ], where 𝜏 is the
relaxation time, provided that the quasi-elastic coef-
ficient of the cell remained constant in the course of
relaxation.

The model of anharmonic oscillation motion for a
separate macroparticle is based on two basic assump-
tions:

1. The average macroparticle charge obtained by
statistically averaging it over the ensemble of instant
cells coincides with the value obtained by averaging
the charge over the Gibbs ensemble.

2. The distribution of the self-consistent electro-
static field in a cell perturbed by a shifted charge (a
macroparticle or an electron) is governed by a com-
bined action of the nonperturbed cell field and an ef-
fective dipole formed by the shifted macroparticle and
a fictitious macroparticle (FMP). The charge distri-
bution on the latter is identical to that on the real

particle, but has an opposite polarity (as shown in
Fig. 2, a). The FMP is always located at the origin
of coordinates.

According to Heisenberg’s uncertainty principle,
the shifts of electrons from their equilibrium posi-
tions and their localization in space at temperatures
𝑇 ∼ 2000 K cannot be determined with an accu-
racy better than Δ𝛿 ∼ 10−8 cm. This restriction
“from below” on the average determination accuracy
of the electron position in space confines the upper
frequency limit for the braking radiation emitted by
the electron component in thermal plasma.

For short enough time intervals, the shift of a
charged particle |𝜍| = |𝛿 − 𝛿0| ≪ 1, and the equation
of its anharmonic oscillatory motion can be written
down as follows:

𝑚𝑗 𝛿 = −𝜇 𝜍. (3.1)

The subscript 𝑗 marks the kind of a shifted parti-
cle: 𝑗 = 𝑝 for the macroparticle and 𝑗 = 𝑒 for the
electron. The quasi-elastic coefficient 𝜇 for a cell at
every moment is a tensor, but only its radial com-
ponent survives at the statistical averaging, so that
Eq. (3.1) takes the scalar form

𝑚𝑗𝛿 = −𝑓𝑗(𝛿) |(𝛿 − 𝛿0)|
((𝛿 − 𝛿0)𝛿)

. (3.2)

The radial component of the force in Eq. (3.2) can
be determined from the following reasoning. Let an
FMP be put at the cell center, with the charge dis-
tribution on the FMP being identical to that on the
central macroparticle, but its polarity having the op-
posite sign with respect to the charge of a selected
macroparticle. Then, the average field created in the
cell volume by all charges in the system, except the
central one (the neutralized FMP), is not changed.
As follows from the principle of field superposition
in electrodynamics [9], the actual field strength in
the volume 𝐶𝑧

𝜉 is determined by the vector sum of
the field created by the charge environment of a cen-
tral macroparticle and the field of its own charge.
If the central charge becomes shifted, the resulting
field in the cell changes by the combined contribu-
tion from the “fictitious charge” and macroparticle
fields. This consideration is an analog of the appli-
cation of the electrostatic specular reflection method
in order to determine the average field in a cell per-
turbed by the shift of a central macroparticle (see
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Fig. 2). This enables us to obtain, in the dipole ap-
proximation, the magnitude of central electrostatic
force that acts on a separate shifted charge in the
electroneutral cell perturbed by this shift 𝜍. Note
that the effective dipole “macroparticle–FMP” deter-
mines here only one force component. Therefore, the
instant frequency of anharmonic macroparticle oscil-
lations, in this sense, is not the frequency of a dipole
vibrator, because the coefficient of cell quasi-elasticity
(see Eq. (3.1)) depends, first of all, on the distribution
of the self-consistent electrostatic potential gradient
in a nonperturbed cell, being only partially modified
by the dipole contribution of the interaction between
the particle and its image. As is seen from Eqs. (3.1)
and (3.2), the cyclic frequency of the particle in the
field of a quasi-elastic force arising in the perturbed
cell equals

𝜔 =

(︂√︂
𝜇

𝑚𝑗

)︂
. (3.3)

On the basis of formulas presented in Section 2, the
forces acting on macroparticles and electrons located
in HPF cells can be expressed as functions of their
(macroparticles and electrons) initial, 𝛿0, and current,
𝛿, positions as follows:

𝑓𝑝(𝛿) = −𝑧𝑒
𝑑𝜙

𝑑𝑟

⃒⃒⃒⃒
𝑟=𝛿

−𝑧2𝑒2

𝛿2
=

𝛼2

𝜅2𝛿2
×

×{𝜅(𝑟C − 𝛿)ch[𝜅(𝑟C − 𝛿)] −

− (1− 𝜅2𝑟C𝛿)sh[𝜅(𝑟C − 𝛿)]
}︀
×

×
{︀
𝑥ch(𝑥)− (1− 𝑥2𝑟C𝑟𝑝)sh𝑥

}︀
− 𝑧2𝑒2

𝛿2
; (3.4)

𝑓𝑒(𝛿) = +𝑒
𝑑𝜙

𝑑𝑟

⃒⃒⃒⃒
𝑟=𝛿

− 𝑒2Sign(𝛿 − 𝛿0)

(𝛿 − 𝛿0)2
=

=
𝛼𝑒

𝜅𝛿2

{︁
𝜅(𝑟C − 𝛿)ch[𝜅(𝑟C − 𝛿)]−

− (1− 𝜅2𝑟C𝛿)sh[𝜅(𝑟C − 𝛿)]
}︁
− 𝑒2Sign(𝛿 − 𝛿0)

(𝛿 − 𝛿0)2
. (3.5)

To make the formulas more compact, we will use
below the notations {· 𝛿·} and {· 𝑟𝑝·} for the expres-
sions in the braces of formulas (3.4) and (3.5), which
contain or do not contain, respectively, the quantity
𝛿. Then, for instance, the equation of anharmonic
oscillations (3.2) for the macroparticle (see Eq. (3.4))
takes the form

𝑚𝑝𝛿 =
𝑧2𝑒2

𝛿2

[︂
{·𝛿·}
{ ·𝑟𝑝·}

− 1

]︂
. (3.6)

and the quasi-elastic coefficient 𝜇𝑝 for the perturbed
cell 𝐶𝑧

𝜉 and the frequency of quasi-elastic macropar-
ticle oscillations, both considered as functions of the
particle shift, satisfy the relations

𝜇𝑝 =
𝑧2𝑒2

𝛿3

[︂
1− {·𝛿·}

{·𝑟𝑝·}

]︂
, (3.7)

𝜔𝑝 =

√︃
𝑧2𝑒2

𝛿3 ·𝑚𝑝

[︂
1− {·𝛿·}

{·𝑟𝑝·}

]︂
. (3.8)

It should be noted that, in order to calculate the
dipole interaction between the macroparticle and the
FMP accurately, formulas (3.7) and (3.8) must take
into account the own macroparticle volume and the
“overlapping” between the volumes of macroparticle
and its electrostatic image near the coordinate origin.
In the software package RFEHPF.m, this situation is
corrected at shifts 𝛿 < 2𝑟𝑝; namely, the dipole contri-
bution is determined exactly by integrating over the
non-overlapping volume parts of the particle and its
image, i.e. the electrostatic interaction force between
the macroparticle and the FMP is approximated by
the integral

𝑓12 =

∮︁
(r1,r2 /∈𝑉1

⋂︀
𝑉2)

𝜌1𝜌2(r1 − r2)

|r1 − r2|3
𝑑𝑉1𝑑𝑉2. (3.9)

Formulas (3.1)–(3.9) comprise a complete set of rela-
tions required for the parameters of braking radiation
emitted in the radio-frequency range by the “particle”
subsystem in HPF to be determined in the dipole ap-
proximation. Similar formulas for quasi-harmonic os-
cillations of the electron component are characterized
by the different initial electron shift, 𝛿0 ∈ (𝑟𝑝, 𝑟C).
The final formulas for the quasi-elastic coefficient 𝜇𝑒

of cell 𝐶𝑧
𝜉 and the frequency, which depends on the

instant acceleration of an electron, look like

𝜇𝑒 =
𝛼𝑒

𝜅𝛿2

[︃
{·𝛿·}

|𝛿 − 𝛿0|
− 𝜅𝑒𝛿2Sign(𝛿 − 𝛿0)

𝛼 |𝛿 − 𝛿0|3

]︃
; (3.10)

𝜔𝑒 =

⎯⎸⎸⎷ 𝛼𝑒

𝜅𝛿2

[︃
{·𝛿·}

|𝛿 − 𝛿0|
− 𝜅𝑒𝛿2Sign(𝛿 − 𝛿0)

𝛼 |𝛿 − 𝛿0|3

]︃
. (3.11)

4. Amplitude-Frequency Function
of Braking Radiation Emitted by HPF

The intensity of a radio signal emitted by HPF in
a certain direction s (see Fig. 3) is determined by
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Fig. 3

Fig. 4. Element of HPF volume with CDP macroparticles in
electroneutral cells

the integrated sum of chaotic radio-wave components
emitted by accelerated charges in the plasma forma-
tion in all directions. Bearing in mind the stochastic
character of braking radiation generated by plasma
and leaving aside the issue of electromagnetic radi-
ation (EMR) absorption in a plasma medium, let
us determine the qualitative form of the amplitude-
frequency function (AFF) for HPF proceeding from
the following considerations: (i) the partial contribu-
tions to the radio-frequency radiation by accelerated
charges in HPF cells are chaotic by both the phase
and the frequency, so that the random phase approx-
imation is applicable; in other words, the integrated
contribution to the total EMR power is determined
in the additive manner; (ii) the averaged intensity of

the braking radiation emitted by HPF cells is spa-
tially isotropic and proportional to the total number
of charges accelerated by the self-consistent field in
every plasma component; (iii) the relative value of
the energy contribution made by a separate cell to
the spectral components of HPF braking radiation de-
pends on the statistical probability for a cell to dwell
in a definite perturbed state corresponding to a defi-
nite shift of the macroparticle or the electron within
the cell region. Hence, the density of braking radia-
tion power emitted by HPF in a certain direction s
can be determined for every spectral component as
statistically averaged integrated contributions from
all plasma cells. For the frequency 𝜔 corresponding
to the accelerated motion of a separate charge 𝑧, the
instant power of radiation emitted into all directions
looks like

𝑁𝜍 =
2𝑧2𝑒2 |𝛿 − 𝛿0|2 𝜔2

3𝑐3
sin2(𝜔𝑡). (4.1)

Since the process of charge oscillations in HPF is an-
harmonic, the time averaging for individual charged
particles is carried out within the time interval [0, 𝜏 ],
where 𝜏 is the average relaxation time of a perturbed
cell at a given shift of the charge 𝑧, making allowance
for variations of the amplitude and the frequency of
anharmonic oscillations in the course of relaxation.
The energy luminosity of HPF in the radio-frequency
range owing to the braking EMR of macroparticles
and electrons is a complicated function of the HPF
parameters and can be determined on the basis of
the derived formulas only in a computer-assisted nu-
merical experiment. As an example, Figs. 4 to 6 il-
lustrate the sequence of the braking EMR initiation
in plasma. Owing to turbulent pressure pulsations in
plasma, macroparticles, as well as electrons, in sepa-
rate cells 𝐶𝑧

𝜉 undergo forced shifts, perturb the charge
distribution in the cells (Fig. 5), and accelerate. The
relaxation of cells to LTE states occurs as a quasi-
harmonic oscillation process resulting in the braking
radiation emitted by accelerated charges in HPF in
all directions (Fig. 6).

The energy luminosity of HPF in the radio-frequen-
cy range is determined firstly by averaging expres-
sion (4.1) for separate charges and frequency inter-
vals over the time; then the integration (for the wave
zone) over the HPF volume and all frequencies is car-
ried out. Figures 7 to 9 demonstrate the results ob-
tained in the framework of the proposed statistical
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approach for the AFF of braking radiation emitted
by electrons and macroparticles in HPF. In calcula-
tions, we used the conditions of model experiment
[18] dealing with the measurements of oscillations of
leakage currents from a plane condenser, in which the
role of substrate was played by a torch of products of
powdered aluminum combustion in air. As was shown
in work [11], the mechanism of current oscillations in
a condenser in the course of the cited experiments
[18] has the same basis as the braking radiation by
macroparticles does, namely, a quasi-harmonic oscil-
lation motion of macroparticles and electrons in the
self-consistent field in plasma. In the case with a con-
denser, oscillations of a macroparticle induce varia-
tions of the local dielectric permittivity in the torch
of combustion products and, consequently, in the con-
denser capacity at corresponding frequencies. For the
braking radiation, every frequency component of an-
harmonic oscillation charge motion directly initiates
variations, with the same frequency, in the spectral
components of a radio signal. Therefore, having mea-
sured, in that or another way, the amplitude distri-
bution of oscillation modes for the dielectric permit-
tivity of a condenser with a plasma substrate (e.g.,
by fixing the leakage currents, as was done in work
[18]) and comparing it with the distribution of the
braking-radiation spectral intensity in a torch, it is
possible, in the framework of the inverse problem,
to study the microstructure and the ionization char-
acteristics of combustion product plasma. It should
be noted that the AFF mode frequencies determined
from the analysis of leakage current oscillations [18]
and on the basis of the formulas given in this work can
have insignificant discrepancies as a result of neglect-
ing the viscosity of a buffer gas, radiation friction,
and ponderomotive forces in the non-uniform field of
the cell. Those effects are taken into account in the
subroutines of software package RFEHPF.m by ap-
pending the corresponding terms to the expressions
for the coefficient of cell quasi-elasticity 𝜇. Figure 7
demonstrates the results of calculations for the contri-
bution of the braking radiation power from electrons
in a unit volume of HPF to its total energy luminosity
plotted in the (𝛿0, 𝛿) coordinate plane. The calcula-
tions were carried out for the experimental conditions
of work [18].

The statistical probability for electrons to have a
certain shift with respect to the equilibrium position
in the cell was taken into account by calculating the

Fig. 5. Instant electroneutral cell in HPF with a macroparticle
located at the origin of the reference frame co-moving with the
cell

Fig. 6. Heterogeneous plasma formation and braking radia-
tion emitted by it in the direction s

Fig. 7. Power of braking radiation emitted by a unit volume
of plasma with Al2O3 (aluminum oxide) nanoparticles
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Fig. 8. Dependence of the HPF cell energy, 𝐶𝑧
𝜉 , on the

fluctuation-induced shift of a electron with respect to its equi-
librium position 𝛿0

Fig. 9. Limits of the frequency range for the braking radiation
emitted by aluminum oxide macroparticles in plasma with the
CDP

Table 2. Parameters of high-temperature
plasmosol formed by the products of dispersed
aluminum combustion in an oxidizing medium

No. 𝑇 lg(𝑛𝑒0) 𝑧 𝐹 , eV lg(𝜔min) lg(𝜔max)

1 3150 10.922 9.5395 –6.256 5.4802 5.8016
2 3190 10.945 10.043 –6.3266 5.5025 5.8306
3 3230 10.966 10.555 –6.3973 5.5241 5.8588
4 3270 10.987 11.078 –6.4682 5.5451 5.8861
5 3310 11.007 11.61 –6.5391 5.5655 5.9127
6 3350 11.027 12.154 –6.6102 5.5854 5.9385
7 3390 11.046 12.708 –6.6814 5.6047 5.9638
8 3430 11.065 13.274 –6.7526 5.6237 5.9884
9 3470 11.084 13.852 –6.8239 5.6422 6.0126

10 3510 11,102 14.443 –6.8951 5.6603 6.0362
11 3550 11.119 15.048 –6.9664 5.6781 6.0595

work executed by the field forces or the external ones
and spent to the corresponding deformation (Fig. 7).
In the framework of the numerical experiment, the
limiting frequencies for the spectral components emit-
ted by macroparticles in the indicated intervals of
the key HPF parameters were found. The last two
columns of Table 2 hold the indicated frequency val-
ues for aluminum oxide macroparticles in the tem-
perature interval 𝑇 = 3150 ÷ 3550 K. The calcu-
lations were carried out for the initial experimental
data of work [17] for a plasmosol of Al2O3 parti-
cles. In heterogeneous plasma with the parameters
𝑇 = 3150 K, the macroparticle radius 𝑟𝑝 = 10−6 cm,
and the particle concentration 𝑛𝑝 = 1011 cm−3

(the first row in Table 2), the cyclic frequencies of
macroparticle oscillations in the combustion product
plasma of a model fuel fall within the interval 𝜔 ∈
∈ [𝜔min, 𝜔max] = [3.0213× 105 s−1, 6.3329× 105 s−1],
which corresponds to the frequency interval 𝜈 ∈
∈ [4.8086 × 104 Hz, 1.0079 × 105 Hz]. According to
work [18], the size and the concentration of macro-
particles in the combustion product plasma at the
temperature 𝑇 = 3150 K amounted to 𝑟𝑝 = 9.9256×
10−6 cm and 𝑛𝑝 = 4.6126 × 109 cm−3, respectively.
The computer-assisted numerical experiment with
the help of software subroutine package RFEHPF.m
and the indicated set of key plasma parameters re-
sulted in the minimum cyclic frequency of macropar-
ticle oscillations in plasma 𝜔min = 1.6103 × 105 s−1

and the corresponding frequency 𝜈min = 2.5629×
×104 Hz. The experimental value 𝜈min = 24.5 kHz
coincides with the theoretical one to within a relative
error of about 4.6%. Hence, the proposed model of
stochastic oscillation motion of charges in the HPF
reproduces the experimental situation well. Notice
that the processes of macroparticle energy dissipation
owing to the viscosity and the radiation friction were
not taken into consideration while calculating 𝜈min.
Their account reduces the 𝜈min-value, i.e. favors a
more exact approximation of experimental data by
the model theory describing anharmonic oscillations
of macroparticles under the conditions taking place
in HPFs.

Figures 10 to 12 demonstrate those cell regions (in
the (𝛿0, 𝛿)-coordinates) that give partial contributions
to the emitted radio power in separate frequency in-
tervals. The integration over the volumes of HPF cells
with regard for the statistical probability for every of
them to be in a certain perturbed state induced by
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Fig. 10. Limits of braking radiation frequencies for electrons
arising in the HPF volume owing to their thermal emission
from the surface of nanosized macroparticles

the shift of a separate charge gives a contribution to
the total power of a plasma radio signal at the given
frequency. The intensity of a certain spectral compo-
nent in the radio signal is provided by emitting elec-
trons that are localized, with a definite probability,
in the cell bulk regions confined by the curves in the
2D-plots in Figs. 11 and 12. For instance, in Fig. 11,
the bulk regions of cells, where the electrons gener-
ating radio-waves at Hz-frequencies are localized, are
shifted by the distances reflected by points in the plot
plane between the curves marked as “1012”. In addi-
tion, as follows from the analysis of curves in Fig. 12,
only electrons that had initial radial positions and un-
dergo shifting give contributions to radiation at the
definite frequency; the corresponding dependences for
those contributions cross the limiting straight lines
for the given frequencies of braking radiation. At the
level of the mechanism describing the emergence and
the evolution of quasi-harmonic oscillation electron
modes, this circumstance is explained by the fact that
the gradient of the total electric field in a perturbed
cell falls down in the direction from the macroparticle
surface toward the cell periphery. At the same time,
for the component “electron–image”, this gradient, on
the contrary, grows by the absolute value in the same
direction if the relative shift of the image is small.

The results of the presented statistical approach
to the description of electrophysical processes in het-
erogeneous plasma can be taken as a basis while de-
veloping methods for the determination of the HPF
component content and the volume-averaged elec-
trophysical parameters of the gas and the ensemble
of CDP particles on the basis of relative intensities

Fig. 11. Spatial localization of electrons generating radio
waves within the indicated frequency intervals plotted in the
(𝛿0, 𝛿)-coordinates

Fig. 12. Partial contributions made by interlayers of
macroparticle electron atmospheres to the total power of HPF
braking radiation

of braking-radiation spectral components within the
radio-frequency range. In particular, in the case of
the combustion products of solid rocket fuels, there
is a capability to determine the temperature and the
kind of CDP macroparticles by analyzing the AFF for
the radio signal of braking radiation and solving the
inverse problem. Together with the more accurate de-
termination of the electron characteristics for nanos-
tructured objects [19, 20], the results of the proposed
statistical approach can be applied to the considera-
tion of the properties of HPFs with a polydispersed
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condensed phase, which is formed as a result of the
agglomeration of nanosized macroparticles.

5. Conclusions

1. For the first time, by applying the statistical “cell”
approach to the description of electron-ion processes
in heterogeneous plasma formations (HPFs), an ad-
equate model is proposed for the emergence of an-
harmonic oscillation motion by separate macroparti-
cles and electrons in HPFs in a self-consistent field
of long-range Coulomb forces, and the corresponding
mechanism of evolution is studied.

2. The many-particle problem for the determina-
tion of oscillation modes of charged macroparticles in
HPF – in particular, the combustion products of solid
rocket fuels – was reduced to an effective one-particle
one, namely, the research of oscillation motion of a se-
lected macroparticle in the self-consistent perturbed
field of electroneutral statistical cell. By separating
the stochastic and regular components of the charge
motion, an equation for the “restoring” force acting
on a charged particle shifted from its equilibrium po-
sition in the electroneutral statistical cell of HPF is
derived. Partial contributions of plasma charges to
the spectral components of the braking radio emis-
sion at various stages of their anharmonic oscillation
motion are determined.

3. A general statistical concept of HPF braking ra-
diation is proposed. It is based on the separation of
the motion of separate plasma particles (macropar-
ticles and electrons) in the effective field of an elec-
troneutral cell into the regular and stochastic compo-
nents. Radiation emission of electromagnetic waves
by accelerated charges shifted from their equilibrium
positions is presented as the evolution of the instant
stages of their anharmonic oscillations in the course
of perturbed cell relaxation of the equilibrium state.

4. The distributions of effective electrophysical pa-
rameters in the regions of local thermodynamic equi-
librium and their dependences on the key HPF pa-
rameters, as well as the spectrum of oscillation modes
of charged particles in the condensed dispersed phase,
are determined. In the space of thermodynamic pa-
rameters, the region of the emergence of plasma in-
stabilities associated with the “particle” component is
studied.

5. The amplitude-frequency function (AFF) is de-
termined for the braking radiation of macroparticles

and electrons in the radio-frequency range making
allowance for the forces of “effective oscillators” (ac-
celerated charges) in the random phase approxima-
tion and with regard for the statistical distribution
of electroneutral cells in HPF over the correspond-
ing excitations. In the computer-assisted numerical
experiment carried out with the help of the soft-
ware subroutine package RFEHPF.m, the diagrams
describing the dependences of the limiting parame-
ters of oscillation modes on the key HPF parameters
are plotted. The studied intervals of HPF parame-
ters are 𝑇 = 1150÷ 3950 K, 𝑛𝑝 = 105÷ ÷1012 cm−3,
𝑟𝑝 = 10−7÷10−4 cm, 𝑊 0 = 4÷7 eV, 𝐸0

F = 5÷8 eV,
and 𝜀𝑝 = 5÷ 12, which are typical of technological
kinds of plasma with a condensed dispersed phase,
cover the set of plasma parameters that are actual
for applications and single out the region, where os-
cillation instabilities arise.

6. The frequencies of braking radiation emission
and the functional dependences of its intensity on
thermodynamic parameters are determined for HPF
regions in the locally equilibrium states. Analytical
expressions for partial powers of braking-radiation
spectral components in thermal plasma with a con-
densed dispersed phase (CDP) are derived. The AFF
of HPF radio emission is shown to possess a charac-
teristic local maximum induced by the most probable
perturbations of electroneutral cells in plasma owing
to stochastic shifts of the individual charges.

7. The results of experiment [18] dealing with the
determination of spectral components for the oscil-
lating sporadic leakage currents from a plane con-
denser with a plasma torch of products of powdered
aluminum combustion in air between the condenser
plates and a constant potential difference between
the latter are analyzed. A mechanism of emergence
of oscillations, which is based on the consideration
of fluctuation-induced changes of oscillation modes
in the subsystem of CDP particles (aluminum ox-
ide) in the volume of a torch, which plays the role of
a plasma-like condenser interlayer, is proposed. For
the initial parameters of experiment aimed at study-
ing the oscillation processes in heterogeneous plasma
with aluminum oxide particle [18] and in the frame-
work of the proposed model, the electrophysical pa-
rameters of plasma and the oscillations spectrum of
“particle” component are found. A good theoretical
reconstruction with the use of no fitting parameters
is obtained for the AFF parameters that are found
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for HPFs experimentally. Possibilities of applying the
proposed approach to the problems of telediagnostics
of heterogeneous plasma formations are discussed in
brief.
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В.I.Маренков

РАДIОВИПРОМIНЮВАННЯ НАНОЧАСТИНОК
ГЕТЕРОГЕННОЇ ПЛАЗМИ З КОНДЕНСОВАНОЮ
ДИСПЕРСНОЮ ФАЗОЮ

Р е з ю м е

На основi статистичного “чарункового” пiдходу до опису
iонiзацiї гетерогенної плазми (ГП) вивчено механiзм гене-
рацiї гальмiвного радiовипромiнювання в об’ємi гетероген-
них плазмових утворень. Запропоновано нову модель опису
ефективної взаємодiї мiкрополiв i зарядiв у плазмi. Сто-
хастичний рух заряджених частинок ГП розглядається в
моделi як еволюцiонуючий процес ангармонiчних коливань
окремих зарядiв у миттєвому полi електричних сил ча-
рунки електронейтральностi. Ефективнi значення частот
i питома iнтегральна потужнiсть гальмiвного випромiню-
вання ГП в радiодiапазонi визначаються як середнi за ан-
самблем чарунок. Амплiтудно-частотна функцiя i вiдноснi
внески окремих коливних мод зарядiв плазми в iнтенсив-
нiсть радiовипромiнювання знайденi в наближеннi хаоти-
чних фаз. У просторi визначальних параметрiв ГП прове-
дено порiвняльний аналiз даних модельної теорiї та експе-
рименту для плазми з наночастинками оксиду алюмiнiю.
Вiдзначено добре як якiсне, так i кiлькiсне узгодження ре-
зультатiв комп’ютерного – в рамках моделi, i натурного екс-
периментiв. Обговорено можливостi застосування отрима-
них результатiв для завдань теледiагностики гетерогенних
плазмових утворень.

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3 267


