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ABSTRACT

The effect of a standing high-power high-frequency radio wave on the behavior of the F-layer
ionospheric plasma is numerically investigated with the help of the mathematical model, developed
earlier in the Polar Geophysical Institute. The mathematical model is based on a numerical solution
of the Vlasov-Poisson system of equations by using the macro-particle method. The results of
model simulations indicate that a presence of a standing high-power high-frequency radio wave
ought to influence significantly on the behavior of the bulk flow velocities of electrons and positive
ions, with considerable differences between mentioned velocities taking place at the levels of the
wave’s loops, whereas, mentioned velocities being equal and negligible at the levels of the nodal
points. As a consequence of the different behavior of the bulk flow velocities of electrons and
positive ions, intensive heating of the F-layer ionospheric plasma ought to arise at the levels of the
loops of a wave. On the contrary, at the levels of the nodal points, the ionospheric plasma ought to
stay undisturbed.
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1. INTRODUCTION

Artificial heating experiments by powerful high
frequency (HF) radio waves, pumped into
the ionosphere by ground-based ionospheric
heaters, were successfully used during the last
four decades for the investigations of the
ionospheric plasma’s properties. For fulfillment
of these investigations, some ground-based
ionospheric heaters have been built not only in
the mid-latitudes (Platteville, Arecibo, Nizhny
Novgorod, etc.) but also in the high-latitudes,
namely, near Monchegorsk, Kola Peninsula, near
Tromso, Scandinavia, near Fairbanks, Alaska,
near Gakona, Alaska, and near Longyearbyen,
Svalbard. The obtained experimental data
indicated that powerful HF radio waves, pumped
into the ionosphere, can produce significant
large-scale  variations in the electron
temperatures and densities at F-layer altitudes
[1-22].

To study the influence of high-power HF radio
waves on the behavior of the ionospheric
plasma, mathematical models may be applied.
Model simulations of the large-scale F-layer
modification by powerful HF radio waves have
been performed in some studies (in particular,
see [23-28]). Also, in the Polar Geophysical
Institute (PGI), a mathematical model of the F-
region ionosphere, which can be affected by a
powerful HF wave, has been developed [29].
This model has been utilized to study the
influence of various parameters of high-power
HF radio waves on the large-scale modification
of the F-region ionosphere [29-36].

In the near-Earth plasma, magnetic field
aligned super-small-scale irregularities in the
concentration of charged particles are often
observed. These irregularities either are naturally
present or may be artificially produced as a
result of active experiments in the near-Earth
plasma. The parameters of the magnetic field
aligned super-small-scale irregularities in the
concentration of charged particles have been
described in details [37]. It turns out that
diametrical sizes of these irregularities are
several Debye lengths (no more that about 100),
while the disturbances of the density of charged
particles in them can reach some tens of
percentages [37].

To investigate the behavior of these super-small-
scale irregularities, computational studies may be

applied. In particular, the formation of the super-
small-scale irregularities was considered and
simulated earlier [38]. Besides, in the PGI, a
mathematical model, based on a numerical
solution of the Vlasov-Poisson system of
equations by using the macro-particle method,
has been developed [39]. The time evolution of
the super-small-scale irregularities in the electron
concentration, created initially in the F-region
ionospheric plasma, has been studied under
various geophysical conditions with the help of
this mathematical model [39-42]. Also, this
mathematical model has been utilized for
studying the time evolution of the super-small-
scale irregularity in the electron concentration
under action of a high-power HF radio wave,
pumped into the ionosphere by a ground-based
ionospheric heater [43]. The simulation results
indicated that a high-power HF radio wave
influences not only on the evolution of the
irregularity but also on the behavior of the
ambient ionospheric plasma [43].

In the present study, the mathematical model,
intended for studying the time evolution of the
super-small-scale irregularities in the F-layer
ionospheric plasma, is utilized for numerical
investigation of the effect of high-power HF radio
waves on the behavior of the ambient
ionospheric plasma. The present work is the
continuation of the investigation begun earlier
[43], with new simulation results, concerning the
mechanism responsible for artificial heating of
ionospheric plasma by powerful HF radio waves,
being submitted in the present paper.

2. MATHEMATICAL MODEL

The ionospheric plasma at F-layer altitudes is
assumed to be a rarefied compound consisting of
electrons and positive ions in the presence of a
strong, external, uniform magnetic field. Utilized
mathematical model, intended for studying the
time evolution of the super-small-scale
irregularities in the F-layer ionospheric plasma,
takes into account that the mean free path of
particles (electrons and ions) between
successive collisions is much more than the
cross-section diameters of these irregularities.
Therefore, the plasma is supposed to be
collisionless. Kinetic processes in such plasma
are described by the Vlasov-Poisson system of
equations, with the Vlasov equations describing
the distribution functions of charged particles
and the Poisson equation governing the self-



consistent electric field. Detailed description of
these equations may be found in earlier studies,
for example [44] and [45]. The system of
equations may be written as follows:

0 +[v,%]+q—”(E+[VXBO]s€f"]

ot ox m ov

0, a=i,e

(1)

a

1
Ap(x,1)= —g—p(x,t), )
0

E(x,t)= —Vgo(x,t),
p(x)=eo(n,n,). n, (x.0)= [ 1, (tx.v)av.

where f (t,x,v), n,(x,t), m,, and q, are,
respectively, the distribution function,

concentration, mass, and charge of particles of
type a, X is the space coordinate vector, Vv is

the velocity, B0 is the external magnetic field,
E is the self-consistent electric field, (o(x,t) is
the electric field potential, p(x,t) is the electric
charge density, ¢, is the dielectric constant of

free space, and ¢, is the proton charge. The

Vlasov equation, (1), describes the behavior of
the distribution function of electrons (a = e) and
ions (a =i), whereas Poisson equation, (2),
describes the self consistent electric field in the
plasma. For numerical solving of the Vlasov
equations, (1), a macro-particle method is used.
For numerical solving of the Poisson equation,
(2), a finite-difference method is utilized.

As a consequence of specific configuration of
magnetic  field aligned  super-small-scale
irregularities in the concentration of charged

particles, it is sufficient to consider a two
dimensional flow of plasma in a plane
perpendicular to a magnetic field line. Therefore,
the utilized mathematical model is two-
dimensional. In the time-dependent model
calculations, a two-dimensional simulation

region, lain in the plane perpendicular to the
magnetic field line, is a square and its side length
is equal to 128 Debye lengths of the plasma. The
quantity of the grid cells is 1024x1024 and the
average number of macro-particles in the Debye
cell for the model plasma is 2'. Computer
programs  were  developed utilizing a
programming language Fortran. More complete
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details of the utilized mathematical model may be
found in the studies published earlier [39-43].

3. PRESENTATION AND DISCUSSION
OF RESULTS

The utilized mathematical model can describe the
behavior of the ionospheric plasma under various
conditions. The results of modeling to be
presented in this work were obtained using the
input parameters of the model typical for the
nocturnal F-region ionospheric plasma at the level
of 300 km. In particular, the value of the non-
disturbed electron concentration (equal to the
positive ion concentration), n,, is equal to

10" m™. The electron and ion temperatures are

assumed to be equal to 1213 K and 930 K,
respectively. At the initial moment, the bulk flow
velocities of electrons and positive ions, U, and U;
respectively, are supposed to be zero. The value

of the magnetic field is 4.4x10 ~ T. Under chosen
parameters of the ionospheric plasma, the
equilibrium plasma frequency, wope, is 1.78x10’
s”, the frequency of cyclotron oscillations of
electrons, wg, is 7.74x10° 3'1, the Debye length

of the plasma, XODQ, is equal to 7.6x10° m, the

equilibrium period of Langmuir oscillations of
electrons, Ty, is 3.52x10” s, the period of
cyclotron oscillations of electrons, T, is
approximately a factor of 2.3 larger than the
equilibrium period of Langmuir oscillations of
electrons (T¢e = 2.3-Tpe), and the mean free time
of electron between successive collisions with
other particles is larger than the equilibrium
period of Langmuir oscillations of electrons by a
factor of about 1047. It may be noted that the
pointed out parameters of the ionospheric plasma
have been used in the earlier study [43], also.

The simulation results to be presented in this
paper were obtained for two distinct on principle
situations. The external electric field is absent for
the first situation. Unlike, the external electric
field, which represents a high-power HF radio
wave, pumped into the ionosphere by a ground-
based ionospheric heater, is present for the
second situation. It is assumed that this high-
power HF radio wave illuminates the two-
dimensional simulation region.

It is assumed that the HF radio wave, radiated by
a ground-based ionospheric heater, propagates
upwards along a magnetic field line up to the
reflection point, turns back, and propagates
towards the Earth’s surface along a magnetic field



line. It is supposed that the upward and
downward HF radio waves form a standing wave.
A schematic representation of a standing high-
power HF radio wave, utilized for an artificial
heating experiment and excited by a ground-
based ionospheric heater, is presented in Fig. 1.
It can be noticed that the formation of a standing
wave is more probable at high latitudes where the
direction of magnetic field is close to vertical.

The simulation region of the utilized mathematical
model is two-dimensional and it lies in the plane
perpendicular to the magnetic field line. It is
supposed that the vector of the HF wave’s electric
field, E, lies in the plane of the simulation region,
with the projection of E, perpendicular to the
simulation region, being absent. The disturbing
HF radio wave is assumed to be ordinary and to
have the frequency of the electron hybrid
resonance, namely, w, = [(wope)2 + (wce)z]”2
Therefore, the frequency of the disturbing HF
radio wave, wy, is approximately a factor of 1.09
larger than the equilibrium plasma frequency (wy
= 1.09-w’,), with the wave length being close to
100 m. It is assumed that the module of the
vector of the HF wave’s electric field, after the
initial moment, increases smoothly and reaches
the maximal value of 0.49 V/m during the time
interval of five periods of Langmuir oscillations of
electrons.
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Fig. 1. An exaggerated representation of a
standing high-power HF radio wave, utilized
for an artificial heating experiment and
excited by a ground-based ionospheric
heater [14]. A length of a wave, emitted by an
ionospheric heater, is denoted by A
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Let us consider the first situation, when a
standing high-power HF radio wave, excited by a
ground-based ionospheric heater, is absent. The
results of simulation indicated that, for this
situation, the distribution functions of charged
particles as well as self-consistent electric field in
the ionospheric plasma were retained invariable.
As a consequence, the bulk flow velocities of
electrons and positive ions, U, and U; were
retained close to zero at all levels of the F region.

Let us consider the second situation, when the
plane standing high-power HF radio wave,
excited by a ground-based ionospheric heater, is
present. The time variations of two perpendicular
components of the vector of the HF wave’s
electric field at one point of the simulation region,
when this region is situated at the level of a loop
of the wave, are shown in Fig. 2. At other points
of the simulation region, the behavior of the
vector of the HF wave's electric field is
analogous. In each point of the two-dimensional
simulation region, the vector of the HF wave’s
electric field, E, rotates with the frequency equal
to wy, with this fact being seen from Fig. 2 as a
consequence of time displacement of the
maximal values of perpendicular components of
the vector of the HF wave’s electric field. It should
be emphasized that chosen maximal value of the
module of the vector of the HF wave’s electric
field is quite attainable, for example, for the
heating facility near Tromso, Scandinavia. Also, it
is seen from Fig. 2 that, for the first situation, the
electric field components are absent at the
considered point of the simulation region.

The time variations of perpendicular components
of the vectors of the bulk flow velocities of the
positive ions and electrons at some points of the
simulation region, when this region is situated at
the level of a loop of the wave, are shown in Figs.
3 and 4, respectively. From these Figures, it can
be seen that, at the level of a loop of the wave,
the vectors of the bulk flow velocities of the
positive ions and electrons rotate with the
frequency equal to the frequency of the disturbing
HF radio wave, w,. These facts follow from time
displacements of the maximal values of the
perpendicular components of the vectors of the
bulk flow velocities of the positive ions and
electrons.

The rotation of the vectors of the bulk flow
velocities of the positive ions and electrons is not
unexpected. The ionospheric plasma at F-layer
altitudes is known to be strongly magnetized.
Therefore, the bulk flow velocities of the positive



ions and electrons are strongly affected by the
electric field E, with the plasma transport
perpendicular to the magnetic field lines following
ExB direction. As a consequence of the rotation
of the vector of the HF wave’s electric field E, the
vectors of the bulk flow velocities of the positive
ions and electrons rotate, too, at levels of loops of
the disturbing HF radio wave.

Ex |[V/m]
0.5 +

0.3
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0.5

0.3

Fig. 2. The time variations of two
perpendicular components of the vector of
the HF wave’s electric field, namely E, (top

panel) and E, (bottom panel), lain in the
simulation region, when this region is
situated at the level of a loop of the wave,
and calculated at the point, displaced from
the center of the simulation region in the X
direction for a distance of sixteen Debye

lengths (16-7»%6 ) For the first situation,

correspondent to absence of an external
electric field, the results are shown by
dashed lines, whereas, for the second
situation, correspondent to presence of the
standing high-power HF radio wave, the
results are shown by solid lines. The electric
field components are given in V/m. The

normalized time, t/Tpe , that is, the time in

units of the equilibrium period of Langmuir

oscillations of electrons, Tpe , is shown on
the abscissas

The simulation results indicated that the rotation
of the vectors of the bulk flow velocities of the
positive ions and electrons take place not only at
some points of the simulation region, used in
Figs. 3 and 4, but also at each point of the two-
dimensional simulation region. This fact can be
confrmed by Fig. 5, where the spatial
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distributions of the vector of the bulk flow velocity
of electrons are shown for some successive
moments in all simulation region, when this region
is situated at the level of a loop of the radio wave.
It should be emphasized that, at the levels of the
nodal points, the vectors of the bulk flow
velocities of the positive ions and electrons are
retained close to zero.

-4
[km /s]- 10

Fig. 3. The time variations of two
perpendicular components of the vector of
the bulk flow velocity of the positive ions,
namely Uj (blue lines) and U;, (green lines),
lain in the simulation region, when this region
is situated at the level of a loop of the radio
wave, and calculated for the second situation,
correspondent to presence of the standing
high-power HF radio wave. The results,
calculated at the point, displaced from the
center of the simulation region in the X
direction for a distance of thirty Debye

lengths ( 30- XODe ) , are shown at the top
panel. The results, calculated at the point,

displaced from the center of the simulation
region in the Y direction for a distance of

thirty Debye lengths (3O'X0De ) , are shown
at the bottom panel. The components of the

vector of the bulk flow velocity of the positive
ions are given in [km/s]-10'4. The normalized

time, t/Tpe , that is, the time in units of the
equilibrium period of Langmuir oscillations

of electrons, T, is shown on the

pe’?
abscissas
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Fig. 4. The time variations of two perpendicular components of the vector of the bulk flow
velocity of electrons, namely U (solid lines) and U, (dashed lines), lain in the simulation
region, when this region is situated at the level of a loop of the radio wave, and calculated for
the second situation, correspondent to presence of the standing high-power HF radio wave.
The results, calculated at the point, displaced from the center of the simulation region in the X

direction for a distance of thirty Debye lengths ( 30- XODe ) , are shown at the top panel. The

results, calculated at the point, displaced from the center of the simulation region in the Y
direction for a distance of thirty Debye lengths (30 . XODE ) , are shown at the bottom panel. The

components of the vector of the bulk flow velocity of electrons are given in km/s. The

normalized time, t/Tpe , that is, the time in units of the equilibrium period of Langmuir

oscillations of electrons,

It is known that, as a consequence of strong
magnetization of the positive ions and electrons
in the ionospheric plasma at F-layer altitudes, the
bulk flow velocities of the positive ions and
electrons in the ExB direction ought to be equal,
when the electric field E varies in the course of
time slowly. The obtained simulation results
indicated that absolute values of vectors of flow
velocities of electrons are much more than
modules of vectors of flow velocities of positive
ions (Figs. 3 and 4), when the electric field E
varies in the course of time very rapidly. The
modules of vectors of flow velocities of electrons
can reach values of some km/s. As a
consequence of great differences between the
bulk flow velocities of electrons and positive ions,
intensive Joule heating of the F-layer ionospheric
plasma ought to arise at the levels of the loops of
a wave.

In the F-layer ionosphere, the neutral particles
are known to be present whose velocities are
much less than bulk flow velocities of electrons,
obtained in the described simulations. Due to
high differences between the bulk flow velocities
of electrons and neutral particles, the frictional

T

pe’

is shown on the abscissas

heating of the ionospheric plasma ought to arise
at the levels of the loops of a wave, with this
frictional heating being a result of elastic
collisions between particles.

It can be noticed that perceptible Joule heating
and frictional heating of the ionospheric plasma
ought to be absent at the levels of the nodal
points of a standing high-power HF radio wave.

The intense high-power radio waves, utilized for
artificial heating experiments and pumped into
the ionosphere by ground-based ionospheric
heaters, are decameter waves. Therefore, in a
standing radio wave, formed below the reflection
point, the distance between neighbouring loops,
which is equal to half of a wave length, ought to
be less than approximately 50 m. Analogous
distances take place between neighbouring
nodes of a wave (Fig. 1). Consequently, it may
be expected that the layers of heated ionospheric
plasma are present in the F region below the
reflection point. Between these hot layers, the
layers of undisturbed ionospheric plasma ought
to be present. Thicknesses of these hot and
undisturbed layers ought to be less than the half
of a wave length.
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0
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Fig. 5. The spatial distributions of the vector of the bulk flow velocity of electrons, U,, lain in
the simulation region, when this region is situated at the level of a loop of the radio wave, and
calculated for the second situation, correspondent to presence of the standing high-power HF

radio wave. The normalized distances, X/x%e and Y/x%e, that is, the distances in units of the

Debye length, XODe , from the central point of the simulation region are shown on the horizontal

(X) and vertical (Y) axes. The vector of the magnetic field lies on the axis, perpendicular to the
simulation region, and is directed downwards. The degree of shadowing of the figures
indicates the module of the velocity in km/s. The results are given for the following moments:
(a) =5.2:Tpe, (b) =5.4-Tp, (€) t= 5.6 Ty, (d) t=5.8:Tp,

4. CONCLUSIONS

The influence of a high-power HF radio waves,
pumped into the ionosphere by ground-based
ionospheric heaters during the periods of active
experiments, on the behavior of the F-layer
ionospheric plasma has been studied with the
help of the mathematical model, developed
earlier in the PGI. The utilized mathematical
model is based on the numerical solution of the
Vlasov-Poisson system of equations, with the
Vlasov equations describing the distribution
functions of charged particles and the Poisson
equation governing the self-consistent electric
field. The applied mathematical model allows us
to investigate numerically kinetic processes in
ionospheric plasma. The simulation results have
indicated that a presence of a standing high-

power HF radio wave ought to influence
significantly on the behavior of the bulk flow
velocities of electrons and positive ions. At the
levels of the loops of the wave, the vectors of the
bulk flow velocities of the positive ions and
electrons rotate with the frequency equal to the
frequency of the disturbing HF radio wave. It
turned out that considerable differences between
modules of bulk flow velocities of electrons and
positive ions take place at the levels of the
wave’s loops, whereas, mentioned velocities are
equal and negligible at the levels of the nodal
points. As a consequence, intensive heating of
the F-layer ionospheric plasma ought to arise at
the levels of the loops of a wave. On the
contrary, at the levels of the nodal points, the
ionospheric plasma ought to stay undisturbed.
Thus, in the present paper, new details of the



mechanism responsible for artificial heating of
ionospheric plasma by powerful HF radio waves,
pumped into the ionosphere by ground-based
ionospheric heaters, have been submitted.
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