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We discuss the influence of charged dust on radar observations in the Earth iono-
sphere. This region in the upper Earth atmosphere can be described as a partially
ionized, low-temperature plasma. Plasma parameters vary by orders of magnitude
spatially and in time. Dust particles influence the charge balance, in some cases
dusty plasma condition is met. The polar mesospheric echoes are an example of dust
plasma interactions observed with radar. The mesosphere is a region where atmo-
spheric temperature decreases with altitude and can reach frost point temperature.
The formation of the polar mesospheric radar echoes involves neutral atmosphere
dynamics, which is latitude dependent and it involves charged dust particles, espe-
cially icy dust that forms in the polar summer mesosphere. Charged dust can also

influence incoherent scatter that results from electromagnetic waves scattering off
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electrons, where the electrons are coupled to other charged components. Observers
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rarely report charged dust signatures in the incoherent scatter spectra; we show that
there is a good chance for doing so with improved observations. The incoherent scat-
ter can possibly also be used to estimate the amount of charged dust in the direct
vicinity of a meteor, as we show based on the order of magnitude considerations. This
prospect of new observational results makes theoretical investigations of radio-wave

scattering in the presence of charged dust with size distributions worthwhile.
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1 | INTRODUCTION

Scattering of electromagnetic waves in plasma provides a tool of remote diagnostics and is used in laboratory and fusion plasmas.
It is also used to study the partly ionized gas of the upper Earth atmosphere,!'! where because of the scaling of wavelength and
Debye length (Figure 1) the characteristic scattering occurs for radio waves and is observed with radar. This process, which
for historical reasons is called incoherent scatter, is used to probe the upper atmosphere typically from 100 to 600 km and with
advanced instruments and analysing techniques further can also be used this region can extend above and below. The incoherent
scatter can also be influenced by the charged dust particles, a dusty plasma effect that is predicted, but so far only observed in a
few cases. Dust particles exist in the meteor ablation zone and below. The amount of dust and its surface charge are important
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parameters in the physics and chemistry of the upper atmosphere and we discuss here the chances prospects to detect the
charged dust with incoherent scatter. Radar also observe meteors that form when cosmic dust and meteoroid particles enter the
atmosphere, and radar detect (coherent) strong radar echoes, that are linked or possibly linked to the presence of charged dust.
Because of the small cross section of the underlying Thomson scattering at free atmospheric electrons, observing incoherent
scatter requires using high-power, large aperture radar. Such facilities that are located around the globe at a few fixed locations.
This article refers to the incoherent scatter observations made with the EISCAT radars near Tromsg (VHF 224 MHz, UHF
933 MHz) and on Svalbard (ESR 500 MHz). Their locations at high latitude are interesting for ionospheric research because
the plasma in the upper polar atmosphere is highly variable from day to night and influenced by the Sun—Earth interactions.
The upper polar atmosphere is also interesting for climate research because during summer it reaches the globally lowest
temperatures. We discuss the influence of the charged dust on incoherent scatter and other radar observations of the dust.

2 | TONOSPHERE AND ITS DUST COMPONENTS

The upper atmosphere where solar radiation determines the degree of ionization, called the ionosphere, contains atomic
and molecular ions and neutrals. It is partially ionized to various degrees at its different altitudes from roughly 60 to 1,000 km
and the density decreases with increasing altitude over many orders of magnitude. The plasma temperatures range from as low
as 100 to 2,000 K. The Debye length varies from cm to mm scale and varies with ionospheric conditions (Figure 1). The
lower ionosphere overlaps with the upper mesosphere. The mesosphere is the part of the Earth atmosphere where temperature
decreases with the altitude, its boundaries vary over the year and with latitude. Its upper boundary is the region of lowest tem-
perature. The upper mesosphere also overlaps with the meteor ablation zone (~70-130km), where meteoroids (dust particles)
that fall into the atmosphere are decelerated and ablate.’3) A large fraction of the meteoroid material diffuses into the atmo-
sphere in solid and gaseous form. The metallic ions that are presumably of meteoric origin are observed as sporadic E-layers.[!
Dust particles with radii from a few 10 nm to less than nm form out of the material that is released during the meteoroid
ablation.

The forming particles are transported in the atmospheric zonal and meridional circulation that are influenced by gravity
waves.>%1 The dust particles contribute to formation of icy particles when the temperature close to the mesopause reaches
its frost point. The small dust acts as nucleation centres so the ice particles form faster than the homogenous condensation
from gas phase does. Models suggest that nucleation forms icy dust of radii 10-50 nm.[”! While models®®! assume that initial
condensates of 0.2 nm size form in the meteor plumes, there is an uncertainty about the smallest size of the dust particles.
Instruments on atmospheric rockets measure the impacts of charged dust particles. The detections go down to roughly 0.5 nm
radius (~500 amu).¥! This is not necessarily the lower size limit, because small particles are deflected in the airflow around
the rocket and, therefore, not measured (see e.g. ref. [9]). The larger among the icy dust particles are observed in noctilucent
clouds,!'%!1 with optical images,['>!13! with lidar,['*! and optically from satellites.[!>!
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FIGURE 2 The electron density observed with EISCAT UHF (solid line, in units m~3) and Polar Mesospheric Summer Echoes (PMSE,
dashed line, in arbitrary units) observed with EISCAT VHF on June 26, 2013 from 7:30 and 13:00 UT. Data shown are accumulated over 30 min
time™3) and Polar Mesospheric Summer Echoes (PMSE, dashed line, in arbitrary units) observed with EISCAT VHF on June 26, 2013 from 7:30
and 13:00 UT. Data shown are accumulated over 30 min time intervals

Another parameter that is difficult to derive from observations is the dust charge and it is seen as a key parameter to understand
the formation of mesospheric ice particles.”>'!! Through its influence on the number of free electrons, the dust charge also
influences atmospheric chemistry.!*!1%171 The charged dust particles are involved in processes that are observed with radar as
we discuss below.

3 | DUST CHARGING IN DETAIL

Dust particles charge by collecting and emitting electrons and ions. Impacting electrons and ions with low energy stick to the
particles so that a charge builds up. Impacting high-energy particles produce secondary emission. Impacting photons can cause
photo-electron emission icy or photo-detachment from negatively charged dust. All these processes generate charging currents,
which at the same time vary with the dust surface charge that attracts or repels the charged particles. For moderate plasma
temperatures, in the absence of solar radiation the dust particles typically reach a negative equilibrium charge. The attachment
of the electrons to the dust leads to a lack of free electrons in the layers with large (icy) dust particles. This phenomenon
was observed with rocket observations where the electron flux lowered when the measured dust flux was large. This so-called
electron bite-out is, however, not always observed. Similarly, the bite-outs are rarely seen with radar observations. Figure 2 shows
altitude profiles of observations with two co-located EISCAT radars. The EISCAT UHF detected incoherent scatter from which
electron densities are derived and shown in the figure. EISCAT VHF measured coherent Polar Mesospheric Summer Echoes
(PMSE) signals that form in the presence of charged dust, as we discuss below (Section 4). While the analysis of incoherent
scatter from low altitude where electron densities are low bears an uncertainty (see Section 5), it is still worthwhile to note that
none of the measurements shown in the figure suggest a reduced electron density at the altitude and time of the PMSE signal,
i.e. in the presence of dust. This illustrates that dust charging is more complex.

In reality, the dust can also be neutral or positively charged and particles of a few nm-size have a charge of O or
+e only.!"!¢18191 Even small amounts of high-energy particles change the charge balance.?®! Auroral precipitation brings
~1-10 keV electrons to 100—120 km altitudes and those with E> 10 keV even deeper. They lead to secondary electron emis-
sion, which in addition is influenced by small particle effects.['”) Impacts of photons cause photo-electron emission when the
photon energy is greater than the work function of the dust material. Photon impacts on negatively charged dust can lead to
detachment of electrons. In addition to solar photon flux, ionospheric processes (e.g. aurora) and geo-corona can possibly influ-
ence the charging and the dust light scattering properties enter the problem. At the same time, the nm-sized dust differs from
the larger dust in physical properties and interactions are influenced by induced mirror charges.!'”! All these processes vary
with altitude and from day to night-time and with ionospheric variability. Concerning solar radiation, the photo-ionizing solar
X-ray, EUV, and UV fluxes are variable.
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4 | COHERENT RADAR ECHOES

The charged ice particles contribute to the formation of radar echoes, called Polar Mesospheric Summer Echoes (PMSE),[?!-23!
which are observed in the polar mesosphere during summer. Height of PMSE is typically 5-20km and they are at altitude
between 70 and 90km. While the exact formation is still topic of ongoing research, they probably form because of spa-
tial variations in the plasma refractive index. Because the index of refraction at the @ (angular frequency) is ~ 1 — @? /a)g
with w, = (nee*/egme)''?, it is directly influenced by electron density variations. The spatial structures form, because the
dust particles are carried in the neutral atmosphere. Full models of the formation of these radar echoes are still missing,
but it is assumed that the charging of dust reduces the electron density. Similar radar echoes are observed during the year,
but less frequently and at lower altitude,*! it is suggested that they form in a similar way to PMSE and are linked to
smaller dust.!>)

Figure 3 shows PMSE observed from Tromsg on August 11, 2018 during the hour before local midnight from 21:00
to 22:00 UT. Local sunset was 20:11 UT. The small structures around 85 km altitude are PMSE, otherwise the figure dis-
plays electron density derived from the observed incoherent back-scattering. The two phenomena can be distinguished by
different shape of the frequency spectra. Starting from about 21:45, high electron density is observed as far downward
as 70km. This is typically caused by precipitation of high-energy particles and presumably triggers the PMSE formation
because it generates sufficiently high electron densities. Precipitation can, in addition, change the dust charging conditions.
This is one of the few observations of PMSE around midnight. During this observation the heating facility*®! was oper-
ated, it transmits high-power HF waves into the ionosphere and locally and temporarily enhances the electron temperature.
The temperature enhancement at PMSE altitude is by about factor of 101?71 and heating influences the strength of PMSE
(cf. ref. [28]). The width of the PMSE frequency spectrum is narrow compared to the incoherent scatter that is discussed
below. The spectra shown in Figure 4 are observed with the EISCAT remote receivers that are located at distances 199 km
in Kiruna (Sweden) and 391 km in Sodankyla (Finnland) so that the radar echoes are observed under different scattering
angles. The spectral profiles are broader than those observed under 180° from Tromsg.[?*! We presume that the width is influ-
enced by Doppler-shift due to bulk atmospheric motion along the radar beam, rather than due to the scattering process.!>’!
While the PMSE shown in Figure 3 have a characteristic wavy pattern in their time evolution and occur at lower altitude,
they can also be distinguished from incoherent scatter because they have distinctly different frequency distributions, as shown
in Figure 5.

5 | INCOHERENT SCATTER AND CHARGED DUST

The incoherent scatter results from electromagnetic waves scattering off electrons. When the radar wavelength is large in com-
parison to the plasma Debye length (cf. Figure 1), the spectral distribution of the scattered radiation is influenced by the electron
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FIGURE 4 The frequency width of Polar Mesospheric Summer Echoes (PMSE) observed on June 26, 2013. The radar signal was transmitted
with the EISCAT VHF remote receivers in Sodankylae and Kiruna. The spectra are narrow, in comparison to incoherent scatter but broader than
observed in direct back-scattering observed from the Tromsg site
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density fluctuations!!! and most apparent are peaks that, in the absence of bulk motion, are shifted upward and downward
from the radar transmission frequency by frequencies of the plasma (Langmuir) and by the ion acoustic oscillations of the
system. Because of the latter, the vast majority of the observed back-scattered power is concentrated within several 100 Hz
around the radar frequency. This usually double-peaked profile, called the ion line, is further influenced by Landau damping
so that for T; ~ T., which is the case in the lower ionosphere, the resonances smear out and merge to one central peak. Figure 5
shows an example of the ion line and variation with height. The back-scattered power, which, to a large extent, is contained
in the ion line is proportional to the electron density. The shape of the ion line depends on electron and ion temperatures,
ion mass.

There exist several different theoretical approaches to describe the incoherent scatter. For the lower ionosphere that is weakly
ionized and collision dominated, a multi-fluid equation approach is used, e.g., to study the influence of ion components.[3"
Cho and collaborators®!l extended results obtained for three fluids to the n-fluid case and included singly charged dust as
a constituent. Because we use their incoherent back-scatter radar equation for estimating the spectra observable for EISCAT
UHF, we briefly describe it below. For our calculations, we adapted a script described by Theiser.?”) The equation con-
tained in that script differs by a factor z, we used the original radar equation. In the absence of bulk motion and with the
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transmit frequency wq of the radar and frequency shifts w, the multi-fluid model describes the back-scatter radar cross section

oy, byPl:
2
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with electron number density, N, classical electron radius, ., and temperatures, T, of the atmospheric components. For tem-
perature and other variables used below, the subscript s denotes the constituents ions, electrons, and dust (s =i, e, and d). The
variables ay for each constituent are given by:

172
o= =g L) @
k/lDS k EOkBTS

where Aps and N are Debye length and number density, respectively, for each component and & is the radar Bragg wave-number,
k=4x/A, with the radar wavelength A, =c/@wy where c is the speed of light and @y is the frequency of the radar; k, is the
Boltzmann constant and e is the elementary charge. The variable zg is given by:

. 56,

1+i=
305 . 2 >
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The variable o (note the subscript) that enters Equation (3) is given as:

o= 2mYs 5 @
ms+m,  degys
where mg denotes the component mass and y are the normalized collision frequencies of the electrons, ions, and dust with the
neutrals y = v,/ \/Ekvs, where vg, are the constituent-neutral collision frequencies described below and vg = (kg Ts/ms)"? is
the mean thermal velocity. The normalized frequencies, 0y, are given by 6, = w/ \/Ekus. Here, m,, is the neutral mass and c; is
the thermal conductivity constant. Finally, the variable g is:

2 2
s = 5 2 S > | 5
h 30s + [W‘ + SdSws] )

where d; is the viscosity constant. We finally describe the assumed collision frequencies vy, for the collisions of electron, ion,
and dust with the neutrals.
The electron-neutral collision frequency is assumed:

1/2

=3.78x 107" T,/ +1.98 x 107! T,)N,. (6)

The ion-neutral collisions are assumed:

p 1/2
— nt nt
Ven = 2.59 x 107° v /2 < Mot Mm) : 7)

where M is the mass of the charged constituent in atomic mass units (amu), F; is the fractional volume of the neutral gas
present, M, is the mass of each neutral component (in amu), and y, is the polarizability of those components.
The dust-neutral collision frequency is assumed:

H _ 8(7‘5 + Vn)an [2ﬂkan(msTn + mnT's):| 12 8)

e 3(mg + my) mg

This approach (hard-sphere collision) is applicable for dust sizes 0.5 nm and larger. Figure 6 displays the calculated ion
line profiles in the presence of charged dust at a frequency of 933 MHz. To calculate the spectrum using Equation (1) for the
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; Comparison of the ion spectrum with 1.5 nm sized dust and Radar Frequency: 930 MHz
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radar back-scatter cross section given above, we assume the viscosity constants ds =1.55, 1.78, 2.1 for electrons, ions, and
dust, respectively, and the conductivity constants ¢; = 1.5, 2.28, and 1.6 given in the same sequence. Following Cho et al., we
assume the atmospheric constituents nitrogen, oxygen, argon with volume fractions My, = 0.78, Mo, = 0.21, and M4, =0.1,
and polarizability yn, = 1.74, yo, = 1.57, and ya, = 1.64. For conversion between dust mass and size, we assume spherical
compact particles with a mass density of 2 g/cm3.I! The dust charge polarity enters through the charge neutrality condition.
Figure 6 shows three different ion line spectra. The spectrum without dust is calculated for equal electron and positive ion
number densities N. = N; = 5,000 cm 2. To calculate the spectrum in the presence of positive dust, we assume N, = 5,000 cm™3,
N;=2,500cm™3, Ng=2,500cm™2, and dust radius 1.5 nm. To calculate the spectrum in the presence of negative dust, we
assume N, =5,000cm™3, N;=10,000cm™3 for positive ions, N;=2,500cm™3 for negative ions, Nqg=2,500cm™3, and dust
radius 1.5 nm. One can see that the presence of the dust influences the most inner part of the ion line, and that it narrows in the
presence of positive dust and widens in the presence of negative dust and positive ions. The model is limited to single charge
state, multiples charge states were e.g. studied by Hagfors.!33],

To study the shape of the spectrum, the measured back-scattered power needs to be sufficiently high, which is a challenge for
observations in the lower polar ionosphere where electron densities are small and ionospheric variability limits the integration
time. The influence of the charged dust on incoherent scatter spectra has been observed only in a few cases so far.34-36! With
the EISCAT radars in northern Scandinavia, so far only one detection of dust signatures in incoherent scatter was reported.!3*!
This detection was made with the EISCAT 930 MHz near Tromsg during ionospheric conditions with high electron content.
A consideration of the dust densities suggests that it is feasible to study the dust signatures in incoherent scatter observed
with EISCAT radars. Recent rocket observations from Andgya report dust densities from the 10 cm™ detection limit up to
10,000 cm™3, mostly 100-1,000 cm™3,[8! which is of the same order as the densities reported from the few dust detections in
incoherent scatter, so far. At mid-latitude, other groups have, in previous studies, derived dust signatures from a long exposure
observation with the Arecibo 430 MHz radar. The derived number densities range from 10 to 1,000 cm™2 and the dust radii are
0.8—1.0 nm at 85 to 92 km altitude.l**3>! From PFISR 449 MHz observations, the altitude profiles of dust with radii 0.5-2 nm
were derived at 70-92 km with 1 hr time resolution close to the Arctic circle (65.1°N, 147.5°W).3¢] The EISCAT radars have
a nominal transmit power of 2 MW for the UHF radar and 2 x 1.5 MW for the UHF, which is comparable to the 2 MW of
PFISR. Apertures are also comparable, so that we expect it is feasible to detect dust signatures in the spectra. The spectra can
be resolved to several 10~ Hz with VHF and to 102 Hz with UHF and ESR and possibly better for the new EISCAT 3D that
is currently under construction.37-38]

6 | DUSTDETECTION IN THE VICINITY OF A METEOR

The present understanding of mesospheric dust is that small solid particles form predominantly by re-condensation from the gas
phase. One of the remaining puzzles is that the amounts of metallic ions observed are comparatively small and can be explained
with small dust and meteoroid mass flux into the atmosphere.”! A possible explanation of this observation is that a smaller
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fraction of the ablated dust and meteoroid mass is in the gaseous components and that instead more fragments form, possibly
also in the nm size range. Fragmentation is observed in a large number of meteors including head echoes.**! In fact, an observed
light curve that showed no apparent signs of fragmentation was recently explained with a model including many small bursts
of fragments.[*! The direct formation of nm-sized dust in the fragmentation has not been considered so far.

Let us consider whether dust fragments could be detected directly by its influence on the incoherent scatter spectrum in
the vicinity of a meteor. The main part of a meteor forms because the meteoroid surface is heated to evaporation tempera-
ture and meteoroid and atmospheric species dissociate and ionize. An expanding column of partially ionized plasma evolves
behind the meteoroid and causes the phenomena typically associated with a meteor, called meteor trail. Radio waves are also
reflected from the plasma that directly surrounds the meteoroid body and directly moves with it, this phenomenon is called
head echo.

The EISCAT VHF radar can observe head echoes with an annual mean rate of 36,600 meteors per day./*!! As a part of the
noise reduction, head echoes can be identified in the spectra (and removed). To estimate the probability of detecting incoherent
scatter directly from the dust surrounding a meteor, we assume the beam size and empirical meteor flux for VHF radar and note
that those will be similar for the new EISCAT 3D operated in an integrated beam mode./*!! The beam cross section at 100 km
altitude is 2 km in the east—west direction and 3 km in the north—south direction. For an estimate of the dust number density
around the meteor, we assume that a fraction of the meteoroid mass disintegrates in ~nm particles and that this occurs within
5 km along the beam, a distance that is typical for the ablation of the major mass fraction of the meteoroid.!*! The observed
beam volume is sufficiently large to cover the meteor remnants for several minutes. This is most probably long in comparison
to the charging time.

A study of the charging of mesospheric dust!*?! reports for photoionization of ferric oxide particles with radii 1 nm a time
constant of 100s; it reports shorter time constants for the photo-ionization of larges particles and for the electron attachment.
Electron attachment rates increase proportional to the electron density, which is high in the meteor. When considering the
conditions in a meteor trail that is formed by a 0.1 g meteoroid, the charging time scale for electron attachment is about 0.5 s
at altitude 95 km; the charging time scale is smaller for larger meteors and at lower altitudes.’] However, because the details of
the charging process are still unknown, all these considerations need to be seen with some caution.

In order to reach a detectable average dust density > 100 cm™3 within this entire volume, the fragmented mass must be >1072
and assuming that the fragments make up 10% of the impacting meteoroid, this would require a 10~! g object, which is at the
upper end of the sizes in the meteor head echo population. The interplanetary dust number density and dust flux by number
increase steeply to small masses. It is, therefore, plausible to assume that the EISCAT meteor flux, which is a cumulative flux,
is dominated by the smallest detectable 10~® g meteoroids. Considering the frequently used interplanetary dust flux model,**!
the cumulative flux at mass 10~! g is a fraction of 107 of the flux at mass 107 g, one arrives at one head echo per month (or
more) that is caused by a large enough object to influence incoherent scatter at the detection level. This number increases for
smaller fragments.

7 | DUSTY PLASMA

Dusty plasmal**! is defined as a plasma that contains charged dust particles that participate in the plasma collective behaviour.
In fact, the influence of charged dust on the incoherent scatter and on PMSE can be seen as examples of dusty plasma. But also
other dusty plasma phenomena possibly occur. Theory predicts, for instance, that in the presence of negatively charged dust, an
ion-acoustic instability builds up and causes Bragg scattering observable with the EISCAT radars.[*3 These instabilities formed
because of the Bragg condition could be distinguished by a different spectral shape and variation with radar frequency.?!
A frequently used description for dusty plasma condition is that: a < d <Ap,**! where a is the dust radius, d the average
distance between dust particles, and Ap the plasma Debye length. The dusty plasma condition is often described using the dust
number density and introducing the parameter P: P = 4zxngaA?, where nq is the dust number density“! and for which P> 1
describes dusty plasma. When considering this parameter, the difficulties of the dusty plasma description of the ionosphere
become apparent. The dust size and number density vary, so that P varies over a broad range and the dusty plasma condition
is not always met. In addition, the lower 50-90 km region displays extremely weakly ionized plasma with electron-to-neutral
number density ratios of order 10719, and collisional interactions are often predominant over the electrostatic interactions!!;
electron and ion temperatures are determined by the neutral temperature,!-33] as well as ion velocity is equal to the neutral wind
velocities. The Plasma Debye length that enters the condition ranges from mm to cm, it varies with altitude and from day-time
to night-time and conditions are in general highly variable in the polar ionosphere, which makes it an interesting region for
observations.
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8 | DISCUSSION

The study of charged mesospheric dust with incoherent scatter is an interesting topic, which is feasible, but challenging
at present. An advanced radar37-% that is under construction at present will improve the measurement capabilities. This can
be seen as a motivation to further consider the theory of the electromagnetic wave scattering in the partially ionized medium
of the upper atmosphere. The problems, which are analogous to other plasmas, though in a different parameter range include,
e.g. the scattering for a size distribution of charged dust particles and in the presence of charge variations. The radar studies of
ionospheric dust reveal phenomena that are of interest for understanding dusty plasma. At the same time, the knowledge of the
charged dust component is important because of its influence on the physics and chemistry of the ionosphere.
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