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Abstract. The charging by secondary electron emission
(SEE) from particles is known as a significant charging pro-
cess in astrophysical plasmas. This work aims at evaluat-
ing the significance of SEE for charging of meteoric smoke
particles (MSPs) in the Earth’s polar atmosphere. Here, the
atmosphere is subject to a bombardment of energetic elec-
trons from the magnetosphere (and partly the sun). We em-
ploy the SEE formalism to MSPs in the upper mesosphere
using electron precipitation fluxes for three different precip-
itation strengths. In addition, we address the possible effect
of tertiary electron emission (TEE) from MSPs induced by
atmospheric secondary electrons for one precipitation case.
The SEE and TEE rates from MSPs of different sizes are
compared to plasma attachment and photodetachment and
photoionization rates of MSPs. The needed concentration of
electrons and ions have been modeled with the Sodankylä
Ion and Neutral Chemistry (SIC) model with included elec-
tron precipitation spectra as an additional ionization source.
We find that secondary electron emission from MSPs is not a
relevant charging mechanism for MSPs. The electron attach-
ment to MSPs and photodetachment of negatively charged
MSPs are the most important processes also during energetic
electron precipitation.

Keywords. Ionosphere (ionosphere–atmosphere interac-
tions)

1 Introduction

Secondary electron emission (SEE) occurs when an energetic
electron hits and enters a material. Consequently, a secondary
electron may be excited with enough energy to leave the ma-

terial (Austin and Starke, 1902). This physical effect has been
studied in various fields, e.g., material sciences (e.g., Bru-
ining, 1954, and references therein), astrophysics (e.g., Go-
ertz, 1989; Walch et al., 1995; Abbas et al., 2012) and space
applications (e.g., Katz et al., 1986; Balcon et al., 2012).
Also the Earth’s atmosphere is subject to energetic electron
precipitation, which is the reason for the well-studied phe-
nomenon of the aurora (e.g., Rees, 1969). Furthermore, An-
derson and Koons (1996) reported that SEE also has effects
on the charge state of satellites when they orbit low over the
poles within the auroral regions. There have also been stud-
ies covering SEE from atmospheric molecules in the context
of auroral excitation mechanisms (e.g., Rees et al., 1969).

This work, however, aims at investigating whether SEE is
also a relevant charging process for meteoric smoke parti-
cles (MSPs). Furthermore, MSPs are present in the meso-
sphere which coincides with the altitude region where much
of the energy of the precipitating electrons is deposited and
therefore are likely to be affected by SEE. These MSPs are
particles, which originate from extraterrestrial matter that is
injected into the atmosphere by evaporating meteors (Rosin-
ski and Snow, 1961; Megner et al., 2006). The existence of
these MSPs was proven by in situ measurements on sound-
ing rockets (e.g., Havnes et al., 1996; Rapp et al., 2012), by
spectrometers on board satellites (Hervig et al., 2009) and by
means of incoherent-scatter radars (Strelnikova et al., 2007).
MSPs have effects on the nucleation of ice particles in the
mesosphere (e.g., Wilms et al., 2016, and references therein)
and influences on the ionospheric charge balance (Friedrich
et al., 2012; Baumann et al., 2013; Plane et al., 2014; Asmus
et al., 2015) and ion chemistry (Baumann et al., 2015) of the
D region.
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This study of the SEE from MSPs in the polar atmosphere
investigates its relevance by comparing the rates of SEE with
other MSP-related charging rates. The paper is structured as
follows: Sect. 2 covers the formalism to derive SEE rates.
Section 3 is divided into two parts: Sect. 3.1 examines the in
situ differential flux of the energetic electrons and its impact
on the D-region ionosphere for three different precipitation
cases; Sect. 3.2 contains the comparison of the derived SEE
rates with the other MSP-related charging rates for the dif-
ferent precipitation cases and at the altitudes 70 and 90 km.
Finally, in Sect. 4 we draw conclusions.

2 Secondary electron emission from particles

This section describes the fundamentals of secondary elec-
tron emission (SEE) from particles as it is widely used within
the dusty plasma physics community (e.g., Meyer-Vernet,
1982). The SEE yield, i.e., the number of secondary electrons
generated by one incoming electron, is a crucial parameter
within the derivation of the SEE electron flux leaving par-
ticles which are subject to high-energy electron bombarde-
ment. The formalism of the SEE yield for nanometer-sized
particles used in this study has been derived by Chow et al.
(1993). In the following, we want to recapitulate the most im-
portant formula which has been used to derive the flux of sec-
ondary electrons generating from MSPs in the Earth’s polar
atmosphere where auroral electron precipitation is present.

The SEE yield was experimentally studied in the begin-
ning of the last century but only for solid materials (e.g.,
Austin and Starke, 1902; Bruining, 1954). Chow et al. (1993)
were the first to develop a SEE yield formalism for particles,
which not only shows high yields for smaller particles but
also reproduces the bulk SEE yield when applying larger par-
ticle radii (r > 1 µm). In Fig. 1 the basic principle of the SEE
process within particles is described. Here, a primary elec-
tron enters a particle of radius D/2 and penetrates a depth x
from the surface. On its way to the depth x secondary elec-
trons can be stimulated by the deposited energy of the pri-
mary electron. This secondary electron travels through the
particle and is emitted in a direction under an angle φ with
respect to the path of the primary electron. The distance a
secondary electron has to travel to reach the surface of the
particle is l(φ,x). This distance can be derived by applying
the law of cosine and sine to the triangle in Fig. 1.
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The secondary yield δ for a primary electron with energy
EP is now the double integral covering the primary energy
deposition and its use for secondary electron emission, as
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Figure 1. Principle of secondary electron emission in particles after
Chow et al. (1993) (for description see text).

well as the absorption of secondaries traveling within the par-
ticle to its surface. The integration is carried out over the pen-
etration depth x and the angle φ.

δ(EP)=
1
2

min[D,xmax]∫
0

K a [(EP)
2
− a x]−1/2

π∫
0

1
2

sin(φ)e−αl(x,φ)dφ dx (2)

Here, a is the Whiddington constant (1.0×1014 eV2 m−1 for
metal particles, 0.92× 1014 eV2 m−1 for insulator particles),
K is the efficiency of using primary electron energy to ex-
cite secondary electrons (0.01 for metal particles, 0.04 for
insulator particles) and α is the inverse absorption length of
secondary electrons (1.0× 108 1 m−1 within metal particles,
0.93× 108 1 m−1 within insulator particles). The numerical
values for these parameters originate from calculations of
Chow et al. (1993), which are based on experimental data
from Bruining (1954) (metals) and Kanaya et al. (1978) (iso-
lators). The integration over the penetration depth x is carried
out up to the minimum of either the maximum penetration

depth xmax =
E2

P
a

or the particle diameter D. In the case of
small primary electron energies, the electron is fully stopped
within the particle and the integration is carried out up to
xmax. Though primary electrons with high energies can pass
through the particle, in this case the integration limit is the
particle diameter D.

Figure 2 shows the secondary electron yield as a function
of primary electron energy for insulator and metal material.
In this study we have used the yield for insulator particles,
as MSPs most likely consist of insulator material (e.g., Rapp
et al., 2012). The yield shows maximum values up of to 20
at characteristic energy levels. These energy values corre-
spond to maximum penetration depths in the region of the
particle diameter. At lower energies the primary electron is
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Figure 2. Secondary electron yield as a function of primary electron
energy for metallic (dashed lines) and isolator (solid lines) particles
of different sizes.

still stopped within the particle and the yield still shows rel-
atively high values. Above these characteristic energies the
secondary yield decays exponentially, as the primary elec-
trons deposit only a small fraction of their energy into the
excitation of secondary electrons.

The number of secondary electrons leaving a particle of
radius r per second depends on the charge of the particle.
If the particle carries a negative charge of Z · e, the flux of
secondary electrons Jsec is given by the following (Meyer-
Vernet, 1982):

Jsec = πr
2

∞∫
−e8

∂je

∂E

(
1+

e8

E

)
δ(E)dE. (3)

Here, the integration is carried out over the energy range of
the differential flux of primary electrons ∂je

∂E
and the sec-

ondary yield δ. 8 is the surface potential of the particle of
radius r and with charge number Z. The lower limit of the
integration is the kinetic energy a primary electron needs to
reach the surface of the negatively charged particle.

In the case of positively charged particles, the emitted sec-
ondary electrons have to overcome an attractive Coulomb
force and the above equation Jsec changes as follows:

Jsec = e
−8/kBTs

(
1+

8

kBTs

)
πr2

∞∫
0

∂je

∂E

(
1+

e8

E

)
δ(E)dE. (4)

Here, kBTs is the kinetic energy of a secondary electron af-
ter leaving a particle. The velocity distribution of the secon-
daries is Maxvellian, and they are in the range of 1 to 5 eV

(Goertz, 1989); we have arbitrarily used 3 eV in this study.
This value only has an impact on the SEE rate of multiple
positively charged particles.

In the following, the SEE formalism for particles is applied
to MSPs. These MSPs are not only subject to SEE induced
by polar electron precipitation but are also charged within
the D-region ionosphere by processes like electron and ion
attachment as well as photodetachment and photoionization.
The process of ion attachment to MSPs depicts a general-
ization of different processes on the atomic scale depending
on the ion type, i.e., electron transfer, proton transfer, cation
attachment and anion attachment. These processes are ap-
proached classically by, e.g., Natanson (1960), Fuchs (1963)
and Hoppel and Frick (1986) and are generalized into one
reaction rate coefficient dependent on temperature, ion mass
and charge and MSP charge state (Rapp, 2000).

3 SEE application to MSPs within the polar ionosphere

Secondary electron emission is only relevant at polar lati-
tudes. Here, the Earth’s magnetic field lines penetrate into
the atmosphere and allow energetic electrons from the mag-
netosphere to enter. These high-energy electrons contribute
significantly to the ionization in the lower ionosphere (e.g.,
Frahm et al., 1997).

In order to make reliable statements on the importance
of SEE for the charge state of MSPs within the D region,
we model the polar ionosphere with the Sodankylä Ion and
Neutral Chemistry (SIC) model (Verronen et al., 2005; Tu-
runen et al., 2009) and compare standard MSP-related charg-
ing processes with SEE. The model derives the concentra-
tions of 44 positive ion species, 28 negative ion species and
35 neutral species from 20 to 150 km. The SIC model en-
ables the implementation of different electron precipitation
spectra as a source of ionization additional to solar UV and
EUV radiation. This study uses the SIC model version with
MSPs included into the full ion reaction scheme as recently
described in Baumann et al. (2015).

The following analysis is carried out at 90 and 70 km
altitude. We have chosen these altitudes for investigating
the effectiveness of SEE on the charging of MSPs, because
they represent two different states of the lower ionosphere.
At 90 km the ionosphere is governed by the presence of
free electrons and positive ions only. At 70 km, negatively
charged ions can exist in addition to free electrons as an-
other type of negative charge carriers. In addition, the size
distributions of MSPs are different at both altitudes. Just af-
ter their formation at 90 km altitude, the radii of MSPs are
rather small (< 1 nm). During sedimentation down to 70 km,
MSPs grow through coagulation to radii > 1 nm (e.g., Megner
et al., 2006).

www.ann-geophys.net/34/573/2016/ Ann. Geophys., 34, 573–580, 2016
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3.1 Electron precipitation and D-region conditions

Electron precipitation is often described by the differen-
tial flux of electrons ∂je/∂E entering the atmosphere from
the magnetosphere. This quantity can be derived from mea-
surements of incoherent-scatter radars and by instruments
on board satellites and sounding rockets (e.g., Rees, 1969;
Miyoshi et al., 2015, and references therein) and is usu-
ally given for the top of the atmosphere. While penetrating
the atmosphere, energetic electrons collide with atmospheric
molecules; they lose energy and can get absorbed completely.
The altitude of complete absorption of the energetic elec-
tron depends on electron energy and the density of the at-
mosphere. Fang et al. (2010) derived a normalized energy
deposition f to describe the altitude region where electrons
with a certain energy are absorbed. We have adapted this for-
malism to derive in situ energetic electron spectra for 70 and
90 km. These spectra are then used in Eqs. (3) and (4) to de-
rive the secondary electron flux Jsec.

In the left panel of Fig. 3 the spectra for three differ-
ent cases of electron precipitation are plotted (different line
shapes), namely at the top of the atmosphere, at 90 km alti-
tude and 70 km altitude (different colors). The three cases are
defined as follows: the “weak” electron precipitation case is
the spectrum measured during a pulsating aurora event over
Tromsø (Miyoshi et al., 2015). The “medium” precipitation
case corresponds to the “Hard” spectra shown in Osepian and
Kirkwood (1996). The electron precipitation of the “strong”
case is the medium precipitation case increased by a factor
of 100; i.e., this is an unrealistically strong precipitation used
as a test case. The medium and strong cases are Maxwellian
spectra of the form

∂je

∂E
(E)=

Q0

2E3
0

exp
(
−E

E0

)
. (5)

HereQ0 is the total energy flux of the precipitating electrons
and E0 is the characteristic energy of the spectrum.

In order to get a complete view of the energetic electrons
in the Earth’s atmosphere, we also consider the fraction of
secondary electrons emitted in situ from the atmospheric
species oxygen and nitrogen. As the primary electrons are
absorbed within the atmosphere, their kinetic energy is de-
graded through elastic collision with atmospheric molecules,
leading to the emission of atmospheric secondary electrons
(Rees et al., 1969). According to laboratory measurements of
Opal et al. (1971), the energy distribution of secondary elec-
trons from O2 and N2 does not depend on the energy of the
primary electrons and is within the sub-kiloelectronvolt en-
ergy range. To study the “tertiary” electron emission (TEE)
from MSPs, we have used an atmospheric secondary differ-
ential electron flux measured at 105 km altitude under auroral
conditions (see Fig. 3, data collected by Doering, published
within Fig. 4 of Pfister, 1967). Pfister (1967) also shows sim-
ilar atmospheric secondary differential fluxes for higher al-
titudes. We assume that this atmospheric secondary electron
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Figure 3. (Left) Electron precipitation spectra for weak (dash-
dotted, data published in Miyoshi et al., 2015), medium (solid) and
strong (dashed) conditions; spectra at the top of the atmosphere
(black) and remnants at 90 km (green) and 70 km (red); and atmo-
spheric secondary electron spectrum measured at 105 km by Doer-
ing (data taken from Fig. 4. of Pfister, 1967). (Right) corresponding
to the precipitation cases the electron density (blue), negative ion
density (red) and positive ion density (green) have been modeled
using the SIC model together with the electron density (black) for a
model run without electron precipitation.

differential flux is typical at auroral latitudes and also applies
to lower altitudes as long as primary electrons are absorbed
within these altitudes. The causal primary electron flux for
the atmospheric secondary flux shown in Fig. 3 is only com-
parable to the differential flux measured by Miyoshi et al.
(2015) within a pulsating aurora (cf. Fig. 2 of Pfister, 1967).
This atmospheric secondary flux cannot be used for the other
precipitation cases as it depends on the strength of the initial
electron precipitation (Rees, 1969). To the authors’ knowl-
edge, there are no atmospheric secondary electron spectra
available whose initial electron precipitation corresponds to
the other precipitation cases used in this study.

These three different precipitation cases have been used
within the SIC model to determine the state of the lower iono-
sphere. The aim of this calculation is to put the secondary
electron emission into a context of MSP-related charging
processes within the D-region ionosphere. In the right panel
of Fig. 3 the results of these model runs are shown. Here the
electron, positive and negative ion densities are plotted in the
corresponding line shape of the different precipitation cases
of the left panel. The positive and negative ion number den-
sity is the the sum of the number densities of the various ion
species derived by SIC. In addition, there we also show one
electron density profile for comparison, which has been mod-
eled for quiet ionospheric conditions, i.e., in the absence of
electron precipitation.

Ann. Geophys., 34, 573–580, 2016 www.ann-geophys.net/34/573/2016/
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3.2 Comparison of MSP-related charging rates and
discussion

The abovementioned three electron precipitation cases are
compared to each other, in order to identify whether SEE
is an important charging process for MSPs. This compari-
son includes the discussion of the SEE rates and other MSP-
related charging rates, i.e., plasma attachment and charging
by solar photons. To derive plasma attachment rates which
are equivalent to the SEE rate, the electron and ion number
densities modeled with the SIC model are multiplied with the
attachment reaction rate coefficients (Natanson, 1960; Rapp,
2000). In addition to the SEE and plasma attachment we also
consider photodetachment and photoionization of MSPs in
this study. According to Rapp (2009) we assumed Fe2O3
(Hematite) to be a plausible MSP analogue and derived the
detachment and ionization rates for solar radiation at a solar
zenith angle of 66◦ at the location Tromsø (69◦ N). Never-
theless, research on the material properties of MSPs is still
ongoing and is needed to further constrain the optical char-
acteristics of MSPs.

In the panels of Fig. 4 the rates for different MSP sizes
are plotted for the processes of plasma attachment to neu-
tral MSPs, photodetachment of negatively charged MSPs,
photoionization of neutral MSPs and the secondary electron
emission from neutral MSPs induced by primary electrons
(secondary) and atmospheric secondary electrons (tertiary).
As discussed earlier, the rates for these processes are de-
rived on the basis of three different precipitation cases and
the corresponding ionospheric modeling. The process rates
have been derived for the altitudes 90 and 70 km.

For the case of SEE induced by primary electron precip-
itation the energy of the energetic electrons is so high that
they pass through the MSP and deposit only a small frac-
tion of their energy into the MSP; here the SEE yields are
far below one (compare Fig. 2). Moreover, the SEE rate from
MSPs shows in general a size dependency. The huge differ-
ence of several orders of magnitude of the SEE rate between
the smallest (0.2 nm) and biggest particles (40 nm) has two
main reasons. Firstly, the SEE yield is a function of parti-
cle size for high primary electron energies; namely it is more
then one order of magnitude smaller for 0.2 nm MSPs then
for 40 nm particles.

Secondly, the SEE rate grows with the square of the MSP
radii (compare Eq. 3).

Concerning electron precipitation, the absorption of ener-
getic electrons is already strong down to 90 km; only elec-
trons with energies higher than 10 keV can reach this altitude.
For 70 km altitude this value is 100 keV. This absorption lim-
its the available number of energetic electrons for SEE from
MSPs, resulting in significantly lower SEE rates at 70 km
compared to 90 km.

There is also absorption of solar photons within the Earth’s
atmosphere that leads to different solar spectra available for
photodetachment and photoionization of MSPs at 70 and
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Figure 4. Charging rates of different particle sizes corresponding
to the weak (top), medium (middle) and strong (bottom) electron
precipitation case for secondary electron emission (black); particle
ionization (red); electron detachment from negatively charged par-
ticles (blue; and electron (green), negative (cyan) and positive ion
attachment (magenta) for ionospheric conditions at 90 km (left) and
70 km (right) altitude.

90 km. This UV photon absorption leads to a reduction of
the photoionization rates at 70 km by a factor of 3 com-
pared to 90 km. For the photodetachment this reduction is
even smaller, since also photons of lower energies within
the visible spectrum can detach electrons from negatively
charged MSPs. These photons are not at all absorbed by the
atmosphere, and as a consequence the photodetachment rate
shows only a small reduction at the second decimal place,
i.e., due to UV absorption (e.g., Rapp, 2009). The photode-

www.ann-geophys.net/34/573/2016/ Ann. Geophys., 34, 573–580, 2016
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tachment and photoionization of MSPs do not change for dif-
ferent electron precipitation cases.

The attachment rate of ions and electrons to neutral MSPs
varies with every precipitation case and altitude; i.e., the rate
is given by the product of reaction rate coefficient and plasma
number density (see Fig. 3 right panel). We have decided
to show only the neutral case of the possible attachment of
plasma to neutral MSPs. The reaction rate coefficients for the
repulsive case of plasma attachment to identically charged
particles are many orders of magnitude smaller compared to
the reaction rate coefficients for the charging of neutral MSPs
and hence can be neglected. Moreover, the reaction rate co-
efficient of the attractive case of plasma attachment to MSPs
is of the same order of magnitude as the neutral case (Rapp,
2000). Showing these in Fig. 4 does not provide additional
information.

The general comparison of the process rates concerning
charging of MSPs in Fig. 4 shows that in all studied pre-
cipitation cases and at both altitudes the rates of the elec-
tron attachment to neutral MSPs and the photodetachment
of negatively charged MSPs are the governing processes for
the charge state of MSPs. The process rates of secondary
electron emission, neither induced by primary electrons (i.e.,
SEE) nor induced by atmospheric secondary electrons (i.e.,
TEE), are several orders of magnitude below these attach-
ment and detachment processes.

A detailed comparison at 90 km for the weak and medium
precipitation cases shows that the SEE rate from neutral
MSPs is of the same magnitude as the attachment rate of
negative ions to MSPs. In the strong precipitation case the
SEE rate even overcomes the negative ion attachment rate
to MSPs. As the additional ionization by electron precipita-
tion grows from the weak case to the strong case, the addi-
tional free electrons lead to the production of more negative
ions even above 80 km, where the presence of atomic oxygen
usually destroys negatively charged ions effectively. At the
same time the SEE rate grows as the available amount of en-
ergetic electrons present at 90 km increases with the strength
of the electron precipitation. In the strong precipitation case
the SEE rate reaches nearly the MSP photoionization process
rate. But the SEE rate at 90 km is several orders of magnitude
lower than the attachment of positive ions and electrons to
MSPs as well as the very effective photodetachment of neg-
atively charged particles in all three precipitation cases.

At 70 km the SEE rate induced by primary electrons is
even smaller as there are fewer available energetic electrons.
In the weak and medium precipitation case the SEE rate lies
far below all other process rates. Even the attachment of neg-
ative ions is much greater, since the number density of neg-
ative ions at 70 km is much higher. The strong precipitation
case shows SEE rates for small MSPs as high as the pho-
toionization rates, but these values are not really relevant as
at 70 km altitude these small MSPs exist only sparsely (e.g.,
Megner et al., 2006). For greater MSP sizes SEE does not

reach any other MSP charging rate either in the weak and
medium case or in the strong precipitation case.

The question now is how often SEE from MSPs occurs
in the the polar ionosphere. We have studied three precipi-
tation cases, of which the weak and medium cases happen
in the polar atmosphere and the strong case has more the
nature of a thought experiment with extraordinarily severe
electron precipitation. The electron precipitation for pulsat-
ing aurora (weak case), caused by energetic electrons with
tens of kiloelectronvolts of energy (Miyoshi et al., 2015), oc-
curs frequently during minor geomagnetic activity. Further-
more, electrons trapped within the Earth’s magnetosphere
can be accelerated to relativistic energies (e.g., Reeves et al.,
2013), which can be injected into the Earth’s atmosphere
during geomagnetic storms; this scenario is comparable to
our medium precipitation case. This has the following conse-
quences for the occurrence of the effect of SEE during differ-
ent electron precipitation cases: the weak precipitation case
causes, despite the relatively frequent occurrence, a SEE ef-
fect on MSPs that is marginal compared to other MSP-related
charging processes. The medium precipitation case occurs
sparsely during 1 year, and the effect of SEE on the charge
of MSPs is still small. Even an unrealistic increase of the
electron precipitation results in SEE rates which are still not
significant for the charge state of MSPs.

The consideration to study the TEE process originated
from two facts. Firstly, the secondary electron yield at en-
ergetic electron energies below 1 keV is about one order of
magnitude higher than the yield at energies above 10 keV
(cf. Fig. 2). Secondly, the atmospheric secondary differential
flux is also much higher than the available primary electron
flux at 90 and 70 km. It turns out that the TEE rate is higher
than the SEE rate but still two orders of magnitude lower
than the electron attachment to MSPs and photodetachment
of negatively charged MSPs. The derived TEE rate is only
valid within the weak precipitation case, because the used at-
mospheric secondary flux corresponds to a primary electron
flux that is comparable to the weak precipitation case. There-
fore, the TEE rate is only plotted in the weak precipitation
panels of Fig. 4. The tertiary electron emission rate shows
a smaller size dependence, this is because within the sub-
kiloelectronvolts electron energy range the secondary yield
is independent of the MSP sizes. This is because the elec-
trons deposit all their kinetic energy into the MSPs within
this energy range. At the altitude of 90 km, the TEE rate is
only comparable to the photoionization rate and exceeds the
negative ion attachment rate but cannot reach the positive ion
attachment rate. At 70 km, the TEE rate is of the same or-
der of magnitude as the positive and negative ion attachment
rates as well as the photoionization rate.

It has to be noted that the nature of the tertiary electron
emission is unsettled at the moment. In particular, the differ-
ential flux of atmospheric secondary electrons at altitudes be-
low 100 km and for different kinds of electron precipitation
strengths is not known. In addition, we assume for TEE from
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MSPs that the atmospheric secondary electrons have to have
at least 10 eV of kinetic energy in order to enter a MSP and
excite an electron that has enough energy to leave the parti-
cle. Therefore, our quantification of the TEE rate can be seen
as a rough estimate only. Furthermore, we think that MSP
charging by TEE cannot be of the same importance as elec-
tron attachment to MSPs. The existence of an atmospheric
secondary electron flux more than three orders of magnitude
higher than used in this study, in order to come up with TEE
rates comparable to the electron attachment rates, is not plau-
sible.

4 Conclusions

Energetic particle precipitation is a common phenomenon
occurring within the polar latitudes and especially affects
the lower ionosphere. As shown in Fig. 4, electron precip-
itation enhances the number density of plasma components
by several orders of magnitude. In this study we examined
secondary electron emission from meteoric smoke particles.
MSPs are produced and exist within the same altitude re-
gion of 70 to 110 km, where precipitating electrons deposit a
substantial amount of their energy. Here, these MSPs can be
subject to secondary electron emission induced by this ener-
getic particle precipitation (SEE). We have studied the effect
of SEE from MSPs within the polar ionosphere and com-
pared this charging process with other MSP-related charging
mechanisms in the D-region and lower E-region ionosphere.
To derive realistic SEE rates, we have used in situ energetic
electron spectra and a SEE yield for particles (Chow et al.,
1993). The ionosphere has been characterized by the SIC
model including the weak, medium and strong electron pre-
cipitation cases which have been studied in more detail.

It is also possible that atmospheric secondary electrons
from gaseous components can cause tertiary electron emis-
sion from MSPs. The TEE rates have been derived from an
atmospheric secondary electron differential flux measured at
105 km altitude (Pfister, 1967) using the same yield formal-
ism. However, the robustness of the TEE results is rather
weak, as atmospheric secondary electron spectra at lower al-
titudes and the corresponding primary electron spectra are
not available. Additional in situ and laboratory experiments
are needed for a solid quantification of the TEE effect.

Concerning the charge state of MSPs, the processes SEE
and TEE do not play a significant role in all three consid-
ered precipitation cases at the studied altitudes of 70 and
90 km. In general, the direct response of the polar ionosphere
on electron precipitation, i.e., an enhancement of the num-
ber density of plasma components due to additional ioniza-
tion in the ionosphere, is the main driver for the charge state
of MSPs. The charging of MSPs through electron attach-
ment and decharging through photodetachment of negatively
charged MSPs are the relevant processes.

Nevertheless, there might be an influence of SEE and TEE
from MSPs through the production of additional electrons
in the lower ionosphere. That could be of interest to explain
unresolved phenomena within the polar atmosphere during
energetic electron precipitation.
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