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He”" transport in the Martian upper atmosphere with an induced
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[11 Solar wind helium may be a significant source of neutral helium in the Martian
atmosphere. The precipitating 2particles also transfer mass, energy, and momentum. To
investigate the transport of He”" in the upper atmosphere of Mars, we have applied the direct
simulation Monte Carlo method to solve the kinetic equation. We calculate the upward He,
He', and He?" fluxes, resulting from energy spectra of the downgoing He?" observed below
500 km altitude by the Analyzer of Space Plasmas and Energetic Atoms 3 instrument onboard
Mars Express. The particle flux of the downward moving He?" ions was 1-2 x 10°cm s,
and the energy flux is equal to 9-10 x 10~ erg cm >s . The calculations of the upward flux
have been made for the Martian atmosphere during solar minimum. It was found, that if the

induced magnetic field is not introduced in the simulations the precipitating He>* ions are not

backscattered at all by the Martian upper atmosphere. If we include a 20 nT horizontal
magnetic field, a typical field measured by Mars Global Surveyor in the altitude range of
85-500 km, we find that up to 30%-40% of the energy flux of the precipitating He*" ions is
backscattered depending on the velocity distribution of the precipitating particles. We thus
conclude that the induced magnetic field plays a crucial role in the transport of charged
particles in the upper atmosphere of Mars and, therefore, that it determines the energy

deposition of the solar wind.

Citation: Shematovich, V. I., D. V. Bisikalo, G. Stenberg, S. Barabash, C. Diéval, and J.-C. Gérard (2013), He**
transport in the Martian upper atmosphere with an induced magnetic field, J. Geophys. Res. Space Physics, 118,

1231-1242, doi:10.1002/jgra.50184.

1. Introduction

[2] Mars is immersed in the magnetized, supersonic solar
wind flow and as a response induced currents are set up in
the Martian ionosphere. The currents result in magnetic
fields deviating from the solar wind. A void in the solar wind
is created—the induced magnetosphere. The interplanetary
magnetic field lines pile up and drape around this obstacle.
A bow shock is also formed, which enable the solar wind
flow to slow down from supersonic to subsonic velocities
[e.g., Nagy et al., 2004]. The boundary between the
(shocked) solar wind and the induced magnetosphere, often
referred to as the induced magnetosphere boundary (IMB),
is, however, not completely closed. The gyroradii of the
solar wind particles are large enough, compared to the size
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of the IMB, to enable the particles to gyrate through the
piled up magnetic field and directly interact with the Martian
upper atmosphere. This unique property of the small Martian
induced magnetosphere allowing solar wind protons and
alpha-particles assimilation in the Martian atmosphere repre-
sents an important source of some atmospheric species.

[3] There are two principal reasons to investigate the
transport of helium through the induced magnetosphere.
First, precipitating solar wind particles may transfer mass,
energy, and momentum to the Martian upper atmosphere.
Second, solar wind He?" is likely a significant source of
neutral helium in the atmosphere and a detailed knowledge
of the helium transport to and from the Martian atmosphere
is the key for understanding the evolution of Mars. Radioac-
tive decay of uranium and thorium in the interior of the
planet leads to the formation of “He, which slowly outgasses
to the atmosphere. On Earth the outgassing of helium is bal-
anced by a continuous loss of atmospheric helium due to
photoionization and electron impact ionization followed by
escape from the cusp region (“polar wind”) [Krasnopolsky
et al., 1993]. The situation could be expected to be similar
on Mars. However, comparing the spectroscopic observa-
tions of neutral helium made by the Extreme Ultraviolet
Explorer (EUVE) satellite [Krasnopolsky et al., 1994] with
the observations of escaping He" made by the PHOBOS-2
spacecraft [Barabash and Norberg, 1994; Barabash et al.,
1995] lead to the conclusion that the production of helium
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does not balance the loss. An additional source of helium is
needed and currently solar wind He?" is believed to be the
main source of the Martian neutral helium [Krasnopolsky
and Gladstone, 2005], constituting 90% of the total produc-
tion. Recent studies using data from Mars Express
strengthen this picture. Solar wind He”" is regularly ob-
served deep inside the Martian ionosphere [Stenberg et al.,
2011] and it is likely that a substantial part of it is neutralized
and captured in the atmosphere. Ultimately, a quantitative
understanding of the helium balance will improve the esti-
mates of the uranium and thorium abundances and put con-
straints on the differentiation process in the primordial
nebula.

[4] Observations are sparse. The mixing ratio of neutral
helium in the Martian atmosphere is obtained from spectro-
scopic observations of the helium line at 584 A [Krasnopolsky
and Gladstone, 2005]. Evidence of solar wind penetration of
the IMB is reported in a few papers [Lundin et al., 2004;
Stenberg et al., 2011; Diéval et al., 2012], but no quantitative
analysis of the average net precipitation has yet been
presented. The estimate of escaping He" from the atmosphere
is still based on the observations by PHOBOS-2 made during
solar maximum only [Barabash et al., 1995].

[s] Precipitation of solar wind particles has also been
studied with computer models [e.g., Brecht, 1997; Kallio
and Barabash, 2001; Modolo et al., 2005]. Chanteur et al.
[2009] focused especially on the entry of solar wind He?".
They showed that approximately 30% of the He*" flux through
an area corresponding to the cross-section of the planet is
removed from the solar wind due to charge exchange into
either He" or neutral He atoms. A substantial part of the
created neutrals eventually impacts the exobase and are
considered captured in the atmosphere. The deposition rate
of neutral helium is estimated to be about 1.5 x 102 s™". The
ultimate fate of the He" ions is not discussed further and it is
just assumed that all precipitating helium assimilates in the
atmosphere. In this paper, we address the issue how the precip-
itating He®" interacts with the Martian atmosphere.

[6] To investigate the He?" transport through the upper
Martian atmosphere, we used the direct simulation Monte
Carlo (DSMC) model [Shematovich et al., 2011] and mea-
surements of He?" inside the induced magnetosphere by
the ASPERA-3 experiment (Analyzer of Space Plasmas
and Energetic Atoms) onboard Mars Express [Barabash
et al., 2006]). The main features of the model are discussed
in sections 2 and 3 including a comprehensive review of the
available cross-sections for the relevant processes. In section
4, results of simulations are presented. Section 5 summarizes
the results and the conclusions.

2. The Model Description

2.1. He® Precipitation

[7] Interactions of precipitating energetic He*" ions with
the main atmospheric constituents include the momentum
and energy transfer in elastic and inelastic collisions, ioniza-
tion of target atmospheric molecules/atoms, charge transfer,
and electron capture collisions. Energetic He atoms and He"
ions produced by He*" ion impacts further collide with the
main atmosphere constituents, transferring their momentum
and kinetic energy to atmospheric particles by elastic and
inelastic collisions, ionization, and stripping processes. The

collisional processes describing the penetration of the
energetic He?'/He'/He through the ambient atmospheric
gas can be written as

Hep (Her, Hey ) + M
He’"(He™,He) + M — Hef." (He;j , Hef’) +M*+e

Hey(Hef:, Hef ) + M (M) + (e).

[s] Here, M denotes the major atmospheric constituents in-
cluded in the model. Secondary fast He, atoms and He} and
Hefz-,+ ions produced by momentum transfer and stripping
reactions loop the reaction set shown above. Consequently,
the interaction of the precipitating He;,+ ions with the main neu-
tral constituents of the thermosphere must be considered as a
cascade process producing a growing set of translationally and
internally excited particles M of the ambient atmospheric gas.

2.2. Mathematical Description

[s] To analyze the penetration of energetic He/He ' /He*"
particles into the atmospheric gas, we use the kinetic
Boltzmann equations [Gérard et al., 2000; Shematovich
et al., 2011] with the collision term

0 e 0
Vaﬁﬁ- (g+m_1VXB) gfx = 0,(v) +

o = He?*, Het, He

ZJmt(fwa)v

M=H H3 ,He,0O,N,,CO,

M

where f,(r,v), and fy(r,v) are the velocity distribution func-
tions for helium atoms or ions, and components of ambient
gas, respectively, e the electron charge, and m, the helium
mass. The left side of the kinetic equation describes the trans-
port of particles in the planetary gravitational and induced
magnetic fields. The right-hand side term Q, is the production
rate of respective particles in charge-exchange and stripping
collisions. The elastic and inelastic scattering terms J,,; for
He/He'/He" collisions with the ambient atmospheric species
are written in the standard form [Shematovich et al., 1994]. 1t
is assumed that the ambient atmospheric gas is characterized
by local Maxwellian velocity distribution functions.

2.3. Stochastic Approach

[10] The DSMC method used to solve the kinetic equation
(1) implies generation of a sample of paths for the state of
the physical system under study—He/He"/He*" thermaliza-
tion and transport in the transition region of the upper atmo-
sphere. It is an efficient tool for studying such complex
kinetic systems in the stochastic approximation [Shematovich
et al., 1994; Bisikalo et al., 1995; Geérard et al., 2000;
Shematovich et al., 2011]. The details of the algorithmic real-
ization of this numeric model were given earlier [Shematovich
et al., 1994; Bisikalo et al., 1995]. The statistics in the
DSMC model is controlled using the standard procedures
[Shematovich, 2008]. When the steady state is reached then
it is possible to accumulate the statistics with the needed accu-
racy. In the calculations presented below the fluxes and other
characteristics were calculated with the variation below 10%.
The low-energy parts of He/He'/He*" fluxes were calculated
with the sufficient accuracy because these particles were
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slowed down due to the wealth of collisions with the ambient
atmospheric gas. The energy deposition rate of He/He'/He*"
flux is determined by the cross-sections of the collisions with
the ambient gas. The key point of this model is the stochastic
treatment of the scattering angle distribution. This distribution
influences both the energy degradation rate through the loss of
energy in the momentum transfer collisions that is propor-
tional to the sine of the scattering angle, and the angle redistri-
bution of the precipitating He*" ions.

2.4. Numerical Model

[11] We consider the He/He'/He®" transport between alti-
tudes where He”" ions are efficiently thermalized and atmo-
spheric gas becomes practically collisionless. For the Martian
atmosphere, the boundaries are placed at 80 and 500 km. The
80 km altitude is well below the exobase placed near 180 km at
low solar activity conditions [Fox and Hac, 2009]. To link our
model with the actual measurements, we chose the upper
boundary in the altitude range below 500 km, where measure-
ments of precipitating He*" were made by the ASPERA-3 in-
strument. The region of the atmosphere under the study was
divided into 49 vertical cells, and the altitude-dependent cell
size is chosen according to the condition that it must be equal
to or smaller than the free path length. In the model the radial
position and three velocity components for each modeling par-
ticle are kept. The modeling particle trajectory is calculated in
3-D space for each time step and after that the new radial po-
sition is kept. Therefore, He*" launched at a given angle versus
nadir direction can move to different angles and planet curva-
ture is also taken into account.

[12] The altitude distributions of the main neutral
species—CO,, N, O, H, H,, and He—were adopted from
Fox and Hac [2009] for a low level of solar activity corre-
sponding to the ASPERA-3 observations. The altitude
profiles of the main neutral species adopted in the model
are shown in Figure 1. The temperature in the considered
domain changes from 150K at lower boundary up to
170K at the upper boundary.

[13] The Monte Carlo code to model the penetration of
high-energy protons and hydrogen atoms into the Earth’s
atmosphere [Gérard et al., 2000] was modified to take into
account the effect of the horizontal magnetic field on the
ion trajectories, Martian atmosphere profiles, and respective
He?" interaction cross-sections. The induced magnetic field
has been measured at Mars by the Mars Global Surveyor
orbiter [Brain et al., 2003] and the Mars Express orbiter
[Akalin et al., 2010]. These authors show that the induced
magnetic field is mainly horizontal; its strength decreases
with increasing altitude and with increasing solar zenith
angle. The induced magnetic field strength is typically the
strongest near the subsolar point (about 40 nT) and reaches
a value of 20 nT at the terminator in the altitude range
360—440 km [Akalin et al., 2010]. Following these measure-
ments we assume the constant in time and uniform in space
horizontal magnetic field B=10, 20, 30, 40, and 50 nT for
the different runs.

3. Compilation of Cross-Sections for He/He/He**
Collisions With Atmospheric Gas

[14] Inthe model, the most recent measurements or calcula-
tions of the required cross-sections were adopted. We consider
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Figure 1. The altitude distributions of the main neutral
species—CO,, N,, O, H, H,, and He—adopted from Fox
and Hac [2009].

the energy range 100 eV to 10 keV, relevant to energies of pre-
cipitating alpha-particles and include 49 reactions in the
model. In general, data on the cross-sections for the interaction
in this energy range are very limited and we used a number of
assumptions and approximations explained in the appendix A.
The compiled cross-sections for He*" collisions with CO,, N,
O, H, H, and He are shown in Figures 2a-2f and 3, corre-
spondingly, and summed up in Table Al.

4. Results of the Calculations

[15] The most interesting effects of solar wind He/He"/
He®" precipitation onto the Mars upper atmosphere are
heating of the neutral gas generated by momentum transfer
collisions, excitation of the emissions of the ambient gas,
and formation of the backscattered flux of the energetic
helium atoms and ions. The latter is of particular importance
because it defines the deposition rate of helium from the
solar wind into the neutral atmosphere.

[16] In our simulations, we use two spectra of the down-
ward moving He®" ions, measured by the ASPERA-3
[Barabash et al., 2006] on board of Mars Express for two
dates: 23 January and 2 December 2005 (hereafter we call
these spectra first and second, respectively). These energy
spectra were observed below but close to the IMB at an alti-
tude of about 300-500 km at a solar zenith angles of 3540
degrees. The energy range of the ASPERA-3 instrument is
10eV/q to 36 keV/q and, hence, covers the full energy range
of interest. For the first spectrum the particle flux is equal
to 1.07x 10°cm s, and the energy flux is equal to
9.4 % 107 erg cm s . For the second spectrum the particle
flux is equal to 1.77 x 10°cm s ™', and the energy flux is
equal to 9.9 x 10 erg cm ?s '. The energy spectra of the
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Figure 2. (a) Compilation of cross-sections for He*" elastic (el), one-electron (21), two-electron (20)
charge transfer, and ionization (io) collisions with CO,. (b) Compilation of cross-sections for He*" elastic
(el), one-electron (21), two-electron (20) charge transfer, and ionization (io) collisions with N,. (¢) Com-
pilation of cross-sections for He*" elastic (el), one-electron (21), two-electron (20) charge transfer, and
ionization (io) collisions with O. (d) Compilation of cross-sections for He?" elastic (el) and one-electron
(21) collisions with H. The two-electron (20) charge transfer, and ionization (io) collisions are neglected.
(¢) Compilation of cross-sections for He*" elastic (el), one-electron (21), two-electron (20) charge transfer,
and ionization (io) collisions with H,. (f) Compilation of cross-sections for He*" elastic (el), one-electron
(21), two-electron (20) charge transfer, and ionization (io) collisions with He.



SHEMATOVICH ET AL.: He?* TRANSPORT IN THE MARTIAN ATMOSPHERE

LR |

107

LR T3

DCS, cm>sr”

Lol

1.000

102
0.001 0010 0.100

Angle, degree

Figure 3. Scattering angle distributions in the elastic
collisions of He?" with H,, N,, and O, at a collision energy
of 500eV.
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Figure 4. Energy spectra of the downward moving He*"
ions measured by ASPERA-3 at an altitude of 500 km for
the dates 23.01.2005 and 02.12.2005.

downward moving He*" ions measured by ASPERA-3 are
shown in Figure 4. The He*" energy spectra measured below
the IMB are usually narrower in energy than those observed
in the magnetosheath but with an average energy comparable
to solar wind energies. The downgoing He®' ions are
frequently observed with most of the flux concentrated in a
certain direction. Consequently, we use a monodirectional
beam to model the typical distribution in our simulations.
[17] We have conducted six runs that are listed in Table 1
to estimate the magnitudes of the He?', He", and He fluxes
backscattered from the Martian atmosphere. Runs 1, 2, and
3 were conducted for the first spectrum for an incident flux

Table 1. Input Data for the DSMC Model

B, Horiz., Precipitating He*"
Run # nT Distribution Versus Nadir ~ Precipitating Spectrum
1 20 Monodirectional 45° ASPERA-3 (spectrum 1)
2 20 Monodirectional 60° ASPERA-3 (spectrum 1)
3 20 Monodirectional 75° ASPERA-3 (spectrum 1)
4 0 Monodirectional 45° ASPERA-3 (spectrum 1)
5 40 Monodirectional 45° ASPERA-3 (spectrum 1)
6 20 Monodirectional 45° ASPERA-3 (spectrum 2)

with different angles of He?" flux relative to nadir: 45°, 60°,
and 75°, in the presence of an induced magnetic field of
strength 20 nT. Runs 1, 4, and 5 allow us to evaluate the in-
fluence of the induced magnetic field (B=0, 20, and 40 nT)
on the solution, using the first spectrum at 45° relative to na-
dir. Run 6 was made with the same parameters as Run 1, but
for the second spectrum.

4.1. Runs With Different Angles of He’" Flux Relative
to Nadir

[18] Run I (Table 1) was conducted for the monodirectional
incident flux with an an%le to nadir of 45°. The calculated
energy spectra of the He*", He', and He moving upward at
the model upper boundary 500 km are plotted in Figure 5a. In
the calculations with the DSMC model it was found that the in-
teraction of the precipitating He?" with the upper atmosphere
results in the formation of the following upward moving fluxes:
for He*" the particle flux is equal to 3.1 x 10° cm s and the
energy flux is equal to 2.7 x 107 erg ecm *s'; for He',
1.7x10*cm2s! and 1.5x 107 erg em2s ', for He,
95x10°cm s ! and 5.9 x 107 erg cm s . In this case
29.2% of the particle flux and 29.1% of the energy flux of the
precipitating He®" are backscattered as upward moving o-par-
ticles by the Martian upper atmosphere (see Tables 2a and
2b). For He" and He the upward particle fluxes are 1.6% and
0.9%, and the energy fluxes are 1.6% and 0.6%, respectively.
The energy spectrum of the upgoing He?" ions follows
well the spectrum of the precipitating o-particles, because of
the ion gyromotion in the induced magnetic field. In total,
29.2+1.6+0.9=31.7% of the precipitating particles are
reflected backwards. The ion sensor of ASPERA-3 instrument
has a limited field of view (45 x 360°) and do not capture the
full ion distribution at any given time. Therefore, we cannot di-
rectly compare the backscattered fluxes of He*" and He" with
observations. We note, however, that Mars Express regularly
observes upgoing He?" fluxes. These fluxes are often almost
as big as the reported precipitating fluxes [Stenberg et al.,
2011], supporting the results obtained by the model. We also
note that very little He" at solar wind energies is seen with Mars
Express. To quantify and compare ratios of upgoing and
downgoing He”" and He" fluxes, we need to apply statistical
methods to the observational data, which will be the subject
of a separate paper (Stenberg et al., 2013, in preparation).

[19] Run 2 (Table 1) was conducted for the monodirectional
incident flux with an angle to nadir of 60°. The calculated en-
ergy spectra of the He*", He', and He moving upward at the
model upper boundary 500 km are shown in Figure 5b. The
following values of upward moving fluxes were calculated:
for He*" the particle flux is equal to 2.5 x 10°cm *s ™' and
the energy flux is equal to 2.2 x 10~ erg cm %s'; for He",
88x10°cm2s! and 7.7x 107 erg cm 2 sfl; for He,
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(a) Energy spectra of the downward (spectrum 1 marked by dotted line) and upward moving

(solid line), He" (dashed line), and He (dashed-dotted line) for the run with induced magnetic field
B =20 nT and with direction angle of 45° versus nadir. (b) The same as in Figure 5a for the direction angle
of 60° versus nadir. (¢) The same as in Figure 5a for the direction angle of 75° versus nadir.

Table 2a. Calculated Values of the Backscattered Energy Fluxes of He/He ' /He*"

Precipitating He®"

Run# B, Horiz., nT Distribution Versus Nadir Energy Up, He, %  Energy Up, He', %  Energy Up, He*", %  Energy up, Total, %
1 20 Monodirectional 45° (spectrum 1) 0.6 1.6 29.1 31.3
2 20 Monodirectional 60° (spectrum 1) 0.7 1.2 33.2 35.1
3 20 Monodirectional 75° (spectrum 1) 22 1.8 35.6 39.6
4 0 Monodirectional 45° (spectrum 1) 0.0 0.0 0.0 0.0
5 40 Monodirectional 45° (spectrum 1) 0.4 14.3 50.7 65.4
6 20 Monodirectional 45° (spectrum 2) 0.7 1.9 29.4 32.0

Table 2b. Calculated Values of the Backscattered Particle Fluxes of He/He /He?*

Precipitating He®"

Run # B, Horiz., nT Distribution Versus Nadir

Particles Up, He, % Particles Up, He", % Particles Up, He?', % Particles Up, Total, %

1 20 Monodirectional 45° (spectrum 1) 0.9
2 20 Monodirectional 60° (spectrum 1) 1.2
3 20 Monodirectional 75° (spectrum 1) 3.5
4 0 Monodirectional 45° (spectrum 1) 0.0
5 40 Monodirectional 45° (spectrum 1) 0.5
6 20 Monodirectional 45° (spectrum 2) 0.9

1.6 29.2 31.7
1.2 333 35.7
1.8 35.6 40.9
0.0 0.0 0.0
14.3 50.9 65.7
2.0 29.6 325

9.0 x 10°cm s and 4.8 x 10~ erg cm ?s . To calculate
the relative values of the upward flux, one must take into
account that for the monodirectional case the incident flux
becomes smaller as the angle to nadir 6 increases (as cos(0)).
In this case for He*", He", and He the upward particle fluxes
are 33.3%, 1.2%, and 1.2%, and the energy fluxes are
33.2%, 1.2%, and 0.7%, respectively (see Tables 2a and 2b).
In total, 33.3+1.2+1.2=35.7% of the precipitating particles
are reflected backward.

[20] Run 3 (Table 1) was conducted for a monodirectional
incident flux with an angle to nadir of 75°. The calculated
energy spectra of the He*", He", and He moving upward at
the model upper boundary at 500 km altitude are given in

Figure 5c. The value of the upward moving fluxes is
1.4x10°cm?s' for He*" ions and the energy flux is
12x 1072 erg cm?s'; for He", 7.1 x 10°cm *s ™' and
6.2x 107 erg cm*s '; for He, 1.4x10*ecm s and
7.5% 107 erg cm 2s . In this case of He*", He', and He
the upward particle fluxes are 35.6%, 1.8%, and 3.5%, and
the energy fluxes are 35.6%, 1.8%, and 2.2%, respectively
(see Tables 2a and 2b). In total, 35.6+1.8+3.5=40.9%
of the precipitating particles are backscattered. In Figures
S5a-5c it is seen that low-energy fraction of the upward flux is
formed for helium atoms only. Analysis of the data given in
Figures 2a—2c shows that the one- and two-electron charge
exchange cross-sections for He*" and He" ions exceed the
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elastic cross-sections at energies above 1keV. Therefore, He*"
and He" ions can successfully capture electrons in the very
first collisions with the main atmospheric species. Conse-
quently, the fresh helium atoms with the relatively high kinetic
energies can penetrate deep into the atmosphere, where the
low energy fraction of upward-moving He atoms is formed
mainly due to the momentum transfer in the collisions with
the main atmospheric species.

4.2. Runs With the Induced Magnetic Field

[21] For the incident o-particles spectrum 1, and for a
monodirectional flux with angle value of 45°, we have
conducted three runs for B=0, 20, and 40 nT (Runs 4, 1,
and 5 from Table 1). Calculations for the nonmagnetic case
show that there are no upward fluxes. For the case of B=20
nT the values of the backscattered (upward) particle and
energy fluxes were given in the description of Run 1. For the
case of B=40 nT we have obtained the following estimates
of the backscattered (upward) particle and energy fluxes
(see Figure 6): for He?" the particle flux is 5.4 x 10>cm s
and the energy flux is 48 x 107 erg em?s'; for He',
15%x10°ecm™>s ! and 1.3 x 107 erg em2s!; and for He,
52x10°cm?s " and 3.5x 107 erg cm?s'. For He*',
He', and He the upward particle fluxes are 50.9%, 14.3%,
and 0.5%, and energy fluxes are 50.7%, 14.3%, and 0.4%,
respectively (see Tables 2a and 2b). In total,
50.9+14.3+0.5=65.7% of the precipitating particles are
reflected backward.

[22] For the incident He*" spectrum 2, we have conducted
the run (Run 6 from the Table 1) with a typical value of the
horizontal component of the induced magnetic field B=20
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Figure 6. Energy spectra of the downward (spectrum 1
marked by dotted line) and upward moving He*" (solid line),
He" (dashed line), and He (dashed-dotted line) for the run
for spectrum 1 with the 40 nT horizontal component of the
induced magnetic field and with direction angle of 45°
versus nadir.

nT, and with angle to nadir of 45°. We obtained the
following estimates of the relative backscattered (upward)
particle and energy fluxes (see Figure 7): for He?" the
particle flux is 3.5 x 10°cm %s ' and the energy flux is
29x%x1073 erg cm 2 s_l; for He", 2.3x 10*ecm2s!
and 1.9 x 107* erg cm 2s'; and for He, 1.1 x 10*cm?s™!
and 6.4 x 107 erg cm 2s'. For He?', He', and He the
upward energy fluxes are 29.4%, 1.9%, and 0.7%, and
particle fluxes are 29.6%, 2.0%, and 0.9%, respectively (see
Tables 2a and 2b). In total, 29.6+2.0+0.9=32.5% of the
precipitating particles are reflected backward. The particle
and energy fluxes of backscattered He/He"/He" of solar wind
origin are summarized in Tables 2a and 2b, correspondingly.
[23] We have conducted a set of sensitivity runs to esti-
mate the influence of the assumptions on the cross-sections
for several reactions for which no data were available. Such
runs were conducted for the reference case (Run 1) but the
cross-sections under sensitivity study were enlarged and
reduced by a factor of 2. Namely, we have conducted the
sensitivity runs for the following sets of cross-sections:
(i) for elastic collisions between He' ions and the main
atmospheric species CO,, N,, and O (processes 1.7-1.11
in Table Al), the cross-sections were assumed to be equal
to the ones for respective collisions between He?" ions and
CO,, N,, and O; (ii) for one-electron charge exchange colli-
sions He" + CO,, N,, O (processes 2.7-2.10 in Table A1)
the cross-sections were suggested to be based on the cross-
sections for the one-electron charge exchange collisions
He?" + CO,, N», O but normalized by the respective factors
to match the measured cross-sections for He" + CO,, N,
collisions at energy of 0.5keV [Gao et al., 1990]; (iii) for

1000.00 ¢ T T T TTTT T T T TTTT
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100.00 |- =
3
5
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Figure 7. Results of calculations for incident spectrum 2
(03.12.2005). Energy spectra of the downward (dotted line)
and upward moving He”" (solid line), He" (dashed line), and
He (dash-dotted line) for the run with the 20 nT horizontal
component of the induced magnetic field and with direction
angle of 45° versus nadir.
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jonization collisions He*" + CO,, N,, O (processes 4.1-4.3
in Table A1) the cross-sections were suggested to be based
on the cross-sections for the ionization collisions between
protons and the main atmospheric species—CO,, N,, O—
taken from the compilation by Haider et al. [2002], with
the scaling factors indicated in Table Al.

[24] We have conducted two sensitivity runs for each
group of processes (i)—(iii) when the cross-sections of the
reactions under study were enlarged and reduced by a factor
of 2. We found that the upward flux of He*" ions was
changed by 0.5% for group (i) of elastic collisions, by
3.5% for group (ii) of one-electron charge exchange colli-
sions, and by 1.5% for group (iii) of ionization collisions
relative to the value of this flux for the reference case
(Run 1). Therefore, influence of the suggestions on the
cross-sections under sensitivity study is below the value of
5% —the accuracy of the model.

5. Summary and Conclusions

[25] We developed a DSMC model to investigate the
transport of the solar wind helium ions and atoms in the
Martian upper atmosphere. The model takes into account
all physical interaction processes of the He/He/He®" as they
travel through the atmosphere. The important features of the
elaborated model are: the detailed consideration of the scat-
tering angle in each collision and the use of the most recent
set of cross-sections.

[26] We calculated the backscattered flux of energetic He/
He'/He”" particles and the total energy deposition rates. The
calculations have been performed for the Martian atmo-
sphere during solar minimum conditions. We use two spec-
tra of the incident He®" ions at the altitude of 500km
measured by the Mars Express ASPERA-3 instrument in
the energy range 700eV to 20keV on 23 January and 3
December 2005. The calculated particle and energy fluxes
of the incident He*" ions are equal to 1.07 x 10°cm s
and 9.4 x 107 erg cm ?s ! for the first measurement, and
1.77x10°ecm?s ™" and 9.9x 107 erg cm*s ' for the
second measurement.

[27] It was found that with increase of the angle of He*"
incident flux relative to nadir, the fluxes of He/He'/He*"
particles backscattered by the Martian upper atmosphere
increase. For angles of 45°, 60°, and 75°, we found that
the total upward energy flux is as much as 31.3%, 35.1%,
and 39.6%, respectively.

[28] The horizontal magnetic field induced by the solar wind
leads to an increase of the upward He'/He*" flux because of
the ion gyromotion. Including a 20 nT (40 nT) horizontal mag-
netic field in the altitude range of 85-500km in the model
gives the total backscattered flux of 31.7% (65.7%). The mag-
netic field thus plays a crucial role in the transport of charged
particles and determines the energy deposition of the solar
wind alpha-particles in the upper atmosphere of Mars. No
more than 70% of all helium ions penetrating the induced
magnetosphere are assimilated in the atmosphere. This does
not rule out solar wind helium as an important source of atmo-
spheric helium, but the upper atmosphere may be better
protected from penetrating He*" than was previously thought.
The capture efficiency is at least 30% lower than one normally
assumes and the helium contribution from the solar wind to the
atmosphere may be smaller than has been suggested.

[20] The gyroradius of 1 keV He®" ion in a 20 nT magnetic
field is about 230 km, which is close the distance between the
induced magnetosphere boundary and the exobase. Therefore,
the majority of the ions cannot penetrate into the high neutral
density region and is turned back by the Lorentz force rather
than get scattered by the atmospheric neutral particles.

[30] The simulations with a magnetic field also show that
the main component of the backscattered flux is He®" ions.
This somewhat unexpected result stems from the larger
cross-section of elastic scattering than the sum of all processes
modifying the charge state of the precipitating He*" ions.

[31] It is instructive to compare the obtained results with
the similar studies of the proton/hydrogen precipitation
[Shematovich et al., 2011]. In the case of no magnetic field
the total protons and hydrogen backscattered flux is esti-
mated to be about 22% of the impinging flux, while for
He?" it is less than 1%. Due to the larger mass ratio between
hydrogen and the main atmospheric constituents at the
exobase (O and CO,) than for alpha-particles, backward
scattering is more effective for hydrogen. Yet, the fraction
of the neutral component relative to the original ions is
larger for hydrogen due to small charge-exchange cross-
sections for the He*" interactions. For the runs with magnetic
fields, backscattering of helium ions and atoms significantly
increases (up to 31.7 and 65.7% for B=20 and 40 nT, respec-
tively). Therefore, similarly to the proton precipitation, it is
the magnetic field inside the induced magnetosphere that
prevents the precipitating particles from reaching the atmo-
sphere and thus reduces the inflow of matter and energy.

Appendix A: Compilation of Cross -Sections for He/
He'/He** Collisions With Atmospheric Gas

Al. Cross-Sections for He?" Collisions With CO,, N,, and O

[32] We have considered four processes for the interaction
of He*" with atomic (M) and molecular (M,) atmospheric
gas; elastic (o), one-electron charge exchange (o5), two-
electron charge exchange (G,(), and ionization (Gj,)

He?™ + M*(el)
Het + M7*(21)

2+
Hem #M =1 He £ M2+ (20)
He?™ + M* + e(io)
He? " + Mj(el)
HE* 4 M — Het + M7 (21)

He: + M™ +M*(or M3") (20)
He?™ + M* +M (or My*) +e (io)

[33] Unfortunately, the cross-sections for the elastic inter-
actions He?™ + CO,, N,, and O are unknown. To approach
these cross-sections, we used the same analytic approxima-
tions of G, as for H + O,, N», and O taken from the model
of the proton aurora at Earth [Gérard et al., 2000] in the en-
ergy range [100eV to 10keV]. The only calculation we
found in the literature was cross-sections for elastic He + O
collisions up to 5eV [Bovino et al., 2011]. Therefore, we
normalized the analytic approximation for the elastic colli-
sions He?" + CO, to be equal to the calculated one at 1 eV,
i.e., by the factor 6 (He+O; E=1eV)/cy(H+0,; E=1
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eV)=3.8x10"9/3.02 x 10'*=0.119. After that we as-
sume that a three-atom molecule (like CO,) can be described
by the same curve shape with cross-section values 3/2 times
larger than the ones for a two-atom molecule. Furthermore,
we assume that the elastic cross-section for He*" + O colli-
sions can be described by the same curve shape as one for
H" + O, but the scaling factor calculated above should be
reduced by a factor of 2. For the elastic collisions He?"

N, the same procedure as for He* +CO, was used, but the
scaling factor was evaluated from the paper by Newman
et al. [1985]. We normalized the analytic approximation
to be equal to the calculated one at 0.5keV, ie., by a
factor of 6¢(He +N,; E=500¢eV)/ co(H +Ny;E=500eV) =
1.92 x 107%/7. x 10 '3=0.274.

[34] For the one-electron and two-electron charge exchange
processes G, and G in the collisions of He*" ions with CO,
and N, molecules, the cross-sections were taken from Table 2
in Kusakabe et al. [2006]. In case of collisions of He*" ions
with atomic oxygen O, the cross-section G, was taken follow-
1ng Chanteur etal. [2009] the same as the one for the process
He’" +0, — He' + O +0 from Rudd et al. [1985]. The cross-
section G, for He?" collisions with O was taken from Rudd
et al. [1985]. Values of 6,9 and ©,; for the interaction of
He?" with atomic oxygen were given at energies above
5keV; therefore, following Chanteur et al. [2009] we adopt
the constant Values for low energies as 2. x 10'®cm? and
4. % 107" cm?, respectively.

[35] The ionization cross-section for the He?" + CO,
process was not found in the literature. To get o;, for He**
collisions with CO, molecules, we assume that it has the
same shape as H'+CO, in Haider’s compilation of cross-
sections [Haider et al., 2002]. We did not find even a single
point to normalize this cross—section; therefore, we assume
that the scaling factor is the same as for interaction with
atomic oxygen. For atomic oxygen there are cross-sections
for ionization by H' from compilation [Haider et al.,
2002] and calculations of ionization by He”" ions from
[Sahoo, 2000]. Using these data we evaluated the scaling
factor as 0.5 at 10keV, and apply it to ;,(H+CO,) to get
the approximation of the o;, (He*" + CO,) cross-section.
In case of He?" + N, collisions, the cross-section G, shape
was adopted from [Haider et al., 2002] and the scaling fac-
tor was assumed to be equal to 1. For He*" + O collisions the
C;, shape was adopted from [Haider et al., 2002] and the
scaling factor was taken equal to 0.5 [Sahoo, 2000].

A2. Cross-Sections for He’" Collisions With H, H,, and He

[36] We assumed that for elastic collisions of He®" ions
with H the shape of & cross-section is similar to the one
for the elastic collisions of protons H" with helium atoms
given in Krstic and Schultz [2006], but to evaluate the scal-
ing factor of 1.08 x 107'/2.46 x 10 '°=0.439 value, we
used the measurements of elastic cross-sections for the pro-
cess He+ He at a collision energy of 500 eV from Newman
et al. [1985]. For elastic collisions of He*" ions with H,
molecules, it was again assumed that the shape of o
cross-section is similar to the one for the elastic collisions
of protons H" with helium atoms given in Krstic and Schultz
[2006], but to evaluate the scaling factor of 9.3 x 107'%/
5. % 10716—1 86 value, we used the measurements of the
elastic cross-sections for the process He+H, at collision

energy of 1500 eV from Newman et al. [1985]. A similar ap:
prox1mat10n procedure was used for elastic collisions of He?
" ions with He, but the scalmg factor of 1.08 x 107'%/
2.46 x 10'°=0.439 was used in accordance with data for
He+ He collisions at 0.5 keV from [Newman et al., 1985].

[37] For the one-electron and two-electron charge
exchange processes G, and G, in the collisions of He*"
ions with H, molecules, the cross-sections were taken
from Table 2 in Kusakabe et al. [2006]. In case of collisions
of He*" ions with hydrogen and helium atoms, the cross-
sections G,; were taken from lto et al. [1993]. For the
two-electron charge exchange process of He”" collisions
with He, the value o, was taken equal to 2.5 x 1071°
[Janev et al., 1987; Barnett et al., 1990]. The cross-section
0,0 He?" + H is assumed to be negligible.

[38] The ionization cross-sections for the He*" ions colli-
sions with H, H,, and He were adopted from the compilation
by Ito et al [1995] It is necessary to point out that the values
of G;, (He + H) at collision energies below 10 keV are less
than 102! cm?; therefore, in the model this cross-section
was assumed to be equal to zero.

A3. Cross-Sections for He™ Collisions With CO,, N,, O,
H, H,, and He

[39] We have considered four processes for the interaction
of He" ions with atomic (M) and molecular (M,) atmospheric
gas: elastic (), charge exchange (o), ionization (o;,), and
stripping (G5, i.e., He' + M — He*" + M +e¢). Unfortunately,
we did not find any laboratory or computational data on the
cross-sections for elastic collisions of He™ ions with the atmo-
spheric species under study in the literature. Therefore, we as-
sumed in the model that &, for elastic collisions between He "
jons and atmospheric species are the same as ones for the He?
" ions (see the previous section). For the elastic process He" +
He o was assumed to be equal to the cross-section for the
elastic process H" + He taken from Krstic and Schultz
[2006], but to evaluate the scaling factor of 1.08 x 107"/
2.46 x 10'°=0.439, we used the measurements of elastic
cross-sections for the process He+ He at the collision energy
0.5keV from Newman et al. [1985].

[40] For the charge exchange collisions between He" ions
and CO,, N,, and O species the shape of the cross-sections
oo were taken the same as G, for the one-electron charge ex-
change processes He?" + CO,, N, and O, but with scaling fac-
tors adopted from Gao et al. [1990], where measurements at
1.5 keV were made for He" + N, and O, charge exchange col-
lisions. The scaling factors are equal to 8.3 x 107'%/3.98 x 10
16=2.09 for CO,, 3.7 x 107'%/3.76 x 107'°=0.98 for N,, and
8.3x 10'%845x10'°=0.98 for O. Cross-sections for
charge exchange collisions He" + H, H,, He — He+H", Hj,
He" were adopted from the compilation of Ito et al. [1993].

[41] The ionization cross-sections G;, for the He" + CO,
N,, and O processes were not found in the literature; there-
fore, it was assumed in the model that these cross-sections
are the same as for He’" + CO,, N, and O ionization
processes. The ionization cross-sections o;j, of the He®
collisions with atomic hydrogen H, molecular hydrogen
H,, and helium He were taken from the compilation of /fo
et al. [1995]. It is necessary to mention that values of
cross-section for the ionization process He' + H are
extremely small below 10 keV.
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[42] Laboratory and/or computed data on the cross-
sections for stripping processes (He" + CO,, N,, O — He*"
+ CO,, N,, O+e ) were not found in the literature. Cross-
sections for stripping collisions (He" + H, H,, He — He*"
+ H, H,, He+e ) are given in the compilation of Ito et al.
[1995], but their values are extremely small <102°-107*!
at energies below 10 keV. Therefore, the stripping processes
were not considered in the model.

Ad4. Cross-Sections for He Collisions With CO,, N,, O, H,
H,, and He

[43] We have considered three processes for the interaction
of He atoms with atomic (M) and molecular (M,) atmospheric
gas: elastic (o)), ionization (Cj,), and stripping (G, i.e., He+
M — He" + M +e¢). We did not find any laboratory or compu-
tational data on the elastic and ionization cross-sections of He
atoms with the atmospheric species CO,, N,, and O in the
literature. Therefore, we assumed in the model that o and
o;, for elastic and ionization collisions between He atoms
and atmospheric species CO,, Ny, and O are the same as ones
for the He" ions (see the previous subsection). The cross-
sections for elastic collisions He+H, and H, were assumed
to be the same as for He" + H, and H, collisions. In case of
elastic process He+He o, was assumed to be equal to the
cross-section for the elastic process H' + He taken from Krstic
and Schultz [2006], but to evaluate the scaling factor of
1.08 x 10715/2.46 x 10715=0.439, we used the measurements
of elastic cross-sections for the process He+ He at a collision
energy of 0.5keV from Newman et al. [1985].

[44] The ionization cross-sections o;, in the He collisions
with molecular hydrogen, and helium were taken from the
compilation of [to et al. [1995]. It is necessary to mention
that values of cross-section for the ionization process He + H
were not found in the literature, therefore this cross-section
was equal to zero in the model.

[45] We did not find any laboratory or computed data on
the cross-sections for stripping processes (He +CO,, N,, O
He" + CO,, N,, O +e) in the literature; therefore, these pro-
cesses were not taken into account in the model. Cross-
sections for stripping collisions (He+H, H,, He — He" +

H, H,, He +e) were taken from the compilation of /o et al.
[1995]. It is necessary to mention that the measurements for
stripping collisions with atomic hydrogen were made for
energies above 80 keV; therefore, this cross-section was taken
equal to zero in the model. For collisions with molecular
hydrogen and helium there are additional channels (He+ H,,
He — He?" + H,, He+2e), but the magnitudes of the cross-
sections for such channels are extremely small <102°~107'
at energies below 10keV.

AS. Scattering Angle Distributions for Collisional Processes

[46] Collisions of high-energy He/He'/He®" particles with
the ambient atmospheric gas are characterized by the
scattering angle distributions (SADs), which were measured
in the laboratory at given energies of the projectile particles
[Lindsay and Stebbings, 2005]. Such distributions are usu-
ally peaked at small scattering angles (see Figure 3) reducing
the efficiency of energy transfer from high-energy impact
particles to the target atmospheric particles.

[47] To take into account this effect, the following scatter-
ing angle distributions were used in the model:

[48] 1. For He+ CO,, N», and O processes, we adopted the
SADs measured for elastic scattering and ionization in the
high-energy He+O,, N,, and O, collisions [Newman
et al., 1985]. For stripping He+CO,, N», and O — He" +
... collisions, we did not find any data on the scattering an-
gle distributions, therefore we used the measured SADs for
He" + O, , N», and O, charge transfer collisions at 1.5keV
energy [Gao et al., 1990];

[49] 2. For He+H, H,, and He processes, we adopted the
SADs measured for elastic scattering and ionization in the
high-energy He+H, H,, and He collisions [Newman et al.,
1985]. For stripping He +H, and H, — He" + ... collisions,
we did not find any data on the scattering angle distributions;
therefore, we used the measured SADs for He" + H, charge
transfer collisions at 1.5 keV energy [Gao et al., 1990]. For
stripping He + He — He" + He + e collisions, we did not find
any data on SAD; therefore, we used the SAD measured for
elastic and charge transfer He" + He collisions at 1.5keV
energy [Gao et al., 1988];

Table Al. Summary of Cross-Sections for the He/He"/He*" Impact on the Atmospheric Species

No. Reactions Reference

Comment / Assumptions

1. Elastic interactions: He?™ + M — He?™ + M*

1.1 He?" +CO, Not available
1.2 He?t +N, Not available
1.3 He?" +O Not available
1.4 He** + H Not available
1.5 He?" + H, Not available
1.6 He?" + He Not available

Based on H + O, from Gérard et al. [2000] for 0.1-10 keV normalized by the
factor 0.119 to match the theoretically calculated cross-section for He+O at
1eV [Bovino et al., 2011].

Based on H' + N, from Gérard et al. [2000] for 0.1-10 keV normalized by the
factor 0.274 to match the measured cross-section for He+N, at 500eV
[Newman et al., 1985].

Based on H + O, from Gérard et al. [2000] for 0.1-10 keV normalized by the
factor 0.119/2 to match the theoretically calculated cross-section for He+O at
1eV [Bovino et al., 2011].

Based on He+H" from Krstic and Schultz [2006] for 0.1-10 keV normalized by
the factor 0.439 to match the measured cross-section for He+H" at 0.5keV
[Newman et al., 1985].

Based on He + H" from Krstic and Schultz [2006] for 0.1-10 keV normalized by
the factor 1.86 to match the measured cross-section for He+H, at 1.5keV
[Newman et al., 1985].

Based on He+H" from Krstic and Schultz [2006] for 0.1-10 keV normalized by
the factor 0.439 to match the measured cross-section for He+He at 0.5 keV
[Newman et al., 1985].
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Table Al. (continued)

No. Reactions Reference Comment / Assumptions

1.7-11 He" + CO,, N, O, H, H, Not available Assumed to be equal to respective collisions for He**

1.12 He" + He Not available Based on He+ H" from Krstic and Schultz [2006] for 0.1-10 keV normalized by
the factor 0.439 to match the measured cross-section for He+He at 0.5keV
[Newman et al., 1985].

1.13-17 He+CO,, N>, O, H, H, Not available Assumed to be equal to respective collisions for He"

1.18 He+He Not available Based on He+H" from Krstic and Schultz [2006] for 0.1-10 keV normalized

2. One-electron charge exchange: He?” + M — He' + M*

2.1 He?" +CO, [Kusakabe et al., 2006]
22 He?" +N, [Kusakabe et al., 2006]
23 He?" +0O [Rudd et al., 1985]

2.4 He?*' +H [Ito et al., 1993]

2.5 He?" + H, [Kusakabe et al., 2006]
2.6 He?" + He [Ito et al., 1993]
2.7-10 He" +CO,, N,, O Not available

2.11-13 He" + H, H,, He [Ito et al., 1993]

3. Two-electron charge exchange: He*" + M — He+M ™"

3.1 He*" + CO, [Kusakabe et al., 2006]
32 He?" + N, [Kusakabe et al., 2006]
3.3 He** + 0 [Rudd et al., 1985]

3.4 He*" + H, [Kusakabe et al., 2006]
35 He?" + He [Janev et al., 1987;

4. Tonization:

He?" + M — He* + M+ + e

Barnett et al., 1990]

4.1 He** + CO, Not available
42 He*' + N, Not available
4.3 He*' + 0 Not available
4.4-6 He?" + H, H», He [Ito et al., 1995]
4.7-9 He™ + CO, Ny, O Not available
4.10-12 He" + H, H,, He [Ito et al., 1995]
4.13-14 He+H,, He [{to et al., 1995]
4.15 He+H Not available

5. Stripping: He” + M — He*" + M+¢ or He+M — He' + M+e

5.1-3 He" + CO, N,, O Not available
5.4-6 He' + H, H,, He [{to et al., 1995]
5.7-9 He+CO,; N,, O Not available
5.10-12  He+H, Hy, He [lto et al., 1995]

by the factor 0.439 to match the measured cross-section for He + He at 0.5 keV
[Newman et al., 1985].

In accordance to Chanteur et al. [2009] o, was taken equal to
4.x 10" cm?® for £ < SkeV.

Based on He?™ + CO,, N, O normalized by the respective factors to match
the measured cross-section for He™ + N,, O at 0.5keV [Gao et al., 1990].

In accordance to Chanteur et al. [2009] 6, was taken equal to
2. % 107 cm? for E < 5keV.

In accordance to Chanteur et al. [2009] o, was taken equal to
2.5%x 10" cm? for £ < 5keV.

Based on H" + CO, from Haider et al. [2002] with the scaling factor the
same as for He’" + O.

Based on H" + N, from Haider et al. [2002].

Based on H' + O from Haider et al. [2002] normalized by the factor

0.5 to match the calculated cross-section for He** + O at 10keV [Sakoo, 2000].
Gio (He?™ + H) is < 1072 cm? for E < 10keV

Same as for He*" + CO,, N,, O

Gio (He" + H) is < 102%cm? for £ < 10keV

Neglected

Neglected in the model
Values of 61, < 102! cm? for £ < 10keV
Neglected in the model
Values of 6o, < 102! cm? for £ < 10keV

[50] 3. For He", He*" + CO,, N,, O, H, H,, and He colli-
sions, we did not find the measurements. Therefore, we use
the same the SADs as for the He collisions with these neutral

species.
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