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First ENA observations at Mars: Charge exchange ENAs produced
in the magnetosheath
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Abstract

Measurements of energetic neutral atoms (ENA) generated in the magnetosheath at Mars are reported. These ENAs are the result of charge
exchange collisions between solar wind protons and neutral oxygen and hydrogen in the exosphere of Mars. The peak of the observed ENA flux
is 1.3 × 1011 m−2 sr−1 s−1. For the case studied here, i.e., the passage of Mars Express through the martian magnetosheath around 20:15 UT on
3 May 2004, the measurements agree with an analytical model of the ENA production at the planet. It is possible to find parameter values in the
model such that the observed peak in the ENA count rate during the spacecraft passage through the magnetosheath is reproduced.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Energetic neutral atoms (ENAs) are produced by solar wind
protons and newly created planetary ions that undergo charge
exchange collisions with neutral atoms in the exospheres of
the non-magnetised planets. For magnetised planets, like Earth,
the exosphere is shielded from the solar wind by the mag-
netic field, and only plasma inside the magnetosphere can con-
tribute to the ENA production. Charge exchange is one of the
processes through which the solar wind interacts with plane-
tary atmospheres. By measuring the ENA flux this interaction
process can be studied. ENA measurements can also give in-
formation about the escape of pick-up ions since the charge
exchange process that creates the ENAs also creates ions that
can be picked up by the solar wind. ENA imaging is a pow-
erful diagnostic tool to study the global distribution of sin-
gle charge ions in planetary environments (Williams et al.,
1992).

ENA images of Earth’s magnetosphere have been obtained
by the Swedish satellite Astrid (Brandt et al., 1999), by in-
struments on the IMAGE satellite (Burch et al., 2001), and on
China’s Double Star mission (McKenna-Lawlor et al., 2004).
Holmström et al. (2002) simulated images of ENAs produced
by the interaction between the solar wind and Mars through
the integration of the ENA production along lines of sight to
a virtual ENA instrument. Oxygen ENA images were consid-
ered by Barabash et al. (2002). Gunell et al. (2005a) com-
pared the influence of different simulation models on the
production and imaging of ENAs. Similar ENA simulations
have also been performed for the Venus environment (Gunell
et al., 2005b; Fok et al., 2004). ENAs play an important role
in sputtering of the atmosphere, because as they are unaf-
fected by electric and magnetic fields they move freely from
high in the exosphere, where they are created in charge ex-
change collisions, to lower altitudes where they impact on
the atmosphere and cause sputtering (Leblanc and Johnson,
2000).

In this work we present observations made with the Neutral
Particle Imager (NPI) of the ASPERA-3 instrument on ESA’s
Mars Express mission (Barabash et al., 2004). For solar wind
parameter estimates we also use the Ion Mass Analyser (IMA)
and the Electron Spectrometer (ELS) of the ASPERA-3 in-
strument. The NPI measures energetic neutral atom fluxes in
the vicinity of Mars. We compare our observations with sim-
ulations of ENAs that are based on a analytical model of the
plasma flow around Mars (Kallio, 1996). This model has been
used to study the role of charge exchange in Mars–solar wind
interaction (Kallio et al., 1997), and was used by Holmström
et al. (2002) to simulate ENA images. The computational tech-
nique used to calculate the ENA flux was described in detail by
Holmström et al. (2002).

This paper is organised as follows. The observations are de-
scribed in Section 2, the numerical simulations are presented in
Section 3. In Section 4 the observational results are compared
to the results from numerical simulations, and in Section 5 the
conclusions are discussed.
2. Observations

The ASPERA-3 instrument consists of four sensors that
measure electrons, ions and ENAs. In this work measurements
made using the NPI sensor are analysed. We concentrate on
data collected during Mars Express orbit 363 on 3 May 2004,
when the spacecraft passed through the magnetosheath and into
the solar wind. Fig. 1 shows the orbit in a cylindrical coordi-
nate system, in which the x-axis is directed toward the Sun,
the z-axis is directed northward, perpendicular to the ecliptic
plane, and the y-axis closes the right-handed system. The dis-
tance to the Mars–Sun line is thus

√
y2 + z2. The bow shock

and the induced magnetosphere boundary (IMB) are shown as
dashed lines. The bow shock and IMB shapes shown in Fig. 1
are the same as those used for ENA calculations with the em-
pirical model discussed in Section 3.

The IMB is the boundary which separates the solar wind
from the inner region that is dominated by plasma of planetary
origin. It has been given many different names in the litera-
ture depending on what measured quantity have been used to
identify it. We call it the IMB following Lundin et al. (2004).
The Sun is in the positive x-direction. Whether the IMB is
the same boundary as the magnetic pile-up boundary (Vignes
et al., 2000) cannot be determined by Mars Express that does
not carry a magnetometer.

The NPI field of view is divided into 32 sectors, each with
a 5◦ × 11.25◦ field of view. Fig. 2 shows the position of Mars
Express and the field of view of sectors 21–25 at 20:12:44 UT
on 3 May 2004, when the spacecraft was in the magnetosheath.
The grey-scale map shows a simulation of the ENA production
rate in a plane that intersects the centre of all NPI sectors. The
simulation is discussed further in Section 3. The ξ -axis is the
projection of the Mars–Sun line in the NPI plane, and the ζ -axis
is perpendicular to both the ξ -axis and the Mars–Sun line.

Fig. 1. Mars Express orbit 363 in cylindrical coordinates, with the bow shock
(BS) and the induced magnetosphere boundary (IMB) shown. The bow shock
and IMB shapes shown here are the same as those used for ENA calculations
with the empirical model discussed in Section 3. The origin of the coordinate
system is in the centre of Mars. The x-axis is directed toward the Sun, the z-axis
is directed northward, perpendicular to the ecliptic plane, and the y-axis closes
the right-handed system. (y2 + z2)1/2 is the distance to the Mars–Sun line.
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Fig. 3 shows the observed count rate for NPI sectors 21–25.
A peak in the count rate is seen between 20:11 UT and 20:17
UT for sectors 22–24, and it can also be discerned in sectors
21 and 25, although it is less pronounced there. This peak is
identified as ENAs originating in the main production region in
the magnetosheath. The geometry can be seen in Fig. 2, which
shows the spacecraft position at 20:12:44 and the field of view
of the relevant sectors.

Fig. 2. Spacecraft position and field of view of sectors 21–25 at 20:12:44 UT
on 3 May 2004. The grey-scale map shows a simulation of the ENA production
rate in a plane that intersects the centre of all NPI sectors. The ξ -axis is the pro-
jection of the Mars–Sun line in the NPI plane, and the ζ -axis is perpendicular
to both the ξ -axis and the Mars–Sun line.
There is another peak at about 19:50 UT followed by a slow
decay that lasts until after the rise of the main peak described
above when the spacecraft has entered the magnetosheath. This
is most clearly seen in sectors 25 and 24, but traces are also seen
in the other three sectors of Fig. 3. During the period from 19:50
to 20:10 the spacecraft was inside the IMB and the field of view
covered the region between Mars and the IMB. The source of
this signal could be ENAs or a contamination by ultraviolet
light reflected from the surface or scattered in the atmosphere.
A simple UV model is used to study this issue in Section 3.

3. Simulations

An empirical model for the plasma flow around Mars based
on measurements made with the ASPERA (Automatic Space
Plasma Experiment with a Rotating Analyser) instrument on
board the Phobos 2 spacecraft was developed by Kallio (1996).
This model was used to study the production of energetic neu-
tral atoms through charge exchange collisions between the solar
wind protons and atoms and molecules in the martian neutral
atmosphere (Kallio et al., 1997). It has also been used to study
the motion of protons and oxygen ions near Mars (Kallio and
Koskinen, 1999). The model is cylindrically symmetric with re-
spect to the Mars–Sun axis, and includes a bow shock and an
induced magnetosphere boundary. The magnetic field is frozen
into the modelled flow. A spherical obstacle, that is impenetra-
ble to the flow, is assumed at 170 km altitude. The bow shock
shape is given by a conical function that is based on Mariner 4,
Mars 2, 3, 5, and Phobos 2 bow shock crossings. The shape
of the induced magnetosphere boundary is given by an even
fourth-order polynomial based on Phobos 2 data. The model is
Fig. 3. Orbit 363 data from the ASPERA-3 NPI sensor.
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Table 1
Model parameters used by Holmström et al. (2002) compared to the parameters
used here (the model obstacle is located at 170 km altitude)

Parameter Holmström This work

Solar wind
Plasma density 2.5 × 106 m−3 2.0 × 106 m−3

Temperature 10 eV 5 eV
Solar wind speed 400 km s−1 470 km s−1

Geometry
Bow shock position 1.55 Rm 1.55 Rm
IMB position 1.2 Rm 1.35 Rm
IMB penetration 1/6 0.05

Neutral exobase
H density 9.9 × 1011 m−3 2.97 × 1012 m−3

H temperature 192 K 192 K
H2 density 3.8 × 1012 m−3 1.14 × 1013 m−3

H2 temperature 192 K 192 K
Ohot density 5.5 × 109 m−3 1.65 × 1010 m−3

Ohot temperature 4.4 × 103 K 4.4 × 103 K
Othermal density 1.4 × 1014 m−3 4.2 × 1014 m−3

Othermal temperature 173 K 173 K

parameterised, and the parameter values used here are shown
in Table 1, that also shows the parameters used by Holmström
et al. (2002), for comparison.

The algorithm for computing ENA images was described in
detail by Holmström et al. (2002). The ENA production in the
direction from the source toward the instrument is integrated
along lines of sight from the position of the NPI on the space-
craft. The production rate is proportional to the density of the
neutral exosphere, the directional proton flux, and the cross sec-
tions for charge exchange with the different neutral species. We
use the model for the cross sections that was used by Kallio
et al. (1997). The proton velocity distribution is assumed to be a
Maxwellian that is centred around the bulk velocity given by the
empirical plasma flow model. The simulated count rates shown
in Fig. 4 have been computed by weighted average of 434 line
of sight integrals for each sector. The weights are given by the
sensitivity of the NPI for ENAs incident from different direc-
tions. The various directions were scanned during calibrations
yielding a 14 × 31 matrix for the directional sensitivity.

When calculating the ENA flux a Chamberlain exosphere
is used to model the neutral gas density. The number density
ni of neutral species i is modelled as ni = Ni exp(−βi(1/r0 −
1/r))ζ(βi/r), where r is the distance to the centre of Mars,
r0 is the radius of the exobase, ζ is Chamberlain’s partition
function (Chamberlain and Hunten, 1987), and βi is a con-
stant that is determined by the mass and temperature of each
species. βi = GMmi/(kBTi), where G is the gravitational con-
stant, M = 6.46×1023 kg is the mass of Mars, mi is the atomic
mass of neutral species i, and Ti is the temperature of species
i at the exobase. The exobase altitude is assumed to coincide
with the model obstacle at 170 km. The properties of the ex-
osphere are variable and the true conditions for the day of the
observation unknown. Therefore the parameters of the density
profiles shall be seen as a an analytical fit rather than a true
set of parameters for the exosphere on the day of the observa-
tion. The exosphere parameters are varied in Section 4 to fit the
model results to the observations. Three species are included
in the model: atomic hydrogen, molecular hydrogen, and oxy-
gen. For oxygen two populations with different temperatures
are modelled.

We started with exosphere parameters that were adopted
from Kallio et al. (1997), Holmström et al. (2002), Krasnopols-
ky and Gladstone (1996), and then the geometrical and ex-
ospheric parameters were varied to fit the observed data. The
solar wind parameters were estimated from IMA and ELS data
and kept fixed at these estimated values. The parameters are
shown in Table 1, the initial parameters being found in the
column labelled Holmström. The quantity called “IMB posi-
tion” in Table 1 is defined as the planetocentric distance to the
point where the induced magnetosphere boundary intersects the
Mars–Sun line. It was varied to obtain a good agreement with
the rising edge of the main peak in the count rate for sector 23.
This is achieved with an IMB position of 1.35 Rm. To fit the
peak count rate the density at the model obstacle was also in-
creased by a factor of three. This increases the neutral density
everywhere and hence increases the ENA production. The IMB
penetration parameter was decreased from 1/6 to 0.05. This
changes the stream lines and increases the proton flux in the
magnetosheath thus contributing to a higher ENA flux at the
observed peak. A careful study of the influence of the different
parameters on the ENA flux as well as on the shape and struc-
ture of ENA images was published by Holmström et al. (2002).
The modelling result is shown in Fig. 4. The bow shock and the
IMB are shown in Fig. 1 using these parameters. The spacecraft
crosses the induced magnetosphere boundary at 20:10 in this
model, and the bow shock is crossed at 20:18. This means that
the main peak of the ENA flux started shortly after the space-
craft entered the magnetosheath and ended a minute before the
spacecraft crossed the bow shock and entered the solar wind.

We have made a simplified simulation of ultraviolet light
from Lyman alpha airglow to investigate the possible contami-
nation of the data by UV photons. The model is based on Bush
and Chakrabarti (1995b), but is simplified by assuming only
single scattering of the incident sunlight. The count rate RUV
caused by UV photons is estimated by a line of sight integral

(1)RUV = AσQ
Ω

4π

∫

LOS

Ssune
−τ(s) ds,

where τ is the optical depth along the line of sight:

(2)τ(s) = σ

s∫

0

nH(s′)ds′

and A = 5.25 × 10−5 m2 is the detector area, σ = 1.19 ×
10−17 × √

T0/TH m2 is the photo absorption cross section
(Bush and Chakrabarti, 1995b), where T0 = 1000 K. Q =
5×10−6 is the quantum efficiency of the NPI, Ω the solid angle
of the field of view, and nH is the density of neutral hydrogen
in the exosphere. The source function Ssun is given by

(3)Ssun(x, y, z) = φs

x0∫
e−τ(x′,y,z) dx′,
x
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Fig. 4. Simulations (dashed curves) and filtered data (solid curves) from MEX orbit 363 and the ASPERA-3 NPI sensor. The highest count rates in sectors 23 and 24
correspond to fluxes of 1.3 × 1011 and 1.2 × 1011 m−2 sr−1 s−1, respectively. The dark counts shown in Table 2 have been added to the simulation results.
where x0 = 20 Rm is the sunward edge of the simulation re-
gion, φs is the incident Lyman alpha flux within the Doppler
bandwidth. The value for the solar Lyman alpha is obtained
from the Solar2000 model (Tobiska et al., 2000) and is scaled
by the square ratio of the Earth–Sun and Mars–Sun distances
and the Doppler bandwidth to solar emission line bandwidth ra-
tio. The Lyman alpha line that is emitted from the sun is 0.9 Å
wide, whereas photons can only be absorbed within the more
narrow Doppler bandwidth of the martian exosphere (Bush and
Chakrabarti, 1995a). Thus the incident flux is

φs = 3.99 × 1015 × (1.008/1.621)2 × (0.0164/0.9) m−2 s−1

= 2.81 × 1013 m−2 s−1.

Finally τ(x, y, z) in Eq. (3) is defined by
(4)τ(x, y, z) = σ

x0∫
x

nH(x′, y, z)dx′,

where the path of integration is parallel with the x-axis and runs
from the source point in question to x = x0.

Analogously to the ENA simulations described above a
weighted average is then formed using the measured relative
sensitivities for different angles of incidence. The quantum ef-
ficiency and the relative directional sensitivities were obtained
in calibrations of the NPI reference model. This introduces an
uncertainty of the absolute count rate, but the simulation result
can still serve as a relative measure of the contribution from ul-
traviolet light, and the shape of the curves shown in Fig. 5 can
be compared to the shape of the curves showing observed count
rate in Fig. 3.
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Fig. 5. A simulation of the count rate caused by Lyman alpha airglow from the
martian hydrogen corona.

Table 2
ENA flux observed by the ASPERA-3 NPI and the dark count and sensitivity
that was used to calculate the flux

Sector Flux
(m−2 sr−1s−1)

Dark count Sensitivity
(m−2 sr−1)

21 3.4 × 1010 0.9 5.2×10−10

22 1.0 × 1011 1.3 6.8×10−10

23 1.3 × 1011 1.6 7.9×10−10

24 1.2 × 1011 2.1 8.0×10−10

25 9.9 × 1010 2.1 7.9×10−10

4. Results

Fig. 4 shows the data of Fig. 3, which has been digitally
filtered to remove high frequency noise. The filter is a low-
pass finite impulse response filter of length 201, with real and
symmetric coefficients. The signal is run first forward and then
backward through the filter, thus obtaining precisely zero phase
distortion. Signals with a period less than one minute are at-
tenuated efficaciously. The dashed lines show the result of the
simulation described in Section 3. Using this filtered data we
calculate the maximum ENA flux for each sector, during the
main peak between 20:11 and 20:17 UT. The result is shown
in Table 2. The flux is computed by subtracting the dark count
from each sector and multiplying by the sensitivity, that is to
say

(5)jENA = R − Rdark

Gε
,

where jENA is the ENA flux, R is the observed count rate, Rdark
is the dark count, G = 2.7 × 10−7 m2 sr is the geometrical
factor, and ε is the efficiency for each sector. The sensitivity
that is tabulated in Table 2, along with the flux and the dark
count, is then defined as 1/(Gε). Since the NPI does not re-
solve particle energy the efficiency corresponding to 1 keV was
used. The dark count is estimated as the mean of the count
rate between the times 19:15 and 19:45. The maximum value
in sector 23 is 1.3 × 1011 m−2 sr−1 s−1 which is in agreement
with the highest emission from the shocked solar wind pre-
dicted by Holmström et al. (2002), as shown in Plate 1 of that
paper.

There are a few uncertainties that can contribute to an er-
ror in the flux that is calculated from the data. First, there can
be an error in the calibrated sensitivity. This error is less than
25%. Secondly, the sensitivity depends on the incident angle
within each sector, and since we cannot know the exact inci-
dent angle we have used the sensitivity for the central direction
of each sector, where the sensitivity is at its peak. Thirdly, the
efficiency depends on the particle energy, and since we do not
know the energy of the incident ENAs this can contribute to an
error in the measured flux. For typical solar wind energies, i.e.,
E = 1 keV for hydrogen, where ε = 10−3, this error is approx-
imately

�ε

�E
= 7.4 × 10−4 (eV−1).

The result of the UV simulation, which is shown in Fig. 5, is that
the maximum count rate is approximately 0.5 s−1, i.e., lower
than the observed count rate by a factor of 10–100. The shape
of the simulated UV curves is completely different from that
of the observed count rates (Figs. 3 and 4) and thus even if the
quantum efficiency of the instrument was off by a very large
factor the observed peak between 20:11 and 20:17 cannot be
caused by this UV source.

5. Conclusions and discussion

We have presented data from the Neutral particle imager
of the ASPERA-3 instrument on ESA’s Mars Express mis-
sion. During orbit 363 between 20:11 and 20:17 UT on 3 May
2004 a peak appeared in the observed count rate. It both
rises and falls off very sharply. The maximum flux is approx-
imately 1011 m−2 sr−1 s−1 in agreement with the predictions
by Holmström et al. (2002). The source of the observed flux
is ENAs created in charge exchange collisions between atoms
in the atmosphere of Mars and solar wind protons. The source
region is located in the shocked solar wind between the bow
shock and the induced magnetosphere boundary. The field of
view is shown in Fig. 2 on a map of the ENA production rate.
The ENAs that can reach the instrument are created between
the spacecraft and the Mars–Sun line, because the ENA flux is
highly directional and parallel with the plasma velocity at the
source point. The bulk velocity of the plasma downstream of
the bow shock is directed diagonally outward from the Mars–
Sun line.

The model parameter that is the most influential on the mor-
phology of ENA images is the IMB position (Holmström et al.,
2002). The IMB position is in turn likely to be influenced by
the solar wind parameters. Combining ENA measurements with
solar wind measurements can be a useful technique for future
studies of this dependence. The data agrees with simulations
using an IMB position, defined as the planetocentric distance to
the IMB along the Mars–Sun line, of 1.35 Rm, and an, analo-
gously defined, bow shock position of 1.55 Rm. This estimate
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of the parameters relies on the assumption that these boundaries
were shaped according to the model we used. These bound-
aries are known to be variable. The increase of the ENA flux
that is seen in the simulation is not as sharp as the increase of
the measured signal. The model is based on a statistical study
of several orbits and is therefore an average rather than a mo-
mentary picture of the IMB. This introduces an uncertainty
into the identification of the IMB position at 1.35 Rm. Com-
bined studies of ENA data and measurements of other quantities
provide a promising way to study the shape of these bound-
aries. While measurements of electrons and ions are local ENA
measurements are non-local, and thus in effect one spacecraft
can provide simultaneous measurements over an extended re-
gion.

The exosphere parameters were varied to achieve better
agreement for the value of the count rate at the main peak.
The set of parameters arrived at in this way is not a unique
solution. The properties of the exosphere vary with time, and
the exact conditions for the day of the observation are un-
known. We merely fit a function to the observed data, and
do not claim that the actual exosphere had the parameters
that we arrived at. The necessary increase of the exosphere
density in the ENA production region could be accomplished
through other exobase altitudes, densities, and temperatures. At
the altitudes that are considered here the oxygen component
of the exosphere, although it has been included in the mod-
els, is negligible in comparison with the hydrogen component.
One application of ENA measurements is parameter extraction
by Holmström and Kallio (2004). Future work may improve
our abilities to extract parameters from these ENA measure-
ments.

The peak at 19:50 and the following slowly decreasing
plateau seen in some of the sections could either be caused by
ENAs scattered off the atmosphere or possibly by contamina-
tion of the data by ultraviolet photons. Ultraviolet light reflected
from the surface could have reached sector 25 at 19:50 as the
field of view of that sector just about touched the martian sur-
face at that time, but the sustained plateau cannot be explained
in this way. A simulation of Lyman alpha emissions from the
atmosphere yields a count rate that is lower than the observed
count rate by a factor of 10–100. There is some uncertainty
in this, since the calibrations were performed on the reference
model rather than on the instrument itself. Further increasing
the uncertainties the UV model depends on the density profile
of the exosphere, of which detailed knowledge is unavailable at
this time. The shape of the curves of the UV emissions, how-
ever, excludes UV as a source for the main peak between 20:11
and 20:17 UT.

This study shows that the general picture of the generation
of ENAs at Mars is correct. ENAs are generated in the between
the bow shock and the induced magnetosphere boundary, and
the flux agrees with predicted values. Now that a general agree-
ment has been confirmed ENA measurements can be used in
future work for automated parameter extraction; to study mass
loading, the shape and variability of plasma boundaries; and
for comparison between different Mars–solar wind interaction
models.
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