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First ENA observations at Mars: Solar-wind ENAs on the nightside
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Abstract

We present measurements with an Energetic Neutral Atom (ENA) imager on board Mars Express when the spacecraft moves into Mars eclipse.
Solar wind ions charge exchange with the extended Mars exosphere to produce ENAs that can spread into the eclipse of Mars due to the ions’
thermal spread. Our measurements show a lingering signal from the Sun direction for several minutes as the spacecraft moves into the eclipse.
However, our ENA imager is also sensitive to UV photons and we compare the measurements to ENA simulations and a simplified model of
UV scattering in the exosphere. Simulations and further comparisons with an electron spectrometer sensitive to photoelectrons generated when
UV photons interact with the spacecraft suggest that what we are seeing in Mars’ eclipse are ENAs from upstream of the bow shock produced in
charge exchange with solar wind ions with a non-zero temperature. The measurements are a precursor to a new technique called ENA sounding
to measure solar wind and planetary exosphere properties in the future.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Energetic Neutral Atom (ENA) imaging remotely images

the interaction between singly charged ions (or molecules) and
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Fig. 1. Illustration of the ENA production regions at Mars from models. Solar wind ENAs are produced by charge exchange between the solar wind ions and the
extended exosphere in front of the bow shock. The ENA albedo are produced by the solar wind ENAs and pick-up ions precipitating the upper atmosphere (Futaana
et al., 2006a). The subsolar ENA jet is produced where the subsolar deflection point of the solar wind flowlines occurs in high neutral gas density close to the planet
(Futaana et al., 2006b; Gunell et al., 2005).
neutral gas and can be used to diagnose both. At Earth several
missions (Barabash et al., 1998; Mitchell et al., 2000, 2003;
McKenna-Lawlor et al., 2005) have used ENA imaging to im-
age the ring current and plasma sheet (Brandt et al., 2001,
2002). Collier et al. (2001) report on measured solar wind ENAs
from within the Earth’s magnetosphere. It is estimated that the
neutral flux is ≈10−3–10−4 of the solar wind flux. A recent
study (Taguchi et al., 2004) has shown that such observations
can be used to monitor the cusp motion, which responds to large
variations of IMF Bz.

For the first time, ENA imaging at Mars is carried out by the
Neutral Particle Imager (NPI) on the Analyzer of Space Plas-
mas and EneRgetic Atoms (ASPERA-3) experiment (Barabash
et al., 2004) on board the Mars Express mission. Detecting
ENAs in the low-energy range has proven a challenging tech-
nique to master. Up to now three missions have carried or carry
ENA instruments in the sub-keV range: the PIPPI (Prelude In
Planetary Particle Imaging) imager on board the Astrid-1 mis-
sion (Barabash et al., 1998; Brandt et al., 2001), the LENA
(Low Energy Neutral Particle) imager on board the IMAGE
mission (Moore et al., 2000), and the NPI and the NPD (Neutral
Particle Detector) on board Mars Express.

The solar wind interaction with Mars is complex and pro-
duces ENAs in a wide energy range whose detection allows the
interaction to be studied. Fig. 1 is a sketch of the expected ENA
emissions around Mars. Three main ENA production areas have
been identified in simulations (Kallio et al., 1997): (1) in the so-
lar wind upstream of the bow shock (BS), (2) downstream of the
BS in the magnetosheath, (3) downstream of the induced mag-
netosphere boundary (IMB, as defined by Lundin et al., 2004)
near the planetary obstacle. Simulations of the ENA production
in the solar wind and the magnetosheath region have been pre-
sented by Holmström et al. (2002). In this paper we report NPI
observations showing how significant flux of ENAs produced
upstream of the bow shock penetrates the martian system.

In the next section we describe the NPI sensor and observa-
tions as the spacecraft enters the eclipse. In Section 3 we discuss
the origin of the detected ENA signal and the contribution from
scattered UV photons. We also treat the observed variations be-
tween different orbits and introduce ENA sounding as a new
measurement technique.

2. Observations

The NPI is a part of the ASPERA-3 instrument on board
Mars Express (Barabash et al., 2004) and measures ENA in the
energy range 100 eV–60 keV, where the highest energy is the
deflector cut-off for the maximum applied voltage. ASPERA-3
also includes two identical neutral particle detectors (NPD 1
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Fig. 2. A view of the orbit geometry with the field of view of NPI sectors 20–22
at 11:18:30 UT during orbit 343 on April 27, 2004. The plot is in cylindrical
coordinates (see text). UT hours are included in the plot. Distances are in Mars’
radii (Rm = 3397 km). The area between the bow shock (BS) and the induced
magnetosphere boundary (IMB) is referred to as the magnetosheath.

and 2), an electron spectrometer (ELS) and an ion mass ana-
lyzer (IMA). NPD has energy and mass resolution but poor an-
gular resolution, while the NPI is a pure imager without energy
or mass resolution, but higher angular resolution. NPD mea-
surements from Mars’ dayside are reported by Futaana et al.
(2006a, 2006b).

The NPI is a 360◦ ENA imager sectioned into 32 sectors,
each with a 11.25◦ × 4.0◦ field of view. Charged particles are
rejected in an electrostatic deflection system. The neutrals hit
a central target block and are reflected towards a microchan-
nel plate (MCP). The MCP overlays a 32 sector anode from
which we derive directional information. UV rejection is based
on blackening of the deflection system and target block sur-
faces. The UV photon detection efficiency for Lyman alpha
(Lα) photons (λ = 121.6 nm), as established from UV calibra-
tions on the NPI reference model, is 10−5. The NPI aperture
plane coincides with the ecliptic plane in most considered or-
bits. This results in a very high count rate from direct solar
photons (>105 s−1) in the NPI. This affects all sectors, not just
the ones pointing towards the Sun, rendering ENA measure-
ments from any direction impossible. The observations here
are obtained in the sunward direction. In order to minimize
UV contamination we focus on NPI measurements during the
spacecraft’s transition into Mars eclipse. A typical view of the
orbit geometry with the field of view of NPI sectors 20–22 is
shown in Fig. 2. The plot is a cylindrical representation of a
Mars centered right-handed coordinate system, in which the x-
axis points towards the Sun and the z-axis points northward
perpendicular to the ecliptic plane. In the plot (y2 + z2)1/2 is
thus the distance to the Mars–Sun line.

The measured count rates for sectors 17–28 during the entry
into eclipse on orbit 343, April 27, 2004 are shown in Fig. 3a.
Figs. 3b and 3c show count rates from an ENA simulation (see
Section 3.1). Fig. 4 shows the measurement at 11:22 UT in a
fish-eye view (see Holmström et al., 2002), that may provide a
better understanding of the NPI field of view.

As the spacecraft moves deeper into eclipse there is a last-
ing response in the sectors pointing in the direction of the Sun.
First there is a sharp drop in the count rate (see Fig. 3a). This is
common in all eclipse transitions and can be explained by the
direct solar photon flux disappearing when the Sun sets below
Mars’ limb. When the count rate has dropped to around 102 s−1

there is an abrupt change in the slope and the count rate ex-
hibits an exponential decrease that lasts for typically 5–8 min.
The count rate then reaches the background level of the NPI at
around 10 s−1/sector. This long lasting signal is the subject of
this analysis.

Fig. 5 shows some typical NPI count rates as the spacecraft
enters eclipse between April 23, 2004 and May 14, 2004. The
count rate is plotted against the parameter h, which is defined
in Fig. 6. For clarity the signals are smoothed using

Si =
{

1
w

∑w−1
j=0 Ci+j−w/2, i = (w + 1)/2, . . . ,N − w,

Ci, otherwise,

where Si is the new, smooth, data point, w is the width of the
smoothing box, Ci is the original data point, and N is the total
number of data points. A width of w = 59 s was used here.
The signal demonstrates a clear variability. Some orbits show
a response lasting longer and there can be a flat region in the
count rate after the initial decrease (for example, orbits 343 and
362 in Fig. 5). Other orbits exhibit a more direct decrease in
count rate (for example, orbits 344 and 363 in Fig. 5).

3. Discussion

3.1. Comparison with simulations

The ENA simulations we have used are based on an empir-
ical model of the solar wind protons and recent models of the
Mars exosphere as described by Kallio (1996) and Holmström
et al. (2002). The model calculates line of sight integrals from
ENA source regions to the detector with the assumption that the
environment is optically thin for ENAs outside an impenetra-
ble obstacle with a radius of 1.05 Mars radii. In the simulation
we have placed a virtual NPI in the correct orbit position. To
calculate the NPI count rate, the calibrated angular response
function, the relative directional sensitivities, and efficiencies
have been used. The parameters used in the simulations are
given in Table 1. See also Gunell et al. (2005) for a more de-
tailed description and Gunell et al. (2006) for a comparison of
different simulation models.

With the NPI sensitivity to UV photons in mind it is not
trivial to determine whether the lingering signals are caused by
ENA or scattered UV. The difficulties lie in the fact that ENA
and UV are scattered from the same region and should exhibit
roughly the same exponential decrease with altitude above the
martian limb. We have made a simplified simulation of ultravi-
olet light from Lyman alpha airglow to investigate the possible
contamination of the data by UV photons. The model is based
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Fig. 3. (a) NPI measurements obtained in eclipse on April 27, 2004 (orbit 343). A distinct signal was observed in sectors 20–23 lasting deep into the umbra. The
y-axis is sector number (direction) and x-axis is time in UT. The color scale indicates count rate (s−1). The dashed lines are the plotted martian limbs as viewed
from the NPI. (b) Simulations using a semiempirical solar wind flow model with a temperature of 10 eV. (c) Simulations using a semiempirical solar wind flow
model with a temperature of 10 eV. The ENAs are produced via charge exchange of the upstream solar wind with the extended martian exosphere and can propagate
into the umbra due to the temperature spread and appear in sectors 19–22. The additional counts observed in sector 23 may be an effect of a sector priority, in which
sectors with higher numbers are prioritized for simultaneous pulses.
on Bush and Chakrabarti (1995a), but is simplified by assum-
ing 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
photon detection 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∫
x

e−τ(x′,y,z) dx′,

where x0 = 20 Rm is the sunward edge of the simulation re-
gion, φ = 2.81 × 1013 m−2 s−1 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 ratio (Bush and Chakrabarti, 1995a).
Finally τ is defined by

(4)τ = σ

x0∫
nH(x′)dx′,
x
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Fig. 5. Count rate data from NPI sector 22 during selected orbits between April 27, 2004 and May 14, 2004. The parameter h is the shortest distance from the center
of Mars to the vector from the center of sector 22 (see Fig. 4).
Fig. 4. A fish-eye view of the observed ENA emissions at around 11:22 UT.
The image resembles what a human eye would see. Ecliptic north is along the
z-axis and the x-axis points towards the Sun. The dot represents the location
of the Sun and is hidden behind the planet. The color scale indicates count rate
(s−1).

where the path of integration is parallel with the x-axis and runs
from the source point in question to x = x0. As with the ENA
simulation the calibrated response function is used. The flight
model NPI on board Mars Express was not calibrated against
UV. The photon detection efficiency, and the relative directional
sensitivities are from calibrations of an NPI reference model.
This introduces an uncertainty in the absolute count rate, but
the simulation result can still serve as a relative measure of the
Fig. 6. A parameter h is defined as the shortest distance to the NPI center sector
view vector from the center of the planet.

contribution from UV light, and the shape of the scaled curves
shown can be compared to the shape of the count rates in Fig. 7.
Our simple UV model does not take into account direct photons
from the Sun, and mechanisms other than Lα airglow that can
scatter UV photons into the umbra are not included.

Fig. 7 is a plot of the ENA and UV simulations overlayed
on the count rate from sectors 20, 21, and 22. The photon re-
lated count rate is negligible in all other sectors during this time
interval. Sectors 20 and 21 follow the ENA simulation reason-
ably well, while sector 22 has too high count rate. This could
partly be due to ENA scattering in the exosphere (Kallio et al.,
2006), but also to a priority effect in the sensor, in which sectors
with higher numbers are prioritized for simultaneous pulses.
The effect was found during calibrations of the NPI and is ex-
plained as an increase of the noise in the neighboring sectors
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when there is a hit in one sector. When a hit on one of the sec-
tors is registered the NPI logic starts at the highest numbered

Table 1
Model parameters used in this work

Parameters

Solar wind
Plasma density 2.5 × 106 m−3

Temperature 10, 20, 30, and 50 eV
Solar wind speed 400 km/s

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

Neutral exobase
H density 9.9 × 1011 m−3

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

H2 temperature 192 K
He density 7.2 × 1011 m−3

He temperature 275 K
Ohot density 5.5 × 109 m−3

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

Othermal temperature 173 K

Model parameters are identical to the parameters used by Holmström et al.
(2002) except we have run it with different solar wind temperatures (Holmström
et al. (2002) used 10 eV). The exobase is located at 170 km altitude.
sector (sector 31) and checks it for the hit. If sector 31 has not
registered the count it checks sector 30, 29, 28 and so on until
it encounters the sector with the count. However, simultaneous
noise in the neighbor with a higher sector number often cause
the logic to register a hit in that sector instead. There is then a
build-in priority effect toward higher numbered sectors for any
counts that occur simultaneously (within ≈200 ns). From cal-
ibrations the effect could be responsible for up to 50% of the
count rate that end up in the higher sector. Efforts to study this
effect further and compensate for it are ongoing.

Not only is the expected UV photon count rate orders of
magnitude too low to explain the signal, the curve shape is dif-
ferent. The slope of the UV count rate is consistently higher
than the slope of the data count rate for all three sectors. Note
that the direct solar photons are not modeled, which is why we
do not see a high UV count rate when we are outside of the
eclipse in the beginning of the figure.

3.2. NPI signal vs photoelectron flux

To further investigate if the signal is due to UV photons or
not we compare the NPI observations with photoelectron mea-
surements from the electron spectrometer ELS. Since the flux
of photoelectrons emitted by the spacecraft is proportional to
the incident UV photon flux, the ELS measurements can serve
as an indicator of the photon flux variations. We thus examine
Fig. 7. NPI count rates from sectors 20, 21, and 22 (solid line) during the transition into eclipse on orbit 343 (April 27, 2004). ENA simulations with a virtual NPI
sensor are overplotted. ENA simulations count rate and the observed data count rate in each plot are on the left y-axis. The simulations do not include scattering
of ENAs in Mars’ exosphere. The dashed line with squares is a UV simulation with a virtual NPI sensor. The simulated UV count rate in each plot is on the right
y-axis. The extremely low count rate of UV suggests that the observations are ENAs.
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Fig. 8. The top panel is a comparison of the particle fluxes measured by NPI and ELS, when entering eclipse. The ELS flux is integrated between 5 and 10 eV, and
is a measure of photoelectron production on the spacecraft surfaces. It can thus give an indication of the UV background. The lower panel shows the dependence of
the normalized NPI flux on the normalized ELS flux. No correlation is observed.
the correlation between the NPI signal and ELS photoelectron
measurements. An ELS sector viewing across the spacecraft has
the best potentiality to observe photoelectrons emitted from the
spacecraft.

ELS sector 15 was selected, which has full viewing across
the spacecraft and should detect the highest rate of spacecraft
photoelectrons. The ELS electron energy spectrum from sector
15 is integrated from 5 eV (the internal protection grid poten-
tial) to 10 eV (estimated spacecraft potential) to determine the
integral electron flux that is locally produced.

The ELS integral electron flux is compared to the NPI in-
tegral ENA flux in Fig. 8 for orbit 343 on April 27, 2004 (see
Appendix A for count rate to flux conversion). The typical sce-
nario is that as the Sun vanishes behind the planet, first ELS
observes a decrease in atmospherically generated photoelec-
trons of about an order of magnitude as they wind their way to
the spacecraft (thus a remote measurement of sunset in the at-
mosphere). Shortly after the ELS decrease, the NPI photon flux
starts dropping from 1011 as the NPI also observes the Sun set
in the martian atmosphere. The lower panel of Fig. 8 shows the
dependence of the NPI normalized flux on the ELS normalized
flux after the initial drop in NPI count rate (i.e., after 11:18:12
UT). There exist some correlations for low flux when the count
rate in the NPI decrease close to noise level, but none for higher
NPI fluxes.

3.3. Signal variability and ENA sounding

Fig. 5 shows a selection of NPI signals during eclipse transi-
tions between April 23, 2004 and May 14, 2004. There is a clear
variability between consecutive orbits, which is on a short time
scale (orbit period is ≈7.5 h). One can rule out that this varia-
tion is due only to changes in the orbit geometry (because the
orbit geometry and spacecraft attitude changes only marginally
between consecutive orbits). Therefore it must be an effect of
changing physical conditions around the planet.

For example, changes in the local exosphere density could
give this effect. A denser exosphere causes more collisions in
which an ENA can change direction and end up in eclipse.
Kallio et al. (2006) present Monte Carlo simulations of such
scattering and find that the ENA flux due to this mechanism is
very low in eclipse. Variations in exosphere density are thus not
likely to cause the variation in the NPI signal.

A more likely candidate is a change in the solar wind ion
temperature. A change in the solar wind temperature would
cause the produced ENAs to scatter at wider angles from
the solar wind direction, allowing them to reach further into
eclipse. The scattering angle should be on the order of α ≈
arctan

√
kTsw/Esw, where Tsw is solar wind temperature, Esw

is solar wind energy, and k is Boltzmann’s constant. The ENA
simulations with different solar wind temperature are shown in
Fig. 7. According to the simulations a signal that is lower in in-
tensity as the NPI enters eclipse, but lasts longer into the eclipse
is expected for higher solar wind temperatures. Both are ex-
pected effects of increased ENA spreading from the solar wind
direction with temperature.

As a third possibility for the cause of the variation be-
tween orbits we would like to mention the recently discovered
crustal magnetic fields on Mars (Acuña et al., 1998). Solar
wind temperature cannot account for all the variability in the
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observations. Some orbits (as orbit 343 in Fig. 7) have a pro-
nounced flat region before the exponential decrease that extends
beyond the simulated signals. It has been suggested that the
crustal magnetic field can facilitate ion and electron acceler-
ations and are sites of large outflows (and inflows) of parti-
cles (Acuña et al., 1999; Mitchell et al., 2001; Lundin et al.,
2004, 2006). If such an outflow of ions were to coincide with
the position of the spacecraft as it enters eclipse on one orbit
but not the next, ENAs resulting from charge exchange with
such ions may be what causes the measured variations. Fur-
ther investigations of the reason for these variations are ongo-
ing.

The NPI observations constitute a precursor measurement
to the new ENA sounding technique also presented in Kallio
et al. (2006). From ENA measurements in the eclipse one
may be able to extract physical properties of the solar wind
and exosphere. Similar to radio occultation measurements, the
spreading angle, i.e., how far into eclipse one can measure scat-
tered ENAs, is one measurement that can facilitate a deeper
understanding of the exosphere properties. Energy dispersion
is another. To take full advantage of this technique, how-
ever, requires also energy resolution, which is not provided by
the NPI.

4. Conclusions

We have observed ENAs presumably from upstream of the
bow shock that penetrate the martian system as we move into
the eclipse. Simulations with ENA and UV models and a lack
of correlation with photoelectrons emitted from the spacecraft
suggest that the observed signal is not due to UV. There is also
variability in the signal between different measurements sug-
gesting the physical properties of the solar wind and/or the mar-
tian exosphere has changed. These measurements have brought
about the idea of a new measurement technique that may be
called ENA sounding by which solar wind and exospheric pa-
rameters can be determined from the spreading of ENAs into
the eclipse of a planet.
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Appendix A. Count rate to flux conversion

The NPI sector count rate, Csector, is converted to flux F via

F = Csector − Dsector

Gsector · εsector
,

where Dsector is the sector dark count rate (D22 = 11.5 s−1),
Gsector = 2.7 × 10−3 cm2 sr is the geometrical factor of an NPI
sector, and εsector is the NPI sector efficiency (ε22 = 10−3 is
used, which is the calibrated efficiency for an energy of 1 keV).

The ELS integral flux, J determined for ELS sector 15 is
obtained from the energy integral of the differential number flux
intensity measurements between 5 and 10 eV,

J =
10 eV∫

5 eV

j (E)dE,

where j (E) is the energy dependent differential intensity. The
energy dependent differential intensity for the ELS sector 15 is
determined from

j (E) = C · A · Ksector

G · 
t · Ec · R · TMCP · Tgrid · εR · εA
,

where C is the count rate (number of particles per accumulation
for each energy step), A is the fractional difference between the
theoretical anode azimuthal size and the manufactured anode
azimuthal size (A = 0.87), Ksector is the fractional adjustment
used to account for blockage of the field of view by the space-
craft (K15 = 2.146711), G is the physical geometric factor
(G = 5.88 × 10−4 cm2 sr), 
t is the accumulation time width
(
t = 28.125 × 10−3 s), Ec is the energy of the step, R is the
resolution (R = 
E/E = 8.843 × 10−2 for sector 15), TMCP is
the transparency of the MCP (TMCP = 0.58), Tgrid is the trans-
parency of the protection grid (Tgrid = 0.81), εR is the relative
MCP efficiency (for sector 15, see below), εA is the absolute
MCP efficiency (EA = 0.95). Since sector 15 is used in this
comparison, the relative MCP efficiency specifically for ELS
sector 15 is

εR = 1714980 × 10−6 + (−7089766 × 10−9)V

+ 3259217 × 10−11V 2 + (−8410868 × 10−14)V 3

+ 1347052 × 10−16V 4 + (−1391524 × 10−19)V 5

+ 9397261 × 10−23V 6 + (−4114030 × 10−26)V 7

+ 1123482 × 10−29V 8 + (−1737531 × 10−33)V 9

+ 1161350 × 10−37V 10,

where V is the voltage on the ELS deflection plate which cor-
responds to the energy of the step (Ec). For ELS sector 15, the
deflection plate voltage and the energy of the step are related by

V = EcS,

where S is the sensitivity (or k-factor) for sector 15 (S =
7.188 eV V−1).
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