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Abstract.

We present the measurement and analysis of hydrogen energetic neutral atoms (ENAs) recorded
with the ASPERA-3 instrument on board Mars Express during the cruise phase and the Mars orbit
phase. We conclude that the origin of these ENAs is the inner heliosheath. The ENA energy spectra
are all very similar and can be fitted well by a two-component power law. The ENA fluxes, integrated
from 0.3 keV to 10 keV, vary in the range of 5-10% to 105 cm~2 sr—! s~!. The present ENA data
fit together well with earlier ENA data at higher energies, which have their origin also in the inner
heliosheath. Comparison of the measured ENA energy spectra with results from several heliospheric
models show that some of these models predict significantly lower ENA fluxes at Earth orbit.

INTRODUCTION

The Sun is the source of a supersonic flow of plasma, the solar wind, that fills all inter-
planetary space, and which rams into the local interstellar medium (LISM) resulting in
a large interaction region. The interaction region comprises the solar wind termination
shock, where the solar wind is slowed down to subsonic speeds, the heliopause separat-
ing solar wind plasma from interstellar plasma, and the bow shock (if it exists). Because
of the relative motion of the solar system with respect to the LISM with 26 km/s inter-
stellar neutral atoms can pass the heliopause and penetrate into the solar system, even
down to Earth orbit. The termination shock has been identified by the Voyager 1 instru-
mentation to be at 94 AU during late 2004 [1, 2, 3].

Heliospheric energetic neutral atoms (ENAs) are predominantly hydrogen atoms that
have been produced on the far side of the termination shock in the inner heliosheath,
the area between the termination shock and the heliopause. There, ENAs are continually
produced by charge exchange between interstellar neutral atoms and protons from the
solar wind, from pickup ions, or from other ion populations [e.g. 4, 5]. These processes
are thought to result in a flux of inward moving ENAs detectable at Earth orbit orig-
inating from the inner heliosheath [5, 6, 7]. Imaging these ENAs and measuring their
energy spectra provides information on the termination shock, the heliosheath surround-
ing it, and in general about the interaction of the heliosphere with the local interstellar
medium. The IBEX mission of NASA will be recording spatially and spectrally resolved
ENA images with a large instrument sensitivity [8].

ENA imaging has become an established means of remote sensing of plasma distri-
butions in planetary and space science [9] and even the lowest ENA energies are now
accessible with suitable detection techniques [10]. In the following we will present ENA
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FIGURE 1. Left: Typical observation geometry for the measurement of interstellar ENAs in Mars orbit
with MEX being at 36’478 km altitude. The six boxes show the fields of view of the NPD channels, the
circle shows the Mars limb, the “X” the position of the Sun, the pentagon the position of the Earth, and the
asterisk shows the position of Jupiter. Right: Recorded TOF spectrum (top panel) of the NPD2 channel
pointing at 30° longitude and —12° latitude, and the derived energy spectrum together with a fit (bottom
panel).

data recorded with the ASPERA-3 instrument on the Mars Express mission of the Euro-
pean Space Agency (ESA).

NPD/ASPERA-3 OBSERVATIONS

The ASPERA-3 instrument on the Mars Express spacecraft has been designed to study
the interaction of the solar wind with the Martian atmosphere and to characterize the
plasma and neutral particle environment in the vicinity of Mars [11]. The ASPERA-3
instrument comprises four different sensors. The Ion Mass Analyzer and the Electron
Spectrometer to measure local ion and electron densities, respectively, and the Neutral
Particle Detector (NPD) and the Neutral Particle Imager (NPI) to detect energetic neutral
atoms. The results presented here are restricted to neutral particle measurements.

The Neutral Particle Detector consists of two identical sensors NPD1 and NPD2
that are sensitive to ENAs in the energy range from 0.1 to 10 keV using the time-of-
flight technique. Each NPD sensor has one start and three stop surfaces that provide an
angular resolution of roughly 30° in azimuthal direction and 4° in elevation direction,
the latter defined by the entrance system. Together, these six azimuth channels give an
instantaneous field of view of NPD of 180°x 4° (see left panel of Fig. 1 for illustration).
The energy and the mass of an incident particle can be reconstructed from the time
of flight between start and stop surface and from the pulse height of the stop signal.
Principally, this design enables us to distinguish oxygen from hydrogen ENAs.

Interstellar ENAs were observed with the NPD sensor of the ASPERA-3 instrument
in the energy range from 200 eV to 10 keV during the cruise phase and also in orbit
around Mars. The entire data set of NPD data was searched and 51 energy spectra
were identified that were attributed to energetic hydrogen atoms originating in the inner



heliosheath [12]. The typical flow direction of these particles is toward the Sun (see left
panel of Fig. 1). In short there are the following findings:

« All energy spectra of interstellar ENAs are very similar in shape and are best
described by a two-component power-law. The average parameters for the spectra
are a first slope f oc £E~16!, a second slope of f oc E—33!, and the roll-over at
E =0.77 keV. See bottom right panel of Fig. 1 for an example.

« The total ENA fluxes integrated over energy of these spectra are highly variable,
with measured values from Fna =5-103 ecm™2 s ! sr7! to Fgna = 1.5-10° cm™2
s~ sr7!, with the former being the detection threshold. The mean ENA flux is
Frna =3.5-100cm™2 s tsr !,

 Heliospheric ENA fluxes are observed for all ecliptic longitudes. The integrated
ENA fluxes show an enhancement by a factor of two in the anti-apex (tailward)

direction of the LISM flow.

« Data from the interplanetary cruise to Mars, during which most of these measure-
ments were performed, show less scatter than data recorded in Mars orbit, the latter
probably resulting from contaminations by ENAs of martian origin.

o A preliminary analysis of NPD/ASPERA-4 cruise phase data from the Venus Ex-
press mission is in full agreement with the NPD/ASPERA-3 data from the Mars
Express mission. A dedicated observation program is planned for the Venus Ex-
press mission once nominal operations are resumed.

We conclude that these ENAs originate from the heliosheath. We checked carefully to
exclude the following alternative or background sources as a possible source for the
observed signal:

« There is no correlation of the ENA signal with nearby UV bright stars coming into
the field of view of the NPD sensor. Moreover, the background spectra caused by
UV photons are completely different from spectra of a particle signal.

 There is no correlation with planets (Earth, Mars, Jupiter) since measurements
where a planet was in or near the field-of-view of the instrument were not con-
sidered in the analysis (see left panel of Fig. 1 for pointing).

 Neutralized ions of co-rotating interaction regions (CIR) can be ruled out as a
source for these ENAs because the ion fluxes needed in the CIRs to account for the
observed ENAs fluxes is three orders of magnitude higher than actual CIR fluxes.

« A solar wind related origin has been investigated, e.g. correlation with Parker angle,
and can be ruled out. Note that the flow direction of these ENAs is towards the Sun.

In addition, the maximum of this ENA flux found in the anti-apex direction of the
interstellar gas argues against a local origin of these ENAs. This is because within a
distance of few AU of the Sun the interstellar hydrogen density is higher in the apex than
in the anti-apex direction due to the photoionization by solar UV light. Note that there
is no hydrogen focussing cone in the anti-apex direction. The helium focussing cone
cannot cause this maximum either, because the charge exchange cross section between
hydrogen and helium at energies of 1 keV is very small [7].
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FIGURE 2. Compilations of ENA measurements for various energies. Data points are from the NPD
sensor of ASPERA-3 on Mars Express [12], from the HENA instrument on IMAGE [13, 14], and from
the HSTOF sensor of the CELIAS instrument on SOHO [15]. The HENA data are upper limits. Lines
indicate different NPD measurements.

Hydrogen atoms arriving at Mars orbit from the heliosheath have travel times ranging
from 0.3 a to 2.4 a for the energy range covered by the NPD measurements. Thus, most
of the temporal variations in the ENA flux at the TS will smear out by the time they
arrive at Mars and the similarity of the observed energy spectra is not surprising. The
variations in ENA flux on the time scale of months we observe are explained by loss of
incoming ENAs because of charge exchange with solar wind protons. Given the 1/r?
fall-off of the solar wind density this charge exchange is very localized, e.g. within a
few AU of Mars. The time scale of these ENA flux variations is commensurate with this
range for typical solar wind speeds, although the sampling of the ENA measurements is
not good enough to make a definitive statement.

ENAS FROM THE INNER HELIOSHEATH

As discussed above, we interpret the ENA measurements reported above as energetic
hydrogen atoms arriving from region of the inner heliosheath. In addition to the NPD
measurements there are two more data sets available, one from the HENA instrument on
IMAGE [13, 14] and one from the HSTOF sensor of the CELIAS instrument on SOHO
[15]. These measurements are shown in Fig. 2 for the apex and the tail direction, left and
right panel, respectively. The NPD data points are from the cruise phase from day 10
July 2003 and 14 October 2003, for the apex and tail direction, respectively. Note that
the total ENA flux measured with NPD is on average about a factor of two higher in the
tailward direction [12]. The reported HENA data are only upper limits [13] and for the
HSTOF data sets for several ecliptic longitudes exist [15]. For the latter data set also an
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FIGURE 3. Calculated ENA-H energy spectra together with the measurements from Fig. 2. The dashed
line and the dashed-dotted line are from [8] for a strong and a weak TS, respectively, the dotted line is data
from a two-shock model [17], the dash-dot-dot-dot line shows data from [5], and the long-dashed curve
show data from [4].

enhancement by a factor of two in the tailward direction has been reported.

Most of what we know from the region beyond the termination shock is the result of
detailed model calculations. These calculations not only predict the shape and the phys-
ical parameters in the four regimes of the heliospheric interface, but they also predict
energy spectra of ENAs produced in that region and travelling inward to Earth orbit.
Several calculated ENA energy spectra for an observer at Earth orbit are reproduced in
Fig. 3 [4, 5, 8, 17], together with the ENA measurements reported in Fig. 2. There is a
large range in the ENA flux predictions by the various models as can be seen in Fig. 3.
Moreover, most of these model calculations, with one exception, considerably underes-
timate the ENA flux arriving from the heliosheath when compared to the present mea-
surements. Note that most of the NPD measurements are concerned with ENA emission
from the martian environment, where the measured ENA fluxes and theoretical predic-
tions agree fairly well. The comparison of the shape of the measured ENA energy spec-
trum with model calculations from [8] suggests a strong shock, however using the same
model calculations the ENA enhancement we find in the tail suggests a weak shock. The
Voyager-1 energetic particle data also suggest a weak termination shock [3]. Probably
the physical processes of ion acceleration in the heliosheath are more complicated than



is covered by present models.

CONCLUSIONS

In this paper we reported the first detection of ENAs that most plausibly originate in the
inner heliosheath. The energy spectra of these heliospheric ENAs are all very similar,
and are well described by a two-component power-law with a mean roll-over at 770 eV.
Extrapolating these energy spectra to higher energies results in a good agreement with
IMAGE/HENA and CELIAS/HSTOF data. Comparison of our ENA measurements with
theoretical models show that the fluxes predicted by these models typically are between
one and two orders of magnitude lower than the measured ENA fluxes.

The reported heliospheric ENA fluxes have to be compared with optical measure-
ments of hydrogen densities from the heliosphere [18]. The Lyman-« line profile mea-
surements of nearby stars show absorptions features at the red wing of the line caused
by heliospheric hydrogen, which are in the velocity range of up to 100 km/s correspond-
ing to energies of about 50 eV of the hydrogen atoms. Since our ENA measurements
end at energies of 300 eV we cannot directly compare with the optical measurements.
However, if one would extend the measured ENA energy spectrum flatly down to 10 eV
there would be additional absorption in the Lyman-« line profile, which is not observed.
Thus, one has to assume a drop-off of the ENA spectrum at lower energies. The IBEX
mission will have the capability to measure ENAs in this energy range and will answer
this question.
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