First observation of energetic neutral atoms in the Venus environment
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Abstract

The ASPERA-4 instrument on board the Venus Express spacecraft offers for the first time the possibility to directly
measure the emission of energetic neutral atoms (ENAs) in the vicinity of Venus. When the spacecraft is inside the
Venus shadow a distinct signal of hydrogen ENAs usually is detected. It is observed as a narrow tailward stream,
coming from the dayside exosphere around the Sun direction. The intensity of the signal reaches several 10° cm™?
sr—! 71, which is consistent with present theories of the plasma and neutral particle distributions around Venus.
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1. Introduction

In the past, several spacecraft exploring Venus
have locally measured the atmosphere and iono-
sphere, but before ESA’s Venus Express (VEX)
none has imaged the emission of ENAs in the Venus
environment. Theoretical models (Fok et al., 2004;
Gunell et al., 2005) have predicted that the flux of
hydrogen and oxygen ENAs around Venus should
be high enough to be detectable by present instru-
mentation at any time during the solar cycle.

An ENA is produced in a charge-exchange colli-
sion of a fast ion (either a solar wind ion or an ac-
celerated planetary ion) with an exospheric neutral
atom. An ENA signal, jgna, Observed at some dis-
tance from the planet, can be interpreted as a line-
of-sight integral over the ion intensity ji,, through
the planetary exosphere:

JENA = /jion(UH,ionnH + 00,ion0) dlLos

where o is the charge-exchange cross section. At
Venus, the two most important neutral species for
charge-exchange reactions are atomic hydrogen and
oxygen (Fok et al., 2004). The ENA intensity is sensi-
tive to the neutral density profiles, ny and ng, and to
the plasma distributions around Venus. ENA mea-
surements allow global imaging of the interaction of
the solar wind with the Venusian ionosphere and at-
mosphere. They constrain the models of plasma pop-
ulations (Biernat et al., 1999; Tanaka & Murawski,
1997), of exospheric densities (Keating et al., 1985),
and of the atmospheric loss of H and O (Lammer et
al., 2006). They also can be compared to the recent
ENA measurements at Mars (Galli et al., 2007).

2. Instrumentation

The ASPERA-4 instrument on VEX is a copy
of the ASPERA-3 instrument, which is still opera-
tional in Mars orbit. It consists of an ion mass anal-
yser, an electron spectrometer and two neutral par-
ticle sensors (Barabash et al., 2007). In this letter
we report on the first data collected with the neutral
particle detector (NPD). NPD is sensitive to neu-
tral H and O atoms in the energy range from 0.2
to 10 keV, and uses the time-of-flight (TOF) tech-
nique for energy analysis. We interpret the ENAs
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reported here as hydrogen ENAs, because we have
not detected yet any distinct TOF signal of O-ENAs
between 0.2 and 1 keV (corresponding to TOF bins
100 to 256 in Fig. 2) at a detection threshold of a
few 10* em™2 st=! s71. O ions faster than 1 keV
do exist in the tail behind Venus (Luhmann et al.,
2006); such an O-ENA would produce a TOF signal
that we are now ascribing to an H-ENA. However,
neutral exosphere (Keating et al., 1985) and plasma
models (Kallio et al., 2006) indicate that O-ENA
signals at energies above 1 keV are unlikely to reach
intensities as high as we have measured.

For data evaluation the registered TOF spectra (in
counts s~1) are converted to differential energy spec-
tra (cm =2 st~ s7! keV~!) with the method devel-
oped for ASPERA-3/NPD (Galli et al., 2006). At
present, only preliminary calibration parameters are
available for spectrum reconstruction. The resulting
error is expected to be < 20% of the presented val-
ues for the ENA intensity and the roll-over.

3. Observations

The measurements obtained in the Venus shadow

show the most unambiguous and most intense ENA
signals seen with VEX/NPD up to now. Here, we re-
strict ourselves to the first two eclipse seasons (May
2006 and August 2006). During these periods NPD
was switched on while in Venus shadow on 27 dif-
ferent orbits. For data evaluation we have concen-
trated on those 13 orbits for which the observation
time was longer than 10 minutes, and the NPD FOV
covered the hemisphere around Venus. From the 27
original orbits we have excluded all observations for
which the direction of the ENA signal coincides with
the position of the solar panel. This data set is sum-
marised in Table 1.
Typically, the instrument was switched on after peri-
center passage and collected data for 15 minutes
while the spacecraft was moving away from Venus at
a solar zenith angle of 130° to 160°. The altitude in-
creased from 700 to 4000 km until the spacecraft left
the Venus shadow. As an example, the orbit on May
24, 2006, is shown in Fig. 1. While inside the shadow
the ASPERA-4 platform was rotating rapidly be-
tween 0° and 180° around the instrument axis. This
allowed us to cover a big portion of the full sky at
the price of a poor spatial resolution.

In 10 out of 13 orbits through eclipse when the
NPD FOV is directed towards the sunward hemi-
sphere a distinct hydrogen ENA signal is detected
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Figure 1. VEX orbit on May 24, 2006, in the Venus Solar
Orbital frame (cylindrical coordinates). NPD collected data
from 01:44 UT until 01:56 inside the eclipse while the space-
craft was moving away from the planet. The outer line around
Venus denotes the bow shock, the inner plasma boundary,
which VEX crossed at 02:10, is the ionosheath boundary.

with a median intensity of 1.8 x 10° cm™2 st~ s~ 1.
It is observed when the NPD FOV covers the re-
gion around the Venus limb within 30° of the Sun
direction. The roll-over of the energy spectra varies
among different ENA measurements between 0.4
and 1.6 keV, but the shapes of the energy spectra
have to be regarded with caution because the inte-
gration times are only a few minutes. A typical ex-
ample is the orbit on May 24, 2006, when we mea-
sure jena = (1.54£0.4) x 10° em 2 st~ 1 571 (Fig. 2).
According to the models by Fok et al. (2004)
and Gunell et al. (2005) the principal production
region of solar wind ENAs is the dayside exosphere
above the subsolar point, inside the bow shock. To-
wards the Sun direction a second favoured region
is predicted due to solar wind protons that charge-
exchange before reaching the bow shock. For eclipse
observations with solar zenith angles close to 180°
the two production regions add to one single ENA
spot around the Venus limb, the highest intensities
occurring close to the Sun direction. The NPD ob-
servations confirm the theoretical picture: In 10 out
of the 10 cases where an unambiguous ENA signal
is detected the ENA intensity reaches its maximum
around the Venus limb close to the Sun direction.
This is illustrated by the contour plot in Fig. 3.
The statistics of all investigated orbits are shown
in Table 1. On 13 among the 27 different orbits
through the eclipse the observation conditions were
favourable to investigate the Venus limb. The other
14 measurement were too short or the Venus limb
was outside the FOV or the solar panel of the space-
craft obstructed the FOV. In 10 out of the 13 orbits
an unambiguous ENA signal is detected, in 3 or-
bits the maximum ENA intensity around the Venus
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Figure 2. Typical example of ENAs measured in Venus
eclipse. The upper plot shows the pointing direction of the
six channels of NPD (rectangles) in ecliptic longitude and
latitude, the position of the solar panel is sketched with red
stars. The middle panel shows the TOF spectrum (each of
the 256 bins represents 8 ns) of the ENAs entering from the
Sun direction, the lower panel shows the reconstructed dif-
ferential energy spectrum (roll-over at 0.8 keV). In the TOF
spectrum, the UV background (dashed line) and the spuri-
ous signal in the first TOF bins (dash-dotted line) have been
subtracted from the original measurement (thin line) to get
the reconstructed values (thick line).

limb does not cross the detection threshold (a few
10* em~2 sr=! s71). From the space more than 60°
away from Venus we detect in 0 out of 18 orbits an
ENA signal above this detection limit.

4. Conclusions

We see ENAs on the nightside of Venus. In 10
out of 13 orbits where we observe the Venus limb
we detect a distinct ENA signal, with intensities
(1 to 3)x10° cm=2 sr~! s~! between 0.2 and 10 keV.
This ENA signal is restricted to the region around
the Venus limb within 30° of the Sun direction. We
conclude that we predominantly observe solar wind



Total number of orbits 27
Number of suitable orbits 18
ENA signals detected at > 60° 0
away from Venus limb

Orbits suitable for Venus limb 13
observations

Orbits during which ENAs are 10

detected around Venus

Median intensity of all ENA 1.8 x 105cm~—2 sr—1 g1
signals

Most intense ENA signal
Table 1
Data set of eclipse measurements.
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Figure 3. Contour plot of ENA intensities (cm ™2 sr—! s71),
averaged over all 9 orbits where the Venus limb (red silhou-
ette) was covered and the spacecraft altitude was below 0.5
Venus radii. The coloured area corresponds to those direc-
tions that have been observed on more than one orbit. Be-
cause of the fast spacecraft motion, the scanner rotation and
the required 10 to 20 minutes of integration time we cannot
resolve yet the size of the ENA production region more ac-
curately than 30°. It is restricted to the region around the
Venus limb close to the Sun direction (cross).

protons that have been neutralised in the dayside
exosphere: The ENA production region, on 13 dif-
ferent orbits, always coincides with the Sun direc-
tion, whereas ENAs of planetary pick up ions would
be aligned with the electric field of the solar wind,
fluctuating randomly around the Venus limb from
orbit to orbit as the IMF configuration changes. The
integral intensities also agree with the model predic-

tions for solar wind ENAs (Gunell et al., 2005).
The intensities and the spatial distribution of H-
ENAs around Venus are similar to those measured
with ASPERA-3/NPD on the nightside of Mars
(Galli et al., 2007), with the difference that Venus
is a narrower ENA source. Once the NPD FOV is
60° away from the direction of maximum intensity
we do not detect any ENA signal (at a detection
limit of a few 10* ecm ™2 sr=! s71). This is expected
because at Venus the exospheric densities fall off
much more rapidly with altitude than at Mars.
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