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Abstract

Observations of oxygen pickup ions by the plasma analyzer on the Pioneer Venus Orbiter (PVO) Mission arguably launched broad

interest in solar wind erosion of unmagnetized planet atmospheres, and its potential evolutionary effects. Oxygen pickup ions may play

key roles in the removal of the oxygen excess left behind from the photodissociation of water vapor by enabling direct escape, additional

sputtering of oxygen when they impact the exobase, and escape as energetic neutrals produced in charge exchange reactions with the

ambient exospheric oxygen and hydrogen. Although the PVO observations were compromised by an �8 keV energy limit for O+

detection, a lack of ion composition capability, and the limited sampling and data rate of the plasma analyzer which was designed for

solar wind monitoring, these measurements provide our best information about the extended O+ exosphere and wake at Venus. Here we

show the full picture of the spatial distribution and energies of the O+ ion observations collected by the plasma analyzer during PVO’s

�5000 orbit tour. A model of O+ test particles launched in the circum-Venus fields described by an MHD simulation of the solar wind

interaction is used to help interpret the PVO observations and to anticipate the expanded view of Venus O+ escape that will be provided

by the ASPERA-4 experiment on Venus Express.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

While the loss of the atmosphere of the planet Mars, past
and present, has become the current subject of intense
interest, many of the concepts being applied to Mars had
their origins in earlier studies of the Venus upper atmo-
sphere inspired by Pioneer Venus Orbiter (PVO) observa-
tions (e.g. see Luhmann and Bauer, 1992 and references
therein). Venus retains a substantial atmosphere, but
Venus, like Mars, is water-poor compared to Earth. Of
the constituents of water, light hydrogen escapes relatively
easily from the planet’s gravitational well. Indeed, photo-
dissociation of copious quantities of H2O in the upper
atmosphere, supplied by the vaporization of all surface ice
or water, must have produced an extreme early escape
e front matter r 2005 Elsevier Ltd. All rights reserved.
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scenario for hydrogen during the first few hundred million
years of the planet’s life. This hydrodynamic escape (e.g.
Chamberlain and Hunten, 1987) may moreover have
dragged with it heavier constituents, including the oxygen
produced by the photodissociation of water, but the
potential problem of excess oxygen build-up over time
after this phase has never been satisfactorily resolved.
Residual oxygen can either be taken up by the crust or
escape to space. Mass 16 atoms or ions require at least
�10 eV of energy to escape from Venus, more than is
typically available from the photochemical processes in the
ionosphere. Though exothermic dissociative recombination
of ionospheric Oþ2 produces the hot oxygen corona, few
particles with the required 411 km/s velocities result (e.g.
Nagy et al., 1981). Yet observations suggest that the
current amount of surface oxidation cannot account for the
left over oxygen. Thus, the Pioneer Venus Orbiter plasma
analyzer observational evidence for O+ escape into the
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solar wind (Mihalov and Barnes, 1981; Intriligator, 1989),
also inferred from earlier Venera spacecraft measurements
(Vaisberg et al., 1976), raised further interest in the escape
process.
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Fig. 1. Sample E/q spectra from the PVO Plasma Analyzer (OPA).

Reproduced from Mihalov and Barnes (1981).
The solar wind interaction provides a mechanism by
which oxygen ions can easily attain the 411 km/s outward
velocities required for escape. Its magnetic field and
motional electric field penetrate the upper atmosphere
and oxygen corona above the ionopause, accelerating any
ions created there by photoionization, impact by solar
wind electrons, or charge exchange with solar wind ions.
The resulting O+ ion trajectories carry them anti-Sunward.
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Fig. 2. Samples of PVO orbits when the local time of periapsis was

optimum for wake measurements.
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If the ion is created and picked up in the dayside upper
atmosphere it may impact the exobase and be reabsorbed,
but model estimates suggest that at least the order of
�1.e25 O+ ions/s continue downstream and into the solar
system beyond 0.73AU (e.g. Luhmann and Bauer, 1992).
Also of interest is the reabsorbed component, which may
cause sputtering of additional neutral constituents (includ-
ing oxygen) from the exobase (Luhmann and Kozyra,
1991). Sputtering can contribute either directly to the total
oxygen loss rate, or to the neutral exospheric population
available to be ionized and picked up in the solar wind.
Other observations at lower ion energies have been
interpreted as suggesting comparable O+ ion escape by
mechanisms such as polar wind-like outflows (Hartle and
Grebowsky, 1990) and solar wind-ionosphere boundary
instabilities (e.g. Brace et al., 1982), but these remain less
certain and less addressable by the available observations.
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Fig. 3. Energy spectrograms obtained from the plasma analyzer data for the

coexisting with the main proton peak (e.g. in (a, b)), or as single peaks in the wa

orbit 191.
Observations of escaping pickup O+ by the PVO plasma
analyzer have been described in several earlier papers.
Mihalov and Barnes (1982) used the measurements to
estimate the escaping fluxes. Intriligator (1989) demon-
strated that in the wake the ions are asymmetrically
distributed with respect to the cross-flow interplanetary
magnetic field orientation, as expected for pickup of this
large gyroradius (compared to the planet radius) ion
species. A large (nine magnetotail pass seasons covering
the years 1979 to 1984) collection of O+ observations in the
magnetotail, including their solar wind and interplanetary
and local magnetic field context, were analyzed by Moore
et al. (1990), who also considered the implications for
atmospheric escape.
The PVO mission operated from 1978 to 1991, produ-

cing over 5000 orbits of returned and archived data. Now
that the Venus Express mission carrying the ASPERA-4 ion
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mass spectrometer (Barabash et al., 2004) has returned to
Venus, we are motivated to revisit the complete 14-year
mission data set of PVO plasma analyzer O+ observations
from the perspective of what to expect. In this paper we
show the statistical properties of the collected observations
of ion energies and detection locations, and then use the
data to construct ion spectrograms like those that will be
used to interpret Venus Express observations. We then use
a model of the pickup O+ ions to compare against the PVO
observations, and to anticipate the results from the broader
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Fig. 4. Orthogonal projections of locations of measured O+ peaks on PVO. (a

down on the north pole; (c) view from the Sun.
energy and angular coverage ASPERA-4 experiment. The
results illustrate how interplanetary magnetic field orienta-
tion and spacecraft orbit geometry play together to create
particular perspectives on the escaping fluxes.

2. Observations

The Pioneer Venus Orbiter Plasma Analyzer (PV OPA)
has been described in the literature a number of times
(Intriligator et al., 1980; Mihalov and Barnes, 1982; Moore
PVO OPA O+ Ion Detection Sites
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et al., 1990), and so we refer the reader to these descriptions
of its design and operation. Essential features from the
viewpoint of this report are the �8 keV/q energy per charge
upper limit for detection and the directional sampling
scheme, allowing detection with �15 deg. azimuthal and
�20–301 polar angle resolution with respect to the PVO
spin axis. The latter enables detection of the solar wind
plasma flowing anti-Sunward (e.g. at zero azimuth and 901
polar angle) upstream of the bow shock, or deflected
around the Venus obstacle in the postshock sheath region,
as well as the picked up O+ ions moving at any angle with
respect to the solar wind plasma flow. The time resolution
for a full angle and energy scan is about 9min. An
additional limitation of the data obtained was the
transmission of only that energy scan obtained in the
direction of maximum flux. As a consequence, reconstruc-
tion of a full ion distribution function with angle as well as
energy information is not possible, even though it was
measured. This limitation implies that a significant amount
of the O+ present is missing in the data set because pickup
ions often move in directions at large angles to the
background solar wind flow.

O+ ions are inferred to be present in the PV OPA
energy scans when a second peak is visible at high E/q.
Fig. 1, reproduced from Mihalov and Barnes (1981)
illustrates this second peak in the spectrum, which on
occasions contains higher fluxes than the low energy
peak. However, as Moore et al. (1990) point out, the
solar wind proton peak usually vanishes in the central
wake. Thus wake spectra with single isolated peaks
that seem contiguous with the trend followed by the
high-energy peaks in adjacent energy scans where both
peaks are present are also inferred to be O+ detections.
Isolated peaks in the deep wake proton void are also
counted as O+.

For the purposes of this study, energy spectrograms
were created from the plasma analyzer data for each of
the �5000 PVO orbits. Sample spectrograms obtained
when PVO passed through the Venus wake at apoapsis
on the orbits in Fig. 2, are shown in Figs. 3a–c. These
�24 h single orbit spectrograms were visually scanned
for the second higher energy peaks expected for O+, and
for single peaks in the deep wake where the proton peak
has vanished. The appearance of the oxygen peaks differs
from orbit to orbit, even for the same orbital sampling
geometry, due to the variability of the solar wind and
especially the cross-flow interplanetary magnetic field
orientation. Later we use a model of the pickup ions to
illustrate the latter effect. The locations and energy per
charge (E/q) values for each of these peaks were recorded.
Periapsis traveled around the planet once a Venus year
(�224 Earth days) so that apoapsis was often far outside
the wake. Nevertheless, O+ detections made away from
apoapsis tell us about the broader spatial distribution
of the picked-up O+. The orbit also evolved during the
mission, with periapsis rising and apoapsis decreasing in
altitude. A total of 427 O+ peak detections obtained from
orbit 8 through orbit 4687 were recorded in our survey,
compared to the 296 detections analyzed by Moore et al.
(1990).
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The cross-flow interplanetary magnetic field (IMF)
orientation is expected to create changing asymmetries
in the O+ spatial distribution due to the large gyroradii
of the picked-up O+ ions (�.5–1 Rv (Venus radii)) relative
to the size of the planet and the solar wind interaction
region. As the direction of the IMF draped around Venus
is typically eastward or westward, the convection electric
field E ¼ �VXB (where V is the solar wind plasma velocity
and B the local magnetic field) produces pickup ion
trajectories that are initially either northward or southward
as well as anti-Sunward. If the ion trajectory does not
intersect the exobase at a few hundred kilometers altitude,
the trajectory continues down the wake in a hopping
cycloidal motion. Thus, near the planet terminator and in
the near-planet wake one should observe that the O+

detection locations are organized into northern or southern
spatial clusters as observed by Intriligator et al. (1987) and
Moore et al. (1990). To better organize and interpret
the collected O+ observations from PV OPA, the PV
magnetometer data (Russell et al., 1980) were used to
determine the magnetic fields at the times of the scans
showing O+ peaks. We note that Moore et al. recognized
that the field perpendicular to the Venus–Sun line at the
O+ detection point also reflects the upstream conditions at
the time of the pickup, allowing one to estimate its
orientation without an upstream spacecraft monitor to a
good approximation.
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Fig. 7. Energies of proton and inferred O+ peaks show no trends with down-
3. Statistical analyses of O+ positions and energies

The locations of the collected O+ detections relative
to Venus are illustrated in Fig. 4a–c. These are plotted
in a Venus Solar Orbital (VSO) coordinate system in which
the X-axis points toward the Sun, Y-points along the
planet’s orbit in the direction opposite planetary motion,
and Z-points northward to complete the right-handed set.
VSO is the Venus counterpart of the GSE system at Earth.
These plots show the sampling bias introduced by the PVO
orbit geometry, but it is nevertheless clear that most of the
O+ detections are found within �3Rv of the Venus–Sun
line in the wake. The preference for the +Y direction is
consistent with the expected aberration of the wake due
to Venus’ orbital motion through the radially flowing
solar wind.
The energies at which the inferred O+ ions were detected

are compared with their accompanying proton peak
energies in Fig. 5. Here, zero proton peak energy
identifies those inferred O+ detections not accompanied
by a proton peak in the same spectrum. At 16 times
the proton mass, comoving O+ ions will have 16 times
the proton energies. The statistics suggest the detected
O+ peaks are at roughly these energies up to the 8 keV
limit of the PVO plasma analyzer. O+ moving at greater
than �310 km/s will be outside of this range. Thus
significant numbers of detections were likely missed in
-4 -2 0 2
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tail distance. PV OPA has an �8 keV detector E/q limit for O+ detection.
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the upstream solar wind, outer magnetosheath, and
distant wake where the solar wind plasma often moves at
speeds of 350 to over 600 km/s. This limitation is hinted
at by Fig. 6, which shows the implied velocities of the
detected O+ plotted against the accompanying proton
peak velocities. Also shown in this figure is the expected
velocity limit for pickup ions in perpendicular flows
and magnetic fields of twice the background (proton)
flow speed. The apparent clustering about the slope
one line suggests that either the ions are picked up
where the angles between the solar wind flow and magnetic
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Fig. 8. Views of locations of the above O+ peaks, rotated according to the

Eo4 keV, medium [plus symbols] is E ¼ 426keV, high [asterisks] is 46 keV)
field are intermediate, or evolution of the distribution
function has accompanied their propagation into the
wake. Fig. 7, which shows the energies versus down-tail
(-X) distance, shows little evidence of a consistent
evolutionary trend in the energy as the ions move down-
stream to �12Rv.
The previously found control of the pickup ion

detection locations by the solar wind electric field,
mentioned above, is confirmed by the rotation of the O+

detection locations about the Sun–Venus line to coalign
the perpendicular local magnetic field orientations.
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Fig. 10. Color contours of field and flow velocity magnitude in the plane of the IMF and the perpendicular plane. The contour values are normalized to

upstream values. These parameters are used to compute the E ¼ �VXB and B fields used in the test particle model.
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Figs. 8a–c show plots corresponding to Figs. 4a–c with
both this rotation and a correction for average tail
aberration applied. Cases where the magnetic field was
difficult to characterize due to its variability are omitted.
The rotation of the positions corresponds to pointing
all of the local perpendicular magnetic fields in the +Y

direction. As previously found, the resulting clustering of
the detections in the +Z hemisphere in Fig. 8c is clear
evidence of both the ion pickup process and the effect
of the finite O+ gyroradius effect on the pickup ion
distribution at these energies. To search for any energy
dependence in these distributions, the points in Fig. 8a–c
distinguish three energy ranges derived from the spectral
peaks. Those designated as low energies occur at o4keV,
medium falls between 4 and 6keV, and high is between 6 and
the 8keV limit. While no obvious patterns are seen in Fig.
8a–c related to this energy separation, the distinctions
between these ranges is not great enough to rule out such a
trend over a broader range of sensitivity and with wider
spatial sampling in Z. Moreover, very low-energy O+ may be
indistinguishably merged with the proton peaks in this data
set, while the 8keV upper energy limit is well below the
�60–80keV pickup O+ ion energies that could result from
high altitude dayside pickup in a fast solar wind stream.

4. Model comparisons

In order to gain insight on the O+ distribution both
inferred by and missing from the PVO observations
due to energy, composition, angular, and spatial sampling
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Fig. 11. Illustration of the two different exponential launch point grids used i

scale heights of the atmospheric source of O+ ions.
biases, we apply a test particle model of Venus pickup ions
based on fields derived from a previously described global
MHD simulation of the Venus-solar wind interaction
(Kallio et al., 1998). The basic attributes of this model,
which agrees well with the PVO magnetometer observa-
tions of the bow shock and sheath region, are illustrated in
Figs. 9 and 10. Fig. 9 shows the classical picture of the
interplanetary magnetic field lines projected into the plane
containing the interplanetary magnetic field (IMF) and the
solar wind flow streamlines The field lines are draped over
the conducting spherical obstacle to the solar wind flow
representing the Venus ionosphere. Fig. 10 shows contours
of the field magnitude and velocity in planes perpendicular
and parallel to the IMF. An advantage of using such an
MHD model is that it includes the realistic asymmetries
resulting from the compression and draping of the IMF.
The interplanetary conditions chosen for this simulation
are typical of those at Venus, with a solar wind velocity and
density of 400 km/s and 18 cm�3, respectively. The 14 nT
interplanetary field was presumed to be perpendicular to
the upstream flow. Thus we do not include effects
associated with the �401 nominal Parker spiral angle at
0.73AU, which are secondary to IMF ‘‘clock angle’’ effects
in controlling pickup ions near Venus. Most of the time the
perpendicular interplanetary field lies near the planet’s
orbital plane, in the +Y or �Y direction, depending on the
solar and coronal magnetic field. We also do not include
the effects of time-varying solar wind conditions, instead
making use of what can be considered a typical set of
conditions.
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We inject O+ test particles into this model with initially
zero velocities at starting points representing the upper
atmosphere density distribution. For test purposes we
investigate two different effective scale heights as shown
in Fig. 11. These approximately represent the two basic
components of the upper atmosphere of Venus that is
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density and O+ production rate, starting points in the
optical wake were excluded.

The trajectories of the picked up O+ test particles for
the two starting grids calculated with the model inter-
planetary field in the positive Y direction are illustrated
in Figs. 12 and 13. A sample PVO orbit is superposed
to illustrate the optimum sampling geometry when the
apoapsis is in the wake. In Fig. 14 the interplanetary field
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Fig. 13. Same as Fig. 12 but for the
direction has been reversed to suggest the sensitivity of the
observations to its direction. Note that for the small scale
height starting grid the trajectories in the view from the Sun
fan out into an ion wake elongated along the field direction
(as also shown in Moore et al., 1991), while for the more
extended exosphere grid they are more symmetrically
distributed with respect to the wake axis, with a shift
north corresponding to the solar wind convection electric
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field effect mentioned earlier. Analysis of the energies at
specific down-tail cross sections (not shown) indicate that,
as in the observations (Fig. 8), the O+ energies show no
clear spatial segregation. The reason is that the energies
oscillate with large spatial scales, and are out of phase for
different particles depending on their location of initial
pickup.

We next calculate simulated O+ energy spectrograms
analogous to those in Figs. 3a–c. In this case we do not
have the complication of the solar wind proton contribu-
tions, and so can isolate the O+ information. These
represent what might have been seen had the PVO plasma
analyzer had full energy coverage from 0 to 500 keV and
the ability to separate the O+ pickup ions from the
protons. PVO Orbit 190 (see Fig. 2) was used to represent
the sampling geometry common to the observed spectro-
gram examples. It was effectively flown through the test
particle cloud, such that the numbers of particles and their
energies within a �1Rv sphere about each orbit sampling
point were used to construct the statistical information for
the simulated spectrogram. No angular or detector field of
view restrictions were imposed. This coarse sampling is
relatively consistent with the �9min sampling cycle of the
PVO plasma analyzer, and with the large pickup O+

gyroradius scales. The orientation of the IMF was also
reversed in order to gain insight into the effects of IMF
rotation on the appearance of the spectrogram.

Figs. 15a–d show the results of the simulated spectro-
gram analyses. Figs. 15a and b compare results for a +By
IMF for the small- and large-scale height sources,
respectively. Figs. 15c and d show the same plots for -By
IMF. When compared with Figs. 3a–c, the information
missing in the PVO data set because of its lack of
composition separation and its limited energy and angle
ranges can be appreciated. At the same time, one can see
features in both the test particle simulation results and the
observations that agree in some respects but also raise
questions. In particular, the model suggests that the near-
periapsis O+ features should be more prominent at higher
energies than they appear to be. This could be the result of
mass loading in the pickup ion region at low altitude that is
not accounted for in the MHD model used here, or
occurrence of the higher energies in an angular window not
coincident with the maximum flux of the proton flow. Mass
loading would make the pickup velocities lower near the
planet, and thus more difficult to distinguish from the
heated solar wind protons in the sheath. (We elected not to
use the mass-loaded MHD model described in Kallio et al.
(1998) in order to obtain the most basic result.) Pickup ions
also initially move perpendicular to the background
magnetic field which is perpendicular to the solar wind
proton flow. Another finding suggested by these qualitative
comparisons is that the observations better resemble the
smaller scale height starting grid model. Additionally, in
the small-scale height case the time of the wake O+

detection relative to periapsis time is significantly shifted
by the IMF orientation change. The picked-up O+

observations can thus be used as a means of inferring the
scale height of the source region, even when they are
obtained far from the planet.
One additional analysis that can be carried out with the

test particle model results is the angular distribution of the
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Fig. 15. (a) Simulated O+ Energy spectrograms computed from the statistics of the test particles for the small-scale height, +By IMF case, along the PVO

orbit shown in Fig. 12. The statistics contributing to each E/q spectrum are derived from particles passing within 1Rv of each orbit sampling point. This

relatively course sampling is consistent with the �9min sampling by the OPA, and with the large O+ ion gyroradius scales. No angular restrictions were

imposed on the sampled particles, thus these spectrograms represent what might be observed with an omnidirectional detector. (b) Same as (a) but for the

large scale height source. (c) Same as (a) but for -By IMF. (d) Same as (b) but for -By IMF.
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pickup ions. With the caveat that we have assumed a
scatter-free environment, we computed the pitch angles for
the particles in the sampling spheres from the local
fields at the particle sites, and sorted them into �3.51 bins.
In Fig. 16, we plot the resulting time sequence of pitch
angle distributions along the orbit as a spectrogram-like
counterpart for the model example in Fig. 15a (small
exospheric scale height, +By IMF case). The results show
that as expected, the initial pickup where the field is highly
draped around the dayside of the planetary obstacle is at
901 pitch angles. In the wake, the O+ ions travel more
along the field direction. The extent to which this behavior
may have biased the PVO plasma analyzer observations,
due to its telemetered data strategy, is not clear. However,
this display suggests another useful data analysis and
model comparison tool.

5. Implications for ASPERA-4

The above results suggest the extent to which
ASPERA-4 on Venus Express (Barabash et al., 2004),
with its energy range of �0–40 keV, scanning field
of view, and ability to separate ion masses, will greatly
improve our view of the pickup ion environment
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Fig. 17. Illustration of the proposed Venus Express orbit with its peri-

apsis at �65 deg N latitude, relative to the test particle trajectories in

Fig. 12a. The more restricted sampling of the pickup ion wake is

advantageous for near-planet pickup studies but misses many of the ion

wake attributes.

Fig. 16. Spectrogram-like display showing the time series of test particle

model pitch angle distributions for the case displayed in Fig. 15a.
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around Venus. However, careful consideration needs to be
given to the operating plan as far as orbital geometry is
concerned. The currently planned orbit is similar to that of
PVO, but with periapsis at �651 N Latitude and �250 km
altitude, compared to PVO’s 151 N Latitude initial
periapsis with nominal �160 km altitude. The sampling
of the pickup ion cloud in an orbit with this geometry is
suggested in Fig. 17. The related simulated O+ spectro-
grams are shown in Figs. 18a and b for the +By IMF and -
By IMF cases. Unless the orbit is allowed to evolve so that
periapsis drifts to lower altitudes, the ion wake measure-
ments will be limited to within about 4Rv. On the one
hand, this inner and middle wake region was not covered
by PVO observations due to the orbital sampling bias, so
that Venus Express will fill this observational gap. On the
other hand, a fixed high periapsis latitude orbit will miss
the opportunity to add the compositional and energy
coverage information potentially available from apoapsis
wake observations.
6. Summary

The collected O+ observations from the Pioneer Venus
Orbiter plasma analyzer, covering over a decade, have
been presented above to show the state of O+ pickup
ion observations at Venus prior to Venus Express.
The observations are generally consistent with test
particle models of O+ pickup ions launched in the
flows and magnetic fields described by the results of an
MHD simulation of the solar wind interaction. Interpla-
netary magnetic field control of the observed O+ spatial
distributions are clearly indicated by both the statistical
patterns of the locations of O+ detections and by the
different appearances of O+ energy spectrograms obtained
over nearly the same orbital trajectories. The observations
further suggest the main source of the observed pickup
ions (at energiesp8 keV) is probably within a Venus
radius of the surface. Comparisons of simulated energy
spectrograms from the test particle model with examples
of observed spectrograms indicate how much we still
have to learn about pickup ions at Venus. Many of the
pickup ions are inferred to be out of range of the PVO
plasma analyzer energy and/or angular response. Similarly,
the O+ cannot be distinguished from the solar wind
protons when the energy spectra significantly overlap,
making low energy pickup O+ detection difficult. Still,
the PVO results and the models provide a tantalizing
glimpse of what remains to be accomplished observation-
ally in the quest for understanding atmosphere escape
from Venus.
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Fig. 18. Simulated O+ spectrograms obtained for the proposed Venus Express orbit in the previous figure. (a) Small source scale height, +By IMF. (b)

�By IMF case.
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