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Venus, unlike Earth, is an extremely dry planet although both
beganwith similarmasses, distances from the Sun, andpresumably
water inventories. The high deuterium-to-hydrogen ratio in the
venusian atmosphere relative to Earth’s also indicates that the
atmosphere has undergone significantly different evolution over
the age of the Solar System1. Present-day thermal escape is low
for all atmospheric species. However, hydrogen can escape by
means of collisions with hot atoms from ionospheric photo-
chemistry2, and although the bulk of O and O2 are gravitationally
bound, heavy ions have been observed to escape3 through inter-
action with the solar wind. Nevertheless, their relative rates of
escape, spatial distribution, and composition could not be deter-
mined from these previous measurements. Here we report Venus
Express measurements showing that the dominant escaping ions
are O1, He1 and H1. The escaping ions leave Venus through the
plasma sheet (a central portion of the plasma wake) and in a boun-
dary layer of the inducedmagnetosphere. The escape rate ratios are
Q(H1)/Q(O1)5 1.9; Q(He1)/Q(O1)5 0.07. The first of these
implies that the escape of H1 and O1, together with the estimated
escape of neutral hydrogen and oxygen, currently takes place near
the stoichometric ratio corresponding to water.

Our knowledge of the interaction of Venus with the solar wind and
its role in the acceleration of ions is based mainly on the long-lived
Pioneer Venus orbiter mission, which carried a limited plasma ana-
lyser with low time resolution4 and an ion-neutral mass spectrometer
with a restricted energy range of up to,100 eV (ref. 5). These obser-
vations identified O1 ions only indirectly, through their energy spec-
tra. However, they showed that the distribution of escaping oxygen
ions is controlled by the solar-wind convection electric field, a dis-
tinctive signature of the ion pick-up process6. The comprehensive
plasma package on Venus Express comprises an ionmass analyser, an
electron spectrometer, and energetic neutral atom imagers7. The
energy range of the charged particle sensors, from 1 eV (measure-
ments below 10 eV may be affected by the spacecraft potential) to
15 keV (electrons) and to 36 keV (ions), is well suited for measure-
ments of plasma escape. The magnetic field data are provided by the
Venus Express magnetometer8. The polar, highly elliptical orbit, with

a pericentre of 250–350 km and an apocentre of 66,000 km, is optimal
for studying the escaping planetary ions because it covers the region
of the interaction of the solar wind near the terminator and the region
directly downstream of the planet.

During pericentre flybys the spacecraft crosses the bow shock,
where the supersonic solar-wind plasma is heated and deflected,
and enters the magnetosheath, a region of heated subsonic solar-
wind flow (Fig. 1a). The magnetic field properties of these regions
are treated in another paper in this issue9. Then the spacecraft pene-
trates the induced magnetosphere boundary, where the solar-wind
flux drops and the planetary ionsO1,He1 andH1 appear (Fig. 1e–g).
These three ion species are reliably identified on all orbits, predomi-
nantly in the plasma sheet (Fig. 1b), a region separating the two lobes
of the induced magnetotail possessing opposite magnetic field direc-
tions. In the magnetic field data the plasma sheet is readily identified
by the change in the sign of the magnetic field component along the
Venus–Sun line (Bx) and a decreased field magnitude (Fig. 1c). A
plasma sheet should contain plasmawhose thermal pressure balances
the magnetic pressure from the surrounding lobes. In particle data it
is most readily identified by the increase in the electron fluxes
(Fig. 1d). The plane of the plasma sheet is aligned with the electric
field formed from solar-wind convection around the planet (Fig. 1b).
The O1, He1 and H1 ions of planetary origin are also found close to
the induced magnetosphere boundary but at a much lower energy
(around 7:20 and 8:10 UT in Fig. 1).

Whereas the O1 ions can only be of planetary origin, He1 ions
may originally have been solar-wind a-particles having undergone
recombination, and the H1 ions could also be solar-wind protons.
However, the identical shapes of their energy spectra and similar
spatial distributions confirm the planetary origin of these ion species.
Inside the plasma sheet the ions have different energies, in accordance
with their masses (Fig. 2). In the 1ZVse hemisphere (Vse being the
Venus–solar–electrical coordinate system), ,0.5–1.0-keV O1 ions
are separated from the 100–200-eV He1 ions, whereas the H1 ions
with energies below 100 eV fill both sides (1YVse and 2YVse) of the
plasma sheet (Fig. 2b, c). At the induced magnetosphere boundary,
all three components have an energy below 50 eV (Fig. 2d).
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At Venus the ion acceleration occurs by three mechanisms: by ion
pick-up (that is, by acceleration in the convection electric field), by
instabilities at the induced magnetosphere boundary resulting in
detached plasma clouds10, and by polarization electric fields at low
altitudes in the night-side ionosphere11 where the field is nearly
radial.

We observed two different populations of the accelerated plan-
etary ions, namely ions escaping through the plasma sheet and ions
escaping through the induced magnetosphere boundary layer. The
energy distributions of these two populations are different. The ratio
of theO1/He1/H1 energies in the plasma sheet is about 4:2:1 (Fig. 2b,
c). The ion energy is therefore a function of mass. That points to ion
pick-up as an acceleration mechanism in the plasma sheet, in general
agreement with the previous simulations for O1 (ref. 12). However,
ordinary pick-up would result in a 16:4:1 ratio of the O1/He1/H1

7:05

PS

R
 (
R

V
)

x (RV) yVse (RV)

z V
s
e
 (
R

V
)

E
/q

 (
e
V

)
E

/q
 (
e
V

)
E

/q
 (
e
V

)
E

 (
e
V

)

B

Bx

BS

IMB

BS IMBPSIMB

E

7:55

7:25 7:55

7:25

a b

c

d

e

f

g

10

100

10

10

1

1

100

100

100

10

1,000

1,000

1,000

Counts

Time, UT
7:30 8:007:00

M
a
g

n
e
ti
c
 f

ie
ld

 (
n

T
)

20

40

60

–40

103

102

101

103

102

101

103

102

101

103

102

101

104

–20

0

0

1

–1

0

1

2

3

1–1 0–2 21–1 0–2–3

Figure 1 | Venus Express orbit, and plasma and magnetic field

measurements on 2006 December 12. a, The Venus Express orbit in
cylindrical coordinates, with x pointing towards the Sun, and R being the
distance to the x axis (in Venus radii,RV5 6,051 km). The green lines are the
averaged22 positions of the bow shock (BS) and induced magnetosphere
boundary (IMB)23, and the red line is the Venus Express orbit. b, The Venus
Express orbit in the Venus–solar–electrical coordinate system (Vse). In this
system x points to the Sun, and z is in the plane containing the convection
electric field E52Vsw3B (where Vsw is the velocity of the solar wind, B is
the interplanetary magnetic field and3 denotes the vector cross product); y
completes the orthogonal coordinate system. The plasma sheet (PS) is
identified by the grey area. The direction of the convection electric field is
labelled E. c, The magnetic field magnitude (red line) and Bx component
(blue line). d–g, Energy–time spectrograms for electrons (d), O1 ions
(e), He1 ions (f) and protons (g) (see legend to Supplementary Fig. 1).
Venus Express crosses the IMB at 7:02 UT, passes the PS at 7:34 UT and enters
the magnetosheath again at 8:08 UT. The pick-up O1 ions in the
magnetosheath at about 7:13 UT are bounded by a dashed rectangle. E/q,
energy/charge.
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Figure 2 | Composition and energy distribution of the escaping plasma in

three spatial regions. a, The regions labelled by c and d where energy-mass
matrixes were collected in the Vse coordinate system (see legend to
Supplementary Fig. 2). b–d, The energy–massmatrixes accumulated over 33
orbits during the period from 2006 May 18 to 2006 December 30 and
collected in regions b-d in panel a, showing a plasma sheet matrix for the1Y

lobe (b), a plasma sheet matrix for the2Y lobe (c), and amatrix for the IMB
layer (d). Vertical axes are energy/charge (E/q), the horizontal axes are the
position of the ion impact on the detector (a sensor mass ring, Rm), and the
colour codes the counts that were accumulated over all directions and
averaged over occurrences. The red lines represent constant mass.
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energies. The difference may be due to species-dependent assimila-
tion into the plasma flow. The ion pick-up process also operates, for
example, in the magnetosheath region, in general agreement with the
previous simulations for O1 (ref. 12). See a clear example of 7–8-keV
O1 ions at 7:15 UT in Fig. 1e and 700–800-eVHe1 ions in Fig. 2d. The
acceleration of the low-energy ions (,50 eV) detected at the induced
magnetosphere boundary (Fig. 2d) is possibly due to a polarization
electric field11 resulting from the magnetic pressure gradient and the
gravitational separation of ions and electrons along draped, stretched
magnetic field lines. Because of the low plasma velocity in the bound-
ary layer close to the induced magnetosphere boundary, the convec-
tion electric field is low and the accelerated ionospheric ions move
away from the planet alongmagnetic field lines in amanner similar to
that of the polar wind on Earth.

It is an open question whether the low-energy (,50-eV) ions
detected at the induced magnetosphere boundary near the termin-
ator might instead be related to the plasma clouds observed at the
ionopause by the Pioneer Venus orbiter10. All of the atmospheric ions
moving downstream are accelerated and their original morpho-
logical features disappear. However, for escape rate calculations their
exact origins are not important as soon as the main escape region has
been covered. The orbital scan through the induced magnetosphere
does indeed show that it is inside the wake that we observe the highest
fluxes of ions (Fig. 1e–g).

The ion escape considered here occurs through two main regions:
the plasma sheet and a boundary layer at the induced magnetosphere
boundary. These areas are labelled PS and BL in Fig. 3. As expected,
the alignment of the plasma sheet plane and the ion energy are con-
trolled by the electric field. Ions of higher energies are in the 1E

hemisphere and ions of lower energies in the 2E hemisphere. All
three species show similar spatial distributions, confirming that both
H1 and He1 are indeed of planetary rather than solar-wind origin.

The escape rates for each species, namely Q(O1), Q(He1) and
Q(H1), are obtained by integrating the flux over YVse and ZVse.
Although the spatial coverage is still not sufficient to obtain the total
average escape rate, one can obtain reliable flux ratios. These are
Q(H1)/Q(O1)5 1.9 and Q(He1)/Q(O1)5 0.07.

The escaping plasma consists primarily of H1 and O1 ions with
some admixture of He1. The measured composition differs signifi-
cantly from the plasma composition in the ionosphere at an iono-
pause altitude of 300 km for solar minimum conditions13, where the
respective number-density ratios are n(H1)/n(O1)5 0.1 and
n(He1)/n(O1)5 43 1023. The enrichment of the escaping plasma
in light species may result from two causes: first, an ion pick-up
process operating primarily at higher altitudes, 600–700 km, inwhich
the densities of light species are increased with respect to heavier
ions14; and second, acceleration by the polarization electric field
increasing the flux of lighter ions with respect to heavier because
lighter ions gain higher velocities for the same energy.

The ratio of the escape rates of hydrogen and oxygen is a critical
parameter in understanding both the dryness and the oxidation state
of the venusian atmosphere15. Because the main source of hydrogen
in the upper atmosphere of Venus is water vapour16, two escaping
hydrogen atoms would leave one oxygen atom in the atmosphere.
Therefore, if the ratio of the escape rate of hydrogen to that of oxygen
is greater than the stoichiometric ratio 2:1, there must be other sinks
of oxygen, such as surface oxidation.

The measured ratios concern only ions and do not include the
escape of the respective atoms. There are two processes that could
remove neutral hydrogen and oxygen from the atmosphere to space:
loss due to exogenic photochemical and charge-exchange reactions,
and atmospheric sputtering. Photochemical and charge-exchange
reactions result in a loss of hydrogen at a rate of 50% of the H1 loss14.
Atmospheric sputtering results in an oxygen loss at a rate of 25% of
the O1 loss14. Scaling the measured ratio Q(H1)/Q(O1)5 1.9 to
account for the neutral losses, we arrive at a ratio for the total (neutral
atoms plus ions) loss of 2.2:1, very close to the stoichiometric value

2:1. Some excess H1 is due to solar-wind protons, which may pen-
etrate through the induced magnetosphere boundary in small
amounts and contribute to the measured H1 flux in the boundary
layer. That the present escape of hydrogen and oxygen through the
wake takes place in the stoichiometric ratio of water implies that the
atmosphere of Venus did not change its oxidation state after steady-
state conditions had been reached, in contrast with that of Mars17.
This result is thus consistent with the suggestion from atmospheric
and ionospheric observations on the Pioneer Venus orbiter15 that
Venus loses the constituents of water in a ratio that maintains the
system’s oxidation state.
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Figure 3 | Spatial distribution of the escaping plasma. The measured O1

(a), H1 (b) and He1 (c) flux distributions in the tail region from 33 orbits
were integrated over XVse [20.5, 23.0] and are shown in a YVse–ZVse plane
across the tail. The geometrical eclipse of Venus is shown by the thin grey
circle. To ensure that no solar-wind protons affect the mass composition
measurements inside the IMB, we restrict the area of the analysis to
R, 1.2RV. Blank circles show measurements with zero flux. The flux scale
for He1 is tenfold lower than those for O1 andH1. The plasma sheet region
is identified by red dashed lines and labelled PS, the boundary layer at the
IMB is identified by black dashed lines and labelled BL, and the direction of
the convection electric field is labelled E.
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The absolute escape rates, including the implications for long-term
water evolution, will be determined later. However, the initial
analysis gives the reliable lower limit of 1025 s21 for the escape of
H1 through the plasma wake. Measurements with the Pioneer
Venus orbiter’s ion and neutral mass spectrometer18 and models of
the observed tail magnetic and plasma structure19 have inferred that
there may be copious escape in the wake region. Evidence for hydro-
gen loss through the pick-up process outside the induced magneto-
sphere is also seen on Venus Express (M. Delva, personal
communication) but the estimated rate of 23 1024 protons s21 is
much lower than that through the wake. Venus therefore loses its
water through the plasma wake.

The observed high relative abundance of He1 in the escaping
plasma from Venus is surprising. At Mars He1 is not detected in
amounts comparable to the O1 flux20. The calculated helium ioniza-
tion rates at Mars21 through two channels, photoionization and elec-
tron impact ionization, scaled to the total area of Venus, give only an
increase in the escaping rate at Venus of a factor of 3 with respect to
Mars. The higher abundance of He1may be due to themore effective
acceleration caused by the polarization field11. The higher pressure
gradients associated with the stronger gravitational field on Venus
results in a higher polarization field that operates over larger dis-
tances at Venus than at Mars. Thus, whereas the stronger gravita-
tional field of Venus reduces the Jeans escape of the heavier main
constituents of the atmosphere, almost paradoxically it facilitates the
loss of the lighter species.

The main result of these observations, however, is the establish-
ment of potentially important ion escape from present-day Venus
through the plasma wake region. Further observations in this region
as the solar cycle progresses will establish the variability of these
escape rates and will improve our ability to infer the history of
Venus’s water.
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