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ABSTRACT

Context. Previous studies have shown that doubly-charged positive ions, including molecular ions, can have detectable densities in
the ionospheres of Mars, Titan, and the Earth.

Aims. In the present paper, we continue our approach by modelling the Venusian ionosphere. The neutral atmosphere of Venus has a
similar composition to the ones encountered in the other terrestrial planets, with carbon dioxide (as on Mars), nitrogen (as on Earth
and Titan), and atomic oxygen (as on Earth).

Methods. We computed the doubly-charged positive ion production through photoionisation (primary production) and electron impact
ionisation (secondary production). We computed the densities under the photochemical equilibrium assumption.

Results. We predict a CO,** layer centred around 140 km altitude with a density reaching 30 dications per cm? in active solar
conditions and a N,** layer centred around a 140—150 km altitude with density reaching 0.3 cm™. We find good agreement between
the modelled O** densities and Pioneer Venus Orbiter measurements. Finally, we investigate the problem of possible detection of
these ions by the European spacecraft Venus Express.

Conclusions. Although molecular doubly-charged positive ion densities are low, these ions cannot be considered as negligible
compared to other minor ion species. Their detection should be possible in the future through remote sensing or in-situ methods

including ion mass spectrometry and UV spectroscopy.
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1. Introduction

The study of planetary ionospheres is among the major scien-
tific goals of many planetary missions. Venus Express (VEX), a
European Space Agency mission, is the first dedicated mission
to Venus since Magellan in the 1990s.

The VEX spacecraft entered into the Venus orbit on
11 April 2006, and it has since then started acquiring its plane-
tary data, thereby providing a global view of Venus’ atmosphere.
The scientific goals cover the following themes: atmosphere dy-
namics, structure, composition, clouds and haze, radiative bal-
ance, surface properties, and — most important in the frame of
this paper — plasma/escape processes. The study of the iono-
sphere of Venus is clearly included in the last theme, and the fol-
lowing experiments are expected to contribute: VERA (Hiusler
et al. 2006), SPICAV (Bertaux et al. 2006), and ASPERA
(Barabash et al. 2006). A review of our current knowledge of
certain key topics associated with the aeronomy of Venus can
be found in Witasse & Nagy (2006). We report here on a study
of the modelling of doubly-charged positive ions in the diurnal
ionosphere.

Plasma densities depend on production and loss mecha-
nisms, as well as on the dynamics. Production can be of ei-
ther a chemical or physical origin. In the latter case we consider
two sources: photoabsorption (called primary photoproduction)
and electron impact ionisation (called secondary production). In
optically thin upper atmospheres, as in the case for Venus in
the EUV range (<100 nm) above 100 km, the primary produc-
tion is computed through a Beer-Lambert law. The secondary
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production computation requires solving a kinetic transport
equation (Lilensten & Blelly 2002). In Witasse et al. (2002,
2003), this approach was adapted to Mars, allowing the authors
to predict the existence of a CO,™* layer. The same approach
was developed by Simon et al. (2005) and Lilensten et al. (2005)
for the Earth and Titan cases, respectively. The present paper
aims at presenting the calculation of the three main stable dica-
tions in the Venusian ionosphere: O**, CO,**, and N,**. The
O** dication has already been detected and quantified in the
Venusian ionosphere by Pioneer Venus Orbiter (PVO) (Taylor
et al. 1980), eventually allowing comparisons to be made with
models such as the one of Fox & Victor (1981). The CO,™* and
N,** molecular ions have not yet been identified and are mod-
elled here for the first time in the ionosphere of Venus.

2. Modelling dication densities

Several input parameters must be taken into account for mod-
elling the contribution doubly-charged ions in terms of produc-
tions and densities: the solar flux and the neutral atmosphere.
We use the semi-empirical solar EUV/XUV model called
solar 2000 (Tobiska 1991, 1993; Tobiska & Eparvier 1998).
Like most models currently used in planetary aeronomy (Torr
& Torr 1985, 1979; Richards et al. 1994), this model is based on
measurements recorded onboard the Dynamics Explorer satel-
lites (Hinteregger et al. 1973) and onboard rockets. It also takes
data into account from other sources, such as the SME, OSO,
and AEROS spacecrafts, as well as ground-based facilities. The
UV spectrum is divided into 39 energy boxes. The neutral
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atmosphere is yielded by the VTS3 model (Hedin et al. 1983),
restricted to the main species (CO,, N,, CO, O, He). This model
is run for the conditions that match the orbit in terms of solar ac-
tivity, location, time, and solar-zenith angle. The CO, molecule
is the major constituent below 160 km altitude, O below 340 km,
while H and He become dominant above. The H density is
about 10° cm™ above 150 km altitude and does not affect the
results below 280 km (Fox & Sung 2001). However, as will be
shown later, the evolution of hydrogen density has an influence
on the O** density above this altitude. In order to take its varia-
tions into account, we use the results of Hartle et al. (1996) who
examined the solar cycle variations of the hydrogen in the ther-
mosphere of Venus. The altitude range for our computations is
110—400 km altitude.

2.1. Photochemistry
The dication density computed for a neutral species A is

given by

Impact
N PR + P
Attt =
1
Ne'kdr+ZXNX‘kX+;

. . . . Impact
where PR9 is the primary ion photoproduction and P>

the secondary production created through electron-neutral col-
lisions. The values of PY1%' and Pf:i’fm are direct outputs of the
transport code (see below Lilensten & Blelly 2002; Simon et al.
2005). In the case of O**, there are two different ionisation pro-
cesses: direct double ionisation of the atomic oxygen and single
ionisation of O*. Both are taken into account. We do not deal
with the ionisation of CO,* and N,* because these very mi-
nor ions in the Venusian ionosphere (Fox & Sung 2001) cannot
yield a significant amount of dications. The constant T repre-
sents the natural lifetime of the molecular doubly-charged ion,
and Ny is the density of a neutral reactant X, kx the reaction rate
in cm® s7!, and N, represents the electron density. In the fol-
lowing, T. is the electronic temperature and 7, the neutral one.
The processes for each species taken into account in the mod-
elling are described below. A description of the techniques used
for laboratory measurements can be found in Dutuit et al. (1996)
and Franceschi et al. (2003).

2.1.1. CO}*

— Dissociative recombination: CO,™" +e™:
ko = (6.2 £ 1.5)x 107 x /229 cm? s7! (Seiersen et al.

T.
2003a).
— Reaction with CO»:

kco, = (2.1 + 0.4)x 10719% \/%cm‘3 s~! (Franceschi et al.
2003).

— Dissociation: 7 =
2004).

— Reaction with O: the reaction rate has never been measured,
due to the very unstable and reactive character of the oxy-
gen radical. For this purpose, we have performed a series of
CO,** reaction rate measurements of stable target species,
in order to get a final estimate of the reaction rate constant.
We obtain
ko =Q2. £ 1.2) x 107 cm? s7! (this work).

4 s (Mathur et al. 1995; Mathur
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2.1.2. Ny

— Dissociative recombination: N, ™ +e™:
ko = (5.8 £ 1.5)x 107 x /22 cm3 57! (Seiersen et al.

T.
2003Db).
— Reaction with CO»:
kcor = (3. +1.8) x 107 cm? s~! (laboratory measurements,
this work).
— Reaction with O:
ko = (1.8 = 1.)x 107 cm? s! (this is also an estimate,
based on measurements with stable targets; this work).
— Reaction with N:
kn, = (2.7 £ 0.7) x 10~° cm® s7! (Lilensten et al. 2005).
— Dissociation: T = 3 s (Mathur et al. 1995).

2.1.3. O**

— Recombination with electrons: O** +¢e™:
ke = 21 x 107" x == cm?® 57! where T,, = 5%
(Nakada & Singer 1968).“‘Surprisingly, this coefficient for
O** depends here on an averaged electron-ion tempera-
ture, whereas the preceding dissociative recombination co-
efficients (for N,™* and CO,**) only depend on the electron
temperature. Introducing an average temperature for the dis-
sociative recombination of CO,** and N,** makes a differ-
ence of 16% at 400 km and 20% at 150 km on the dissocia-
tive recombination alone. This difference becomes negligible
for the total densities when considering all the reactions.

— Reaction with CO»:
kco, = 2. % 107 ecm® s7! (Fox & Victor 1981).

— Reaction with Nj:
kn, = (1.3+£0.3) % 102 cm® s™! (we assumed that the neutral
temperature is 300 K at the considered altitude) (Johnsen &
Biondi 1978).

— Reaction with O:
ko = (1.06+0.40)x 1079 cm? s~! (Simon et al. 2005) (based
on model).

— Reaction with CO:
kco = 1.6 x 107 cm?® s~! (Fox & Victor 1981).

— Reaction with H:
ky = 1.1 x 107 cm? s~ (Honvault et al. 1995).

— Reaction with He:
ke = 1.1x 10719 cm? s7! (at T,, = 1000, predominant above
300 km altitude) (Kimura et al. 1996).

2.2. lonisation and double-ionisation thresholds

We consider 32 ionisation processes, summarised in Table 1. The
cross sections for the single ionisation of neutral species are ex-
plained in Witasse et al. (2002, 2003), Lilensten et al. (2005),
Simon et al. (2005), and references therein. In Table 2, we give
the references for the double-ionisation cross sections of the dif-
ferent neutral species. The N, double-photoionisation cross sec-
tion and its evolution with photon energy was estimated on the
basis of a method proposed in Samson (1990). Samson shows
that the double-photoionisation cross section o * of a species A
(A+hv —» A*™ +2e7) is proportional to the electron-impact ion-
isation o3 ~** of the monocation (A* + e~ — A** + 2e7), mul-
tiplied by the total photoabsorption o-ﬁss of the neutral species
(A + hy —7?). The proportionality constant ¢ is estimated as
0.133 x 10'°cm™2 in the case of N,**. Thus, we have: ot =

+—++ abs

qo¢ o
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Table 1. Summary of the ion productions taken into account here and
their corresponding ionisation thresholds.

Ionisation  Processes Threshold
processes V)
1 CO, - CO*"(X)+ e 13.77
2 CO, - CO,"(A+B)+e” 17.310
3 CO, - CO,*(C) + e~ 19.39
4 CO, > CO"+0+e” 19.446
5 CO, > 0" +CO+e” 19.07
6 CO, »C"+0y +e” 27.9
7 CO, —» CO,*™ +2e 37.6
8 N, — N2+ +e 15.6
9 N, > N*+N+e” 24.3
10 N, — N2++ +2e” 43.6
11 CO - CO* +e” 14.01
12 CO->C"+0+e 22.37
13 CO - O" +e” 24.71
14 O0—->0"+e 13.61
15 0 - O™ +2e 48.74
16 Ot > 0" +e” 35.13

Table 2. Sources for double-ionisation cross sections, either from theo-
retical estimates or from laboratory measurements.

Tonisation Photoionisation

N, —» N2++ +2e”

Simon et al. (2005) theoretical estimates
This work, based on Samson (1990)

Fennelly & Torr (1992)
Angel & Samson (1988)

Masuoka (1994)

Baluja & Zeippen (1988)
Kjeldsen et al. (2002)
Aguilar et al. (2003)

Electron impact
Krishnakumar & Srivastava (1990)
Mirk (1975)

Halas & Adamczyk (1972)

Straub et al. (1996)
Itikawa & Ichimura (1990)
Zipf (1985)
Ziegler et al. (1982)
Tian & Vidal (1998)

Aitken & Harrison (1971)
Yamada et al. (1988)

O —- O"" +2e”

CO, —» C02++ +2e”

0" - 0" +e”

Tonisation

N, —» N2++ + 2e”

O - O"" +2e”

CO;, —» C()QJFJr + 2e”
O* - 0" +e”

3. The case of O** ions: comparison between
modelled and measured densities

The Pioneer Venus Orbiter carried 17 experiments, includ-
ing a neutral mass spectrometer and an ion-mass spectrometer
(Russell 1992). It allowed Hedin et al. (1983) to build a model
of the Venusian thermosphere. However, although the mission
lasted 14 years, no low-altitude data were being recorded dur-
ing low solar activity, which put some constraints and uncer-
tainties on the thermospheric model. The Ion and Neutral Mass
Spectrometer (INMS) allowed the detection of atomic doubly-
charged ions such as O** (Taylor et al. 1980). However, the spec-
trometer was designed to detect only specific, preselected ions
excluding CO;*. The sensitivity threshold of INMS was 5 par-
ticles per cm®. The N,** dication cannot be distinguished from
N* because both ions have the same % ratio (where m is the mass

300
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Orbit 441 Orbit 14 )
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Fig. 1. The O** density comparison between the model and the PVO
experiment. The black points correspond to the PVO measurements.
The thick full lines shows the result of our modelling. The thin full lines
correspond to the larger divergence when varying H between 5x 10* and
2x 10° cm~3 beyond 200 km. The dashed lines correspond to the model
without O* photoionisation.

and ¢ the charge). We have selected three orbits in the PVO data
base, which represent three different geophysical conditions:

— Orbit 185: 1979-6-07; F97 =~ 230. Solar zenith angle ~0°:
the usual orbit used for O** density calculations (Fox &
Victor 1981). The mean latitude over the orbit ~0°.

— Orbit 441: 1980-2-19; F97 =~ 180. Solar zenith angle ~51°:
it is an orbit with a medium solar angle. The mean latitude
over the orbit ~0°.

— Orbit 14: 1978-12-18; F97 = 130. Solar zenith angle ~85°:
it is a boundary condition for both model and experimental
conditions. The mean latitude over the orbit ~15°.

The PVO measurements used as inputs in our model are the elec-
tron density, the electron temperature, and the O* density. The
latter will be of utmost importance in the modelling, as the fi-
nal density results are very sensitive to this parameter. As stated
above, the solar flux comes from the EUV model of Tobiska
(1993) and they correspond to the decimetric indexes on the day
of the experiment. The ion temperature is adapted from Fox &
Sung (2001). The H densities have been inferred from Hartle
et al. (1996). For orbit 185 and 441, their values are 5x 10* cm™>
above 200 km, corresponding to high solar activity. For orbit 14,
the value is 2 x 10° cm™ corresponding to a mean solar activity
above the terminator.

The results are shown in Fig. 1. For orbit 185, the O** den-
sity was modelled by Fox & Victor (1981). Using a photoionisa-
tion model, Fox computed a reaction rate constant of k, = 1.5 +
0.75x107% cm? s7! for the reaction O+0O** — 2 O*. This model
took neither the electron impact ionisation nor the electron re-
combination of O** into account. More recently, the Simon et al.
(2005) calculations on Earth showed a better agreement consid-
ering a constant rate of k, = 1.06 + 0.4 x 10%cm® s~!. We
considered both values here, and found much better agreement
with the second one. We did not need to adjust the other input
parameters, like the input solar flux, the chemical reaction rates,
the absorption and collision cross sections, and the neutral atmo-
sphere.

The agreement is already very good in orbits 185 and 441
when the O* density used in the model comes from PVO mea-
surements with H = 5 x 10* cm~ above 200 km. This H density
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Fig.2. O**, N,**, CO,*" densities. Latitude: 45°, solar zenith angle:
45° H density: 5 x 10* Full lines: Fjo7 = 200. Dashed lines: F}o7 = 80.

value is compatible with the solar conditions during orbit 185
as seen from Hartle et al. (1996). When this value is enhanced
to 2 x 10° cm~3, the model and measurements diverge above
260 km. When neglecting the single ionisation of O* (Fig. 1) a
worse divergence occurs above the same altitude.

At low altitudes, the model slightly overestimates the
O** density. According to Fox & Sung (2001), the atomic O
mixing ratio can be too high at high solar activity in the VTS3
model (Hedin et al. 1983), explaining this small discrepancy.

The 14th orbit constitutes a boundary condition. The latitude
is about 15°, while the solar zenith angle is 85°. In that case,
we are at the planet’s terminator. Moreover, the solar activity is
lower (F197 =~ 130). In these conditions, the H density is likely to
be 2 x 10° cm™3 (Hartle et al. 1996). With this value, our model
fits the measurements perfectly, while a lower H density value
(5 x 10* cm™3) results in a degradation above 200 km.

From these three cases, we have highlighted the usability
range in which our model is valid.

4. Dication densities

In Fig. 2, we show the dication densities at a middle latitude in
two solar conditions: strong (F97 = 200) and quiet (F197 = 80).
We predicta CO,** layer centred on an altitude of 140 km with a
density reaching 30 cm™ in active solar conditions and 20 cm™
in quiet solar conditions. These values are close to the N,* val-
ues (Fox & Sung 2001). At a low altitude (120 km), they are
higher than the N* or C* densities. The density of the N, ** layer
centred on 140—150 km altitude can reach 0.3 cm™3. This makes
N,** a very minor ion in the Venusian ionosphere.

5. Detectability of doubly-charged lons
5.1. No**

The ion mass spectrometry technique cannot be used to detect
N,** because this method performs the selection by the mass-
to-charge (m/q) ratio. Lilensten et al. (2005) have shown that
N,** may still be detected by fluorescence in the case of Titan.
The emissive excited state D'S} is 7.8 eV above the ground state
(Ahmad 2002; Olsson et al. 1988). Two bands corresponding
to the D'} — X' (0, 0) and (1, 1) transitions have already
been observed experimentally in the 158.7-159.4 nm range
(Cossart & Launay 1985; Olsson et al. 1988). Using the results
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of Ehresmann et al. (2003), a rough approximation leads us to
suppose that nearly 10% of the total of N,** ions created by
double photoionisation at the cross-section peak near 65 eV are
produced in the D'E} state. From a simple altitude integration,
we would expect about 0.6 Rayleigh produced in the fluores-
cence state in quiet conditions and 1.7 Rayleigh in active solar
conditions. These values are three times higher than those pre-
dicted on Titan.

The Venus Express SPICAV ultraviolet spectrometer has a
range of 118-320 nm with a resolution of 1.5 nm; therefore,
the detection of such a fluorescence may be difficult but not
impossible.

5.2. CO,**

The CO,™* dication has no significant known fluorescence line.
Therefore, the most appropriate method of detection is the ion-
mass spectrometry technique. For CO,** the mass-to-charge ra-
tio equals 22. Therefore this ion is a very good candidate for
detection, since no other species in the Cytherean atmosphere
has the same ratio. The closest ratios are 16 for O* and 28 for
both N,* and CO*. The only species with the same mass-to-
charge ratio is the >*Ne* ion. However the main isotope of Ne*
has an m/q ratio of 20, and its density in the Cytherean iono-
sphere is known to be extremely low, well below the density
of CO,** predicted here. Thus no contamination from this com-
ponent is likely to occur. Finally, the Analyser of Space Plasma
and Energetic Atoms (ASPERA-4) onboard Venus Express was
not designed to detect CO,*™.

6. Conclusions

For the first time, the density of molecular dications has been
modelled in the diurnal upper atmosphere of Venus. The O**
density was also computed and successfully compared to PVO
measurements. These densities have been calculated by using
a kinetic code for the production rates and a simple chemical
scheme for the chemical losses. Doubly-charged ions were pro-
duced on the dayside through primary photoionisation and sec-
ondary electron impact ionisation. In the subsolar case, an ad-
ditional source of ionisation may be solar-wind electrons and
protons precipitating in the ionosphere and colliding with the
thermosphere. These ions are essentially lost by dissociative re-
combination with thermal electrons and by chemical reactions
with the neutral atmosphere. Consequently, a molecular dication
layer can be created. The CO,** dication layer is centred on
an altitude of 140 km with a density reaching 30 cm™ in ac-
tive solar conditions. The density of the N,** layer centred at
140-150 km altitude can reach 0.3 cm™. The O** dication is
most abundant at about 300 km, with typical values of 80 cm™3.
In the near future, we plan to extend our approach to electron
precipitation from the solar-wind, a process which can play a
major role in the upper atmosphere, depending on the solar ac-
tivity. The measurement of molecular doubly-charged ions is a
challenge for Venus Express and any planetary orbiter. The de-
tection of such ions is of prime interest for the community in-
volved in aeronomy studies that seek to understand their role in
planetary ionospheres.
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