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Abstract In this chapter we describe the current knowledge of a selection of collision
processes and chemical reactions of importance to planetary aeronomy. Emphasis is placed
on critical evaluation of what we know and what we wish we knew about fundamental
processes required for interpretation, explanation, and modeling of atmospheric observa-
tions.
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1 Introduction, Objectives, and Outline

In this chapter we highlight some of the optical, chemical, and collisional processes involv-
ing atoms and molecules of importance in the upper atmospheres, ionospheres, and magne-
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tospheres of the planets, moons, and comets in the solar system. The atmospheric domain
extends roughly from the lowest altitudes at which dissociation and ionization are important,
through the corona and into the ambient plasma where ion-neutral collisions are important.
The range of chemical species extends from photons, electrons, and protons, through mod-
erate molecular-weight organic molecules. The collision energies range from several meV,
corresponding to the local temperature, up to 100’s of keV, appropriate for particles in the
solar wind and planetary magnetospheres.

As a companion with the other chapters in this volume, the discussion here must neces-
sarily be selective, emphasizing processes that are important in more than one atmosphere,
or at least are similar to those in other atmospheres. The limitations of space imply that we
can include only a very small fraction of the microscopic chemical and collisional processes
that are included in current atmospheric chemistry models. The obvious bias is for processes
that are “important.” In addition, we emphasize processes that are currently not well quanti-
fied, have been a topic of recent controversy, or have been the subject of recent experimental
or theoretical investigations.

The optical, chemical, and collision processes to be addressed are divided into the fol-
lowing seven categories:

1. Chemical reactions of neutral atoms and molecules in their ground electronic states
2. Ion–molecule reactions
3. Chemistry, relaxation, and radiation of electronically excited atoms and molecules
4. Vibrational and rotational excitation, relaxation, and radiative emission
5. Photoabsorption, photodissociation, and photoionization
6. Electron-impact excitation, dissociation, ionization, and recombination
7. Energetic heavy particle excitation and charge exchange

Below we will briefly review how cross sections and reaction rates are used in data inter-
pretation and modeling. The main component of this chapter is a limited critical evaluation
of a few processes in each of the seven categories listed above. We will conclude with an
extensive list of cited references, highlighting key laboratory measurements, first-principles
calculations, the atmospheric models in which they are incorporated, and the atmospheric
observations they help to characterize and explain.

2 Fundamental Processes in Planetary Atmospheres

In this section we will provide several examples of how cross sections and reaction rates are
used in observational data interpretation and modeling, by atmospheric type, region, event,
or observable. The key is in identifying what is important and what we wish we knew.

2.1 Inner Planets

The recent Mars and Venus Express missions have stimulated renewed interest in compara-
tive investigations of the atmospheres of the Earth and its near neighbors. In this Section we
will review interconnections between microscopic collisional processes, atmospheric mo-
tion, thermal balance, and remotely observable signatures.

2.1.1 Nightglow

Direct wind measurements of the Venus and Mars upper atmospheres are currently lack-
ing. Such wind retrievals, in conjunction with simultaneous density and temperature mea-
surements, would provide a means to constrain General Circulation Models (GCMs) and
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thereby characterize the self-consistent thermal, wind, and compositional structure of these
upper atmospheres over solar cycle, seasonal, and diurnal timescales. This ideal situation
is presently far from being realized in our study of the Venus and Mars upper atmospheres
(e.g. Bougher et al. 1997, 2006a, 2006b).

Instead, creative application of available nightglow observations at both Venus and Mars,
in conjunction with GCMs, is being used to infer global circulation patterns, wind magni-
tudes, and their variations over solar cycle and seasonal timescales (e.g. Bougher et al. 1990,
1997, 2006a, 2006b; Bougher and Borucki 1994; Bertaux et al. 2005). At Venus, NO UV
nightglow, O2(

1�g) 1.27-µm nightglow, and O2 400–800 nm nightglow intensity distrib-
utions and their temporal variability are being used to constrain GCMs and uncover the
thermospheric general circulation patterns and wind magnitude responsible. Pioneer Venus,
Venus Express, and ground based nightglow observations have all contributed to this process
of tracing Venus thermospheric wind patterns (see reviews by Lellouch et al. 1997; Bougher
et al. 1997, 2006a; Gerard et al. 2008). At Mars, recent Mars Express SPICAM observations
of NO nightglow emissions at high latitudes (Bertaux et al. 2005) plus several winter polar
warming measurements from aerobraking missions (e.g. Bougher et al. 2006b) are motivat-
ing new GCM simulations that seek to determine the seasonal and solar cycle variations in
the Mars thermospheric circulation.

The effectiveness of these nightglow studies to constrain the Venus and Mars ther-
mospheric circulation patterns is predicated upon a firm understanding of the physical
processes responsible for the creation of the nightglow emission features. A few key re-
actions and rates are poorly constrained, leading to ambiguity in nightglow calculations for
comparison to observations. Specifically, 3-body recombination (O+O+CO2) is assumed
to be the major contributor to the production of the O2(a1�g) state and the observed Venus
1.27-µm nightglow emission. Quenching of this O2(a1�g) state, notably by CO2, competes
with this production. Firm measurements of this 3-body reaction rate (and ∼100–250 K
temperature dependence) and the corresponding CO2 quenching rate are needed to refine
these nightglow calculations within model simulations. Furthermore, the effective yield of
the O2(a1�g) state from 3-body recombination is assumed to be ∼0.75–1.0 (e.g. Gerard et
al. 2008). A measurement of the absolute value of this yield in CO2 is also greatly needed
to further constrain model simulations. The interpretation of recent Venus Express O2(

1�g)
1.27-µm nightglow distributions (Gerard et al. 2008) will be greatly advanced by such new
laboratory measurements.

See also Slanger et al. (2008b) in this Volume and Sects. 3.1.2 and 3.3.2 of this chapter.

2.1.2 O–CO2 Cooling

The role of CO2 15-µm cooling in the thermospheric heat budgets of Venus, Earth, and Mars
is described to be profoundly different (see reviews by Bougher et al. 1999, 2000, 2002).
However, a self-consistent and definitive treatment of these differences requires the applica-
tion of a realistic and common O–CO2 vibrational re-excitation rate. This rate has recently
been measured in the laboratory at room temperatures and found to be ∼1.5×10−12 cm3/sec
(see Khvorostovskaya et al. 2002; Akmaev 2003; Sect. 3.4.2 of this chapter), in contrast to
values of ∼3.0 × 10−12 cm3/sec (or larger) commonly used in recent GCM model sim-
ulations that seek to compare the heat budgets of Venus, Earth, and Mars using a com-
mon modeling framework (e.g. Bougher et al. 1999, 2000, 2002). This discrepancy may
be due in part to uncertainties in the upper atmosphere atomic O abundances for Venus
and Mars. In particular, O abundances have never been directly measured for the Mars up-
per atmosphere, only inferred from UV airglow measurements (e.g. Stewart et al. 1992;
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Alexander et al. 1993) and ionospheric calculations (e.g. Hanson et al. 1977; Fox and Dal-
garno 1979). Values should vary considerably over the solar cycle, seasons, and latitudes on
Mars. A proper evaluation of the impacts of CO2 15-µm cooling on the Mars thermosphere,
even assuming the modern laboratory O–CO2 vibrational re-excitation rate, must await new
Martian in-situ composition measurements. Similarly, Venus atomic O abundances have
been measured by the Pioneer Venus ONMS instrument near the equator above ∼135 km
for solar maximum conditions (e.g. Niemann et al. 1979, 1980; Hedin et al. 1983). How-
ever, abundance measurements throughout the rest of the solar cycle and over wide latitude
regions are missing.

In addition, our present understanding of both Venus and Mars thermospheric heat bud-
gets is predicated upon detailed EUV-UV heating efficiency calculations conducted most re-
cently for Venus (Fox 1988) and Mars (Fox et al. 1995). Efficiencies of 21 ± 2% are reason-
able and should be applicable to the Mars thermosphere; profiles of 20–22% are acceptable
for the Venus thermosphere. Uncertainties in these efficiencies, although small, still provide
some flexibility when applying the recently measured O–CO2 rate (∼1.5 × 10−12 cm3/sec)
in model calculations designed to reproduce measured temperatures and their variations over
the solar cycle and seasons.

In short, CO2 15-µm cooling rates and their impacts upon the Venus and Mars ther-
mospheres are best quantified and compared once: (1) atomic O abundances are prop-
erly characterized for both planets, (2) an appropriate EUV-UV heating efficiency is as-
sumed, and (3) a common (and modern) O–CO2 vibrational re-excitation rate (∼1.5 ×
10−12 cm3/sec near 300 K) is applied. See also Sect. 3.4.2 in this chapter.

2.2 Outer Planets

Solar-radiation-driven photochemical processes are very important on the giant planets de-
spite the relatively large distances of these planets from the Sun. In the uppermost portions
of giant-planet atmospheres, extreme ultraviolet radiation and X-rays interact with hydro-
gen and other constituents, leading to photoionization (for reviews of ionospheric processes
on the giant planets, see Witasse et al. (2008) in this issue, Nagy and Cravens (2002), and
Majeed et al. (2004). The dominant primary ion, H+

2 , reacts quickly with H2 to produce H+
3

or charge exchanges with H to form H+. Radiative recombination of H+ is slow, so H+ can
become the dominant ion in giant-planet ionospheres, especially in regions where the daily
average flux of solar radiation is highest (e.g., in the summer, at low latitudes, at solar maxi-
mum) and at night at all latitudes. The H+

3 ions can dominate during the afternoon at middle
and high latitudes (e.g. Moore et al. 2004), but dissociative recombination is fast enough
that H+

3 can recombine at night, and a significant diurnal variation of H+
3 is expected.

Ion–molecule reactions are prevalent, especially in the lower ionosphere, where neutral
hydrocarbons can interact with ions. Rate coefficients for ion–molecule reactions relevant to
the giant planets (and Titan) have been reviewed by Anicich and McEwan (1997). Although
the rate coefficients for the most important reactions are reasonably well known, the product
distributions are less well known. In addition, the rate coefficients and products for impor-
tant electron recombination reactions need further characterization. Interaction of charged
particles from the magnetosphere also instigates upper-atmospheric chemistry on the giant
planets, especially in the auroral regions (see Wong et al. 2000, 2003; Friedson et al. 2002),
and many of the details (including rate coefficients, pathways, role of excited states, etc.) of
this process remain to be worked out.

In the middle atmospheres of the giant planets, methane photolysis (primarily at Lyman
alpha wavelengths) drives a complex hydrocarbon photochemistry that results in the produc-
tion of species like CH3, C2H2, C2H4, C2H6, C3H4, C3H8, C4H2, and C6H6, which have all
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been observed on one or more of the giant planets. Details of hydrocarbon photochemistry
on the giant planets can be found in Moses et al. (2004, 2005); Yung and DeMore (1999); and
Gladstone et al. (1996). Many uncertainties in this hydrocarbon chemistry remain, largely
due to a lack of relevant laboratory and theoretical data on photodissociation cross sections,
photodissociation quantum yields and branching ratios, reaction rate coefficients, and reac-
tion pathways at low temperatures and pressures. Although much progress in determining
the photoabsorption cross sections at relevant temperatures has been made in recent years
(e.g. Wu et al. 2001, 2004; Chen and Wu 2004; Fahr and Nayak 1994, 1996; Bénilan et al.
2000; Chen et al. 1991, 2000; Smith et al. 1991, 1998), critical information about the pho-
todissociation cross sections and product yields is missing. One particularly relevant case in
point is that for methane photolysis at Lyman alpha. Only in recent years have the primary
products and H and H2 quantum yields been well characterized (e.g. Cook et al. 2001;
Wang et al. 2000; Smith and Raulin 1999; Brownsword et al. 1997; Heck et al. 1996;
Mordaunt et al. 1993); however, the quantum yield of CH, which is of critical importance
for the production of unsaturated hydrocarbons, is still uncertain. In addition, the branch-
ing ratios from photolysis of other major hydrocarbons (e.g., C2H2, C2H4, C2H6, CH3C2H,
C3H8) need to be worked out in better detail.

Other critical missing information is the low-pressure limiting behavior and/or falloff-
region rate coefficients for termolecular reactions at low temperatures that are relevant to
giant-planet atmospheres. Much of the action in terms of hydrocarbon photochemistry oc-
curs in the 0.001–10 mbar pressure region, and typical temperatures range from 80–170 K.
Termolecular reactions are of great importance on the giant planets despite the low pres-
sures involved. Given the prevalence of atomic hydrogen in the photochemically active re-
gions, low-pressure rate coefficients for H+C2Hx,H+C3Hx , and H+C4Hx are particularly
needed, as are the details of benzene production and loss under appropriate conditions for
giant-planet stratospheres. In Table 6 of Moses et al. (2005), some specific chemical kinetics
needs for giant-planet hydrocarbon photochemical modeling are described.

See also Sects. 3.1.1, 3.2.1, and 3.2.2 of this chapter.

2.3 Ionospheres

The non-auroral ionospheres of the Earth and planets are produced by photoionization and
photoelectron impact ionization of thermospheric atoms and molecules.

2.3.1 Inner Planet Ionospheres

Earth, Venus and Mars all have oxidizing atmospheres, but the major constituents of the
atmospheres are N2 and O2 for Earth, and CO2 and N2 for Venus and Mars. In all three
atmospheres, there are small admixtures of the stable species Ar, He, and H2, and small
chemically unstable atomic and molecular radicals, such as O, NO, N, H, CO, and C, which
are produced photochemically.

In the F1 regions of these ionospheres, the ions are produced by absorption of solar EUV
photons, whose wavelengths range from about 100 to 1000 Å. The major ions produced in
this region, including CO+

2 and N+
2 , and most of the minor ions are rarely the terminal ions.

In the presence of sufficient densities of neutrals, ions whose parent neutrals are character-
ized by high ionization potentials (IP’s) are transformed to ions whose parent neutrals are
characterized by low IP’s. Thus N+

2 and CO+
2 are transformed to O+

2 and NO+ by charge
transfer and other ion-molecule reactions (cf. Fox 2002, 2006). The terminal ions in the
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lower ionospheres of the terrestrial planets are O+
2 and NO+, which are destroyed mainly by

dissociative recombination (DR), e.g.,

NO+ + e → N + O. (1)

In fact, NO has the lowest IP (9.26 eV) among the major and minor thermospheric
species; it is thus an important ion on all three planets, even in the absence of significant
densities of NO. At higher altitudes, where the fractional ionization is large and neutral
densities are small, the molecular ions produced by direct ionization and by photochemi-
cal processes may be destroyed by DR. Atomic ions, such as O+, N+, H+, and C+ cannot
undergo DR, and radiative recombination, e.g.,

O+ + e → O + hν (2)

is slow, with rate coefficients on the order of 10−12 cm3/s (Escalante and Victor 1992;
Slanger et al. 2004). As a result, the fractional ionization would be expected to increase
indefinitely as the altitude increases, but eventually the major loss process becomes trans-
port downward by ambipolar diffusion. Atomic ion density profiles thus form an F2 peak
at the altitude where the time constant for loss by chemistry is equal to that for loss by
transport. On Earth, O+ forms a prominent F2 peak near 300 km. On Venus, the O+ peak
near 200 km is not as prominent, and is generally not visible in electron density profiles.
On Mars, the Viking RPA data showed that the O+ density peaks near 230 km, but it is
everywhere less than that of the major ion, O+

2 (e.g. Hanson et al. 1977). In the electron den-
sity profiles of the terrestrial planets, a secondary, but visible E-region peak is seen below
the F1 peak. This peak is formed from ionization by solar soft X-rays, with wavelengths in
the interval ∼10–100 Å, and by the concomitant high energy photoelectrons and secondary
electrons. On earth, ionization of O2 by solar Lyman β at 1026 Å is an additional source of
the E-region peak (e.g., Bauer 1973).

2.3.2 Outer Planet Ionospheres

The outer planets, including Jupiter, Saturn, Uranus and Neptune, are composed primar-
ily of H2, He, and CH4. There are also small atmospheric abundances of NH3, C2H6, and
C2H2 that vary among the four planets. The latter two species are formed by photochemical
processes that originate ultimately from CH4. Jupiter and Saturn also have small abundances
of PH3. Because ammonia condenses to form clouds in the middle atmospheres, NH3 is not
a major component of the thermospheres of any of the outer planets. PH3 and large hydrocar-
bons may also be incorporated into aerosols and hazes. In the thermospheres, the densities
of higher hydrocarbons fall off rapidly above the methane homopauses, and as a result above
the upper thermospheres are composed of mostly of H2, H and He.

In reducing atmospheres, where hydrogen is abundant, and neutral densities are large,
ionization flows from ions whose (unprotonated) parent species have low proton affinities
(PA’s) to those whose parent neutrals have high PA’s. Thus the principle ion produced in the
main part of these atmospheres, H+

2 , is never the terminal ion; the PA of H is only 2.69 eV,
while that of H2 is 4.39 eV, and those of hydrocarbons are even larger. Thus the terminal
major molecular ion in the F1 region is predicted to be H+

3 , which is produced by reaction
of H+

2 with H2, and the major atomic ion at the F2 peaks is H+. Modelers have, however,
encountered difficulty in fitting the model electron density profiles, for which the F2 peak
density is about 106 cm−3, compared to the smaller measured electron density peak of about
105 cm−3, without postulating some chemical loss process for H+, such as charge transfer
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of H+ to vibrationally excited H+
2 (e.g., McElroy 1973; Cravens 1987). For Saturn, influx of

water (PA = 7.24 eV) from the rings has been postulated to reduce the H+ densities (Waite
et al. 1997; Moore et al. 2006).

However, Kim and Fox (1994) showed that solar radiation in the wings of the H2 ab-
sorption lines penetrates to the Jovian hydrocarbon layer, producing one or more layers of
hydrocarbon ions that peak in the altitude range 300–400 km above the ammonia cloud tops
near 0.6 bar. This is likely to be the case for Saturn as well, although it has not been modeled.

2.3.3 Ionospheres on Titan and Triton

The atmospheres of the satellites Titan and Triton are of intermediate oxidation state and
are composed mostly of N2, with small amounts of CH4 and H2 (e.g., Krasnopolsky and
Cruikshank 1995; Yelle et al. 2006). The surface pressure (13.5 µbar vs. 1.5 bar) and tem-
perature (∼38 vs. 94 K) are much lower on Triton than on Titan, and the major species on
Triton condense at the surface. In the atmospheres of Triton and Titan, hydrocarbons may be
produced ultimately from methane photochemically or by processes the follow the impact
of energetic electrons from the magnetospheres of Neptune and Saturn, respectively. On Tri-
ton, however, hydrocarbons seem to be formed mostly below the ionospheric peak, while on
Titan, production of higher hydrocarbons takes place below the methane homopause, which
has been found by the Cassini Huygens probe to be unexpectedly high in the thermosphere
(e.g., Strobel and Summers 1995; Yelle et al. 2006).

Predictions for the composition of the ionospheres of the two satellites thus differ sub-
stantially. On Titan the major ion was predicted and found to be HCNH+, with large
quantitites of hydrocarbon ions, such as C2H+

5 , CH+
3 , CH+

5 , C3H+
5 , and C4H+

3 , and ni-
trile ions, CnNkH+

m (e.g. Fox and Yelle 1997; Keller et al. 1998; Cravens et al. 2006;
Vuitton et al. 2007). N+

2 (IP = 15.58 eV, PA = 5.13) is the dominant ion formed at high
altitudes, but it is transformed photochemically in regions of sufficient neutral densities to
species with either lower IP’s, such as CH+

4 (IPCH4 = 12.51 eV) or those with higher PA’s,
such as CH+

5 (PACH4 = 5.72 eV) and HCNH+ (PAHCN = 7.46 eV). The transformation of
protonated hydrocarbon and nitrile ions on Titan continues, as in reducing atmospheres,
from species whose parent (unprotonated) neutrals are characterized by low PA’s to those
whose parent neutrals have higher PA’s.

On Triton, the ionosphere was found by the Voyager RSS to be quite robust (Tyler et al.
1989), with a maximum ion density near 350 km of (2.6–4.3) × 104 cm−3, and a secondary
peak near 100 km with a density of about 3000 cm−3. The major ion is predicted by most
models to be C+ (IPC = 11.3 eV) (e.g. Lyons et al. 1992; Krasnopolsky and Cruikshank
1995; Strobel and Summers 1995), although N+ (IPN = 14.5 eV) was suggested by early
models (e.g. Majeed et al. 1990). The ionosphere thus consists primarily of an F2 peak,
although the secondary peak may be an F1 or E peak, depending on its formation mech-
anisms. The details of chemistry of C and C+ are currently, however, uncertain (in both
reducing and oxidizing atmospheres) and measurements of rate coefficients are needed for
reactions involving both species such as charge transfer from N+

2 , N+, O+, and O+
2 to C.

2.3.4 Ionosphere Summary

For all the planets, the data required to model these ionospheres include photoabsorption,
photoionization, and photodissociation cross sections; the cross sections for interaction of
solar photoelectrons with atmospheric gases; the rate coefficients for ion–molecule reactions
that transform the ions, and the diffusion coefficients for ions and minor neutrals.



D.L. Huestis et al.

Little information is available on the diffusion coefficients for metastable species, such as
O(1D) and O(1S). Of particular interest are the rate coefficients for charge transfer of atomic
ions to atoms. The reactions of He+ and O++ with molecules may result in fragmentation
and the product branching ratios are often unknown. Significant progress has been make
in determining the chemistry of the important metastable species O(1D), O(1S), O+(2D),
O+(2P), and N2(A3�+

u ), but their sources and sinks are not currently as well known as those
of stable species.

For the reducing atmospheres, the rate coefficients for many reactions of hydrocarbons
and their ions are unknown. Although it is doubtful that the chemistry of C3 or higher hydro-
carbons and their ions will be completely understood, some progress can certainly be made
for the smaller species.

See also Sects. 3.2.1, 3.2.2, 3.3.1, 3.6.1, and 3.7.1 of this chapter.

2.4 Aurora

Energetic particle precipitation in auroral regions is an important energy source upon a plan-
etary atmosphere. It affects the atmospheric composition and dynamics, the thermal struc-
ture and the electrodynamical properties of the upper atmosphere. Auroral emissions ob-
served from ground-based and Earth-orbiting observatories and from space probes offer us
an extremely valuable remote-sensing of the auroral particle source. Its quantitative analy-
sis allows the identification of the type of precipitating particles and the assessment of the
incident particle characteristics in terms of mean energy and energy flux (e.g., Galand and
Chakrabarti 2002; Fox et al. 2008; Slanger et al. 2008b).

Assessing the response of an upper atmosphere to auroral particles and analyzing auroral
emissions quantitatively require comprehensive modelling tools, describing the transport
of these energetic particles in an atmosphere. One of the key inputs of such tools is the
collision cross section set between the energetic particles—electrons, ions, or neutrals—
and the atmospheric species (e.g., H2, H, He, CO2, CO, CH4, N2, N, O2, O). The type of
collisions includes ionization, dissociation, and excitation of the neutral species, as well as
scattering and excitation of the energetic particles and charge-changing collisions in the case
of energetic ions or neutrals. The auroral particle energies extend to larger values than that of
the photoelectrons, reaching a few tens of keV in the auroral regions at Earth, up to a few tens
of MeV at Jupiter. The minimum energy to consider for describing the transport of auroral
particles in a planetary atmosphere is the ionospheric thermal energy for electrons (∼0.1 eV)
and the minimum collision threshold energy for ions and neutrals when cross section data
are available. The assessment of physical quantities from auroral analysis is significantly
limited by the uncertainties in impact cross sections. For illustration, the energy flux and
mean energy of the incident particles derived from auroral emission analysis are changed by
up to 16% and 23%, respectively, for 10-keV incident electrons, as a result of the mere use
of different N2 ionization cross section sets (Germany et al. 2001).

Apart from the particle impact cross sections, reaction rates are also required for analyz-
ing the auroral emissions which are associated with excited states produced or lost through
chemical reactions, such as the OI 630.0 nm red line (e.g., Lummerzheim et al. 2001) and
the OI 557.7 nm green line (e.g., Jones et al. 2006). Photo-absorption cross sections are
needed when the auroral emissions undergo ‘true’ absorption by atmospheric neutrals. This
is the case of the following emissions widely used in auroral particle diagnostic: N2 Lyman-
Birge-Hopfield (LBH) band emissions partially absorbed by O2 in the terrestrial atmosphere
(e.g. Galand and Lummerzheim 2004) and H2 Lyman and Werner band emissions partially
absorbed by the hydrocarbon layer at Jupiter (e.g. Régo et al. 1999). Finally, in addition to
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photo-absorption cross sections, scattering cross sections (e.g., resonance) are required when
the auroral photons experience significant scattering in the atmosphere. Radiative transfer
needs to be taken into account for modeling the OI 130.4 nm resonant triplet in the Earth’s
auroral regions (e.g. Gladstone 1992) and the H Lyman α spectral profile at the giant planets
(e.g. Régo et al. 1999).

Thanks to recent laboratory measurements or theoretical derivations, more accurate cross
section sets, such as electron impact ionization cross sections of N2 (Shemansky and Liu
2005) and CH4 (Liu and Shemansky 2006), excitation cross sections associated with N2

LBH band emissions (Johnson et al. 2005), excitation cross sections of O2 (Kanik et al.
2003; Jones et al. 2006) and proton charge-transfer cross section with O (Pandey et al.
2007), are now available. They will help towards more reliable auroral transport modelling
results at planets and moons in the Solar System, with possible implication on auroral diag-
nostic (e.g., Johnson et al. 2005). An illustration of recent progress in auroral physics, made
possible thanks to the availability of new cross section data, is proposed by Kharchenko et
al. (2006). They used new Sq+ and updated Oq+ cross sections for a more reliable model-
ing of the X-ray spectra induced by precipitating oxygen and sulfur ions. The satisfactory
agreement obtained by these authors between the modeled and observed X-ray spectra in the
auroral regions of Jupiter provides a reconciliation between both datasets. It also allows the
identification of the types of precipitating particles—an equal mixture of oxygen and sulfur
ions—and an estimation of their energies, which is consistent with a magnetospheric origin
and acceleration processes up to a few MeV/amu.

Despite the new cross sections made available the past years, there is still a true need
for additional measurements or modelling due to lack of data or dataset with too restricted
energy coverage, too large uncertainness or too low spectral resolution (e.g., Lindsay and
Stebbings 2005; Galand and Chakrabarti 2006; Karwasz et al. 2006). Finally, the applicabil-
ity of measurements obtained under laboratory conditions to space environment should be
borne in mind (Lindsay and Stebbings 2005).

2.5 Tenuous Atmospheres

On a planetary body with a significant atmosphere, the density decreases with increasing
altitude until the atmospheric molecules move very large distances in ballistic trajectories
and collisions between atmospheric species are improbable. This region of the atmosphere,
called the corona or the exosphere, directly interacts with the space environment, as de-
scribed by Johnson et al. (2008) and Ledvina et al. (2008). Similarly the ‘airless’ bodies,
such as the Moon, Mercury, Saturn’s main rings, Europa and many of the other large satel-
lites have a nearly collisionless, gravitationally bound ambient gas forming a tenuous at-
mosphere. A fraction of the atoms and molecules in these atmospheres escape and enter
the plasma environment. The escaping or gravitationally bound atoms and molecules can
be ionized by photon and electron impact, the same processes which form the ionosphere.
Because the interaction between the planetary corona and the ambient fields is complex, the
principal problem has been lack of accurate the electron temperatures and densities rather
than the lack of cross sections. In this region additional processes become important: charge
exchange and knock-on collisions with the ions in the incident plasma, either the background
solar wind or magnetospheric ions or the locally formed pick-up ions.

Since tenuous atmospheres are simulated by Monte Carlo models, the primary collision
processes dominate so that one needs to know the ionization, charge exchange and angu-
lar differential cross sections. For most atomic ion-neutral collisions either data is avail-
able, there are good models for extrapolating data (Johnson 1990), or there are freeware
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programs (e.g., the SRIM package, Ziegler 2008) to estimate the cross sections and the de-
flections produced. Having said that, detailed angular-differential cross section for elastic
collisions between open-shell atoms have been calculated for only a few systems (e.g., O
+ O: Kharchenko et al. 2000; Tully and Johnson 2001). Such cross sections are critical in
describing the escape depths (Johnson et al. 2008). If the collisions in the exobase region are
molecular, it is inappropriate to use the hard-sphere approximation to derive the differential
cross section from the known total cross section, because that method assumes isotropic
scattering.

If one needs to know the emission spectra produced by an incident ion, much less data
is available. For fast ions, ionization typically dominates dissociation and the production of
secondary electrons has again been well studied. Also, the ambient electron flux and the
secondary electrons produced typically dominate the emission spectra.

However, many of interesting tenuous atmospheres have a molecular component. There-
fore, the locally produced pick-up ions can also be molecular, so that impacts of energetic
(≥10’s of eV) molecular ions with molecules can be the dominant heating process for the
corona (Michael and Johnson 2005). For fast atomic ions colliding with molecules, again the
ionization, total charge exchange and the secondary electron production are either measured
or can be estimated from good models. However, the angular differential cross sections and
dissociation channels are known for only a limited number of collision pairs and over limited
energy range.

For charge exchange by very fast ions, which is dominated by distant collisions, one
can often use dissociation product energies obtained for electron impact ionization and
the deflections are often small. However, this is not the case for lower energy (≤1 keV/u)
processes. Recent measurements for H+ and O+ on O2 (Luna et al. 2005) and H+ and N+
on N2 (Luna et al. 2003) have improved the situation at Europa and Titan for a limited range
of ion energies. However, energetic atomic or molecular ion interactions with H2O, SO2,
and CO2 at Europa, SO2 at Io, CH4 at Titan, Triton and Pluto, CO2 and CO at Mars, etc. are
not well described and simulations have relied on simple classical collision cross sections
(Johnson et al. 2002). The data base for relevant molecular ions colliding with molecules, a
critical process in Titan’s corona, is very limited, except at very low, quasi-thermal energies
(≤1 eV) where ion-molecule reaction expressions can be used, as discussed earlier. The
incident ions not only produce hot electrons but can, by charge exchange or by knock-on
collisions, produce energetic neutrals. Total and angular cross sections and product distribu-
tions for collisions of energetic (>10 eV) neutrals with molecules are essentially not readily
available. Recently, collisions of a hot (>10 eV) N with N2 were calculated (Tully and
Johnson 2002, 2003).

See also Sects. 3.6.2 and 3.7.1 of this chapter.

3 Representative Optical, Chemical, and Collisional Processes

3.1 Chemical Reactions of Neutrals

3.1.1 Recombination of Methyl Radicals

Planetary emissions of the methyl radical were observed for the first time in 1998 on Sat-
urn and Neptune by the ISO mission satellite (Bezard et al. 1998, 1999). Concentrations
were derived for valuable comparisons to models. CH3 is produced by VUV photolysis of
CH4 and is the key photochemical intermediate leading to complex organic molecules on
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the giant planets and moons. Thus correct model predictions are required for the correct
simulation of the photochemical synthesis. These observations form a very sensitive test of
the mechanism, and as a reactive intermediate methyl is also a good marker for the transport
parameterizations employed.

A very sensitive parameter controlling methyl concentrations is the loss process by re-
combination,

CH3 + CH3 + H2 → C2H6 + H2 (3)

which is also the main ethane formation step. At low upper atmosphere pressures, colli-
sional deactivation of hot ethane intermediates by hydrogen bath gas is rate determining.
Data is only available for temperatures above the 115–140 K needed, and only at much
higher pressures. Extrapolation of existing rate expressions beyond their intended ranges
gives differences of over two orders of magnitude (MacPherson et al. 1983, 1985; Slagle et
al. 1988).

New theoretical master equation calculations were therefore performed, guided by the
higher temperature pressure dependent rate constant data and theoretical calculations of
transition state structures, to provide sound rate constants for this important reaction (Smith
2003). The results are intermediate to the prior extrapolations, and somewhat lower than
used in recent model studies that match the methyl data (Lee et al. 2000; Moses et al. 2005).
In regions of high H atom concentration, the

H + CH3 → CH4 (4)

recombination reaction is also important in determining methyl concentrations, so a similar
calculation was performed for this step (Smith 2003).

These low pressure limit stabilization rate constants can increase rapidly at low tempera-
tures, and for larger molecules any pressure dependence or falloff must also be considered.
So it is important to determine the proper temperature dependence, and this often will need
to be done theoretically because experimental results at low temperature and pressure are
rare and difficult to obtain. Some other recombination reactions have small energy barriers
but are still important, such as

H + C2H2 ↔ C2H3. (5)

Tunneling has profound effects here for increasing low pressure and temperature rate con-
stants orders of magnitude above normal expectations and extrapolations (Knyazev and Sla-
gle 1996).

3.1.2 Three-Body Recombination of Oxygen Atoms

Dayside photoabsorption of solar ultraviolet (UV) radiation by molecular oxygen in the
upper atmosphere of Earth, and by carbon dioxide in the upper atmospheres of Venus and
Mars, results in production of atomic oxygen

O2 + hν → O + O Earth (6)

CO2 + hν → O + CO Venus and Mars (7)

that eventually undergoes three-body recombination (Huestis 2002)

O + O + M → O2(
5�g,A3�+

u ,A′3�u, c1�−
u ,b1�+

g , a1�g,X3�−
g ) + M. (8)
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On all three planets, the competition between photodissociation, recombination, and
diffusive vertical transport controls the transition between the homosphere and the het-
erosphere, and thus the atomic and molecular composition of the mesosphere and lower
thermosphere. After transport to the nightside by planetary rotation or by high-altitude at-
mospheric winds, the chemical energy stored in O atoms is converted by three-body recom-
bination into electronic, vibrational, and rotational energy, eventually appearing as ultravi-
olet, visible, and infrared nightglow emissions (250–1270 nm range), which have been the
subject of many laboratory and interpretive investigations. Oxygen atom recombination is
the only source for O2 nightglow and the resulting emissions of electronically excited O2

are key tracers for photochemical and wave activity near the mesopause. Moreover, O-atom
recombination contributes significantly to the total thermospheric heating rate below about
100 km (Roble 1995). Knowledge of the temperature-dependent rate coefficient for recom-
bination of atomic oxygen is thus essential for accurate modeling of the atmospheric compo-
sition and energetics. Equally important is a detailed understanding of the electronic states
of O2 produced in oxygen atom recombination, and of what can be learned from their night-
glow emissions.

Until recently, the most modern measurement of the rate coefficient for O-atom three-
body recombination was 35 years old (Campbell and Gray 1973). The most recent compre-
hensive review (Baulch et al. 1976) is also over 30 years old and shows that the absolute
rate coefficients for recombination and the reverse process, collision-induced dissociation,
as well as the dependence on temperature and collider, were poorly determined, in spite of
the relatively narrow error bars reported in individual studies. The available information is
illustrated in Fig. 1.

Fig. 1 Comparison of recommendations and measurements of the rate coefficient for oxygen atom
three-body recombination in nitrogen. Solid line: recommendation by Baulch et al. (1976), adopted by
the combustion modeling community. Dashed line: recommendation by Roble (1995), adopted by the at-
mospheric modeling community. Open circle: measurement by Morgan et al. (1960). Open down trian-
gle: measurement by Barth (1961). Open up triangle: measurement by Morgan and Schiff (1963). Open
squares: measurements by Campbell and Thrush (1967). Open diamonds: measurements by Campbell and
Gray (1973). Filled up triangles: measurements using laser photodissociation of O3 by Smith and Robertson
(2008). Filled circle: measurement using laser photodissociation of O2 by Pejaković et al. (2005, 2008)
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Two recent laser-based experimental investigations have measured rate coefficients for
O-atom three-body recombination in nitrogen (Pejaković et al. 2005, 2008; Smith and
Robertson 2008). One experiment employed the pulsed output of a fluorine laser at 157.6 nm
to achieve high degrees of photodissociation of molecular oxygen. In a high-pressure (1 atm)
background of N2, the produced oxygen atoms recombine in a time scale of several mil-
liseconds. The O-atom population is monitored by two-photon laser-induced fluorescence at
845 nm, using a second laser with output near 226 nm. The measured value of the rate coef-
ficient at room temperature is (2.7 ± 0.3)× 10−33 cm6s−1 (1-σ uncertainty), a value a factor
of 2 lower than that currently adopted by the atmospheric modeling community. The second
experiment employed a 248 nm KrF laser to achieve 100% photodissociation of molecu-
lar ozone. The time scale for O-atom recombination was followed by the same two-photon
laser-induce-fluorescence technique. Recombination rate coefficients were measured at 170,
260, 300, and 315 K. The results of these two experiments are displayed in Fig. 1. These
modern measurements are clearly consistent with the 30-year-old recommendations in use
by the combustion modeling community (Baulch et al. 1976) and clearly inconsistent with
the values favored by the atmospheric modeling community (Roble 1995).

The rate of recombination in CO2 has not been measured, but has been estimated at 200
K to be about a factor of 2.5 faster than that in N2 (Nair et al. 1994; Slanger et al. 2006).
In both N2 and CO2 the overall yields of O2(a1�g) and 1.27 µm radiation are believed to
be close to unity, after accounting for collisional relaxation of the higher O2 excited states
produced initially by recombination (Huestis 2002; Slanger et al. 2006).

3.2 Ion Molecule Reactions

The diversity of the ionized molecules in planetary ionospheres was introduced above in
Sects. 2.2 and 2.3 of this chapter. Correspondingly, complex sequences of chemical reaction
transform the primary products of ionization by photon, electron, or heavy particle impact
into the species that are eventually neutralized by recombination with electrons. In this sec-
tion we review ion–molecule reactions that control the ionospheric electron density on the
giant planets. Other important ion–molecule reactions are described in Sects. 3.3.1, 3.4.3,
and 3.6.1 of the chapter. Also see the extensive collections of rate coefficients and recom-
mendations by Anicich (2003).

3.2.1 H+
2 + H2 → H+

3 (v) + H

H+
3 made a surprise appearance in the very first molecular mass spectrum (Thompson 1911).

Observation of M/Z of 3 instead of the expected M/Z of 2 is now understood as resulting
from the fast reaction

H+
2 + H2 → H+

3 (v) + H. (9)

The H+
3 laboratory infrared spectrum was first reported 69 years later (Oka 1980), ob-

served in outer planet infrared aurorae about a decade thereafter (Drossart et al. 1989;
Oka and Geballe 1990; Geballe et al. 1993; Trafton et al. 1993), and a widely used di-
agnostic of and initiator of isotopic and heavy-atom chemistry in interstellar clouds (Ger-
lich et al. 2002). The literature of experimental and theoretical investigations of the spec-
troscopy, electronic structure, potential energy surfaces, and chemical reactions of H+

3 is
far too vast for an adequate review here. Suffice it to say that H+

3 is now better known
than almost any other polyatomic molecule. Correspondingly, Reaction (9) is plausibly the
most important ion–molecule reaction in outer planet ionospheres, and in the universe as a
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whole. The rate coefficient is known. The product H+
3 ion is known to contain vibrational

energy, but the vibrational population distribution is currently unknown (Kim et al. 1974;
Huestis and Bowman 2007; Huestis 2008).

3.2.2 H+ + H2(v) → H + H+
2 or H+ + H2(v

′)

The Pioneer and Voyager radio occultation experiments found electron densities in the
ionospheres of the giant planets that were about an order of magnitude smaller than ex-
pected. Subsequent measurements from the Galileo and Cassini spacecraft have confirmed
these observations. This has been one of the major puzzles in understanding planetary
ionospheres.

The technical problem is illustrated by the following simple model:

H2 + hν → e + H+
2 or e + H+ + H (10)

H+
2 + H2 → H+

3 + H (fast) (11)

H+
3 + e → H2 + H or 3H (fast) (12)

H+ + 2H2 → H+
3 + H2 (slow) (13)

H+ + e → H + hν (slow). (14)

Unless some new reaction is found to convert H+ into H+
2 , H+

3 , or some other species that
rapidly leads to electron–ion recombination, models predict that the protons (and thus the
electrons) will reach greater densities than is consistent with observations.

As a result, modelers seized on the suggestion by McElroy (1973) that the endothermic
charge transfer reaction

H+ + H2(v) → H + H+
2 (15)

becomes exothermic for vibrational levels v ≥ 4, and therefore might be expected to be fast.
That point is illustrated in Fig. 2, which shows that the two asymptotic channels H++ H2 and
H + H+

2 have the same energy at one value of the H2 or H+
2 internuclear distance, Rvib ≈ 2.5

bohr or 1.32 Å. A number of modeling studies (Cravens 1974, 1987; Atreya et al. 1979;
McConnell et al. 1982; Moses and Bass 2000; Hallett et al. 2004, 2005a, 2005b; Moore et
al. 2004; Majeed et al. 2004) have followed the McElroy suggestion. Given a rate coefficient
for Reaction (15), the key piece of missing information would be the H2 vibrational distri-
bution. A few studies explored reactions producing vibrationally excited hydrogen. Others
used parameterized models of the vibrational distributions in the giant planet ionospheres,
represented as altitude dependent rates for Reaction (15) or Reaction (14). Reaction (15)
would be an important loss process for magnetic confinement fusion. A mitigating compan-
ion process is the vibrational relaxation reaction

H+ + H2(vi) → H+ + H2(vf < vi) (16)

that had not been considered in previous ionospheric modeling studies.
We can use publications from the plasma fusion quantum theory community (Ichihara

et al. 2000; Krstic 2002; Krstic et al. 2002; Krstic and Schultz 2003; Janev et al. 2003)
to estimate rates of Reactions (15) and (16) at atmospheric temperatures (Huestis 2005b,
2008). Two studies (Ichihara et al. 2000; Krstic et al. 2002) investigated the charge trans-
fer Reaction (15). By extrapolating to lower temperatures the results from the earlier study
(Ichihara et al. 2000, Table 2) we estimate that Reaction (15) has a rate coefficient at 600 K
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Fig. 2 H2 and H+
2 potential energy curves and vibrational energies

Table 1 Recommended rate coefficients at 600 K for H+ + H2(v) charge transfer (kCT) and vibrational
relaxation (kVR) in units of 10−9 cm3/s

v

0 1 2 3 4 5 6 7 8

kCT 0 0 0 0 0.6 1.3 1.3 1.3 1.3

kVR 0 1.2 1.8 1.8 1.5 1.2 1.2 1.2 1.2

of approximately 1.3 × 10−9 cm3/s, for v ≥ 4, consistent with numbers in current models.
However, the later study (Krstic et al. 2002) (using more capable theory) found cross sec-
tions at thermal energies for v = 4 that are much smaller than those for v ≥ 5. As a result of
this disagreement, we have arbitrarily reduced the “recommended” rate coefficient for v = 4
shown in Table 1 by 50% compared to those for v = 5–8.

Another fusion-motivated investigation (Krstic 2002, Fig. 11) suggested that the vi-
brational relaxation Reaction (16) should be fast. From graphical analysis of this work
we recommend thermal-energy rate coefficients of between 1.2 × 10−9 cm3/s and 1.8 ×
10−9 cm3/s as indicated in Table 1. New quantum theory calculations are underway to re-
duce the uncertainties in these recommendations at low energy (Quemener et al. 2008).

Inclusion of Reaction (16) will significantly reduce calculated vibrational temperatures
in ionospheric models. Protons are less abundant than neutral hydrogen atoms by a factor
of about 10,000 and the proton rate coefficients for vibrational relaxation are about a factor
of 10,000 larger. Just as important, Reaction (16) depletes excited vibrational population in
vibrational levels 1, 2, and 3, which will contain the vast majority of vibrational energy for
plausible vibrational distributions. The results of our earlier analysis (Huestis 2005b) have
been adopted in a recent ionospheric modeling study (Moore et al. 2006), which suggests
that the high influx of water indicated by Cassini observations will lead to a different mech-
anism for reducing the ionospheric electron density on Saturn (Connerney and Waite 1984;
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Waite et al. 1997; Maurellis and Cravens 2001):

H+ + H2O → H + H2O+. (17)

3.3 Collisions of Excited Electronic States

3.3.1 Relaxation of O+(2D) and O+(2P) in Collisions with N2 and O(3P)

Atomic oxygen ions are primary charge carriers in the Earth’s ionosphere. Optical emis-
sions from the metastable excited states O+(2D) and O+(2P) provide useful diagnostics of
energy deposition processes. The O+(2P →2D,4S) emissions near 732 and 247 nm are com-
mon features of the daytime and nighttime airglow. Previously, atmospheric O+(2D →4 S)
emissions near 373 nm were known only during polar cusp aurorae (Sivjee 1983, 1991).

New observational information has been provided by recent analysis of sky spectra from
the VLT (Very Large Telescope) in Chile during periods of large solar storms: 6–7 April
2000, 6–7 Nov. 2001, and 28 Oct.–1 Nov. 2003 (O’Neill et al. 2006; Slanger and Cosby
2007). O+(2D →4S) 373 nm emissions are prominent and show a strong correlation with
the Dst (disturbance storm time) index. Interpretation of the relative strengths of the O+(2P
→2D) 732 nm and O+(2D →4S) 373 nm emissions requires reliable values for the rates
of relaxation of the excited states in collisions with the principal components of the neutral
ionosphere, N2 and O(3P).

The current status of laboratory measurements and atmospheric modeling inferences is
summarized in Table 2, along with recommended rate coefficients.

Of the four laboratory studies of charge-transfer, electronic-deexcitation, and ion-
molecule reactions in collisions of O+(4S,2D,2P) with N2, only the most recent actually
resolved the composition of the reactants, i.e., the relative abundance of O+(4S), O+(2D),

Table 2 Literature and recommended values of rate coefficients for collisional removal of O+(2P) and
O+(2D), in units of 1.0 × 10−10 cm3/s, taken from Huestis et al. (2007)

Reference Method O+(2P) + N2 O+(2P) + O(3P) O+(2D) + N2 O+(2D) + O(3P)

WTH75 airglow 0.5 or 5 2 or 0

RTH77 airglow 4.8 0.52

GRT78 laboratory 1.5 ± 0.45a 1.5 ± 0.45a

JB80a-b laboratory 8 ± 2a 8 ± 2a

RFF80 laboratory 8.3 ± 3.4a 8.3 ± 3.4a

ATR84 N+
2 model 4.8b 0.52b 8b <0.05

CTR93 airglow 3.4 ± 1.5 4.0 ± 1.9

LHF97 laboratory 2.0 ± 0.5 1.5 ± 0.4

SMD03 airglow 1.8 ± 0.3 0.50 ± 0.34

Recommendations 2.0 ± 0.5 0.4 ± 0.2 1.5 ± 0.4 0.6 ± 0.3

aUnknown mixture of O+(2P) + O+(2D)

bValues selected from works above

ATR84 = Abdou et al. 1984; CTR93 = Chang et al. 1993; GRT78 = Glosik et al. 1978; JB80a-b = Johnsen
and Biondi 1980a, 1980b; LHF97 = Li et al. 1997; RFF80 = Rowe et al. 1980; RTH77 = Rusch et al. 1977;
SMD03 = Stephan et al. 2003; WTK75 = Walker et al. 1975
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and O+(2P), as well as the identity of the product ion, e.g., N+
2 , NO+, or N+. The most re-

cent laboratory and airglow modeling numbers agree for O+(2P), providing strong support
for each other and for the laboratory value for O+(2D). There are no published laboratory or
theoretical constraints for collisions with O(3P). The airglow modeling numbers similarly
provide only very broad limits. Qualitative theoretical analysis (Huestis et al. 2007) based
on the best-available O+

2 potential energy curves by Beebe et al. (1976), suggests that we ex-
pect numbers around 5×10−11 cm3/s for both O+(2D) and O+(2P), with the rate coefficient
for O+(2D) likely to be about twice as large as that for O+(2P).

3.3.2 Rates and Products of Collisional Relaxation of O2(a1�g) and O2(b1�+
g )

The low-lying electronic excited states of molecular oxygen, O2(a1�g) and O2(b1�+
g )

are produced directly or indirectly after absorption of ultraviolet solar radiation in the at-
mospheres of Venus, Earth, and Mars. For example

O3 + hν → O(1D) + O2(a
1�g) (18)

O(1D) + O2(X
3�−

g ) → O(3P) + O2(b
1�+

g ) (19)

O(3P) + O(3P) + M → O2(a
1�g) and O2(b

1�+
g ). (20)

At high altitudes, both O2(a1�g) and O2(b1�+
g ) are weakly quenched and produce strong

airglow emission at 1270 nm (Venus, Earth, and Mars) and 762 nm (Earth), respectively.
At lower altitudes, oxygen molecules in either electronic state undergo collisional relax-

ation. The question to be addressed here is what can be said about the rates and products of
this relaxation in the terrestrial atmosphere. More specifically, we wish to know how much
of the electronic energy eventually ends up in vibrational excitation in O2(X3�−

g ) which
may contribute to observable infrared emission after vibrational energy transfer to H2O or
CO2. A portion of the following analysis has already been published (Huestis 2005a). The
reactions in question are

O2(b
1�+

g , v = 0) + O2(X
3�−

g , v = 0) → O2(X
3�−

g , v′) or O2(a
1�g, v

′) + O2(X
3�−

g , v′′)
(21)

O2(a
1�g, v = 0) + O2(X

3�−
g , v = 0) → O2(X

3�−
g , v′) + O2(X

3�−
g , v′′). (22)

While no direct measurements exist of the product distributions in either reaction, enough
indirect information is available for construction of relatively reliable estimates.

Combining the data from low temperature (Seidl et al. 1991), room temperature (Sander
et al. 2006), and high temperature shock tube studies (Borrell et al. 1979, 1982) we find that
the temperature dependence of overall rate of electronic relaxation of O2(b1�+

g , v = 0) in
collisions with 16O2(X3�−

g , v = 0) can be adequately represented from 90 to 1800 K by the
formula

k21(T ) = 3 × 10−18 + 4.5 × 10−11 exp(−91/T 1/3) cm3/s. (23)

The form of this expression is a generalization of the Landau and Teller (1936) representa-
tion of vibrational and rotational relaxation (Huestis 2006a, 2008).

The overall rate of electronic relaxation of O2(a1�g, v = 0) in Reaction (22) has been
measured near room temperature in a number of investigations (Sander et al. 2006), in liquid
oxygen (Huestis et al. 1974; Protz and Maier 1980; Faltermeier et al. 1981; Klingshirn et al.
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1982; Wild et al. 1982, 1984), and more recently in gaseous oxygen between 100 and 500 K
(Billingham and Borrell 1986; Chatelet et al. 1986; Seidl et al. 1991). The gas phase data in
normal oxygen can be represented adequately by the formula

k22(T ) = 0.14 × 10−18 + 1.43 × 10−18 (T /298). (24)

Many investigators have reported high yields of O2(a1�g) in Reaction (21) in the gas
phase, including relaxation in collisions with H2O, CO2, and other collision partners (Singh
and Setser 1985; Knickelbein et al. 1987; Wildt et al. 1988; Sander et al. 2006). Experi-
ments performed in natural and isotopic liquid oxygen provide additional information about
the resulting vibrational distribution (Klingshirn and Maier 1985). In natural liquid oxygen
O2(b1�+

g ) is quenched by O2(X3�−
g ) with a rate coefficient of 5.5 × 10−18 cm3/s, while

in liquid 18O2, the rate coefficient is only 3 × 10−19 cm3/s. Subsequent experiments in low
temperature gaseous oxygen also showed that O2(b1�+

g ) is quenched about 10 times more
slowly in 18O2 (Seidl et al. 1991). The slower quenching in 18O2 is interpreted as indicat-
ing that vibrational energy resonance is a critical factor, corresponding to the fact that the
translational/rotational energy released in the reaction

O2(b
1�+

g , v = 0) + O2(X
3�−

g , v = 0) → O2(a
1�g, v

′) + O2(X
3�−

g ,3 − v′) (25)

is about 150 cm−1 greater for 18O2 than for 16O2, implying that quenching of O2(b1�+
g )

produces O2(a1�g) plus three quanta of vibration. A similar discussion of vibrational energy
resonance is used to explain why electronic relaxation of O2(b1�+

g , v = 0) is so much faster
at room temperature when the collider is N2, producing O2(a1�g, v = 2) + N2(v = 1).

A similar argument applies for identification of the vibrational product distribution
for relaxation of O2(a1�g). Investigations in liquid 18O2 showed much slower relaxation
(Klingshirn et al. 1982; Wild et al. 1984; Seidl et al. 1991), with a rate coefficient of
2 × 10−21 cm3/s compared to 1 × 10−18 cm3/s in 16O2. In low temperature gaseous oxygen,
relaxation in 18O2 is also slower by a similar factor (Seidl et al. 1991). This was explained
by the observation that the translational/rotational energy released in the reaction

O2(a
1�g) + O2(X

3�−
g ) → O2(X

3�−
g , v) + O2(X

3�−
g ,5 − v) (26)

is more than 400 cm−1 greater for 18O2 than for 16O2, implying that quenching of O2(a1�g)

produces O2(X3�−
g ) plus five quanta of vibration. This conclusion is supported by one of

the liquid oxygen studies (Wild et al. 1982) in which anti-Stokes Raman scattering was used
to infer production of 3.8 ± 0.8 vibrational quanta in O2(X3�−

g , v).

3.4 Relaxation and Excitation of Rotational and Vibrational Levels

3.4.1 Vibrational Energy Transfer and Relaxation in O2 and H2O

Vibrational energy transfer from oxygen molecules to water molecules helps control the
local temperature in the Earth’s mesosphere through radiative cooling. Infrared emissions
from water molecules provide remote diagnostics for the altitude profile of water. Modeling
these emissions is made more complicated by the near degeneracy between the first excited
vibrational levels of the water and oxygen molecules. The rate of vibrational energy ex-
change has been of interest to atmospheric scientists, combustion modelers, and developers
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of chemical lasers. It has been recently inferred from analysis of unpublished laser-based
laboratory experiments (Huestis 2006a). The reactions in question are

O2(1) + O2(0) → O2(0) + O2(0) (27)

O2(1) + H2O(000) → O2(0) + H2O(000) (28)

O2(1) + H2O(000) ↔ O2(0) + H2O(010) (29)

H2O(010) + H2O(000) → H2O(000) + H2O(000) (30)

H2O(010) + O2(0) → H2O(000) + O2(0). (31)

The chemical kinetics and sound absorption literatures provide reliable values for the
rates of Reactions (27) and (30) and strong evidence that Reactions (28) and (31) are slow
in comparison with Reaction (29). Our analytical solution to the chemical reaction sys-
tem above shows that the rate of Reaction (29) can only be measured with water mole
fractions higher than 1%. The only measurement that satisfies this requirement is reported
in a Ph.D. thesis (Diskin 1997) and a conference presentation (Diskin et al. 1996) from
the combustion community. Reanalysis of that data yields our recommended value of
(5.5 ± 0.4) × 10−13 cm3/s at 300 K, between the values favored by the atmospheric and
laser modeling communities.

3.4.2 O–CO2 Cooling

As indicated in Sect. 2.1.2 above, infrared emissions from bending-mode excited carbon
dioxide, CO2(010), is a primary regulator of thermal balance in the atmospheres of Venus,
Earth, and Mars. At higher altitudes the time scale for infrared fluorescence is shorter than
the collisional excitation time. Oxygen atoms are expected to be the principle collision part-
ner in the vibrational reexcitation. The rate coefficient remains a matter of some dispute,
with laboratory experiments providing values that are factors of 2 or more lower than those
preferred by some modelers. Here we will review the current status of laboratory experi-
ments and theory, which the former continue to confirm the preference for rate coefficients
in the low range.

The key reaction in question is

CO2(v2 = 0) + O(3PJ′) ↔ CO2(v2 = 1) + O(3PJ). (32)

While the rate in the excitation direction, as written, is the key parameter for modeling
atmospheric infrared emission, laboratory measurements are usually reported in the de-
excitation or relaxation direction, which atmospheric scientists have also adopted for pur-
poses of comparison.

The results from laboratory investigations at room temperature are summarized in Ta-
ble 3, along with the summary recommendation provided here and adopted above in
Sect. 2.1.2. The several diverse laboratory approaches are all returning mutually consis-
tent rate coefficients for the presumed key reaction that are all well below the inferences
of atmospheric modelers, which suggests that uncertainty in rate coefficient is not the crit-
ical issue. As discussed below, this conclusion is supported by theoretical studies and the
experimentally observed temperature dependence.

Three rather old theoretical studies (Bass 1974; Schatz and Redmon 1981; Harvey 1982)
of excitation of CO2(010) in collisions with oxygen atoms all ignored the fact that the open-
shell O(3P) atom actually generated three electronic states, one of symmetry 3A′ and two of
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Table 3 Laboratory measurements of the rate coefficient for relaxation of CO2(010) in collision with O(3P)
at 300 K

Year k (in units if 10−12 cm3/sec) Reference

1991 1.5 ± 0.5 Shved et al. 1991

1993 1.2 ± 0.2 Pollock et al. 1993

1994 0.5 ± 0.2 Lilenfeld 1994

2002 1.4 ± 0.2 Khvorostovskaya et al. 2002

2006 1.8 ± 0.3 Castle et al. 2006

2007 1.6 ± 0.2 Dodd et al. 2007

2008 1.5 ± 0.2 Recommendation, this work

Fig. 3 Potential surfaces for O(3P) + CO2(ν2 = 0), solid lines, and O(3P) + CO2(ν2 = 1), dashed lines,
with spin–orbit coupling, for 22.5◦ approach, from Huestis et al. (2002)

symmetry 3A′′. Scott et al. (1993) provided the first curve-crossing model, following Nikitin
and Umanski (1972), which enabled them to show that rate coefficients on the order of
1–2 × 10−12 cm3/s are indeed plausible.

Huestis et al. (2002) constructed the first set of model potential energy surfaces, including
the three electronic states, calibrated by ab initio calculations. When spin–orbit coupling is
included, a total of nine potential surfaces result, as shown in Fig. 3. The more recent calcu-
lations by de Lara-Castells et al. (2006, 2007) of CO2+ O(3P), also included a representation
of spin–orbit coupling. The two independent sets of potential energy surfaces provide strong
support for the concept that the O(3PJ) fine structure states play critical roles in CO2(010)

excitation and relaxation, as illustrated by the reaction

CO2(000) + O(3P0,1) ↔ CO2(010) + O(3P1,2) (33)
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Fig. 4 Experimental rate coefficients and model fits for vibrational relaxation of CO2(010) in collisions with
O(3P)

which will be discussed further below. Comprehensive accurate chemical dynamics calcu-
lations have not been completed for this very complex system with four active atoms, nine
active electronic states, and multiple potential surface crossings.

Additional theoretical guidance comes from the recent studies of vibrational relaxation
at low temperature by Nikitin and Troe (Dashevskaya and Nikitin 2000; Dashevskaya et al.
2003, 2006, 2007; Nikitin and Troe 2006). They point out that quantum mechanics (Bethe
1937; Wigner 1948; Dashevskaya et al. 2003) implies the surprising conclusion that exoer-
gic deexcitation reactions can have non-zero rate coefficients as the temperature approaches
zero, in contrast to the normally expected T 1/2 dependence, as long as the interaction poten-
tial energy surface is attractive. They have verified this conclusion in accurate calculations
of some simple vibrational relaxation collisions at low collision velocities (Dashevskaya et
al. 2003).

Figure 3 shows that several of the potential surfaces arising from CO2(010) + O(3P1,2)

are attractive and intersect repulsive potential surfaces leading to curve-crossing deexcitation
to CO2(000) + O(3P0,1) at thermally accessible energies, even at low temperature. More
detailed analysis of the potential surfaces in Fig. 3 suggests that all five of the potential
surfaces arising from O(3P2) and one arising from O(3P1) are candidates.

Figure 4 shows the measured temperature-dependent CO2(010) deexcitation rate coeffi-
cients. The solid and dashed lines correspond to models in which we assume that the rate
coefficient depends only on the temperature-dependent fraction of the oxygen atom popula-
tion in the O(3P2) and O(3P1) spin–orbit sub-levels:

f (3P2) = 5/[5 + 3 exp(−225/T ) + exp(−326/T )] (34)

f (3P1) = 3 exp(−225/T )/[5 + 3 exp(−225/T ) + exp(−326/T )]. (35)

The quantitative adequacy of these simple models suggests that we are on the right con-
ceptual track and that there is little reason to doubt the validity and accuracy of the labo-
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ratory measurements. The single-measurement outlying values around room temperature,
(1.2 ± 0.2)× 10−12 cm3/s (Pollock et al. 1993) and (1.8 ± 0.3) × 10−12 cm3/s (Castle et al.
2006) are both statistically consistent with the nominal value of (1.5 ± 0.2) × 10−12 cm3/s.
The other two outlying values, at 165 and 210 K, from the most recent experiments of Dodd
et al. (2007), might suggest a possible importance of long-range attraction due to interac-
tion of the CO2 vibrational dipole moment with the O-atom quadrupole moment. Given the
atmospheric importance of this temperature range, and the divergence from the low temper-
ature values from Khvorostovskaya et al. (2002), additional low temperature experiments
are needed.

3.4.3 Vibrationally Excited H+
3 in Outer Planet Atmospheres

The observed temperatures of planetary upper atmospheres, ionospheres, and thermospheres
depend to a significant extent on the balance between absorption of ultraviolet solar radiation
and infrared emission. On the outer planets the primary emitter is H+

3 on the ν2 vibrational
fundamental and overtone transitions between 2 and 4 µm bands. At higher altitudes the
low atmospheric densities imply that the reduced rates of collisional excitation of the emit-
ting levels will eventually fall below the rates of spontaneous emission, thus limiting the
efficiency of infrared emission. See Sect. 3.2.1 of the chapter above for additional discus-
sion of production, ion–molecule reactions, and electron-ion recombination of atomic and
molecular hydrogen ions.

The primary sources of vibrationally excited H+
3 (v2 > 0) are the H+

3 formation reaction
(Bowers et al. 1973; Theard and Huntress 1974; Kim et al. 1974) (note that the initial H+

3 (ν2)

vibrational distribution is only weakly constrained)

H+
2 + H2 → H+

3 (v2 > 0) + H (36)

and T → V and V → V excitation in collisions with ambient H2

H+
3 (v2) + H2(v) → H+

3 (v′
2) + H2(v

′). (37)

Observations of H+
3 emissions on Jupiter (Lellouch 2006) suggest that the H+

3 (ν2) vi-
brational distribution is non-thermal and cooler than the ambient translational temper-
ature as inferred from the observed H+

3 (J ) rotational distribution. Departures from lo-
cal thermodynamic equilibrium (LTE) of H+

3 population distributions are also observed
in interstellar clouds (Oka and Epp 2004) and have been the subject of previous mod-
eling studies of the Jovian ionosphere (McConnell and Majeed 1987; Kim et al. 1992;
Miller et al. 2000, 2006; Grodent et al. 2001; Melin et al. 2005, 2006). In addition, the
potential extent of vibrational excitation of H+

3 is important in modeling gas discharges
(Phelps 2001) and fusion plasmas (Janev et al. 2003), from which we can derive guidance
for modeling the ionospheres of the outer planets.

Key missing pieces of information include the rate coefficients for redistribution of pro-
ton labeling and vibrational and rotational energy in the H+

5 rearrangement collision

H+
3 (v1, v2, J,G) + H2(v, J ) → H+

5 (v′′, J ′′) → H+
3 (v′

1, v
′
2, J

′,G′) + H2(v
′, J ′). (38)

Characterizing this reaction experimentally is overwhelmingly difficult. The first challenge
would be to prepare reactants with well-defined initial quantum numbers. The second chal-
lenge is measurement of the product quantum numbers. The third challenge is presented by
the fact that each of the five protons in the H+

5 reaction intermediate complex could have
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come from either of the H+
3 and H2 reactants and could end up in either of the H+

3 and H2

products.
The third challenge could be considered an advantage if our actual interest were proton

scrambling that leads to ortho–para conversion (Uy et al. 1997; Cordonnier et al. 2000; Oka
2004; Park and Light 2007). Alternatively, one could consider experiments and quantum
theory calculations in which one or more of the H atoms are isotopically substituted by D
atoms (Terao and Back 1969; Huntress and Anicich 1976; McMahon et al. 1976; Smith and
Futrell 1976; Gerlich et al. 2002; Moyano and Collins 2003). In that case we have proton or
deuteron transfer or more complicated rearrangement reactions such as

H+
3 + D2 ↔ (H3D2)

+ ↔ H2 + HD+
2 or HD + H2D+ (39)

D3
3 + H2 ↔ (H2D3)

+ ↔ D2 + H2D + or HD+HD+
2 (40)

H+
3 + HD ↔ (H4D)+ ↔ H2 + H2D+. (41)

In these cases the differences between the zero-point vibrational energies means that the var-
ious product channels have different non-zero reaction exothermicities or endothermicities.
In addition, proton and deuteron transfer reactions should have different rates because of the
mass-dependent kinetic isotope effect. Furthermore, ortho/para selection rules and nuclear-
spin degeneracies imply that the various entrance and exit channels may have different sta-
tistical weights. Finally, well-defined experiments would normally begin with vibrationally
relaxed H+

3 or D+
3 reactants and thus would not provide direct information about vibrational

deexcitation.
In spite of these complexities, isotopic substitution studies provide important information

about the extent to which internal vibrational and rotational energy are statistically redistrib-
uted in formation and decomposition of the H+

5 (v′′, J ′′) reaction intermediate in Reaction
(38). Stated in another way, can we use the probability of proton transfer (Janev et al. 2003)
as a measure of rate of vibrational energy exchange, excitation, and deexcitation of H+

3 with
H2 in Reaction (38)? In addition, Reactions (39)–(41) are important in their own right in
modeling isotope fractionation in planetary ionospheres and interstellar clouds.

Table 4 contains a summary of the available kinetic information on isotopic forms of
Reaction (38). As we can see from Table 4, the reported rate coefficients cluster into two
groups:

(a) Small values in the range of 2.0–5.2 × 10−10 cm3/s
(b) Large values in the range of 6.6–14.5 × 10−10 cm3/s.

In some cases, numbers are reported that differ by more than a factor of three for the same
reaction at the same temperature. The earlier room temperature experiments (Terao and Back
1969; Kim et al. 1974; Huntress and Anicich 1976; McMahon et al. 1976; Smith and Futrell
1976), the one 10 K experiment (Gerlich et al. 2002), and the very recent theoretical study
(Park and Light 2007) of hyperfine spin scrambling are in the “small numbers” group, while
the most comprehensive experiment (Giles et al. 1992) and theory (Moyano and Collins
2003) investigations are in the “large numbers” group.

As indicated by the divergences shown in Table 4, the current state of knowledge is most
unsatisfactory. The factor-of-three scatter means that we have no plausible basis for an ap-
propriate estimate for the rate coefficient for our target process, vibrational excitation and
relaxation in Reaction (38). Further confusion comes from the fact that proton and deuteron
exchange reactions should always lead to some V –V and V –T equilibration and thus could
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Table 4 Summary of literature values of rate coefficients for selected H+
3 + H2 isotopomeric ion molecule

reactions. Total reaction rate coefficients (to all products) are listed in units of 10−10 cm3/s

Reaction T (K) Ref. Note

(38) (41) (39) (40)

H+
3 + H2 H+

3 + HD H+
3 + D2 H2D+ + HD HD+

2 + HD D+
3 + H2

3.5 2.6 2.0 10 GHR02 (a)

12.1 10 MC03 (b)

0.0 10 PL07 (c)

4.9 10 PL07 (d)

12.0 14.5 8.5 8.0 5.2 80 GAS92 (a)

11.3 10.4 80 MC03 (b)

3.5 80 PL07 (c)

6.6 80 PL07 (d)

3.3 3.3 300 TB69 (a)

2.7 300 KTH74 (e)

3.0 300 HA76 (a)

2.6 3.5 300 MMB76 (a)

4.0 300 SF76 (a)

9.6 12.6 5.0 4.5 8.2 300 GAS92 (a)

(a) Experiment
(b) Theory
(c) Theory: hyperfine scrambling for para H2
(d) Theory: hyperfine scrambling for normal H2
(e) Experiment: vibrational relaxation

GAS92 = Giles et al. 1992; GHR = Gerlich et al. 2002; HA76 = Huntress and Anicich 1976; MMB76 =
McMahon et al. 1976; KTH74 = Kim et al. 1974; MC03 = Moyano and Collins 2003; PL07 = Park and
Light 2007; SF76 = Smith and Futrell 1976; TB69 = Terao and Back 1969

be thought to provide lower limits for vibrational relaxation. In contrast, almost all the num-
bers in Table 4 are significantly larger than our most direct estimate for vibrational relaxation
of (2.7 ± 0.6) × 10−10 cm3/s (Kim et al. 1974).

Thus we are left with the following unanswered science questions

• What is the mechanistic origin and cause of the sub-thermal vibrational distributions of
H+

3 (v2) observed in the upper atmospheres of the outer planets?
• What are the key reactions and temperature-dependent rate coefficients that should be

included in atmospheric models?
• What are the origin and resolution of the divergence between the “small values” and “large

values” of the rate coefficients reported in the laboratory and quantum theory literature?

To answer these questions new theoretical investigations are planned for quantum electronic
structure and chemical dynamics calculations for Reactions (36) and (38) (Xie et al. 2005;
Huestis and Bowman 2007).
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Fig. 5 A portion of the absorption cross section for water, H2O, from Huestis and Berkowitz (2007).
[CCB93a] = Chan et al. 1993; [FRY04] = Fillion et al. 2004; [MPG05] = R. Mota et al. 2005; [WZI63]
= Watanabe et al. 1953

3.5 Photoabsorption

3.5.1 Absorption Cross Sections and Excited Photofragment Yields for CO2 and H2O

The Mariner flyby missions found strong ultraviolet emissions from CO+
2 (B,A), CO(a,A),

and O(1S) in the Mars dayglow. These observations, which have been confirmed by the
recent Mars Express Mission, led to a number of laboratory quantum yield measurements.

Comet observers have supposed that the relative strengths of the O(1S →1D) and O(1D
→3P) green (557.7 nm) and red (630.0 nm) lines can be used to infer the relative abun-
dance of water and carbon dioxide in cometary coma (Delsemme 1980; Festou 1981;
Festou and Feldman 1981; Huebner 1985; Cochran and Cochran 2001; Capria et al. 2005,
2008). Laboratory measurements have determined the yield of O(1D) from photodissocia-
tion of water, but none of these experiments would have been capable of detecting O(1S). In
contrast, the wavelength dependent yield of O(1S) from CO2 has been investigated, but the
yield of O(1D) has been determined only at longer wavelengths, where the CO2 absorption
cross section is low (Huestis and Slanger 2006).

A portion of the water absorption spectrum is shown in Fig. 5.
For solar UV photodissociation Delsemme (1980) suggests yields of 12% for O(1D) +

H2 and 1% for O∗ + H∗
2 (other). On the other hand, Festou (1981) recommends 6.22% for

O(1D) + H2 and 0.6% for O(1S) + H2. Interestingly, near Earth comets show a green/red
ratio of about 0.1 (Cochran and Cochran 2001; Capria et al. 2005, 2008), hinting that
Delsemme and Festou somehow got it right! What is actually known from previous lab-
oratory experiments is the following:

Solar Lyman-α is by far the most important wavelength

H2O + hν (λ < 242 nm) → OH(X2�) + H known (42)

H2O + hν (λ < 177 nm) → O(1D) + H2 known (43)
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H2O + hν (λ < 136 nm) → OH(A2�+) + H known (44)

H2O + hν (λ < 134 nm) → O(1S) + H2 unknown (45)

H2O + hν (λ < 130 nm) → O(3P) + H + H inferred. (46)

The yield of O(1D) was measured through its chemical reaction with H2 or by 130 nm
fluorescence scattering from O(3P), produced by relaxation in collisions with added N2. No
experiments performed to date would have been capable of identifying production of O(1S),
a point made explicitly by Stief et al. (1975). McNesby et al. (1962) mention O(1S), not
because it was detected, but only to show that it could not have been the source of observed
OH fluorescence. Misinterpretation of this work is perhaps the source of Festou’s estimate
of the O(1S) yield.

A portion of the carbon dioxide absorption spectrum is shown in Fig. 6, along with a
version of the solar UV spectrum, and the product of the two. Delsemme (1980) suggests
yields from CO2 67% for O(1D) and 22% for CO∗ + O∗ (other). He never mentions O(1S),
nor does he cite any of the papers reporting its production. He also does not cite the source
of the high yield of O(1D). Similarly, Huebner (1985) presented an extensive table of pho-
tophysical processes (with no references to the primary literature), in which O(1S) is never
mentioned as a CO2 photodissociative product, in spite of the fact that in the same volume,
Barth (1985) describes O(1S) production from CO2 photodissociation at Mars. In fact, it
was precisely the Mars observations (Barth et al. 1971) that led to the burst of quantum
yield measurements in the 1970s.

The UV spectroscopy (Cossart-Magos et al. 1982, 1987) and absorption cross section
(Nakata et al. 1965; Ogawa 1971; Slanger et al. 1974; Lewis and Carver 1983; Shaw et
al. 1995; Yoshino et al. 1996; Berkowitz 2002; Huestis 2006b; Huestis and Slanger 2006;
Stark et al. 2007; Huestis and Berkowitz 2007; Keller-Rudek and Moortgat 2008) of
CO2 have been extensively investigated. Several studies have determined the quantum
yields for production of a wide variety of dissociation and ionization products, including
O(3P) (Slanger and Black 1971; Zhu and Gordon 1990), O(1D) (Slanger and Black 1971;
Zhu and Gordon 1990), O(1S) (Lawrence 1972; Ridley et al. 1973; Koyano et al. 1973;
Slanger et al. 1977; Bibinov et al. 1979), as well as CO(A1�), CO(a3�, and higher triplets),
CO+

2 (A2� and B2�+), and CO+(B2�+). Astronomical observations or space missions mo-
tivated many of these studies. Okabe (1978) reviewed the earlier work. The data are not of
uniform quality. There are wavelength gaps in the measured yields and neither the solar
spectrum nor the absorption cross section is known with sufficient wavelength resolution.

Because of spin-conservation selection rules, it is widely believed (Schiff 1965; McElroy
and Hunten 1970; Slanger and Black 1971, 1978; Slanger et al. 1974; Delsemme 1980;
Zhu and Gordon 1990; Miller et al. 1992) that O(1D) is the primary product in the region
from the energetic threshold at 7.5 eV up to the O(1S) threshold. However, there is little in
the literature about direct detection of O(1D) at higher energy or shorter wavelength (Welge
and Gilpin 1971). Thus we are unable to confirm the usual assumption that if the known
quantum yield is less than unity, and if production of O(1D) is spin allowed, then it must
have been the “dark” product. This uncertainty is important because the CO2 absorption
cross section is increasing rapidly at higher energy (shorter wavelength).

O(1S) is known to be produced from threshold at 9.6 eV (129 nm) to beyond the ion-
ization limit at 13.8 eV (90 nm) (Lawrence 1972; Koyano et al. 1973; Slanger et al. 1977;
Bibinov et al. 1979). In this spectral region, the absorption cross-section is quite strongly
structured. Some absorption features are known to have unit yields of O(1S), while some
others appear to produce purely O(1D). This variation has been difficult to quantify because
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Fig. 6 Absorption cross section for carbon dioxide [σ CO2 ], the intensity of solar radiation [
solar] and their
product [J], from Huestis and Berkowitz (2007)

previous experiments generally used broadband light sources and made measurements at
only a few widely spaced wavelengths.

The critical evaluation summarized here formed the basis for a new NASA-funded re-
search program to measure the yields of O(1S) and O(1D) from photodissociation of H2O
and CO2 using high spectral resolution VUV radiation from the Advanced Light Source at
Lawrence Berkeley National Laboratory (Slanger et al. 2008a).

3.5.2 High Resolution Photoabsorption Cross Sections for SO2

SO2 is a known constituent of the atmosphere of Io (Ballester et al. 1994), but atmospheric
studies of SO2 using spectra acquired from the HST Faint Object Spectrograph (McGrath et
al. 2000) have shown that the lack of laboratory measured high resolution cross sections lim-
ited the reliability of estimates of the SO2 column density on Io. The use of low-resolution
SO2 data had led to the modelling of SO2 ultraviolet (UV) absorption as a continuum when
in reality it is a dense line spectrum. The spectrographs on board the current Venus Ex-
press also require high resolution cross sections for SO2. It has been found that saturation
of the very sharp SO2 line features can lead to large underestimates of the SO2 column
density when instrumentally broadened absorption spectra are analyzed with low-resolution
laboratory-derived cross sections (Stark et al. 1999). For very narrow spectral absorption
features it is important to understand the difference between high- and low-resolution cross-
section measurements (Hudson 1971). With inadequate instrumental resolution, measured
cross sections at the centre of narrow absorption features are consistently underestimated
and the cross sections in the “wing” regions between narrow features are consistently over-
estimated; the magnitude of the error being a function of the ratio of line width to instrument
profile width, with the largest errors being associated with the lowest resolution. These sys-
tematic errors can be surprisingly large, as is seen in the case of SO2 (see Fig. 7).
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Fig. 7 Comparison of room temperature SO2 absorption measurements (4 nm segment, and inset 0.1 nm
section) carried out at different spectral resolution: high resolution 0.0004 nm (Rufus et al. 2003), low res-
olution compilation (0.1 nm) of Manatt and Lane (1993) (red line) and resolution 0.05 nm Wu et al. (2000)
(blue line)

The UV spectrum of SO2 has two main regions of significant absorption: a stronger ab-
sorbing region 175–230 nm, and a weaker region 250–320 nm. The spectrum is extremely
complex at room temperature, and it is not possible to calculate the spectrum to sufficient
accuracy for applications in planetary atmospheres (Stark et al. 1999). High resolution lab-
oratory measurements of the SO2 spectrum are required, and at a range of temperatures
relevant to planetary atmospheres. Outlined here are the state-of-the-art measurements of
high resolution photoabsorption cross sections undertaken at Imperial College in order to
provide cross sections for SO2 of sufficient accuracy for planetary atmosphere applications.

The basic components for experimental measurement of photoabsorption cross sections
σ are: spectrometer, continuum light source, and absorption cell. The spectrometer used
in this study was the Imperial College visible-UV Fourier Transform (FT) Spectrometer
(Thorne et al. 1987), and resolving powers up to 550,000 were chosen to resolve the ma-
jority of the narrow SO2 line features. The FT Spectrometer has advantages of high res-
olution, smoothly varying spectral response, linear wavenumber scale, and simultaneous
observation of a wide spectral range. The continuum light sources were: a positive column
hydrogen discharge, and high power deuterium lamp for the shorter wavelength region, and
a 300 W xenon arc for the longer wavelength. The absorption cell contained 99.9% pure
SO2 with column densities ranging from 2.3 × 1016 cm−2 to 1.0 × 1019 cm−2 depending
on the spectral region and range in σ magnitude. For each region several measurements at
different pressures were made as checks to ensure that saturation effects were not present.
The spectrum was measured in wavelength sections (10–20 nm bandwidth) by use of a
novel zero-deviation zero-dispersion pre-monochromator, built at Imperial College (Murray
1992). This meant that good signal-to-noise ratio (SNR > 50) could be achieved within a
reasonable spectrum acquisition time (4–8 hours).

Commonly the experimental method involves recording the spectrum of a continuum
source with (I T) and without (I o) the sample gas in the absorption cell. Although the
continuum light sources are typically stable in intensity for an hour, over 8 hours, their
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intensity has been observed to vary by a few percent. If the usual method of measure-
ment with an empty gas cell, followed by filled cell, and a final empty cell, is used
there will be errors in the resulting photoabsorption cross sections, as the continuum
light source will have varied in intensity over the measurement time. For long acqui-
sition times it was therefore essential to use the “dual beam technique”. This makes
use of the two outputs of the FT spectrometer (Rufus et al. 2003; Thorne et al. 1999;
Davis et al. 2001). One output detector continuously measures the continuum light source,
and the other measures the continuum light source with empty absorption cell, filled cell
and then empty cell. Analysis of these spectra yields I o and I T, without errors arising from
variations in the continuum light source.

However, care must be taken with choice of detectors. The response of photomultiplier
tube detectors may also vary over the measurement timescales, and this variation can differ
between detectors themselves. The photomultiplier detectors (Hamamatsu R166 and 1P28)
were selected to be matched pairs from the manufacturer, and care was also taken to en-
sure their temperature remained constant during the day, again avoiding drifts in detector
response. Wavelength calibration was carried out using iron standard lines (Learner and
Thorne 1988), and wavelength accuracy is better than 10 mÅ.

Room temperature SO2 measurements at Imperial College are completed (Stark et al.
1999; Rufus et al. 2003), and are the highest resolution SO2 photoabsorption cross sections
measurements undertaken to date. Uncertainties for σ in region 198–220 nm are estimated
to vary from 10% for larger σ (10−17 cm2) to 50% for lower σ (<10−17 cm2). In the longer
wavelength region 220–325 nm uncertainties are typically 5% in regions of higher σ . In
comparisons with previous photoabsorption cross section measurements in the literature
(Rufus et al. 2003) there were differences in up to a factor of 2 in some cases arising in the
main part from the resolution effect, and also shifts arising from wavelength errors. Figure 7
shows an example of the improvement in cross section data.

High resolution, low temperature, measurements are also required, to match atmospheric
temperatures on Io and Venus. The Imperial College group, using the techniques described
above, and a cooled gas cell, are undertaking measurements at 160 K in the range 190–
220 nm, and at 200 K in the range 220–325 nm (Blackie et al. 2007). Some preliminary
results are illustrated in Fig. 8.

These high resolution measurements over a range of temperatures have immediate ap-
plications in atmospheres where SO2 is important, for example Io (Jessup et al. 2007). The
use of low resolution laboratory photoabsorption cross sections leads to large errors in col-
umn densities estimates. Observations of planetary atmospheres with modern high resolu-
tion spectrographs require high resolution laboratory photoabsorption cross section data, at
a range of temperatures, for full and reliable analysis.

3.6 Electron Collisions

As illustrated in previous sections of this chapter, electrons represent a primary source of ex-
citation, dissociation, and ionization in planetary atmospheres and ionospheres. In addition,
after thermalization in collisions with the ambient neutral atmosphere, electrons act like a
chemical species, that is eventually consumed by dissociative recombination. Here we will
review one specific case of dissociative recombination that contributes to atomic oxygen
nightglow emissions. A second topic is creation of the atomic oxygen airglow on Europa
and Ganymede by dissociative electron-impact excitation of molecular oxygen.
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Fig. 8 Comparison of new high resolution 198 K temperature SO2 photoabsorption cross sections (highly
structured black line, Blackie et al. 2007) with the lower resolution results of Wu et al. (2000) (red line)

3.6.1 Dissociative Recombination of Electrons with Vibrationally Excited O+
2

Dissociative recombination (DR) is the primary mechanism for electron loss in ionized,
low-pressure molecular gases and plasmas, such as planetary ionospheres (Mitchell and
Guberman 1989). Dissociative recombination occurs through a reaction written as

AB+ + e → A + B + �E (47)

for a diatomic molecular ion AB+, atomic fragment products A and B, and kinetic en-
ergy release �E. Because the initial potential energy of the ion is usually 4 to 9 eV
above the lowest dissociation limit of the neutral AB molecule, ample energy is avail-
able to leave some or all of the products A and B in electronically excited states (or in
rotationally or vibrationally excited states if they are molecules instead of atoms). The
excess energy �E appears as the center-of-mass kinetic energy given to the dissociation
fragments. These two product characteristics, electronic excitation and high translation en-
ergy (which are connected by energy conservation), amplify the importance of dissocia-
tive recombination in the plasma by contributing to atmospheric heating (Torr et al. 1980;
Fox 1988), planetary escape (Hunten 1982; Fox and Dalgarno 1983), optical emissions
(Bates 1990), and the opening of new reaction channels in the ion and neutral chemistries.

The overall rates for dissociative recombination have been measured for many important
species (Mitchell and Guberman 1989) and are generally considered to be reliably known,
at least to within a factor of 2. Much less is known about the dependence of the rate on
the initial vibrational state of the molecular ion, or about the branching ratios for produc-
tion of specific excited states of the fragments. A previous study (Kella et al. 1997) of O+

2
DR showed that vibrational excitation doubled the yield of O(1S). Although that experiment
highlighted the effects of vibrational excitation, it offered no way of measuring the actual
vibrational distribution. The expected influence of vibrational excitation on yields of atomic
oxygen excited states is illustrated schematically in Fig. 9. With increasing vibrational ex-
citation, the vibrational wavefunction is able to reach curve crossings between the initial
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Fig. 9 Schematic potential curves relevant for the DR process with O+
2 , taken from Petrignani et al. (2005).

The bound electronic ground X2�g and metastable excited a4�u states of the molecular ion are shown,

along with the bound 3s Rydberg states of the neutral oxygen molecule (parallel to the X2�g ion state).
The repulsive neutral electron-capture states, correlating with the various atomic asymptotes, illustrate the
non-adiabatic interactions with the intermediate 3s Rydberg states

O+
2 (X2�g) potential curve and higher repulsive potential curves of neutral O2 that correlate

with more highly excited atomic fragments.
In the ionospheres of both Venus and Mars, O+

2 is the most abundant molecular ion,
followed by CO+

2 and NO+ (Hanson et al. 1977; Fox 2006). This result was initially sur-
prising, given that there is relatively little O2 in either atmosphere. O+

2 is formed in two fast
exothermic reactions:

O + CO+
2 → O+

2 + CO (48)

and

O+ + CO2 → O+
2 + CO. (49)

As described by Fox (1985), Reaction (48) is more important below 150 km and Reaction
(49) above 150 km. Reaction (49) has been studied in the laboratory (Walter et al. 1993) and
has been shown to produce O+

2 that is rotationally hot and vibrationally excited, with about
40% of the reaction exothermicity distributed statistically as internal excitation of the O+

2

product. The resulting vibrational distribution is 38% in v = 0, 30% in v = 1, 18% in v = 2,
and 15% in v ≥ 3. Fox (1985) had earlier proposed that, above 150 km on Venus, dissociative
recombination of excited vibrational levels of O+

2 must be considered, because vibrational
relaxation in collisions with CO2 would be relatively slow. On Earth, O+

2 is vibrationally
relaxed by fast symmetric charge transfer collisions with O2, which is improbable in the
atmospheres of Mars and Venus.

Recently DR experiments have been performed at the CRYRING heavy-ion storage ring
facility (Petrignani et al. 2005) using vibrationally defined molecular oxygen ions. The O+

2

vibrational distribution was modified by varying the gas pressure, electron-beam voltage,
and residence time in the ion source and measured by dissociative charge exchange in ce-
sium vapor (Cosby et al. 2003; Petrignani et al. 2005). The results of these experiments
are summarized in Table 5, from which we can see that both the DR cross section and the
distribution of products are indeed strong functions of the vibrational quantum number.
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Table 5 Partial relative cross sections, σ v, quantum yields, and branching fractions for dissociative recom-
bination of O+

2 (X2�g, v = 0–2), from Petrignani et al. (2005)

v σv Quantum yields Blanching fractions

O(1S) O(1D) O(3P) O(1D) + O(1S) O(1D) + O(1D) O(3P) + O(1D) O(3P) + O(3P)

0 1 0.06 0.94 1.00 5.8 ± 0.5 20.4 ± 0.3 47.3 ± 0.8 26.5 ± 0.8

1 0.31 ± 0.13 0.14 1.44 0.42 13.9 ± 3.1 51.0 ± 5.4 27.8 ± 5.1 7.3 ± 7.5

2 0.52 ± 0.16 0.21 1.02 0.76 21.1 ± 2.5 2.5 ± 2.1 76.4 ± 2.2 0.02 ± 0.03

3.6.2 Electron Impact Dissociative Excitation of O2 and the Oxygen Airglow on Europa
and Ganymede

Europa and Ganymede were observed to have an unsuspected ultraviolet dayglow domi-
nated by the oxygen atomic emissions near 130.4 and 135.6 nm (Hall et al. 1995, 1998;
Feldman et al. 2001). These observations confirmed the existence of a tenuous atmosphere
(Broadfoot et al. 1979; Kumar and Hunten 1982; Hunten 1995), far less dense than thought
earlier (Carlson et al. 1973; Yung and McElroy 1977). Using these emissions to infer infor-
mation about the neutral atmosphere required quantitative information on relative yields of
O(2p33s 3P) and O(2p33s 5P) from plausible oxygen sources, such as H2O, O2, and O(3P),
excited by photons, electrons, or heavy particles. Water is an unlikely choice because its
vapor pressure is extremely low at the relevant temperature. Hall et al. (1995) used the then
available information on the collisions

e + O → e + O∗ (50)

and

e + O2 → e + O + O∗ (51)

to calculate an expected ratio of emission strengths. Collision (51) gave an emission ra-
tio I (135.6)/I (130.4) = 1.9, within the estimated uncertainty in the observed ratio, while
Collision (50) gave an emission ratio 0.1.

These observations stimulated renewed interest in modeling these atmospheres and the
surface impact processes that could produce a molecular oxygen atmosphere (Shematovich
and Johnson 2001; Shematovich et al. 2005; Marconi 2007). Yung and McElroy (1977) had
correctly indicated that any stream of energetic particles (photons, electrons, protons, etc.,
from the solar spectrum, solar wind, or jovian radiation environment) incident on an ice
surface will eventually produce some H2, which will quickly evaporate. The surface left
behind will then have an oxygen excess, which will gradually produce some O2, which will
also evaporate. The UV dayglow observations also motivated new laboratory measurements
(Noren et al. 2001a, 2001b; Kanik et al. 2003) and first-principles calculations (Zatsarinny
and Tayal 2002).

3.7 Energetic Atomic/Molecular Collisions

As suggested in Sects. 2.4 and 2.5 above in this chapter, collisions of energetic heavy parti-
cles, from the solar wind or the local magnetized planetary environment, can deposit energy
that may be observable as optical emissions, produce ionospheric modifications, or facilitate
planetary escape. One good planetary science example is generation of X-ray emission from
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comets resulting from charge exchange electron capture by multicharged ions in the solar
wind (Otranto and Olson 2008). Here we critically review the available information on the
specific case of ion-atom charge exchange collisions of hydrogen and oxygen atoms. See
also the review by Lindsay and Stebbings (2005).

3.7.1 Degenerate Charge Exchange Collisions of H+ and O+ with H and O

Hydrogen and oxygen are among the most abundant elements in the universe. Correspond-
ingly, their neutral atomic and ionized forms are primary components of interstellar clouds,
the solar wind, and planetary magnetospheres and ionospheres. The fact that the ionization
energies of H and O are nearly identical implies that the charge exchange collisions

H+ + H ↔ H + H+ (52)

O+ + O ↔ O + O+ (53)

O+ + H ↔ O + H+ (54)

all have large reaction cross sections on the order of 10−15 cm2 or greater from meV to keV
collision energies.

H+ from the solar wind, or precipitating from planetary magnetospheres, collides with H
and O atoms in the upper atmospheres of Venus, Earth, and Mars. On Venus and Mars this is
the origin of about 10% of exospheric ionization (Zhang et al. 1993). The sudden buildup of
the magnetic field in the Martian bowshock is attributed to these charge exchange collisions
in the Martian exosphere (Chen et al. 2001). Other effects of Reactions (52), (53), and (54)
include the production of hot H and O atoms; facilitating the upward flow of H, H+, O,
and O+, as well as interhemispheric transport of hydrogen; transferring kinetic energy to O
and O+; mediating magnetosphere-ionosphere energetic coupling; modifying the [O+]/[O]
and [H+]/[H] ratios versus altitude; and limiting the lifetimes of O+ and H+ ions in the ring
current colliding with hydrogen atoms in the geocorona.

The current knowledge of the cross section for collision (52) is summarized in Fig. 10,
following the analysis of Huestis (2008). From the numerous laboratory experimental stud-
ies in the literature we have selected data for subsequent analysis from only two of the most
recent (but still very old: McClure 1966; Wittkower et al. 1966) as the only that appear to
be quantitatively reliable because on experiment-to-experiment consistency and agreement
with theory. They cover the range from 2 to 250 keV. We lack high quality laboratory data
at lower energies. From the various theoretical investigations at low collision energy we
have also selected only a subset (Brinkman and Kramers 1930; Dalgarno and Yadav 1953;
Jackson and Schiff 1953; Bates and Boyd 1962; Smith 1967; Hunter and Kuriyan 1977;
Shakeshaft 1978; Olson 1983; Hodges and Breig 1991) for analysis. In this case, we
have excluded some of the most reliable recent information (Davis and Thorson 1978;
Krstic and Schultz 1999; Krstic et al. 2004; Furlanetto and Furlanetto 2007) because it
presents more fine detail than our analysis can reproduce, and because it agrees quantita-
tively with the best low-energy data included, when degraded to the same energy resolution.
Also shown in Fig. 10 is a piece-wise polynomial representation versus collision energy
(Huestis 2008) that can be used for modeling studies. The formula is given in Table 6.

For Reaction (53) at low energies, three quantum theory investigations (Stallcop et al.
1991; Pesnell et al. 1993; Hickman et al. 1997a, 1997b) attempted to resolve disagree-
ments between calculated collision frequencies at thermal energies with those inferred from
ionospheric observations. The latter investigation, which included spin–orbit interactions,
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Fig. 10 Fitting the H+ + H Charge Transfer Cross Section, from Huestis (2008). The formula for the
piece-wise polynomial fit is given in Table 6.
DY53 = Dalgarno and Yadav 1953; BB62 = Bates and Boyd 1962; McC66 = McClure 1966; WRG66 =
Wittkower et al. 1966; Sm67 = Smith 1967; HK77 = Hunter and Kuriyan 1977; Sh78 = Shakeshaft 1978;
Ol83 = Olson 1983; HB91 = Hodges and Breig 1991

gave results that were consistent with the earlier work for energies above 0.03 eV. At lower
energies, spin–orbit interactions had a significant effect and the charge exchange and mo-
mentum transfer cross sections were no longer proportional.

For Reaction (54) at low energies, three quantum theory investigations (Chambaud et
al. 1980; Stancil et al. 1999; Spirko et al. 2003) all included spin–orbit interactions. At
energies above 0.03 eV, they agree with each other and calculations ignoring spin–orbit in-
teractions agree with appropriate averages of spin–orbit-resolved cross sections. Below this
energy, there are substantial differences, that are presumably due to different representations
of the low-lying potential curves, spin–orbit couplings, charge-transfer matrix elements of
the OH+ molecule. Stancil et al. (1999) have provided explicit mathematical expressions
that adequately represent the rate coefficients and cross sections for Reactions (54) from 0.1
to 106 eV.

4 Summary, Conclusions, and Recommendations

In this chapter we have followed the spirit expressed in the classic texts by Banks and
Kockarts (1973), who supply the definitions

• Aeronomy is the scientific discipline devoted to the study of the composition, movement,
and thermal balance of planetary atmospheres.

• As a field of research, aeronomy demands understanding of the basic concepts of both
chemistry and physics as applied to a highly rarefied medium composed of neutral and
charged particles.
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Table 6 FORTRAN code fragment that returns values of the piece-wise linear fit for the cross section shown
in Fig. 10 for the process H+ + H(1s) → H(n�) + H+ . Given the proton initial energy, Ep, in units of eV,
sigma( Ep ) returns the charge transfer cross section in units of cm2

real function sigma( Ep )

x = alog10( Ep )

if( x .le. -3.3396 ) then

y = -12.9451

else if( x .le. -2.2227 ) then

y = -15.8262 -0.86272 * x

else if( x .le. -1.202 ) then

y = -14.4664 -0.25094 * x

else if( x .le. 2.4513 ) then

y = -14.3008 + ( -0.12455 -0.0094356 * x ) * x

else if( x .le. 4.1059 ) then

y = -14.9562 + ( +0.36821 -0.10138 * x ) * x

else

y = -43.9887 + ( +14.4120 -1.79965 * x ) * x

end if

sigma = 10.0**y

return

end

Here we have followed their emphasis on what we know, or wish we knew, about the
fundamental underlining microscopic chemical and collisional processes, based on, or con-
firmed by, laboratory measurements and first-principles theory calculations, that are docu-
mented in the published peer-reviewed literature. Correspondingly we make the following
recommendations,

• Laboratory experiments and first-principles theory calculations are essential components
of planetary aeronomy research programs, comparable in importance to observational and
modeling efforts.

• Critical evaluation and documentation of the current state of knowledge or ignorance
of the microscopic chemical and collisional processes are of comparable importance to
“original research” because they provide essential guidance and constraints on interpreta-
tive and modeling attempts to “explain” surprising or unexpected observations.
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