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[1] The cooling of electrons in collisions with carbon dioxide in the atmospheres of Venus
and Mars is investigated. Calculations are performed with both previously accepted
electron energy transfer rates and with new ones determined using more recent theoretical
and experimental cross sections for electron impact on CO,. Emulation of a previous
model for Venus confirms the validity of the current model and shows that use of the
updated cross sections leads to cooling rates that are lower by one third. Application of the
same model to the atmosphere of Mars gives more than double the previous cooling rates
at altitudes where the electron temperature is very low.
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1. Introduction

[2] Free electrons in planetary atmospheres collide with
molecules, producing vibrational excitation. The excitation
energy can then be lost by radiative decay, with the emitted
infrared radiation removing energy from the atmosphere.

[3] Electron cooling by electron impact excitation of carbon
dioxide was identified [Morrison and Greene, 1978] as an
important energy transfer process in the Martian atmosphere,
and probably important for Venus. Morrison and Greene
[1978] calculated electron energy loss rates, elsewhere named
electron energy transfer rates [Paviov, 1998], these being the
rates of energy loss per unit electron and molecule density.
These loss rates were calculated as a function of electron
temperature and have been used as a parameter in modeling of
the ionosphere of Venus [Strangeway, 1996].

[4] In the past few years new measurements and theoret-
ical calculations of electron impact on CO, have been made.
There are also much more data characterizing the atmos-
pheres of Mars and Venus than were available in 1978.
Hence it is timely to repeat the calculations of Morrison and
Greene [1978] and consider the implications for modeling
of energy transfer in the atmospheres of Mars and Venus.

[5] In this work the recent experimental and theoretical
cross sections for electron impact excitation of 7 vibrational
modes of CO, are considered and an optimum set is
assembled. The electron energy transfer rates are calculated
for this set and compared with those predicted by Morrison
and Greene [1978]. The available measurements of the
relevant atmospheric parameters of Mars and Venus are
considered and particular sets chosen. The electron cooling
rates (for excitation from the ground level of CO,) are
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calculated for Venus and compared with those of a previous
model, verifying the method of calculation. It is found that
the cooling rates are lower (~33%) when the updated cross
section set is used. The same procedure applied for the
atmosphere of Mars shows that, at altitudes where the
electron temperature is very low, the cooling rates are
substantially greater when the updated cross section set is
used. This may provide an explanation as to why models of
the Martian atmosphere overestimate the neutral tempera-
ture in the altitude range 100—130 km.

2. Electron Impact Cross Sections

[] The initial calculations of CO, electron energy loss
rates [Morrison and Greene, 1978] were based on integral
cross sections deduced from swarm measurements. In the
current work we have assembled a set of integral cross
sections based on crossed-beam measurements and recent
theoretical calculations.

2.1. Measured Cross Sections

[7] A recommended set of integral cross sections (ICSs)
for electron impact excitation of the (000), (010), (100) and
(001) modes in carbon dioxide was presented in a review of
earlier measurements [Brunger et al., 2003]. Differential
cross sections (DCSs) for electron impact excitation of the
(010), (100), (001) and (020) vibrational modes were
measured in a crossed-beam experiment for 1.5-30-eV
electrons [Kitajima et al., 2001]. The energy dependence
of the absolute DCSs (at scattering angle 135°) for the
Fermi dyad [(100), (020)] [A4llan, 2001] and the (000), (001)
and (101) modes [Allan, 2002] and relative DCSs (at 90°)
for the Fermi triad [(200) + (120) + (040)] [Allan, 2002] was
measured with an electron spectrometer that allows the
threshold peaks at low electron energies to be seen.

2.2. Theoretical Cross Sections

[8] In a fully ab initio study, McCurdy et al. [2003] used
the complex Kohn variational method to predict ICSs for
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Table 1. Algorithms for Combination of Cross Sections in Various Energy Ranges®

Impact energy (eV)

Mode <0.3 0.3-0.5 0.5-2.0 2.0-3.0 3.0-4.7 >4.7

(000) Allan max[Allan, Brunger] Brunger

(100) Allan max[Allan, DK + Brunger(10 eV)]

(020) min[McCurdy, DK] McCurdy max[McCurdy, DK]
(200) max[Allan (scaled to McCurdy at 2.0 eV), McCurdy] —
(120) McCurdy

(040) McCurdy

(001) Allan max[Allan, DK]

(010) Allan max[Allan, DK + Brunger(3.6, 10, 20 eV)]

#“DK” represents current ICSs derived from measured DCSs of Kitajima et al. [2001], and “+ Brunger(/ist eV)” indicates
addition of the ICSs at the energies in /ist from the review [Brunger et al., 2003]. Underlining indicates linear interpolation to
or extrapolation from the discrete values. min[] and max[] represent the minimum and maximum of the ICSs from the sources

in brackets.
McCurdy et al. [2003].

electron-impact excitation of the components of the Fermi
dyad [modes (100) and (020)] and of the Fermi triad [(200),
(120) and (040)] in COs.

2.3. Cross-Section Database

[v] We have combined the measured and calculated cross
sections to produce an optimum set of integral cross
sections for the calculations that follow. A phase-shift
analysis [Campbell et al., 2001] was used to determine
the ICSs from the measured DCSs of Kitajima et al. [2001].
These ICSs are supplemented with values at some energies
from the set of Brunger et al. [2003]. The excitation
functions of Allan were scaled by 4, except for the (200)
mode as noted below, to produce estimated ICSs. Values
from these various sources were combined as also explained
below for each vibrational mode. The algorithms imple-
menting the combination are given in Table | and the
resulting “optimum” set of ICSs is shown in Figure 1.
Also shown in Figure 1 are the cross sections of Bulos and
Phelps [1976] which were used in the earlier calculations
[Morrison and Greene, 1978] of electron energy loss rates.
2.3.1. (000)

[10] The ICSs for elastic collisions are presented for
completeness. They do not lead to energy loss via subse-
quent radiative decay and have a much smaller cooling
effect than vibrational excitation [Strangeway, 1996], so
they are not included in the calculations to follow. The
values of Brunger et al. [2003] are used, except for the
threshold peak where the scaled values of Allan are
employed.

2.3.2. (100)

[11] The current ICSs derived from the DCSs of Kitajima
et al. [2001] plus the 10-eV ICS of Brunger et al. [2003] are
used, except for the threshold peak and the peak around
3.5 eV, where the FRy; component of the Fermi dyad
measured by Allan is employed.

2.3.3. (020)

[12] For the peak around 4 eV the ICSs of McCurdy et al.
[2003] are preferred, while the ICSs derived from the DCSs
of Kitajima et al. [2001] are used for lower and higher
energies. At lower energies the ICS of McCurdy et al.
[2003] rises with decreasing energy in a way that is not
supported by the measurements, and at higher energies the
theoretical values are zero while the measured values are
non-zero. Under these circumstances the measured values
are used in these cases.

“Allan” represents excitation functions of A/lan [2002] scaled by 47 and “McCurdy” the theoretical ICSs of

2.34. (200)

[13] The threshold peak of Allan is added to the predic-
tions of McCurdy et al. [2003], with the values of Allan
scaled to match the ICS of McCurdy et al. [2003] at 2 eV.
2.3.5. (120), (040)

[14] The calculated values of McCurdy et al. [2003] are used.
2.3.6. (001)

[15] The ICSs derived from the DCSs of Kitajima et al.
[2001] are combined with the threshold peak measured by

Allan.
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Figure 1. Integral cross sections for electron impact on

CO, as a function of electron energy for elastic collisions
(000) and seven vibrational modes (as labeled), in the
updated set (—) and earlier swarm measurements [Bulos
and Phelps, 1976] (---).
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