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Tonization, Luminosity, and Heating of the Upper Atmosphere of Mars

J. L. Fox' AND A. DALGARNO

Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138

A model based upon Viking data is constructed of the Martian atmosphere, and a comprehensive
quantitative discussion is given of the measurements of the ultraviolet dayglow. A detailed assessment is
made of the heating of the neutral and ionized components of the atmosphere arising from the absorp-

tion of ultraviolet solar radiation.

1. INTRODUCTION

The experiments performed during the entry of the Viking
landers 1 and 2 provided many new data on the structure and
composition of the upper atmosphere of Mars. The neutral
mass spectrometric measurements confirmed that CO, is the
major atmospheric constituent and demonstrated the presence
of small quantities of N,, Ar, O,, CO, and NO [Nier and
McEliroy, 1977]. The retarding potential analyzer experiment
returned data on the electron and ion densities and on the ion
temperatures. The electron density attained a peak value of
about 10° cm 2 at an altitude of 130 km, and the topside scale
height was about 29 km. Over the altitude range from 120 to
200 km sampled during entry, O,* was the major ionic con-
stituent, and the ratio of the concentrations of O,* to CO,* at
the ionospheric peak was 9: 1 [Hanson et al., 1977].

Taken in conjunction with the earlier results from the Mari-
ner missions, the detailed knowledge of the upper atmosphere
of Mars gained from the Viking experiments provides a useful
test of our understanding of the processes that occur in an at-
mosphere dominated by CO,.

In this paper we construct a model of the upper atmosphere
of Mars based upon Viking 1 data, and we use measured
chemical reaction rates and measured photoabsorption and
electron impact cross sections to calculate the electron and ion
density profiles.

Comparison with the measured profiles leads to a determi-
nation of the abundance of atomic oxygen. We also present a
quantitative description of the processes giving rise to the
Martian dayglow and compare the calculated dayglow in-
tensities with those measured on the Mariner 6, 7, and 9
spacecraft [Barth et al., 1969, 1971, 1972; Stewart et al., 1972;
Stewart, 1972].

2. THE MODEL ATMOSPHERE

Our model atmosphere was designed to reproduce the mea-
sured CO, densities at and above the ion peak. The turbo-
pause was chosen to be at an altitude of 120 km, and above
120 km the atmosphere was represented by a distribution in
diffusive equilibrium. The kinetic temperature is not impor-
tant in our discussion except as it affects the density profiles,
and we made no attempt to reproduce the neutral particle
temperature profile derived from Viking 1 density data
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[McElroy et al., 1976]. A thermospheric temperature profile of
the form

T,=T.+ (To— T.)exp [(z — 20)/s]

where s is a disposable parameter, T, = 130 K at z, = 100 km,
and the exospheric temperature T, = 225° closely repro-
duces the measured CO, density distribution throughout the
region where most of the dayglow originates. The adopted
temperature profile is shown in Figure 1.

Mixing ratios of the minor constituents at the turbopause
were chosen to achieve a satisfactory fit to the Viking profiles
[Nier and McElroy, 1976]. The adopted mixing ratios are 2.5%
for N,, 1.5% for Ar, 0.12% for O,, 0.42% for CO, and 0.007%
for NO. The profiles are shown in Figure 2 together with mea-
sured densities.

The electron temperatures 7, are not known. We adopted
an altitude profile, shown in Figure 1, which is consistent with
that resulting from local photoelectron heating with un-
impeded thermal conduction. The adopted profile leads to an
O,* profile that is in agreement with the measured concentra-
tions. The consequences of higher electron temperatures will
be discussed later.

The ion temperatures T; were measured on Viking 1 [Han-
son et al., 1977], and a smoothed version of them is repro-
duced in Figure 1.

3. ATOMIC AND MOLECULAR DATA

The primary photoelectrons are produced by ionization of
the neutral atmospheric constituents by solar photons. In
computing the energy of the ejected electrons, ionization to
various electronic states of the ions was considered, but all
molecular species were assumed to be in their vibrational
ground states. Photoabsorption and photo-ionization of CO,,
Ar, N, and O are included in the calculation.

The electrons created were assigned to energy intervals in a
grid of 125 bins, each 1 eV wide. Photoelectrons with energies
greater than 125 eV were converted into an electron of energy
125 eV and an extra electron with the remainder of the en-
ergy. The approximation overestimates the number of ex-
citations relative to ionizations, since the energy loss per ion
pair decreases with increasing incident electron energy, and it
particularly underestimates processes with high threshold
energies. The effects are negligible except possibly near alti-
tudes of 100 km, where high-energy photons are responsible
for the bulk of the ionizations.

The photoabsorption cross sections for CO, for the wave-
length range 580-1670 A were taken from Nakata et al.
[1965]. For the interval 185-580 A we used the measurements
of J. A. R. Samson and G. N. Haddad (unpublished data

7315


https://www.researchgate.net/publication/4663587_Mariner_6_and_7_Ultraviolet_Spectrometer_Experiment_Implications_of_CO_2_CO_and_O_Airglow?el=1_x_8&enrichId=rgreq-ca5a6777a8c031a8d94ffba663df2f76-XXX&enrichSource=Y292ZXJQYWdlOzI0ODc4ODA2NTtBUzoxNDIwNzg3NjM4NjgxNjBAMTQxMDg4NTYyNTE2Nw==
https://www.researchgate.net/publication/6049555_Mariner_6_Ultraviolet_Spectrum_of_Mars_Upper_Atmosphere?el=1_x_8&enrichId=rgreq-ca5a6777a8c031a8d94ffba663df2f76-XXX&enrichSource=Y292ZXJQYWdlOzI0ODc4ODA2NTtBUzoxNDIwNzg3NjM4NjgxNjBAMTQxMDg4NTYyNTE2Nw==
https://www.researchgate.net/publication/23884999_Mariner_9_ultraviolet_spectrometer_experiment_-_Structure_of_Mars'_upper_atmosphere?el=1_x_8&enrichId=rgreq-ca5a6777a8c031a8d94ffba663df2f76-XXX&enrichSource=Y292ZXJQYWdlOzI0ODc4ODA2NTtBUzoxNDIwNzg3NjM4NjgxNjBAMTQxMDg4NTYyNTE2Nw==

7316
240 T T
200~ -
T
-
w
a
=]
=
(-
i}
<
150— —
100 l !
100 200 300 1000
TEMPERATURE (K)
Fig. 1. The adopted temperature profiles. The ion temperatures

are a smoothed version of those measured by Viking 1. The electron
and neutral temperatures were constructed to roughly reproduce mea-
sured neutral and ion concentrations.

quoted by Samson and Gardner [1973b]), and from 1700 to
2000 A we used the measurements of Ogawa [1971]. Below
185 A the cross sections were estimated by adding the cross
sections for atomic carbon to twice the atomic oxygen cross
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sections calculated by McGuire [1968]. The cross sections esti-
mated in this way agree well with the measured cross sections
at short wavelengths.

The branching ratios for ionization to excited states of
CO,* were obtained by combining the branching ratio for
populating the A%, and B?Z,* states for the wavelength
range 304-620 A measured by Gustaffson et al. [1978] with the
ratio of the 4°TI, and B%3,* population efficiencies measured
by Samson and Gardner [1973a]. Below 304 A the relative pro-
portions of the X, A4, and B states of CO,* were assumed to re-
main constant, but the fragment/ion ratio was interpolated
between 14 and 304 A to yield the value measured by van
Brunt et al. [1972] at 44 A.

The C?Z.* state of CO," is completely predissociated
[Eland, 1972; Lee and Judge, 1972; Parr and Taylor, 1974;
Eland and Berkowitz, 1977]. Only dissociation to O* + CO is
possible from the ground vibrational level of the C state, but
dissociation to CO* + O is possible from excited vibrational
levels. We have assumed the C state to be 80% predissociated
into O* + CO and 20% into CO* + O. This O*/CO™ ratio is
an average of the ratios reported by Dibeler and Walker
[1967], McCulloh [1973], and Eland and Berkowitz [1977].

The argon photoabsorption cross sections were taken from
Cairns and Samson [1965] and Samson [1966]. The nitrogen
total absorption cross sections for the region from 180 to 650
A were taken from Lee et al. [1973]. Below 180 A and between
650 and 734 A the data were extrapolated to the cross sections
measured by Huffman [1969] and between 734 and 986 A to
the cross sections obtained from the tabulated oscillator
strengths of Carter [1972]. Branching ratios for ionization
from 668 to 796 A were taken from Cook and Metzger [1964].
Shortward of 668 A the ionization yield was assumed to be
unity. The dissociative ionization threshold for nitrogen is 509
A. The branching ratios for dissociative ionization were taken
from Wight et al. [1976] and Fryar and Browning [1973], and
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Fig. 2. Altitude profiles of the major neutral species. Our profiles are compared to some of the densities measured by
Viking 1. The CO,, O,, and NO measurements are represented by solid circles, the CO and N, densities by crosses, and the

Ar densities by open squares.
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the branching ratios for excited states of N,* were taken from
Samson et al. [1977].

The cross sections for ionization of atomic oxygen to the
O™ (*S%, O*(*D°), and O*(*P°) states were taken from Henry
[1967], which were renormalized to the total ionization cross
sections of Taylor and Burke [1976]. The cross sections for
production of the O*(*P<) and O*(*P*) states were obtained
from the calculations of Dalgarno et al. [1964], modified by
Henry [1967].

Electron impact cross sections for CO, have been compiled
by Fox and Dalgarno [1979), for Ar by Fox et al. [1977b], and
for atomic oxygen by Dalgarno and Lejeune [1971]. For nitro-
gen the cross sections have been listed by G. A. Victor (un-
published compilation, 1978), whose tabulation is based on
the excitation cross sections of Cartwright et al. [1977] and
Chutjian et al. [1977], the dissociation cross sections of Winters
[1966] and Niehaus [1967], and the ionization cross section of
Rapp and Englander-Golden [1965]. The dissociation cross sec-
tions measured by Winters [1966] and by Niehaus [1967] have
been confirmed by Zipf and McLaughlin [1978].

The solar fluxes were those of the R74113 reference spec-
trum of Hinteregger [1976], scaled in absolute intensity for the
position of Mars at the time of the entry of Viking 1. The re-
sults we report correspond to a solar zenith angle of 45°.

Primary photoelectron flux at 130 km.

4. PHOTOELECTRON FLUXES

The steady state photoelectron fluxes were calculated fol-
lowing procedures described by Dalgarno and Lejeune [1971]
and Cravens et al. [1975]. The primary and steady state fluxes
at an altitude of 130 km are shown in Figures 3 and 4. They
are similar to those calculated by Mantas and Hanson [1979].

The primary spectrum is highly structured. The largest
peaks are a result of ionization by intense solar line emissions.
The sharp peak at 27 eV is due to ionization of CO, to the
ground state of CO,™ by absorption of the solar He II line at
304 A, and the broader peak between 21 and 24 &V results
from absorption of the 304-A line, leading to the A’II, and
B3, states of CO,* and to dissociative ionization. Ionization
of CO, by several solar lines between 764 and 790 A is respon-
sible for the low-energy peak at 2-3 eV, and the strong solar
line at 171 A is responsible for the peak at 58 eV. The solar
flux and the ionization cross sections decrease rapidly at
shorter wavelengths, and the primary photoelectron energy
spectrum falls off by an order of magnitude.

The same peaks persist in the steady state photoelectron
fluxes, shown in Figure 4, although the spectrum is smoothed
by the electron energy losses. There is a prominent dip near
3 eV caused by vibrational excitations of CO,, for which the
cross section is large and narrowly peaked near 3.5 eV.
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TABLE 1. Integrated Ion Production Rates 5. ION AND ELECTRON CONCENTRATIONS
Electron The total production rates of the major ions resulting from
) _ Photo- Impact photo-ionization and from photoelectron impact jonization
Species lonization Ionization Total are presented in Table 1. The subsequent chemical reactions
CO,* and their rate coefficients are listed in Table 2. The major ion
(X°11) 3362 2219 5581 produced is CO,*, but it is quickly removed by the reactions
(4711,) 1415 397 1812
Bt 1548 237 1785
c+( ‘ 57 52 109 CO,*+0—CO +0,*
co* 212 103 315 . .
o+ 694 87 781 €0," + 0— 0" + CO,
Ar* 52 58 110 + +
Ny 184 Is 259 O0*+C0O,—»CO+0,
0. 67 59 126
(4°11,) 83 12 95 leading to O,*, which is the major ion over all the altitudes
(BZ,Y) 17 4 21 considered.
+ . .
N 31 11 4 The concentration of atomic oxygen was not measured by
ot 192 105 297 o A .
“s) 7 36 109 the Viking mass spectrometers, but it can be inferred from the
(D) 64 45 109 measurements of CO," concentrations. Thus to a close ap-
CP) 39 24 63 proximation,
) 11 11
(P 6 6 P(CO%)

Values are given in units of 10° cm™

2

B)

(€O = G F Tm(O) + Kon(e)
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TABLE 2. Chemical Reactions in the Martian Ionosphere
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Energy
Reaction Rate Coefficient, Released,
No. Reaction cm?s~! eV Reference

(RID) CO,*+0—-CO+0,* ki=16x10""'° 1.33 Fehsenfeld et al. {1970]

(R2) CO,* + 0— CO, + O* k,=1.0x 101 0.13  Fehsenfeld et al. [1970]

(R3) 0"+ CO,— 0,* + CO ky=9.4X 1071 120  Smith et al. [1978]

RS Chraencoro bt Bt 456 Wellerand Biondi[1967].

R. 0,* + + =38X 10" . i j

gkgg goz+ + ;Iga NO* + CO, k: =12x10"" 451 Fe;sztf‘:;’d el'ZI’.’ [11[970] ]

(R7) CO,* + 0,— CO, + O, k;=5x10"" 1.71 Fehsenfeld et al. [1970]

(R8) N,* 4+ CO, - N, + CO, kg =1.7% 1010 1.81 Smith et al. [1978]

(R9) N;* + O— NO* + N(*D) ko = 1.4 X 10-'°(300/T,) 094  McFarland et al. [1974]
Rih NeTConmsor b S T 151 Smihetal oTe] L
(R11) 27 +CO—-N, + n=74x10" . 'mith et al.
(R12) Ar* + CO, — Ar + CO,* ki, =4.6 X 10-1° 197  Laudenslager et al. [1974]
(R13) Ar* + N, - Ar + N,* k3=22x10"" 0.18 Laudenslager et al. [1974]
(R14) N* 4+ CO,— N + CO,* ki=11x10"° 078  Huntress[1977]
R15) NO*+e— N(*D)+ O ks =2.3 % 1077(300/T,)°* 0.38 Mul and McGowan [1979]
(R16) 0," + NO— NO* + O, kg =4.4 X 101° 271 Lindinger et al. [1975]
(R17) C* + CO, - CO* + CO k= 1.1% 10~ 291  Anicich et al. [1976]
(R18) CO* + CO,— CO* +CO kg =1.1x107° 0.24 Fehsenfeld et al. [1966]

where P(CO,") is the production rate of CO,* ions and k, is
the rate coefficient of reaction (1) in Table 2. Reaction with
atomic oxygen is the dominant loss mechanism, and #n(CO,")
is inversely proportional to n(O).

The atomic oxygen abundance was chosen to reproduce the
CO,* density at 130 km. The abundances are consistent to
within a factor of 2 with the results of previous ionospheric
analyses [McConnell, 1976; McElroy et al., 1976, Hanson et al.,
1977; Mantas and Hanson, 1979] and with mixing ratios de-
rived from airglow data on atomic oxygen emission lines at
1304, 1356, and 2972 A [Thomas, 1971; Strickland et al., 1972,
1973; Kurt et al., 1974] and on CO,* emission bands [Krasno-

polsky, 1975]. The major uncertainty in our derived mixing ra-
tio may lie in the measurement of the rate coefficient of the re-
action of CO,* with O [Fehsenfeld et al., 1970].

The steady state ion concentrations attained by assuming
photochemical equilibrium and using the chemical scheme
summarized in Table 2 are shown in Figure 5 along with the
measured values. Above 220 km the O* concentrations are de-
termined by diffusion, and we adopted the measured values.

The CO,* and O, profiles agree well with the Viking mea-
surements, though some slight deviations occur above 200 km.
The CO," densities can be brought into agreement by an ap-
propriate choice of the atomic oxygen density. The calculated
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Fig. 6. Computed altitude profiles of the major sources of the Cameron bands (a*II-X'Z) of CO.

CO,* densities at high altitudes are too small because our as-
sumption of diffusive equilibrium overestimates the atomic
oxygen concentrations above the ion peak. The close agree-
ment of the O,* concentrations is a consequence of our choice
of the electron temperatures and is in part fortuitous. Thus in
our calculations of T, we assumed that the heating was local,
and we ignored the effects of magnetic fields and solar wind
interactions. Transport of photoelectrons tends to enhance T,
[Chen et al., 1978). The transport may be inhibited by horizon-
tal magnetic fields, but such fields also suppress conduction
and higher electron temperatures may results [Butler and Sto-
larski, 1978; Johnson, 1978].

Figure 5 shows also the calculated concentrations of N,*,
No*, and Ar* ions, none of which was detected by the Vi-
king experiments. The N,* and NO™ ions may be important
intermediaries in the escape of nitrogen from the planet
[Brinkman, 1971; McElroy, 1972; Yung et al., 1977].

We have not included the reaction of metastable O* (D)
ions with N,, but it may be a significant source of N,* ions.
The photo-ionization of atomic oxygen by solar radiation pro-
duces O* (*°D) ions with an efficiency of about 35%. The pro-

duction efficiency in the dissociative photo-ionization of CO,
is unknown, but according to Hughes and Tiernan [1971], 4%
of the O" ions resulting from the dissociative ionization of
CO, by impact of 60-eV electrons are formed in the 2D state.
The O* (*D) ions are destroyed by oxygen atoms with a rate
coefficient of <3 X 107" c¢cm?® s™' [cf. Torr and Orsini, 1978).
The destruction rate of O* (*D) ions by CO, is uncertain. If it
is small, the N,* densities above 200 km will be increased by a
factor of about 1.7.

6. DAYGLOW

The Cameron Band System of CO

The Cameron band system of CO is the strongest feature
observed in the ultraviolet Martian dayglow spectra. The sys-
tem arises from the spin-forbidden transition &’IT-X'S* and
consists of 2 number of bands in the region 1800-2600 A. The
possible sources of CO(a’IT) are [cf. McConnell and McElroy,
1970; Stewart, 1972] photodissociation of CO,,

CO; + hv(A < 1082 A) —» CO(2’II) + O

TABLE 3. Overhead Intensities of Airglow Features in Rayleighs

Source
Band System a b c d e Total
CO Cameron 1830 2350 90 650 4920
(@1 — X'T)
CO fourth positive 75 62 21 73 231
A'Tl - X'3)
CO,* Fox-Duffendack-Barker 2035 400 840 3275
(A1, — X°11,)
CO;,* ultraviolet doublet 925 240 45 1210
(B=,"— X711,)

The sources are as follows: a, photodissociation or photo-ionization of CO,; b, electron impact on CO,;
c, electron impact on CO; d, dissociative recombination of CO,*; e, fluorescent scattering.
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photoelectron impact dissociation of CO,,
CO,+e(E>115eV)=» CO@I+O0+e
dissociative recombination of CO,*,
CO," +e— COW@IN)+ O
photoelectron impact excitation of CO,
CO+e— CO@Il)+ e
and absorption of sunlight by CO,
CO + hv(A <2030 A) = CO(a*II)

Because there is only a small amount of CO in the upper at-
mosphere and because the optical transition is forbidden,
fluorescent scattering of sunlight is a negligible source [Stew-
art, 1972).

On Mariner 6 and 7 the measured Cameron band limb in-
tensities were reported to be in excess of 500 kR, but on Mari-
ner 9 the intensity was reduced by a factor of 2.5, partly be-
cause of a decrease in solar activity, but mostly because of the
superior calibration of the instrument [Stewart et al., 1972].

We have calculated the Cameron band intensities resulting
from the various mechanisms. To calculate the contribution
from photoelectron impacts on CO,, we followed the analysis
of electron energy degradation in CO, by Fox and Dalgarno
[1979]. To calculate the contribution from photodissociation,
we adopted the branching ratios of Lawrence [1972a}, and for
the contribution from dissociative recombination we adopted
the branching ratios measured by Wauchop and Broida [1972].
To calculate the contribution from photoelectron impact ex-
citation of CO, we used the cross sections of 4jello [1971].

The altitude profiles of the various sources are shown in
Figure 6, and the integrated intensities are presented in Table

3. The total overhead intensity for a solar zenith angle of 45°
is about 5 kR. Mariner 9 subsolar zenith intensities are of the
order of 12 kR or 8 kR for a solar zenith angle of 45°. Most of
the discrepancy can be attributed to differences in solar activ-
ity. The Hinteregger R74113 flux that we used was measured
on a day during which the Ottawa 10.7-cm flux, F,,,, was 74
[Hinteregger, 1976]. These fluxes are appropriate to Viking |
solar conditions (Fg; = 69.4). Mariner 9 began to record
spectra in a period of higher solar activity. F |, for November
14, 1971, was 101.1. Stewart et al. [1972] have found that the
subsolar zenith intensity 7 of the Cameron band is apparently
related to the 10.7-cm flux index by

I=0062(74 + F\o,) kR

For F,,; = 70, I is about 9 kR, or about 6.5 kR for a solar ze-
nith angle of 45°. The agreement with our calculated value of
5 kR is satisfactory.

The major source of the emission below 135 km is electron
impact dissociation of CO,. Above 135 km, photodissociation
is more important. The integrated intensities given in Table 1
show that electron impact dissociation and photodissociation
are the largest sources. Dissociative recombination contributes
less than 15%, and electron impact on CO less than 2%. In
agreement with the calculated contributions the vibrational
distribution is consistent with that observed in laboratory
spectra produced by impact of 20-eV electrons of CO, and
with that anticipated from photodissociation of CO, [Barth et
al., 1971].

The Fourth Positive System of CO

The fourth positive band system arises from the 4'TI-X'Z
transition. The threshold for excitation of CO to the A'II state
is 8.02 eV, and the threshold for dissociative excitation of CO,
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Fig. 8. Computed altitude profiles of the major sources of the CO,* Fox-Duffendack-Barker bands (AP1,-X711,).

to the A'TI state of CO is 13.5 eV. The mechanisms that popu-
late the A'I1 state are similar to those listed for the @°I1 state.

Cross sections for electron impact excitation of CO have
been measured by Mumma et al. [1971]. The branching ratio
leading to the A4'Il state by dissociative recombination of
CO,* has been derived by Gutchek and Zipf [1973] and the
branching ratio for photodissociation of CO, by Gentieu and
Mentall [1973]. The efficiencies with which electrons absorbed
in a partly ionized gas of CO, populate the A'II states of CO
have been computed by Fox and Dalgarno [1979]. The effi-
ciency of flourescent scattering of sunlight by ground state CO
molecules in producing excited 4'II molecules may be calcu-
lated from the absolute transition probabilities of Mumma et
al. [1971] and the solar fluxes of Hinteregger [1976]. We obtain
a scattering efficiency for each molecule of CO of 3.2 X 1077
in the optically thin limit.

The absorption cross section at the line center is of the or-
der of 107" cm?, and absorption of the incident solar photons
limits the contribution of fluorescent scattering of sunlight to
less than 1 R. That fluorescence is a small excitation source is
consistent with the observations, which indicate a scale height
for the emission similar to that of the CO, altitude distribution
[Barth et al., 1971; Stewart, 1972].

Figure 7 shows the altitude profiles and Table 3 lists the in-
tensities of the fourth positive band system resulting from the
various sources. The bands terminating in the v” = 0 level of
the X'X state are absorbed in the atmosphere [Barth et al.,
1971], and the absorbed energy is radiated in the other bands
of the system. There is no loss in the intensity of the emission
and only a small modification of the altitude profile. The total
overhead intensity is 210 R. Differences between the adopted
and the actual solar flux incident at the time of the measure-
ments might increase the predicted value to 450 R, but there

remains a substantial discrepancy between the calculated in-
tensity and the measured limb intensity which is equivalent to
an overhead intensity of about 1 kR.

In an earlier study, McConnell [1973] was unable to repro-
duce the Mariner 9 intensity profile with the photodissociation
and electron impact dissociation sources, and McElroy [1973]
suggested that inclusion of dissociative recombination of
CO,* would resolve the discrepancy. We find the three
sources to provide comparable contributions, and the discrep-
ancy may arise instead from a combination of errors in the
molecular branching ratios and uncertainties in the calibra-
tion of the Mariner 9 spectra.

The C02+ Aznu—ing and B22u+_X2Hg
Band Systems

Emissions from the A%I1, and B2Z,* states of CO," are
prominent features of the Martian dayglow. The Fox-Duffen-
dack-Barker (A4%IL,-XI1,) system consists of several narrow
bands between 2800 and 5000 A. The (0, 0, 0)-(0, 0, 0) transi-
tion of the B?X,*- XTI, system produces the ultraviolet dou-
blet at 2883 and 2896 A. Both transitions are excited by
photo-ionization of CO,, electron impact ionization of CO,,
and fluorescent scattering of sunlight by CO,*.

The cross sections for production of the 4 and B states of
CO,* by electron impact ionization have been summarized by
Fox and Dalgarno [1979]. The excitation rates for fluorescent
scattering were calculated by using McCallum and Nicholls’
[1972] transition probabilities, normalized to the lifetimes
measured by Schlag et al. [1977]. The continuum solar fluxes
were taken from Heath and Thekaekara [1977] and from
Pierce and Allen [1977]. At Mars the scattering factor is 1.7 X
1072 for excitation of the A2TI, state and 9.1 X 10~* for ex-
citation of the B*Z,* state.
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Fig.9. Computed altitude profiles of the major sources of the CO,* ultraviolet doublet (B2Z,*-XI1,).

There has been some confusion in the literature over the
production of the 4 and B states of CO,* by photo-ionization
of CO,. Measurements using the technique of photoelectron
spectroscopy [Samson and Gardnier, 19734] lead to a branch-
ing ratio different from that obtained by fluorescence mea-
surements [Wauchop and Broida, 1972; Lee and Judge, 1972;
Leach et al., 1978a]. The resolution lies in a mixing of the 4
and B states that occurs before emission [Samson and Gard-
ner, 1973a; Leach et al., 1978b]. We assume that 0.5 of the ab-
sorption into the B state lead to emission in the 4 state, an as-
sumption which is consistent with the measured fluorescence
ratio of 2.2 for absorption of 584-A radiation.

The altitude profiles of the emissions resulting from photo-
jonization, photoexcitation, and fluorescent scattering are
shown in Figures 8 and 9, and the integrated intensities are
given in Table 3. The largest source of both the A-X and the
B-X emissions is photo-ionization of CO,, consistent with the
conclusion of Barth et al. [1972] that the measured vibrational
distribution of the CO,"* systems is appropriate to photo-ioni-
zation, Electron impact excitation accounts for less than 15%
of the observed intensity in either band. Fluorescent scattering
produces about one fourth of the intensity of the Fox-Duffen-
dack-Barker system but is unimportant for the ultraviolet
doublet.

The limb intensities measured on Mariner 9 of the ultravio-
let doublet are 50-75 kR, corresponding to a near-subsolar ze-
nith intensity of 3 kR [Stewart et al., 1972]. Our calculated
value of 1.2 kR is in acceptable agreement when differences in
solar flux are taken into account. A similar agreement exists
between the measured and the calculated values of the in-
tensity of the 4-X emission. The limb intensity was greater
than 140 kR, consistent with an overhead intensity of 7 kR.
Our calculated value at a time of lesser solar activity is 3.3 kR.

Atomic Oxygen Emissions

The Mariner 6, 7, and 9 spectra show clearly three features
identified with the atomic oxygen emissions at 1304, 1356, and
2972 A. The 1304-A features is a triplet emission at 1302,
1304, and 1306 A and arises from the transition OCS°)-O (P).
It is excited mainly by resonance scattering but is also pro-
duced by electron impact on O, electron impact dissociation
of CO,, and photodissociation of CO,. The latter three sources
are important at altitudes less than about 200 km, while reso-
nance scattering produces a maximum near 500-700 km
[Barth et al., 1971]. We calculate the lower altitude source.

The doublet at 1356 and 1358 A is produced by the *S°—*P
transition. The 3S° state is excited by the same mechanisms as
the S° state, but because the transition is forbidden, reso-
nance scattering is not important. The 2972-A line is due to
the forbidden transition, O(*S)-O(CP). Although the 'S state is
metastable, it is not efficiently quenched above 100 km. Of the
O('S) atoms produced, a fraction (0.95) radiate to the O('D)
state and thus produce the 5577-A oxygen green line. Radia-
tion from the O(' D) state produces the oxygen red line at 6300
A, but the emission is weak becanse most of the O(' D) atoms
are quenched before they can radiate. Although neither the
5577-A nor the 6300-A emission has been measured in the
Martian dayglow, the emission rates are important to the en-
ergy balance in the atmosphere. The metastable atoms o('Ss)
and O('D) are produced by the same mechanisms as O(’S°)
and also by dissociative recombination of O,".

Cross sections for electron impact on atomic oxygen have
been compiled by Dalgarno and Lejeune [1971]. The produc-
tion of excited oxygen atoms by electron impact on CO, has
been analyzed by Fox and Dalgarno [1979]. Gentieu and Men-
tall [1973] have given an upper limit to the photodissociation
branching ratio for the production of the *S° state, but no in-
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TABLE 4. Excitation Rates of Excited States of Atomic Oxygen

Excitation Rates, 106 cm=2s~!

Electron Electron

Photodis- Impact Impact Dissociative

sociation Dissociation Excitation Recombination
State of CO, of CO, of O of O,* Total
o('s) 13,600 704 45 850 15,200
o('D) 114,000 130 787 7,650 123,000
0o(s) 14 42 12. 17.6
o¢S) 8.7 37 46

formation is available concerning the production of O(’S°).
The branching ratios of O('S) and O(' D) have been measured
by Lawrence [1972b] and by Slanger and Black [1971], and the
yields of O('S) and O('D) from dissociative recombination of
O," have been given by Zipf[1970] and by analysis of terres-
trial data [cf. Bates, 1978; Hays et al., 1978].

The integrated rates for the production of various excited
states of atomic oxygen are shown in Table 4. The altitude
profiles for excitation of the >S® and °S° states are shown in
Figure 10. The emitted photons are absorbed by CO,. For the
1356-A radiation we calculate a zenith intensity of 46 R after
having taken into account the absorption by CO,. The in-
tensity is high in comparison to the Mariner 9 limb intensity
of 500 R. The discrepancy suggests that the measured electron
impact cross sections of atomic oxygen [Stone and Zipf, 1974]
are too large. To obtain agreement, the cross sections must be
reduced by about a factor of 3.

In our model the >S° and °S° states are excited primarily by
electron impact on atomic oxygen. In contrast, McConnell
[1973] concluded that electron impact dissociation of CO, is

the major source of 1356-A radiation, on the basis of a cross
section for electron impact on atomic oxygen derived from
terrestrial airglow profiles. Qur O(°S°) excitation rate due to
electron impact dissociation is only one fourth of that due to
direct excitation of atomic oxygen. If the measured cross sec-
tion is too large by a factor of 3, as was suggested by the 1356-
A data, the two sources are comparable. None of the sources
considered for excitation of O(>S°) atoms is significant in com-
parison to resonance scattering of sunlight.

The total excitation rates of O('D) and O('S) are given in
Table 4, and the altitude profiles are shown in Figures 11 and
12. The altitude profile for O('S) production shows two peaks,
one at 130 km and another near 90 km. The 130-km peak is
due to the absorption of solar photons in the 1100- to 1140-A
region, where the absorption cross section is large and the
O('S) yield is unity. The lower peak is due the absorption of
Lyman alpha at 1216-A; the absorption coefficient at this
wavelength is 2 orders of magnitude less than the absorption
coefficients in the 1100- to 1140-A region, and the yield of
O('S) is about 0.1. The O(' D) photodissociation profile shows
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Fig. 10. Computed altitude profiles of the total production rates of O(>S°) and O(>S°). The major source of each state is
electron impact excitation of atomic oxygen.
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Fig. 11.

only a single peak near 90 km due to the absorption of long-
wavelength photons. The total production rate exhibits a
higher-altitude peak due to dissociative recombination of Q,*.

Emissions of the 2972-, 5577-, and 6300-A lines are dimin-
ished by the loss of the metastable atoms through quenching
reactions. Heidner and Husain [1973] have measured the rate
constants for quenching of O('D) by CO,, N,, CO, and O,,
and Streit et al. [1976] have measured rate coefficients for
quenching by N,, O,, and CO,. Slanger and Black [1976] have
given quenching coefficients for the reaction of O('S) with
CO; and O, and Atkinson and Welge [1972] have shown that
quenching of O('S) and N, is slow. The total emission rates of
the three lines are given as follows:

Line, A Emission Rate, R
2972 638
5577 12,700
6300 145

and Figure 13 shows the corresponding altitude profiles. The
emission rates of the 2972- and 5577-A lines follow closely the
production rates of O('S) as a function of altitude, since O('S)
is not efficiently quenched. The 6300-A (‘D-*P) emission is
weak at all altitudes because of efficient quenching of O('D).
The total overhead intensity of 2972-A radiation is about 640
R compared to the Mariner 6 and 7 maximum limb intensity
of 20 kR, corresponding to an overhead intensity of 1 kR. We
find that photodissociation is the major source, in agreement
with the prediction of Barth et al. [1971], based on the scale
heights of the Mariner 6 and 7 data.

Computed altitude profiles of the major sources of O(' D).

Atomic Carbon Emissions

The resonance lines of atomic carbon at 1561 and 1657 A
are observed in the Mariner 6, 7, and 9 spectra. The emitting
levels may be populated by photodissociation of CO, and by
electron impact dissociation of CO,.

Photodissociation cross sections for the production of the
1561- and 1657-A lines from the threshold wavelength to 420
A have been reported by Wu et al. [1978]. Below 420 A we ar-
bitrarily assumed a constant branching ratio for each line
equal to that appropriate at longer wavelengths, where the to-
tal cross section for fluorescence has been measured by Lee et
al. [1975]. The production of C 1561 A and 1657 A by ener-
getic electrons absorbed in CO, has been studied by Fox and
Dalgarno [1979], and we adopted their results.

The resulting overhead intensities from photodissociation
of CO, and electron impact dissociation are presented in
Table 5. The two sources provide 15 R of 1657-A radiation
and 8 R of 1561-A radiation. Earlier calculations by McElroy
and McConnell [1971], which gave somewhat higher values,
were based upon less accurate molecular data.

The measured intensity of the 1657-A emission corresponds
to an overhead intensity of about 100 R, and an additional
source must be invoked. Photodissociation and electron im-
pact dissociation are insignificant sources, but resonance scat-
tering of sunlight by atomic carbon may be effective [McElroy
and McConnell, 1971].

McElroy and McConnell [1971] have discussed the produc-
tion of atomic carbon in the atmosphere of Mars. They calcu-
lated that 10 R of 1657-A emission could be provided by reso-
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Fig. 12. Computed altitude profiles of the major sources of o('S).

nance scattering and concluded that dissociation of CO, was
the major source of the emission.

Our calculations show that dissociation of CO, is not a
large enough source and suggest that the abundance of atomic
carbon calculated by McElroy and McConnell [1971] should
be increased by an order of magnitude. McElroy and McCon-
nell remarked that their analysis tended to underestimate the
abundance of atomic carbon.

Molecular Nitrogen Emissions

No evidence for the existence of atomic or molecular nitro-
gen or nitric oxide was found in the Mariner 6, 7, or 9 day-
glow spectra. Dalgarno and McElroy [1970] calculated a maxi-
mum nitrogen mixing ratio of 5% in the Martian atmosphere,
assuming that a dayglow intensity of 50 R might have escaped
detection. The mixing ratio measured by Viking 1 is about
2.5% in the upper atmosphere.

Features of interest are the Vegard-Kaplan bands (4°S,*-

TABLE 5. Overhead Intensities of Lines of Neutral and Ionized
Carbon Due to Electron Impact Dissociation and Photodissociation
of CO,

Overhead Intensities
Line, A Electron Impact  Photodissociation
CI1329 1.5
CI11657 9.0 6.0
C11561 5.0 3.0
CII1335 0.7

X'Z.*), the second positive bands (C°I1,-B°I1,) and Lyman-
Birge-Hopfield bands (a'Il,-X'Z,*) of molecular nitrogen,
and the first negative bands (B’I1,*-X°%,*) of N,*. The nitro-
gen first positive (B°Z,-4°2,*) and reverse first positive (4-B)
and the W>A,-B°T1, and B-W bands emit in the infrared but
are important in populating the A>3, * state through cascad-
ing. The Meinel (4°T1,-X?Z,*) bands of N,* also emit in the
infrared. f

The excited states of molecular nitrogen are produced by
electron impact excitation. The cross sections for excitation of
the 4, B, C, and W triplet states and the a'TI, state have been
taken from Cartwright et al. [1977] and Chutjian et al. [1977].
Higher triplet states have been neglected; higher singlet states
are mostly predissociated [Zipf and McLaughlin, 1978]. The A
and B states of N,* are produced by photoionization and elec-
tron impact ionization. We used the photo-ionization branch-
ing ratios of Samson et al. [1977] and the electron impact
branching ratios of Green and Barth [1965].

The calculation of the intensities of specific v—v” bands and
the population rates through cascading involves transition
probabilities and Franck-Condon factors. The transition
probabilities for the first and second positive systems were
taken from Benesch et al. [1966a], for the Vegard-Kaplan and
Lyman-Birge-Hopfield systems from Benesch et al. [19665],
and for the B-W and W-B systems from Covey et al. [1973)].
Shemansky and Broadfoot [1971] have tabulated transition
probabilities and Franck-Condon factors for the Meinel and
first negative systems of N,*.

The total direct excitation rates are given in Table 6. The |
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Fig. 13. The total emission rates of the O('S-3P) 2972-A, O('S-'D) 5577-A, and O(' D-*P) 6300-A lines.

emission rates of the strongest band systems are given in
Table 7. Some of the results have appeared earlier [Fox et al,,
19774]. Because of severe quenching by atomic oxygen the
Vegard-Kaplan system is weak in the terrestrial airglow, but
CO, does not quench the A, * state appreciably [Dreyer et
al., 1974], and radiation from it will be relatively stronger in
the Martian airglow.

The 1-9 band of the Vegard-Kaplan system has a calcu-
lated intensity of 15 R. It is located at about 3200 A and
should be visible between the 2-0 and 3-0 bands of the Fox-
Duffendack-Barker system of CO,*. There is no sign of it in
the Mariner 6 and 7 spectra, but there is a feature in the pub-
lished Mariner 9 spectrum near 3200 A that does not appear
in laboratory spectra of pure CO, [Barth et al., 1971; see Fig-
ure 1] and that may be due to this transition.

The (0, 0) and (1, 0) bands of the N,* Meinel system are
strong (22-23 R) but appear in the infrared. The strongest line
of the first negative system is the (0, 0) transition at 3914 A. It
has an intensity of only 9 R, and it is obscured by the (0, 0, 0)—
(0, 0, 2) band of the A-X system of CO,*.

7. SOLAR ULTRAVIOLET HEATING

The thermal structure of the upper atmosphere of Mars is
affected by gravity waves [Stewart et al., 1972; Krasnopolsky,
1975; Nier and McEiroy, 1977], acoustical waves [Krasno-
polsky, 1975], solar wind interactions, and solar ultraviolet ra-
diation. We attempt here to calculate the contribution to the
heating of the neutral atmosphere arising from the absorption
of solar ultraviolet radiation.

Heating occurs by photo-ionization and photodissociation

processes. In photo-ionization the excess energy is carried by
the ejected electron, which causes further ionization, ex-
citations, and dissociations. In photodissociation, excess en-
ergy is carried by the dissociation products and is usually con-
verted directly into thermal energy by elastic collisions with
the neutral atmosphere. The ionization and dissociation
energies are partly transformed into heat by exothermic ion-
molecule and recombination mechanisms. Any metastable
atoms and ions produced by photo-ionization, photoelectron
impact, photodissociation, and recombination may be
quenched by collisions releasing their internal energies as
heat.

It is convenient to introduce a heating efficiency ¢, defined
as the fraction of solar ultraviolet energy absorbed that ap-
pears locally as thermal energy. For the heating efficiency of
ionizing radiation in the Martian ionosphere, Henry and
MCcElroy [1968] have calculated an average value of 0.59 and

TABLE 6. Excitation Rates of Excited States of N, and N,*

Excitation Rate,

State 10°cm—2s!
N,
AT 93
B, 110
I, 52
WA, 91
a'Tl, 110
N,*
A1, 95
B¢ 21
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TABLE 7. Calculated Overhead Intensities of N, and N,* Emission =~ TABLE 8. Average Kinetic Energies of Products in Electron Impact
Features Dissociation of CO,
Band Band Origin, Intensity, Kinetic Energy,
v'-v") A R Process eV
Vegard-Kaplan A°S,*-X'Z e+ CO,—»CO(X'Z) + OCP) 1.0
0-2 2216 8 CO(X'S) + O('S) 1.4
0-4 2462 9 CO(TI) + OCP) 0.7
0-5 2604 16 CO(a, d) + O(P) )
0-6 2762 20 CO(e, [, b, ¢) + O(P) 0.8
0-7 2936 20 CO(X'Z) + O(' D) 1.0
0-8 3132 14
0-9 3353 8
1-8 2998 10 . . .
1-9 3199 15 Dalgarno [1979]. We reproduce in Table 8 their estimates of
1-10 3426 14 the average kinetic energies of the dissociation products.
1-11 3684 9 We have listed in Table 2 the important ionospheric reac-
2-11 3502 8 tions. We include in it the energies that would be released
12 3760 ° were each of the molecular systems to be in the lowest vibra-
First Positive BT1-A°%,* tional state. In calculating the energies we assumed that 0.9 of
0-0 10508.3 39 the dissociative recombinations of O,* lead to O('D) atoms
0-1 12373 2 and 0.1 to O('S) atoms, that 0.56 of the dissociative recombi-
1-2 11925. 10 nations of CO,"* lead to CO(a’IT) and 0.44 to CO(X'Z), and
;:(3) 1‘713237 lg that each recombination of N,* and of NO* and each reaction
2-1 8723.0 24 of N,* with O leads to N(°D).
3-1 7626.8 17 Branching ratios corresponding to the possible paths for
42 7504.7 10 photodissociation of CO, were constructed from the measure-
WA _BTI ments of Mahan [1960], Clark and Noxon [1970), Inn and Hei-
2.0 33260 10 merl [1971), Slanger and Black [1971, 1978), Inn [1972)], Judge
30 22528 8 and Lee [1973], and Slanger et al. [1977].
3-1 36580 7 We adopted a quantum yield of unity for the production of
‘5“: gg(‘)gg 12 O(' D) from the threshold at 1670 A up to the O('S) threshold
- at 1286 A. Between 1286 and 1135 A we adopted a quantum
Second Positive C*T1,~B°T, yield of 0.5 for each of O('D) and O('S). Between 1670 and
0-0 3370 14 2275 A we assumed that photodissociation produced ground
0-1 3576 9 state products [Inn and Heimerl, 1971; DeMore and Moses-
1-0 3158 7 man, 1971). We adopted the quantum yields of Judge and Lee
Lyman-Birge-Hopfield a'TI ~X'S, * [1973] for the production of excited states of CO.
3-0 1354 4 The production and quenching of O('S) and O('D) atoms
2-0 1384 4 are discussed in the subsection on atomic oxygen of section 6.
‘lHl) :322 g Quenching of O('D) atoms is an important heat source below
0-2 1555 2 200 km. . . . . .
5.0 1299 2 The major uncertainty in the calculated heating rates is
probably the degree of vibrational excitation produced in
Meinel A'T1,-X"Z,* photodissociation and in chemical reactions. The measure-
% 1;?328‘; gg ments of Judge and Lee [1973] on the production of the a’ and
21 04713 9 e states of CO show a substantial vibrational population, and
0-1 14612.3 3 Clerc and Barat [1967] have found in flash photolysis experi-
2-0 7853.6 8 ments on CO, that the product CO molecules are vibra-
First Neeative B5.+_ X'+ tionally excited. Slanger and Black [1974] studied electronic
00 rst Nega ,;;l Pl 9 vibrational energy transfer of O('D) in N, and CO and deter-

Stewart [1972] an average value of 0.3. For the heating effi-
ciency of dissociating radiation at an altitude of 100 km, Dem-
bovskii et al. [1976] have calculated an average value between
0.25 and 0.35 depending upon the role of vibrationally excited
species.

Empirical values of € have been derived from measure-
ments of the atmospheric scale heights. The values range from
0.35 [Stewart and Hogan, 1969] to 0.1 [McConnell, 1973;
Krasnopolsky, 1975].

Molecular Data

The direct neutral particle heating that results from electron
impact dissociation of CO, has been calculated by Fox and

mined that about 40% of the available energy was taken up as
vibrational energy. Dickinson and Ridley [1977] have sug-
gested that most of the metastable energy is converted to vi-
brational energy when O('D) is quenched in collisions with
CO,.

We have explored three models. For model A we assumed
that 10% and for model B that 50% of the excess energy ap-
pears as vibrational energy that is radiated away. For model C
we assumed that 50% of the excess energy is lost by radiation
and that 100% of the O(' D) energy is lost when it is quenched
by CO,.

Results

Given the molecular data, the heat deposited in the Martian
atmosphere by the absorption of solar radiation may be ob-
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Fig. 14. Total rate of energy absorption and total heating rates for models A, B, and C.

tained by a simple extension of the dayglow and ionospheric
calculations described earlier.

Figure 14 shows the total rate of energy absorption as a
function of altitude. There are distinct peaks, one at 130 km
due to ionizing radiation and the other, not shown, at 90 km
due to dissociating radiation. Figure 14 also shows the heat
energy deposition for the three models A, B, and C. Models B
and C merge at high altitudes where O('D) is deactivated by
emission of the 6300-A red line.

At an altitude of 130 km on Mars, the maximum heating
rateis 3.2 X 10 % ergcm™> s, and at 88 km it is 1 X 107¢ erg
cm™> s7'. The comparable rates in the terrestrial atmosphere
are between 3 and 25 X 107® erg cm™3 s~ at 125 km and 3 X
107° erg cm™ s™" at 100 km [Izakov and Morozov, 1970].

The heating efficiencies corresponding to the three models
are shown in Figure 15. Between 120 and 210 km, € varies
slowly with altitude with values close to 0.27, 0.20, and 0.16
for models A, B, and C, respectively. Below 120 km, dis-
sociation becomes a larger heat source than ionization, and at
100 km, € moves to new values of 0.32, 0.18, and 0.08 for mod-
els A, B, and C, respectively. A value in the neighborhood of
0.1 will be achieved if photodissociation and quenching of
O(' D) atoms lead to vibrationally excited molecules.

Above an altitude of 200 km the solar radiation is absorbed
mainly by atomic oxygen. The O* ions produced diffuse
downward and deposit their energy at lower altitudes. The
heating profile is dominated by dissociative recombination of
0,*, and the heating efficiencies decrease with increasing alti-
tude toward values of less than 0.1.

Our discussion ignores the heating contributions from reac-
tions of the metastable O*(>D) state, which is produced in
about one third of the photo-ionizations of atomic oxygen.

The radiative lifetime of the 2D, ,, state is 5 X 10” s and of the
Ds,, state 2 X 10* s [Seaton and Osterbrock, 1957]. Deactiva-
tion by electron impact proceeds with a rate coefficient of
about 7.8 X 1073 (T./300)"/?> cm® s~' [Henry et al., 1969], by re-

action with N, with a rate coefficient of about 1.6 X 10~'° cm?
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Fig. 15. Heating efficiency € averaged over the wavelength range 14—
2000 A for models A, B, and C.
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Fig. 16. The sources of neutral heating for model B. The curve labeled chemistry includes dissociative recombination and
charge transfer reactions.

s~! [Glosik et al., 1978], and by reaction with O with a rate co-
efficient much less than 3 X 107"! ¢cm?® s [Torr and Orsini,
1978]. Measurements have been made at ion energies above
0.5 eV of the charge transfer of O*(*D) with CO, [Moran and
Wilcox, 1978], but the thermal rate coefficients of the reac-
tions of O*(®D) with CO, are unknown. If, as seems probable,
reaction is rapid, the heating at 220 km is enhanced by about

20 eV cm™ 57!, and the heating efficiency is increased by 0.1
Thus the decrease of e with altitude above 210 km, suggested
in Figure 15, may not occur. The metastable ions may have
important effects on the ion temperature.

Figure 16 shows the altitude profiles of the neutral particle
heat sources corresponding to the intermediate model B. The
curve labeled chemistry is the sum of the heating from ion-
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Fig. 17. The altitude profile of the heat deposited as kinetic energy of ions.
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molecule reactions and dissociative recombination. Dis-
sociative recombination of O,* accounts for 70% of the heat
deposited above the ionosphere peak at 130 km.

Below 120 km, photodissociation of CO, and the quenching
of metastable atoms produced by photodissociation of CO,
are the major heat sources. At 130 km a large source is pro-
vided by the quenching of O('D) atoms produced by dis-
sociative recombination.

At altitudes near 100 km our results for heating by photo-
dissociation are similar to those of Dembovskii et al. [1976].

The presence of atomic oxygen in the Martian atmosphere
increases the heating efficiency [Stewart, 1972]. In its absence,
CO,* would be the major ion, and much of the energy liber-
ated by dissociative recombination would appear as emission
in the Cameron bands and would not be available as thermal
energy.

The heat sources shown in Figure 16 exclude the kinetic
energies carried by the ionic reaction products. The energies
are lost by collisions with the neutral and ionized components
of the atmosphere, and the resulting heat source raises the ion
temperature above the neutral temperature [Rohrbaugh et al.,
1979]. In Figure 17 we present the altitude profile of the heat
deposited as kinetic energy, calculated by assuming that half
the available energy is lost to vibrational excitation. Our val-
ues are somewhat larger than those calculated by Rohrbaugh
et al. [1979].

From a comparison with Viking data on ion temperatures,
Rohrbaugh et al. [1979] concluded that their calculated heat
source is too small at high altitudes. The discrepancy is less
with our heat source but is still significant. Neither of the cal-
culated heat sources includes any contribution from reactions
of O*(>D) ions. No laboratory data exist at thermal energies.
If O*(®D) reacts rapidly with CO, to produce energetic O,*
ions, it would provide a large additional ion heat source at
high altitudes.
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