Wright State University
CORE Scholar

Physics Faculty Publications Physics

10-1-2001

Photochemical Escape of Atomic Carbon from Mars

Jane L. Fox
Wright State University - Main Campus, jane.fox@wright.edu

F. M. Bakalian

Follow this and additional works at: https://corescholar.libraries.wright.edu/physics

6‘ Part of the Physics Commons

Repository Citation

Fox, J. L., & Bakalian, F. M. (2001). Photochemical Escape of Atomic Carbon from Mars. Journal of
Geophysical Research-Space Physics, 106 (A12), 28785-28795.
https://corescholar.libraries.wright.edu/physics/19

This Article is brought to you for free and open access by the Physics at CORE Scholar. It has been accepted for
inclusion in Physics Faculty Publications by an authorized administrator of CORE Scholar. For more information,
please contact library-corescholar@wright.edu.


https://corescholar.libraries.wright.edu/
https://corescholar.libraries.wright.edu/physics
https://corescholar.libraries.wright.edu/physics_comm
https://corescholar.libraries.wright.edu/physics?utm_source=corescholar.libraries.wright.edu%2Fphysics%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=corescholar.libraries.wright.edu%2Fphysics%2F19&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:library-corescholar@wright.edu

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 106, NO. A12, PAGES 28,785-28,795, DECEMBER 1, 2001

Photochemical escape of atomic carbon from Mars

J. L. Fox! and F. M. Bakalian

Institute for Terrestrial and Planetary Atmospheres, State University of New York
at Stony Brook, New York, USA

Abstract. We have modeled the escape fluxes of atomic carbon from the Martian
atmosphere for low and high solar activities due to various photochemical escape
mechanisms, including photodissociation of CO, dissociative recombination of COt,
electron impact dissociation and dissociative ionization of CO, photodissociative
ionization of CO, and dissociative charge transfer of O** to CO. Only photodissoci-
ation of CO and dissociative recombination of CO* are found to be important, and
the time-averaged escape flux is predicted to be controlled by the high solar activity
values. The computed global average escape fluxes of C due to photodissociation of
CO at low and high solar activities are 1.65 X 10° and 1.8 x 10 cm=2 s~ respec-
tively, and those for dissociative recombination are 2.9 x 10* and 6.2 x 10° cm~2% s~
respectively. The other sources contribute <10% to the total. The photochemical
escape rates are slightly larger than those estimated for sputtering by Ot pickup
ions in the present era. If current estimates are correct, however, sputtering will
dominate the escape in earlier epochs when the solar wind is predicted to have been
much stronger. Ion outflow may also constitute an important loss mechanism if

escape rates are on the order of their predicted upper limits.

1. Introduction

Geologicalevidence suggests that the early atmosphere
of Mars was thicker, warmer, and wetter than it is at
present, and the observed enrichment in heavy isotopes
indicates that escape to space plays an important role
in the loss of volatiles [e.g., Jakosky, 1991; Jakosky and
Jones, 1997]. Nonthermal mechanisms by which heavy
species, such as C, N, and O, may escape from the at-
mosphere of Mars have been identified but not com-
pletely quantified. The production of energetic atoms
also results in the formation of hot atom coronas in
which atoms that do not have enough energy to escape
may travel to great heights along ballistic trajectories
before falling again because of the gravitational attrac-
tion of the planet.

Knowledge of the escape processes for C and O,
in particular, is crucial to reconstructing the time-
dependent Martian inventory of CO,. Estimated values
for the current O escape fluxes due to dissociative re-
combination and/or sputtering by O pickup ions cover
a very wide range of 3x 10°t0 1.4 x 103cm~2 57! [Lam-
mer and Bauer, 1991; Foz, 1993; Zhang et al., 1993;
Luhmann, 1997; Kass and Yung, 1995, 1996; Johnson
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and Liu, 1996; Lammer et al., 1996; Kass, 1999; Kim
et al., 1998; Johnson et al., 2000; Hodges, 2000]. In ad-
dition, some loss of O as O or O;" ions is predicted,
and large fluxes of escaping ions have been measured
by instruments on the Phobos spacecraft [e.g., Verigin
et al,, 1991; Lundin et al., 1990]. Zhang et al. [1993]
estimated a fairly low escape flux of 8 x 106cm~2 s~!
for solar wind pickup of Ot ions produced by ioniza-
tion of O above the ionopause. Foz [1997], however,
pointed out that potentially all the ions produced above
the photochemical equilibrium region could be lost by
outward flow and computed upper limits to the hemi-
spheric escape fluxes of O and O of 4.7 x 107 and
6.7 x 10%cm~2 s~1, respectively, for low solar activity,
and 1.35 x 108 and 1.8 x 107 cm~2 s~, respectively, for
high solar activity. High solar activity MHD calcula-
tions by Liu et al. [1999, 2001] predicted that the total
hemispheric escape fluxes for OF 4 O% were of the or-
der of 3.8x 107 cm~2 s ! out of a total of ~7.7x 107 ions
cm~2 57! crossing the terminator plane. These values
are about one fourth and one half of our upper limits
of (5-15)x 107 cm™? s~! where the range is from low to
high solar activity. Our predicted upper limit to the
hemispheric average escape flux of O in all ions is (1.1-
3.5)x108 cm~2 57! where the range is for low to high
solar activities, and thus the upper limit to the global
average escape flux, which is half the hemispheric value,
is ~1.2 x 108cm~2 571, Although there is significant
disagreement about the total escape rate of oxygen, the
predicted O escape rates at the current epoch are much
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larger than estimates of the atomic carbon escape rates,
and therefore loss to space of CO; from Mars can be as-
sumed to be controlled by the escape rate of C.

A number of photochemical escape mechanisms have
been identified that may produce C atoms with energies
in excess of the escape energy, which is ~1.48 eV at the
Martian exobase. McElroy [1972] (see also McElroy et
al. [1977]) and Wallis [1989] enumerated some of the
possible processes, which include dissociative recombi-
nation of COt,

CO+1+e—>C+O, (1)

photoelectron impact dissociation of CO,

CO+e"—C+0+e (2)

and photodissociation of CO,

CO+hvr—C+0. (3)

Other potential sources of escaping C atoms include
photodissociative ionization of CO,

CO+hy—C+0% e (4)

and photoelectron impact dissociative ionization,

CO + ¢* — C+ Ot + 2¢, (5)

as such processes have been found to produce highly
translationally excited fragments. For example, Mathur
and Eland [1992] carried out coincidence time-of-flight
mass spectrometry for photodissociative ionization of
CO at several discrete photon energies between 22.5
and 48.5 eV and found that the fragments produced
possessed kinetic energies of up to several eV. Electron
impact dissociative ionization of the isoelectronic mole-
cule N, has also been shown to produce very energetic
atoms and ions [Morgan and Mentall, 1983]. The disso-
ciative charge transfer reaction of O*+ with CO,

ott 4+ CO - C+ Ot + 0t

(6)

is exothermic by 10.4 eV if all the products are in their
ground states, and the reaction will probably produce
C atoms with energies in excess of the escape energy.
Dissociative recombination of CO} and electron impact
dissociation of CO, have also been suggested as sources
of hot and escaping C, but there is little information on
the production of C in these processes, and the major
products are probably CO and O.

We estimate here, for both high and low solar activ-
ities, the production rate of hot and escaping C from
the most important nonthermal sources. We have eval-
uated dissociative recombination as a source of hot C
previously using somewhat different models [Foz and
Haé, 1999]. We estimate the magnitudes of the photo-
chemical sources (reactions (1)—(6)) of energetic C, us-
ing revised models for the thermospheres/ionospheres
of Mars at high and low solar activities. Photodissoci-
ation has been shown to be the most important source
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of thermal C on Venus [Krasnopolsky, 1982; For, 1982;
Foz and Sung, 2001]. Photodissociation of CO proceeds
via line absorption into predissociating states between
the threshold at 1118 A and 889 A and by continuum
absorption shortward of 889 A. Foz and Black [1989]
constructed high-resolution cross sections in this wave-
length region and demonstrated that the photodisso-
ciation rate of CO is smaller by a factor of ~ 2 at
the low temperatures appropriate to the Venus and
Mars thermospheres than previous models using the
low-resolution cross sections had indicated [e.g., Foz,
1982; Krasnopolsky, 1982]. The effect of the use of these
higher-resolution cross sections on the escape fluxes is
limited because photons with wavelengths longward of
905 A cannot produce escaping C atoms. We adopt here
the cross sections constructed by Foz and Black [1989],
averaged over 1 A intervals for absorption in the 889 to
1118 A region, and those of Samson and Gardner [1976]
at wavelengths shortward of 889 A. Preliminary calcu-
lations for a moderate solar activity model [Foz, 1999]
and for a high solar activity model [Foz, 2000] showed
that the escape flux due to photodissociation of CO was
more important than, but comparable to, that due to
dissociative recombination of CO*.

Nagy et al. [2001] have recently used a two-stream
method with the production rates from our previous
models to investigate the hot C corona of Mars. We
provide here a more detailed explanation of some of the
assumptions used in those calculations. They found,
as we have, that photodissociation of CO and dissocia-
tive recombination of CO' were the most important
sources. Pazton [1983] demonstrated that collisions of
hot O atoms with thermal C were a major source of
the hot C corona at Venus and more important than
dissociative recombination of COt. Nagy et al. [2001]
have shown, however, that this source is negligible at
Mars, either for production of the hot C corona or for
escape of atomic carbon. Pazton [1983] did not consider
photodissociation of CO as a source of hot C on Venus.

We compare our estimated escape fluxes using the
“exobase approximation” with those obtained by Nagy
et al. [2001] for photodissociation of CO and dissocia-
tive recombination of CO* using the two-siream ap-
proach and with those estimated for the current at-
mosphere due to sputtering of C by Ot pickup ions
by Luhmann et al. [1992] (as corrected by Jakosky et
al. [1994]) and by Kass [1999].

2. Model

We have constructed a model of the high solar ac-
tivity thermosphere and ionosphere from neutral den-
sity profiles of CO3, N3, O, CO, and O, derived from
the Mars thermospheric general circulation model (MT-
GCM) for 2.5° latitude and 1600 LT, supplied to us by
S. W. Bougher (private communication, 1999) [see also
Bougher et al,, 1990]. The low solar activity model
is based on the Viking measurements of CO4, N3, Ar,
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CO, 0,, and NO, for which the solar zenith angle was
44°, The eddy diffusion coeflicients were adjusted to
match the N, profiles in both models and then used
to compute the density profiles of other species. The
Ar mixing ratio at the bottom boundary of the high
solar activity model was assumed to be the same as
that derived from the Viking data, 0.015 [e.g., Nier
and McElroy, 1976, 1977)]. Since we do not include the
chemistry of odd hydrogen in the middle atmosphere,
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Figure 1. (a) Density profiles of the neutral species for
the low solar activity Mars thermosphere. The model
is based largely on the measured densities of Viking 1
[e.g., Nier and McFlroy, 1977). (b) Density profiles of
the most important neutral species for the high solar ac-
tivity Mars thermosphere. This model is based largely
on the Mars thermospheric general circulation model of
S. Bougher (private communication, 1999).
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the H density profiles were obtained by adjusting the
density at the bottom boundary, 80 km, so that the
high-altitude values matched those inferred from mea-
surements of the Lyman alpha airglow. Consequently,
the atomic hydrogen densities near the lower boundary
are somewhat arbitrary and should not be considered
as reliable as those computed for the middle and up-
per atmosphere by, for example, Krasnopolsky [1993a,
1993b] or Nair et al. [1994]. The H density at 250 km
at high solar activity was assumed to be 3 x 10*cm3,
close to that derived from the Mariner 6 and 7 Lyman
alpha measurements [Barth et al., 1971; Anderson and
Hord, 1971]. For the low solar activity model the H den-
sity at 250 km was adjusted to approximate the value
of ~ 1.4 x 106cm~3 derived from the recent Hubble
Space Telescope measurements of Krasnopolsky et al.
[1998] [see also Krasnopolsky, 2000]. The mixing ratio
of He was assumed to be 4 ppm at the bottom boundary
[Krasnopolsky and Gladstone, 1996]. The H, mixing ra-
tio at the bottom boundaries of both models was taken
to be 40 ppm, as suggested by the model calculations
presented by Krasnopolsky et al. [1998]. The neutral
density profiles for the low and high solar activity mod-
els are shown in Figures 1a and 1b. In these figures the
density profiles that were adopted from Viking measure-
ments or the MTGCM are shown as solid curves, while
the N, NO, and C densities, which were computed self-
consistently in the models, are shown as dashed curves.
The density profiles of the light species H, Hj, and He,
which were calculated as described above, are repre-
sented by dotted curves.

In order to estimate the escape rates it is necessary
to locate the exobases in both models. Tully and John-
son [2001] have discussed this issue in conjunction with
their ab initio calculations of the O—O elastic and mo-
mentum transfer cross sections (04). They assert that
the exobase should be placed at a column density of
~ 1.3/g4. Unfortunately, there is little information
about elastic or momentum transfer cross sections for
collisions of C with any atmospheric gases. The major
constituents of the Martian exosphere are CO; and O,
although the H and H, column densities are significant
at low solar activity. Kharchenko et al. [2000] computed
the elastic cross sections for O—O collisions and reported
values decreasing smoothly from ~ 7 x 10715 cm? at
1eV to 5.5 x 10715 cm? at 5 eV. Tully and Johnson
[2001] carried out similar calculations for different po-
tential surfaces and obtained elastic cross sections that
decreased with energy from 2.5 x 10~ '5cm? at 1 eV to
2% 10~ cm? at 5 eV and momentum transfer cross sec-
tions that decreased from ~ 1.5 x 10~!® c¢m? to about
half that value over the same energy range. Kharchenko
et al. [1997] computed the elastic and momentum trans-
fer cross sections for O—N scattering and found that the
former decreased from 10 x 1015 to 8 x 10715 cm?, and
the latter from 1.3 x 107'% to 1.1 x 10715 c¢m? over the
energy range 1-5 eV. Balakrishnan et al. [1998] carried
out calculations of the elastic cross sections for N +
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N collisions and reported values near 7 x 10~ !° cm? in
the energy range for relative motion of 1-3 eV. In gen-
eral, where they are available, the computed momen-
tum transfer cross sections are smaller than the elastic
cross sections by factors of 2 or more. We have as-
sumed here an average momentum transfer cross sec-
tion of 3 x 10715 cm? for near escape velocity collisions
of C atoms with exospheric species, which places the
exobase at ~ 188 km for the low solar activity model
and at ~220 km for the high solar activity model.

We have adopted the solar fluxes from the high solar
activity F79050N spectrum of H. E. Hinteregger (pri-
vate communication, 1981) [see also Torr et al., 1979],
in which photon fluxes from 18 to 2000 A are given in
the continua at 1 A resolution and as integrated fluxes
at the strong solar lines. We have extended the solar
spectrum to X rays shortward of 18 A using the high
solar activity model of Ayres [1997; also private com-
munication, 1997], with solar fluxes given in 1 A bins.
In the low solar activity model, the Ayres X-ray fluxes
were assumed, somewhat arbitrarily, to be smaller by a
factor of 10. In order to approximate average dayside
conditions the solar zenith angle is taken to be 60°.

Recently, evidence has been adduced that the Hin-
teregger solar fluxes in the soft X-ray region are too
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Figure 2. Neutral (7,), ion (7;), and electron (7.)
temperatures assumed in the models. The solid curves
are the low solar activity values and the dashed curves
are the high solar activity values. The low solar activity
ion temperature profile is based on the Viking measures
ments [Hanson ei al., 1977], and the electron tempera-
tures are based on the calculations of Rohrbaugh et al.
[1979]. Since the Viking retarding potential analyzer
did not measure the ion temperatures above 300 km,
the profile above that altitude is uncertain. The high
solar activity plasma temperatures are assumed, some-
what arbitrarily, to be larger than the low solar activity
values by the difference between the high and low solar
activity neutral temperatures.

104

FOX AND BAKALIAN: PHOTOCHEMICAL ESCAPE OF CARBON FROM MARS

400 T 1 IIIIIII LI ) IIIIIII T
Low Solar
Activity
300 -
E |
=
o 4
o
3
=
=
<200 -
07
100 -1
IIIIIII 1 llllIIII 1 IlIIIIII A1 18 1 IIIIIIII 1 IIIlIIII 1
1 10 100 1000 104 108
Density (em™3)
400
b ]
High Solar
Activity
300 .
g ]
=
° 4
o
=) 4
=
=
<200 7
100 7
vl [EERTTIT BRI RTTTT| R I et gl

100 1000 108

Density (cm-?)
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for the high solar activity model.
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small by factors of 24 [e.g., Bailey et al., 2000]. Foz
et al. [1995] constructed high and low solar activity
models of the Martian ionosphere/thermosphere using
solar fluxes from Tobiska [1991], which also exhibited
larger fluxes in the soft X-ray region, and compared
them with models computed with the Hinteregger so-
lar fluxes. The electron densities below 120 km were
much larger when computed with the Tobiska fluxes
than with the Hinteregger fluxes, but the topside pro-
file showed little effect. Thus we expect that increasing
the soft X-ray fluxes would have a large effect on the
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ionosphere/thermosphere below the ionospheric peak
but very little in the exobase region.

The chemical reaction scheme employed has been up-
dated from that of our previous models [e.g., Foz, 1982,
1993], and a complete list of reactions and their rate co-
efficients is presented by Foz and Sung [2001]. The cross
sections for photoabsorption, photoionization, and pho-
todissociation are also similar to those which we have
used previously, and the recent revisions are also listed
by Foz and Sung [2001]. Our compilation of electron
impact cross sections has been presented by Sung and
Foz [2000] and will be submitted for publication soon
(K. Y. Sung and J. L. Fox, manuscript in preparation,
2001). The ion and electron temperatures adopted are
shown in Figure 2. The computed steady state ion den-
sity profiles for the current models are shown in Figures
3a and 3b.

3. Escape Mechanisms

The rate coefficient for dissociative recombination of
CO™ has been measured by a number of investigators
with widely varying results. Mentzon: and Donohoe
[1969] made the first measurement of the rate coeffi-
cient in a flowing afterglow experiment and reported a
very large value near 300 K of 6.8 x 10~ "cm®s~!. Us-
ing a merged beam apparatus, Mitchell and Hus [1985]

obtained a thermal rate coefficient of 2 x 10~"cm3s~1,

which was later revised downward to 1 x 10~ 7 cm3s~!
because of a factor of 2 error in the calibration of the
beam [Mitchell, 1990]. Flowing afterglow-Langmuir
probe—mass spectrometer experiments by Geoghegan et
al. [1991] and more recently by Laubé et al. [1998]
have yielded thermal rate coefficients of 1.6 x 107 and
1.85 x 10~ 7 cm®s~!, respectively. Rosén et al. [1998]
recently employed a heavy-ion storage ring to measure
the temperature dependent dissociative recombination
coefficient; a value of 2.75 x 10~7 cm3s~! was reported
at 300 K.

The dissociative recombination of COt may proceed
by a number of channels, which are enumerated below

along with their exothermicities:

COt + ¢ —C(CP)+0(®°P)+2.90eV  (la)

COt + ¢ —C(*D)+O(®P)+1.64eV  (1b)
CO*t +¢—C(BP)+0(*D) +0.94eV  (Ic)
Ccot + e — C(*!S) +O(®P)+0.22¢V  (1d)

COt +e— C(*D)+0(*D) —0.33eV.  (le)

Escape is possible for C atoms produced only in channel
(1a). The branching ratios of channels (1a)-(1e) have
been measured by Rosén et al. [1998] at 0 and 0.4 eV
relative energy. We have interpolated the branching ra-
tios for channels (1a)—(1d) to the assumed electron tem-
perature at each altitude. To be consistent, we have also
adopted their measured temperature-dependent rate co-
efficient of 2.75 x 10~7 (300/7.)° %5 cm3s~!. The re-
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sulting velocity distributions for temperatures appro-
priate to the low and high solar activity exobases from
previous models have been presented by Foz and Haé
[1999], who found that 62-66% of the C atoms pro-
duced in dissociative recombination of CO* near the
Martian exobase have enough energy to escape. Rep-
resentative velocity distributions of C atoms from dis-
sociative recombination of COt at 190 km for the low
solar activity model and at 230 km for the high solar
activity model are shown in Figures 4a and 4b. The
fractions of escaping !2C (and !3C) atoms are shown as
a function of altitude from 170 to 300 km in Figure 5
along with their ratio. It can be seen that the fraction
of 12C that escapes is significantly larger than that of
13C and is ~0.63 at 190 km and 0.61 at 220 km, near
the low and high solar activity exobases, respectively.
Since the variation of the escape fraction with altitude
is not large, in order to estimate the escape fluxes we
have multiplied the integrated dissociative recombina-
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Figure 4. (a) (bottom) Velocity distribution of the C
atoms produced in CO™ dissociative recombination at
190 km (near the exobase) from a Monte Carlo calcula-
tion [cf. Foz and Haé, 1997]. (top) Altitude to which a
C atom released vertically at that altitude with the ve-
locity shown will rise if it does not undergo a collision.
In both panels the vertical line is the escape velocity at
190 km on Mars. (b) Same as Figure 4a, but for the
high solar activity model near 230 km.
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tion rates above the exobases by the fractions near the
exobases.

We have also computed the energy distribution of
atomic carbon produced in photodissociation of CO as
a function of altitude, with the assumption that both
atoms are produced in the ground C(3P) and O(3P)
states. Cosby [1993] found that for electrons with ener-
gies greater than ~ 30 eV, the ground state atoms dom-
inated the products of electron impact dissociation, and
it is likely that this is true for photodissociation also.
In our calculations the energy range 0-6 eV is divided
into 0.02 eV bins, and the probabilities of production
of a C atom per energy bin for the low solar activity
model at 180 and 200 km and for the high solar activ-
ity model at 210 and 230 km are shown in Figures 6a
and 6b, respectively. While the peak of the distribu-
tions are in the range 1-1.5 eV, it is clear that many C
atoms are released with energies in excess of the escape
energy of ~1.48 eV. The computed fraction of C atoms
with energies greater than the escape energy at 300 km
is ~ 0.43 in the low solar activity model and ~ 0.45
in the high solar activity model; the fractions decrease
monotonically to ~0.30 in both models at 170 km.

It is difficult to determine the fraction of C atoms
produced with energies greater than the escape energy
in electron impact dissociation of CO because the elec-
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tron probably carries away a substantial amount of the
energy. Cosby [1993] measured the center-of-mass en-
ergy released to the fragments in electron impact disso-
ciation of CO and found that for energies greater than
~ 28.5 eV, near the peak of the cross section, the en-
ergy released ranges from 0.2 to 4.0 eV. For C to escape,
the total energy released must be greater than 2.6 eV,
and his measurements indicate that ~15% of the elec-
tron impact dissociations lead to fragments with total
energies >2.6 eV. As mentioned previously, Cosby also
determined that production of the ground states C(3P)
+ O(3P) was the dominant channel, but he did not
rule out small branching ratios to channels producing
atoms in excited states. Although the measured frag-
ment energy distribution strictly applies to relatively
high electron energies and to the energy released in the
center-of-mass frame, we have adopted the value 0.15
for the fraction of C produced with the escape energy.
The cross sections for electron impact dissociation are
negligible below the threshold of 13.7 eV for production
of C + O with total kinetic energies in excess of 2.6 eV.
In fact, the appearance potential reported by Cosby
was ~ 14 eV. The error introduced by this assumption
is probably much less than the other uncertainties in
this calculation.

We have assumed that photodissociative ionization
of CO (reaction(4)) and photoelectron impact dissocia-
tive ionization (reaction(5)) lead to energetic atoms and
ions. We have somewhat arbitrarily assumed that half
the C atoms produced in both processes are released
with energies greater than the escape energy. Although

300

250

Altitude (km)

200

04 05 06 0.7 08

Escape Fraction or Ratio

Figure 5. Escape fraction of 12C and '3C produced
in dissociative recombination of CO* as a function of
altitude along with their ratio from 170 to 300 km. The
dashed curves are for low solar activity and the solid
curves are for high solar activity.
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Figure 6. (a) Energy distribution of C atoms produced
in photodissociation of CO at two altitudes for the low
solar activity model. The ordinate is probability per
0.02 eV bin, normalized to the total photodissociation
rate at each altitude. The dotted curve is for an altitude
of 180 km, and the solid curve is for 200 km. (b) Same
as Figure 6a, but for the high solar activity model. The
dotted curve is for an altitude of 210 km, and the solid
curve is for 230 km.

the rate coefficient for the dissociative charge transfer
reaction of O** with CO (reaction(6)) is unknown, we
have assumed that it is the same as that for the re-
action of O+ with N3, 1.6 x 10~°cm®s~!, which is
~ 80% of gas kinetic [Howorka el al, 1979], and that
half the reactions produce neutral C and half produce
Ct. Since we will show that with these assumptions,
reactions (4), (5), and (6) are negligible as sources of
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escaping C, even large errors due to these assumptions
would be unimportant for our calculations.

4. Results and Discussion

We have estimated the global average escape rates of
processes (1)—(6) for the high solar activity model by
integrating the rate of each process above the exobase,
multiplying by the fraction of C atoms assumed to have
energies greater than the escape energy, multiplying by
half to account for the fraction released downward, and
multiplying by half again to account for the lack of es-
cape from the nightside. The results are shown in Table
1 for both low and high solar activity models and rep-
resent global average escape fluxes rather than hemi-
spheric escape fluxes.

The most important escape mechanism is found to be
photodissociation of CO, with a global average escape
flux of 1.8 x 10° cm~2 s™! at high solar activity. The
low solar activity value is more than an order of mag-
nitude smaller owing mostly to the combined effects of
the smaller CO mixing ratio, smaller scale heights, and
the reduced EUV fluxes. The escape flux of C from
dissociative recombination of CO%1 is also highly sensi-
tive to solar activity, increasing by a factor of >20 from
29x10%cm~2 5! t0 6.2 x 10° cm~2 s™! at high solar
activity. The other four mechanisms contribute < 10%
of the total escape flux for either model.

The calculated total global average escape flux of C
from all photochemical processes at low solar activity is
~2.1x10%cm~2 s~ !, whereas at high solar activity it is
about ~2.6 x 10 cm~? s~!. Since the solar activity de-
pendence of the escape fluxes is not linear, we expect the
time-averaged escape rates to be slightly smaller than
the average of the low and high solar activity values.

We can compare our C escape fluxes with those com-
puted by Nagy et al. [2001] using the two-stream
method. Nagy et al. predicted global average escape
fluxes of 2.7 x 10° and 3.9 x 10° cm~2 s~! for low and
high solar activities, respectively. These fluxes are 30—
50% larger than our values. In addition to using slightly
different cross sections, the models used here are some-
what different from those adopted by Nagy et al. [2001]
and by For and Haé [1999]. The previous high solar
activity model was based on an earlier MTGCM model
from S. Bougher (private communication, 1996). Foz
and Haé [1999] predicted escape fluxes due to dissocia-
tive recombination that were about 50% larger than the
present values. In the previous high solar activity model
we placed the exobase at 215 km, whereas in the present
model it is near 220 km. Earlier versions of the low so-
lar activity model (including that adopted by Nagy et
al. [2001]) which were based on Viking 1 data, did not
include H and H,, which react with many ions, includ-
ing CO*, N¥, and COJ. With the inclusion of these
species the density profile of CO* and the escape flux
of C due to dissociative recombination of CO* are both
reduced. In fact, our low solar activity model OF peak
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Table 1. Global Average C Photochemical Escape Fluxes

Process Flux, 10°cm~2 s~!

Low Solar High Solar

Activity Activity
CO+hvr—C+0 1.65 18
COt4+e—>CH+0O 0.29 6.2
CO+hv—-C+0Ot +e 0.090 1.0
CO+e—C+0O0+e 0.065 0.77
0tt +CO - C+ 0%+ 4+ 0t 0.0027 0.023
CO+e—C+ 0Ot 42¢ 0.0011 0.012
Total 2.1 26

densities are a factor of 2 smaller than those measured
by the Viking retarding potential analyzer [Hanson et
al., 1977) and the CO* densities are smaller than our
previous models indicated by 25% at the peak and by a
60% at 300 km. Since the H and H, density profiles are
anticorrelated with solar flux because of the increases
in the escape rates and eddy diffusion coefficients from
low to high solar activity [Krasnopolsky et al., 1998], the
effects of H and H; on the high solar activity ionosphere
are not large. We do, however, feel that the Hy mix-
ing ratio of 40 ppm predicted by Krasnopolsky et al.
[1998] is an overestimate. (It is also, of course, possi-
ble that the Viking 1 Ot profile is in error or is not
representative.) We will analyze more completely the
effects of H, densities on the ionosphere of Mars in a
future paper. Also, we will later include the chemistry
of some of the products of reactions of ionospheric ions
with H,, such as N,H+, OHt, HCO*, and HCOJ. In
the present calculations we have lost a small amount of
mass and charge, which results in slight underestimates
of the dissociative recombination rates. Since, however,
the time-averaged escape rate is dominated by the high
solar activity values, an uncertainty of the order of a
factor of 2 in the low solar activity values is not signif-
icant.

The difference between our predictions for the escape
flux due to photodissociation of CO and the values of
Nagy et al. [2004] (a factor of slightly less than 1.5) may
also be partly due to the use of the “exobase” approxi-
mation, in which only energetic atoms produced above
the exobase are assumed to escape. Since the photodis-
sociation rate increases as the altitude decreases, a large
fraction of escaping atoms may arise from altitudes be-
low the exobase. The CO* dissociative recombination
rate also increases with decreasing altitude near the
exobase, peaking in the 140-150 km range. We are in
the process of carrying out Monte Carlo calculations to
determine how reliable the exobase approximation is for
estimating escape rates due to various mechanisms.

As mentioned previously, large fluxes of escaping ions
attributed to OF were observed by instruments on the
Phobos spacecraft [e.g., Verigin et al., 1991; Lundin et

al., 1990], although there are large uncertainties in the
total escape rates inferred from these measurements.
Undoubtedly, some of the escaping ions contain carbon
atoms. Foz [1997] placed an upper limit on the hemi-
spheric escape fluxes of COJ + COt 4 C* owing to
the production rate above the photochemical equilib-
rium region of 4.2 x 105cm~2 s™! at low solar activity
and 3.2 x 10°cm~2 at high solar activity. In the cur-
rent low solar activity model, significant fractions of the
CO7 and CO™ are destroyed in reactions with Hy. We
have performed a similar computational experiment as
that carried out by Foz [1997] and found that for the
maximum upward velocity boundary condition on the
ions (~7.9 x 10 cms~!), which reproduces the Viking
0'2" density profiles [Hanson et al., 1977], the low solar
activity upper limit on the hemispheric escape rate of C
containing ions is 2.2 x 106 cm~? s~!, which is smaller
by about a factor of almost 2 than the earlier model in-
dicates. As stated previously, we do not, however, con-
sider the current low solar activity model to be more
reliable than the Viking model, and furthermore, in the
present model we do not include HCOt and HCOJ, the
escape of which will also increase the C escape rates.
The MHD calculations of Liu ef al. [1999, 2001] pre-
dicted that the total ion escape fluxes were of the order
of one fourth of the upper limits for O;’ + Ot escape
computed by Foz [1997]. If this factor is applied to the
upper limits for the C-containing ion escape fluxes of
Foz [1997), the global average C escape flux would be
(5-40)x10°cm =2 s=! where the range is from low to
high solar activities. Clearly, ion escape has the poten-
tial to rival or even dominate photochemical escape. As
pointed out previously, however, there are large uncer-
tainties in both the computed and measured ion escape
fluxes. Further research into ion escape mechanisms and
spacecraft measurements of ion escape fluxes would be
helpful.

The predicted photochemical escape fluxes are of the
same order of magnitude as the global average escape
flux from sputtering of 5 x 10° c¢cm~? s~! for mod-
erate solar activity as computed by Kass [1999] and
1 x 10°cm~2 s~! for low solar activity as computed
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Table 2. Comparison of Global Average C Escape Fluxes For Various Nonthermal

Mechanisms
Process Flux (10°cm™2 s71)
Low Solar Moderate Solar High Solar
Activity Activity Activity
Photochemical 2.1 26
Sputtering® 5
Sputtering® 1
Ion escape® <21 <160

> From a moderate solar activity model [Kass, 1999].
> From a low solar activity model [Luhmann et al., 1992; Jakosky et al., 1994].

¢ From Foz [1997].

by Luhmann et al. [1992] (corrected by Jakosky et al.
[1994]). The sputtering rates are, however, more un-
certain than the photochemical escape rates at present.
At earlier times the photochemical escape rates prob-
ably scaled as the solar EUV fluxes squared or cubed.
This amplification is due to the combined effects of in-
creases in the CO mixing ratios, the neutral temper-
atures, the ionization and dissociation rates, and the
electron densities as the solar EUV fluxes increase. On
the other hand, the sputtering rates are predicted to be
larger by orders of magnitude at earlier epochs when
the solar wind is predicted to be have been much more
intense [Zhang et al., 1993], although recent calcula-
tions by Johnson and Luhmann [1998] have shown that
a feedback process in the sputtering contribution to the
hot O corona may reduce the loss rates due to sput-
tering at earlier times. Although these calculations in-
dicate that the photochemical escape rates are slightly
more important at present, sputtering may have dom-
inated the escape earlier in the history of the planet.
The escape fluxes for various nonthermal mechanisms
are compared in Table 2.

Finally, we address the effect on the escape rates of
the small-scale magnetic crustal anomalies detected by
the Mars Glcbal Surveyor [e.g., Acusia et al., 1999],
which are found mostly in the ancient cratered ter-
rain in the southern hemisphere. They indicate that
Mars once had a magnetic dynamo but that it survived
only a few hundred million years. Such a primordial
field would considerably reduce the sputtering rates and
would shelter the ionosphere from any direct interac-
tion with the solar wind, allowing the ionopause to rise,
possibly marginally increasing the escape rates due to
dissociative recombination. The escape rate of C due
to photodissociation of CO would not be affected by
the presence of a magnetic field, although an increase
in the solar EUV fluxes and the mixing ratio of CO at
earlier epochs would certainly increase the photodisso-
ciation rate. The direct escape of ions would be shut
off, except perhaps along open field lines in the polar
regions.

At present, in regions above the remnant crustal fields
the ionosphere may be magnetized, and its structure
could be quite different from the structure assumed
here, in which no magnetic field is assumed. The ef-
fects of localized magnetic anomalies on the ionosphere
have been discussed by Liu et al. [2001], who predicted
larger ion densities, and by Ness et al. [2000], who pre-
dicted smaller ion scale heights. Previously, Shinagawa
and Cravens [1992] modeled the effect of an intrinsic
magnetic field on Mars and suggested that even for the
case in which the intrinsic magnetic field was smaller
than that induced by the solar wind interaction, the
ion densities at high altitudes would be reduced by a
strong horizontal plasma flow. This would lead to a
significant decrease in the ion densities with increas-
ing altitudes and thus to smaller ion and electron den-
sity scale heights, also. Further model calculations and
measurements of the structure of the ionosphere in the
regions of the magnetic anomalies are essential to de-
termining definitively the effect of the magnetic field on
the ion density profiles and the escape rates.

5. Summary and Conclusions

We have computed the photochemical escape rates of
atomic carbon for low and high solar activity models
due to six sources: photodissociation of CO, dissocia-
tive recombination of CO*, electron impact dissociation
of CO, photodissociative ionization and electron im-
pact dissociative ionization of CO, and the dissociative
charge transfer reaction of O*t+ with CO. The global av-
erage escape fluxes for each source and totals at low and
high solar activities are given in Table 1. The largest
sources are photodissociation of CO and dissociative re-
combination of COt, while the other sources contribute
< 10% of the total. The escape fluxes increase by fac-
tors of 10-20 from low to high solar activities, and the
escape flux due to dissociative recombination shows the
largest variation with solar activity. The total global av-
erage escape fluxes are 2.1 x 10° and 2.6 x 105cm=2 5!
at low and high solar activities, respectively. The time-
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averaged escape rate of C will be controlled mostly by
the high solar activity values, and an average photo-
chemical escape flux of ~1 x 106 cm~2 s~ ! is predicted.

The C escape fluxes from photochemical sources are
slightly larger than current estimates for the escape flux
due to sputtering at present [e.g., Kass, 1999; Luh-
mann et al., 1992; Jakosky et al., 1994]. In previous
epochs, when the solar fluxes were predicted to have

been enhanced by factors of 3-6 at 2.5-3.5 Gyr before
present, the photochemical escape rates probably scaled
as the solar flux squared or cubed, whereas the sputter-
ing fluxes are predicted to have increased by orders of
magnitude [Zhang et al., 1993; Johnson and Luhmann,
1998]. Although the sputtering rates are highly uncer-
tain even at present, sputtering may have dominated
the escape of C in the past.
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