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A B S T R A C T   

We analyze the consequences of the new laboratory measurements of the emissions cross sections of the Cameron 
bands excited by electron impact on CO2 and CO in the Mars aurora. We use Monte Carlo simulations to 
investigate the importance of these changes and their dependence on the initial electron energy. The Mars 
Climate Database (MCD) is used as an input for the temperature and neutral density profiles. Auroral density 
profiles of O2

+, CO+
2 and electrons in the aurora are calculated for a range of precipitating electron energies. The 

total nadir brightness of the Cameron bands is reduced by a factor of 4.5 at 150 eV and 5.1 at 700 eV relative to 
calculations made with the previously recommended cross section. The relative contributions to the production 
of the Cameron bands by electron collisions with CO2 and CO are examined. It varies with the CO/CO2 density 
ratio near the emission peak that depends on the neutral model and season. Dissociative recombination of CO+

2 
ions provides a contribution between 10% and 45% at the altitude of maximum production of the a 3Π state. The 
efficiency of the nadir brightness of the Cameron bands is 2.5–3.6 kilorayleighs per incident electron energy flux 
of 1 mW m− 2, with a small dependence on the initial electron energy. Model simulations predict that the in
tensity ratio of the Cameron bands to the CO+

2 UV doublet (UVD) depends on the electron initial energy. It varies 
from 2.0 at 500 eV to 5.3 at 50 eV, for both Ls = 90◦ and 225◦.   

1. Introduction 

The CO a 3Π → X 1Σ Cameron bands between 190 and 270 nm and 
the CO+

2 B 2Σ → X 2Π ultraviolet doublet (UVD) at 288–289 nm are 
among the main spectral features of the Mars and Venus MUV dayglow 
emissions. Both emissions were initially observed in the dayglow from 
the Mariner 6 and 7 spacecraft (Barth et al., 1971, 1972; Stewart et al., 
1972). Further MUV dayglow observations (Leblanc et al., 2006; Cox 
et al., 2010; Jain et al., 2015) and models (Fox and Dalgarno, 1979; Jain 
and Bhardwaj, 2012) confirmed the initial analyses. They concluded 
that photoionization of CO2 and electron impact on CO2 are the domi
nant dayglow sources of CO+

2 excited in the B2Σu
+ state and that photo

dissociation of CO2 and dissociative excitation by electron impact are 
the major sources of the CO(a3Π) state near the emission peak at ~130 
km. 

Bertaux et al. (2005) first detected a middle ultraviolet (MUV) 
auroral emission at the limb with the Spectroscopy for the Investigation 
of the Characteristics of the Atmosphere of Mars (SPICAM) instrument 

on board the Mars Express orbiter. The auroral MUV spectrum was very 
similar to the dayglow spectrum. The aurora was located near the 
boundary between open and closed crustal magnetic field lines at an 
estimated altitude of 129 ± 13 km. Leblanc et al. (2008) and Gérard 
et al. (2015) observed auroral signatures in the nadir direction and 
analyzed the location and spectral composition of the auroral events. 
They demonstrated that the bright aurorae tend to concentrate along 
regions of open crustal magnetic field lines in the southern hemisphere. 
Soret et al. (2016) determined that the altitude of the maximum 
Cameron limb brightness was located at 137 ± 27 km. Model simula
tions indicated that the observed peak altitudes of the auroral MUV 
emissions correspond to the injection of monoenergetic electrons be
tween 40 and 200 eV. They showed that the peak altitude of the 
Cameron and UVD bands emissions is identical within the accuracy of 
the vertical spatial resolution. 

A much larger number of discrete auroral events was observed with 
the Imaging Ultraviolet Spectrograph (IUVS) instrument (McClintock 
et al., 2015) on board the Mars Atmosphere and Volatile Evolution 
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(MAVEN) orbiter. Schneider et al. (2021) detected 278 occurrences of 
discrete auroral events at the limb. They showed that these events occur 
primarily in evening hours, especially in a way depending on the 
orientation of the interplanetary magnetic field. A large number of 
auroral detections were found to occur far from the crustal magnetic 
field region. Soret et al. (2021)’s studies of MAVEN-IUVS auroral de
tections indicated that the histogram of the maximum intensity at the 
limb ranges between 80 and 160 km, with a maximum probability close 
to 130 km. Therefore, to convert this altitude of the maximum bright
ness at the limb to that of the peak of the volume emission rate, two 
effects must be considered. First, even in the case of a homogeneous 
emission, the maximum of the peak altitude at the limb is located 
somewhat lower than the peak of the volume emission rate by the order 
of one scale height. Second, the confined discrete aurora is not neces
sarily located at the tangent point of the line of sight. It may originate 
from a higher altitude in front of or behind the tangent point of any 
given limb observation (Schneider et al., 2021). Both effects statistically 
lead to an upward offset of the volume emission rate relative to the 
maximum of a limb observation. We estimate this offset equal to 10 km 
and deduce that the maximum emission rate of the Cameron bands is 
located at ~140 km. Two other types of Mars aurora were later 
discovered: the extended nightside diffuse aurora (Schneider et al., 
2015; Gérard et al., 2017) occurring at lower altitude (~80 km) and the 
proton aurora (Deighan et al., 2018; Ritter et al., 2018) generally 
observed on the dayside. 

Simultaneous detections of FUV auroral signatures by SPICAM and in 
situ measurements of electron precipitation with the ASPERA 3-ELS 
electron analyzer showed a close correlation between both types of 
events. The nadir brightness of the Cameron bands ranged from 0.12 to 
1.9 kiloRayleigh (kR, 1 kR = 109 photons cm− 2 s− 1 per 4π steradians) per 
incident electron energy flux of 1 mW m− 2. Soret et al. (2021) analyzed 
the relation between five discrete auroral events detected at the limb by 
IUVS and the integrated incoming electron energy flux measured by the 
Solar Wind Electron Analyzer (SWEA) detectors between 50 and 2000 
eV on board MAVEN. One event is of particular interest as the optical 
and electron precipitation detection occur simultaneously at a time 
when the location of the MAVEN spacecraft and the tangent point of the 
line of the IUVS sight were only separated by 260 km. This coincidence 
occurred during MAVEN orbit 3520 at 11:02:12 UT and was illustrated 
in their Fig. 9a. The limb brightness of the Cameron bands was 1.8 kR 
and the electron flux measured by SWEA reached 1.1 mW m− 2. A second 
case of simultaneous electron enhancement of 2.7 mW m− 2 and an 
auroral emission of 4.1 kR were detected during orbit 8627. These 
measurements correspond to efficiencies of 1.6 and 1.5 kR/mW m− 2. 
These efficiencies are near the upper range of the combined ASPERA- 
SPICAM detections. 

The Cameron/UVD intensity ratio was examined in three different 
studies. Gérard et al. (2015) re-analyzed the full nadir viewing SPICAM 
database and identified 16 auroral events in the southern hemisphere. 
The mean Cameron/UVD intensity ratio was 4.9 in the nadir direction as 
measured through the wide SPICAM slit. The three limb viewing de
tections by Soret et al. (2016) with SPICAM provided a mean intensity 
ratio of 9. Soret et al. (2021) found that the Cameron and UVD bright
ness at the limb observed with IUVS-MAVEN generally co-varies with a 
mean ratio of 6.6, although the low intensity cases tend to show a lower 
ratio while larger values are observed in bright aurorae. They also 
confirmed that the altitudes of both emissions are very close to each 
other over a range of peak altitudes extending between 80 and 160 km. 

Models of the Martian auroral MUV emissions have been described 
by Soret et al. (2016), Bisikalo et al. (2017), Gérard et al. (2017) and 
Soret et al. (2021). They all used a Monte Carlo electron transport model 
(Gérard et al., 2008) adapted to the Mars atmosphere to study the ver
tical and limb intensity of auroral emissions caused by precipitation of 
energetic electrons. The neutral density altitude distribution was taken 
from the M-GITM model (Bougher et al., 2015) adapted to conditions of 
the IUVS detection of the aurora. The model calculated the dependence 

of the altitude variation of the auroral emissions versus the electron 
initial energy. It was used to investigate the production of the CO 
Cameron and Fourth Positive bands, the CO+

2 UV doublet, the 130.4 nm 
and 297.2 nm oxygen emissions. The present study updates earlier an
alyses of the CO Cameron and CO+

2 UVD emissions at Mars using newly 
determined cross sections. 

In section 2, we describe the sources of the excited a 3Π state and the 
previously used emission cross sections. Section 3 describes the new 
excitation cross sections and the differences with those previously used 
in the literature. New Monte Carlo simulations of the auroral sources of 
the Cameron bands and comparisons with earlier results are presented in 
section 4. Section 5 discusses the uncertainties in the CO abundance and 
section 6 the dependence of spectral distribution of the Cameron bands 
versus the electron energy. 

2. Auroral sources of Cameron bands 

The main sources of a 3Π state in the aurora are: 

CO2
(
X1Σ

)
+ ef (E > 11.5 eV)→CO

(
a3Π

)
+ O + e’

f (1)  

CO
(
X1Σ+

)
+ ef (E > 6 eV)→CO

(
a3Π

)
+ e’

f (2)  

CO2
+
(
X2Πg

)
+ eth→CO

(
a3Π

)
+ O (3) 

The CO+
2 UV doublet is produced by electron impact on CO2: 

CO2
(
X1Σ

)
+ ef (E > 18.1 eV)→CO2

+
(
B2Σ

)
+ e’ + e’ ’ (4)  

where ef and eth denote fast auroral and thermal electrons respectively. 
Previous model calculations lead to the conclusions that electron 

impact on CO2 (process 1) is the dominant production of CO a 3Π state in 
the lower thermosphere while processes (2) and (3) are secondary 
sources. The electron impact cross sections for (1) and (2) were based on 
the initial laboratory measurement by Ajello (1971a, 1971b). The rec
ommended value of the peak of the e + CO2 cross section was 2.410− 16 

cm2 near 100 eV (Avakyan et al., 1999; Shirai et al., 2001; Bhardwaj and 
Jain, 2009), based on the early measurements by Ajello (1971a) and 
renormalized at 80 eV by Erdman and Zipf (1983) who corrected for the 
lifetime and presence of other transitions. To account for re- 
measurements of the radiative lifetime of the a 3Π metastable state 
and obtain agreement with the Cameron dayglow observations, several 
dayglow modelers reduced the magnitude of the cross section by a 
constant factor of 2 to 3 at all energies (Conway, 1981; Gronoff et al., 
2012; Jain and Bhardwaj, 2012; González-Galindo et al., 2018). Fox and 
Dalgarno (1979, 1981) used lower peak values such as 4 × 10− 17 cm2 at 
27 eV, based on the measurements by Freund (1971). These corrections 
reduced the brightness of the simulated Cameron bands dayglow model, 
although the presence of other source processes limited the impact of 
this downward revision. Soret et al. (2016, 2021) also adopted a value of 
8 × 10− 17 cm2 at 80 eV in their auroral model calculations. Similarly, 
Gérard et al. (2017) applied a downward scaling factor of 3 in their 
model of the Martian diffuse aurora. The contribution of process (1) 
decreases linearly with the scaling factor. The value of the cross section 
for electron impact on CO by Shirai et al. (2001) was also based on 
laboratory measurements by Ajello (1971b) and renormalized at 11 eV 
by Erdman and Zipf (1983). It reaches a peak of 1.4 × 10− 16 cm2 at 11 
eV, close to the excitation threshold. 

In the next sections, we analyze the consequence of the new mea
surements on the model and discuss the relative importance of processes 
(1) and (2). 

3. New emission cross sections 

Recent laboratory measurements shed a new light on the difficulty of 
laboratory measurements of the Cameron bands emission cross sections. 
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In brief, Lee et al. (2021, 2022) have found that the initial cross section 
measurements were flawed as a consequence of the wall effects on the 
measurements of relatively long radiative lifetime of the metastable a 3Π 
state in an insufficiently large vacuum chamber. The high-velocity CO (a 
3Π) fragments were deactivated in collisions with the chamber walls. In 
addition, the Cameron bands were not completely spectrally resolved at 
the instrument’s resolution and partly blended with the CO Fourth 
Positive bands. Lee et al. (2022) recommended to discard the previous 
work by Ajello (1971b) and use their new values, based on more accu
rate work carried out in a much larger tank at the University of Colo
rado. Their experiments avoid the effects of spectral blending, includes 
the entire band system between 180 and 280 nm, and carefully accounts 
for the kinetic energy imparted drift out of the detector field of view 
from dissociative excitation of CO2. 

Similarly, a revised cross section for process (2), although less dra
matic, was also measured by Lee et al. (2021). 

A comparison between the earlier cross sections and the analytical fit 
to those measured by Lee et al. (2021, 2022) is shown in Fig. 1. The 
dotted lines correspond to the values from Shirai et al. (2001) in red for 
e + CO2 and in blue for e + CO. The solid lines represent the analytical 
fits to the new measurements by Lee et al. (2021, 2022). We note that the 
new laboratory measurements were made at a limited number of elec
tron energies. The electron impact cross section on CO2 is strongly 
different from the earlier one. The peak value is less by a factor of 6 and 
the shape is drastically different. The Lee et al. (2022) cross section 
rapidly drops beyond 20 eV, in contrast with the Avakyan-Shirai cross 
section which remains quite flat between 20 and 300 eV. At 100 eV, the 
two values differ by more than two orders of magnitude. For e + CO, the 
peak value is close to the earlier value recommended by Shirai et al. 
(2001) but the new cross section decreases much more rapidly with 
increasing electron energy beyond 15 eV. Below 15 eV, we adopt the 
cross section recommended in Table 1 by Furlong and Newell (1996) 
normalized to the value measured at 15 eV by Lee et al. (2021). 

We now examine the consequences of the adoption of the Lee et al. 
(2021, 2022) new values on the Monte Carlo simulations of the intensity 
of the Cameron bands and the Cameron/CO+

2 UVD ratio in the aurora. In 
particular we discuss the relative importance of sources (1) and (2). 

4. Monte Carlo model simulations 

In this section, we first briefly describe the Monte Carlo model used 
to simulate the emission rate of the Cameron and UV doublet bands. We 
then describe the results of the model calculations for different initial 

electrons and seasons including the altitude of the peak emission and the 
Cameron/UVD intensity ratio. 

4.1. The model 

The electron transport and excitation model used for the following 
numerical simulations was initially developed by Shematovich et al. 
(2008) for the Martian dayglow, Gérard et al. (2008) for the Venus 
aurora and dayglow and Soret et al. (2016) for the Mars aurora. The 
method was originally derived from a kinetic model for the hot oxygen 
geocorona by Shematovich et al. (1994). It is based on photochemical 
processes, kinetics and a Monte Carlo approach. Auroral electrons 
interact with the Martian atmosphere where they lose their kinetic en
ergy in elastic, inelastic and ionizing collisions with the ambient atmo
spheric gas. The energy loss of the precipitating electrons is calculated 
by solving the kinetic equation, involving the transport of electrons, the 
production of primary and secondary electrons and elastic and inelastic 
scattering terms. The Monte Carlo algorithm numerically solves the 
Bolzmann’s kinetic equations for atmospheric systems using the Direct 
Simulation Monte Carlo approach. The model outputs are the vertical 
distributions of volume emission rates of various CO, CO+

2 and O emis
sions between 30 km and 300 km. The atmospheric model in the 
following simulations is provided by the Mars Climate database (MCD) 
(version 5.3) (Forget et al., 1999; González-Galindo et al., 2009; Millour 
et al., 2019) for conditions appropriate to the largest number of de
tections of the nightside discrete aurora: latitude = 50◦S, planetary 
longitude Ls = 180◦, local time = 00:00 h, solar longitude = 90◦. We use 
the winter solstice season in the southern hemisphere as our base case 
since this is the most favorable period for nightside observations in the 
crustal field region. The temperature and neutral atmosphere composi
tion are shown in Fig. 2. 

The emission cross sections of the main auroral spectral features 
were listed by Gérard et al. (2017). They have been used for this study 
with a few exceptions. In particular, the cross sections for processes (1) 
and (2) initially taken from Shirai et al. (2001) have been replaced by 
the new values from Lee et al. (2021, 2022). The emission cross section 
for the CO+

2 UV doublet is taken from the recommended values by Iti
kawa (2002), based on Tsurubuchi and Iwai (1974) measurements. 

The contribution of process (3) is given by the product αCO+
2 × ε ×

[CO+
2 ] × Ne, where [CO+

2 ] is the CO+
2 ion density and Ne the electron 

density. The dissociative recombination coefficient of CO+
2 , αCO+

2 = 4.2 
× 10− 7 (300/Te)0.75 is taken from Viggiano et al. (2005), confirmed by 
Fournier et al. (2013). The efficiency ε of the production of the a 3Π state 
is equal to 0.29 ± 0.10 (Skrzypkowski et al., 1998; Rosati et al., 2003). 
The steady state calculation of the CO+

2 and electron densities follows a 
simplified version of the ionospheric scheme by González-Galindo et al. 

Fig. 1. Comparison of the excitation cross section of the CO Cameron bands by 
electron impact on CO2 (red) and CO (blue). The dotted lines show the 
analytical expressions by Shirai et al. (2001) and the solid lines correspond to 
the fits to new measurements by Lee et al. (2021, 2022). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 2. MCD model atmosphere used for the numerical simulations of auroral 
brightness distribution in this study (Ls = 90◦). 
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(2013). In the lower thermosphere, the CO+
2 ions created by the colli

sions of the electrons with CO2 readily transfer their charge to atomic 
oxygen to form O2

+. In the lower thermosphere, a photochemical balance 
is established between the CO+

2 and the O2
+ ions. The energy dependent 

cross section for the production of CO+
2 ions by electron impact is taken 

from Itikawa (2002). This calculation is valid in the region below about 
200 km where photochemical control is dominant (Fox et al., 2017), 
which corresponds to the altitude range where the bulk of the Cameron 
bands is emitted. At higher altitude, plasma transport processes become 
important and have been ignored here. Under these conditions, the CO+

2 
density is given by: 

[
CO+

2

]
=

P
(
CO+

2
)

(k1 + k2)[O] + αCO+
2

Ne  

where P(CO+
2 ) is the production rate of CO+

2 ions, k1 = 9.6 × 10− 11 cm3 

s− 1 and k2 = 1.6 × 10− 10 cm3 s− 1 are the rate coefficients of the CO+
2 +O 

→ CO2+O+ and CO+
2 +O → CO+O2

+ reactions respectively. The electron 
temperature in the aurora is taken equal to the neutral temperature since 
our model does not include the calculation of the energy balance in the 
ionosphere for a given auroral energy flux and mean energy. This 
simplification leads to an overestimate of the CO+

2 + e source of CO a 3Π 
molecules. For example if Te = 500 K, the maximum volume production 
rate of Cameron bands by CO+

2 recombination would decrease by about 
30%. 

Fig. 3 shows the density profiles of both ions calculated for two 

different initial electron energies. The determination of the O2
+ density, 

the dominant ion in the region of interest here, is important to calculate 
the electron density Ne that controls the CO+

2 ion density in the above 
expression. The calculated [O2

+]/[CO+
2 ] ratio at the peak increases from 

5.3 for a 50 eV precipitation to 13 at 1 keV. These densities and their 
ratio are comparable to those measured in the dayside ionosphere 
(Haider et al., 2011; Yoshida et al., 2021). This similarity is expected as 
the ratio between the two species is independent of the initial mecha
nism creating the CO+

2 ions. 

4.2. CO abundance in the nightside lower thermosphere 

The abundance of CO in the lower thermosphere is only loosely 
constrained by in situ or remote sensing observations. The Viking mass 
spectrometers (Nier and McElroy, 1977) give a CO/CO2 density ratio of 
about 0.05 at 140 km. More recently, the NGIMS mass spectrometer on 
board MAVEN measured molecular mass 28 down to 120 km during 
deep dip sequences. Mahaffy et al. (2015) reported a CO/CO2 ratio of 
about 0.01 at 135 km. However, there is an ambiguity with N2 which has 
an identical molecular mass and the accuracy of the density of the CO 
density is limited. It has subsequently been challenged (Wu et al., 2020), 
so that the CO/CO2 density ratio in the lower thermosphere thus remains 
somewhat uncertain. Occultation measurements of this ratio on board 
the Trace Gas Orbiter are limited to altitudes below 100 km (Yoshida 
et al., 2022). However, the column density ratio between CO and CO2 
was recently derived by Evans et al. (2022) from measurements of the 
CO Fourth Positive bands with the Emirates Ultraviolet Spectrometer 
(EMUS) on board the HOPE Emirates Mars Mission. They found that the 
column abundance of CO relative to CO2 above ~70 km is systematically 
larger than the MCD simulations by ~40%. The variability in local time, 
latitude and solar longitude of the CO relative column abundance 
observed by EMUS was generally different from the MCD predictions. 
For consistency, in this study we have adopted the CO density distri
bution provided by the MCD as was shown in Fig. 2. Fig. 4 illustrates the 
vertical distribution of the CO/CO2 density ratio from the MCD under 
the conditions used in this study. In the base case (Ls = 90◦, solid line), 
the ratio is about 0.1 at 140 km and reaches unity close to 200 km. 

This ratio varies not only with altitude but also with season and 
latitude. For comparison, this ratio is also shown at the same location for 
Ls = 225◦ when it is significantly smaller. The Mars Climate Model 
predicts that the CO/CO2 ratio varies at 130 km from 0.02 at Ls = 270◦ to 
0.21 at Ls = 75◦ at 50◦ S, 00:00 local time. This latitudinal-seasonal 
change, if real, will significantly modulate the relative importance of 
the a 3Π state production by electron impact on CO2 and CO as a function 
of Ls. In contrast, the GEM-Mars model (Neary and Daerden, 2018; 

Fig. 3. Calculated vertical distribution of the O2
+ and CO+

2 density for initial 
electron energies of 50 eV (a) and 1 keV (b). The integrated electron energy flux 
is 1 mW m− 2 in both cases and the solar longitude Ls = 90◦. 

Fig. 4. Altitude variation of the CO/CO2 density ratio in the MCD used in this 
study. The solid line corresponds to Ls = 90◦ and the dashed line to Ls = 225◦. 
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Daerden et al., 2019) gives density ratios between 0.01 (Ls = 120◦) and 
0.02 (Ls = 200◦), globally smaller and more constant throughout the 
Martian year than the MCD (see supplemental material for a comparison 
of the seasonal variation in the two models). 

4.3. Results 

The relative importance of processes (1), (2) and (3) in the produc
tion of the a 3Π state is illustrated in Fig. 5 for two different seasons and 
three initial electron energies, all for a precipitated electron energy flux 
of 1 mW m− 2. Cases (a) and (c) correspond to Ls = 90◦ and (b) and (d) to 
Ls = 225◦ to cover periods of maximum and minimum CO/CO2 ratio 
predicted by the MCD (see Supplemental Material). Energies in panels 
(c) and (d) correspond to a maximum production near 140 km. At Ls =

90◦ processes (1) and (2) equally contribute to the total emissions rate 
near the peak, reaching a maximum of 1.1 × 103 cm− 3 s− 1 at 141 km for 
E = 50 eV (case a) and 1.2 × 103 at 139 km for E = 100 eV (case c). At 
higher altitude, impact on CO progressively dominates the production of 
the Cameron bands as the CO/CO2 density ratio increases. The contri
bution of process (2) is directly proportional to the CO density. It makes 
a smaller but significant contribution with a maximum contribution 
about ~10 km higher than the electron impact sources. The relative 
importance of the three sources remains nearly unchanged near the peak 
between (a) and (c). Similar curves for Ls = 225◦, E = 50 eV and E = 500 
eV are shown in panels (b) and (d). Comparison between (b) and (a) 
indicates that the production peak has moved up by 12.5 km, a conse
quence of the thermal expansion and upward displacement of the isobar 
levels when Mars moves closer to perihelion. The maximum volume 
emission rate is 1.4 × 103 cm− 3 s− 1. In this case again, recombination of 
CO+

2 ions is a third but important contribution. Cases (a) and (d) produce 
peak productions at the same altitude near 140 km, in agreement with 
the MAVEN-IUVS limb observations showing a statistical apparent 
maximum of the peak altitude near 130 km (Soret et al., 2016, 2021). In 
both cases, the importance of the electron impact on CO is reduced 
relative to Ls = 90◦ as a consequence of the smaller CO/CO2 density ratio 
predicted by the MCD model during winter summer. 

Comparative simulations for the identical conditions show that the 
calculated nadir brightness of the Cameron bands has decreased by a 

factor of 4.5 at 150 eV and 5.1 at 700 eV relative to calculations with the 
Avakyan-Shirai cross section. The difference essentially stems from the 
reduction and modified shape of the e + CO2 cross section. 

Fig. 6a shows the calculated total volume emission rate of the 
Cameron bands and CO+

2 UV doublet resulting from electron impact on 
CO2 and CO as well as CO+

2 dissociative recombination for a series of 
initial electron energies ranging from 30 to 1000 eV. The total energy 
flux on the top of the model is 1 mW m− 2 in all simulated cases. As 
expected, the altitude of the peak of the Cameron bands decreases with 
increasing initial electron energy, but the maximum production rate 
remain nearly constant at a value between 1.0 × 103 and 1.4 × 103 cm− 3 

s− 1. 
The variation of the peak altitude is best seen in Fig. 7 where the 

maximum of the Cameron bands production is represented versus the 
electron energy. It shows that the altitude of maximum production re
mains quasi constant at 139 km for energies up to ~150 eV at Ls = 90◦. 
Beyond this energy, it monotonically drops down to 119 km at 1 keV. 
These altitudes are somewhat higher than those calculated by Soret et al. 
(2016) owing to the different model atmosphere and the increased 
importance of electron impact on carbon monoxide. The corresponding 
vertical brightness is between 2.5 and 3.6 kR per incident electron flux 
of 1 mW m− 2. These values may be compared to Xu et al. (2022a) who 
empirically determined an efficiency of ~4 kR/mW m− 2 for observa
tions at the limb. 

We now examine the behavior of the CO+
2 UV doublet emission for 

the same conditions as the Cameron bands. Fig. 6b illustrates the in
crease in magnitude and the decrease in altitude of the maximum 
emission rate as the electron energy increases. Its magnitude changes by 
a factor of 10 from 30 eV to 1 keV and the altitude drops from 152 to 120 
km. The vertically integrated brightness increases from 3.3 kR at 30 eV 
and stabilizes at 21 kR beyond 100 eV. The different energy dependence 
of the two emissions is partly a consequence of the different excitation 
thresholds (18.1 eV for UVD versus 6.0 and 11.5 eV for the Cameron 
bands) and the erosion of the higher-energy electron as the beam pen
etrates into the atmosphere as shown is section 5. In the case of electrons 
with energy less than a few hundred eV, the contribution of processes (2) 
and (3) show a maximum at a higher altitude than process (1) as illus
trated in Fig. 5. Therefore, the peak of the total production rate of the 

Fig. 5. Calculated contributions of electron impact on CO2 and CO to the volume production rate of a 3Π state at two seasons (left column: Ls = 90◦; right column: Ls 
= 225◦) and different electron energies carrying an energy flux of 1 mW m− 2. 
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Cameron bands shows an offset from that of the UVD when the electron 
energy decreases. This is best seen in Fig. 7 showing the progressive 
separation of the two peak altitudes for decreasing energies less than 
500 eV for both Ls = 90◦ and 225◦. Below ~50 eV, this offset remains 
close to 20 km. 

The calculated nadir intensity of the two emissions shows a different 
energy dependence as illustrated in Fig. 8. In agreement with the results 
of Fig. 6, the Cameron band peak value and nadir intensity shows little 
variation as the energy varies from 30 eV to 1 keV. Fig. 8a presents the 
nadir intensity remaining close to 3 kR for a precipitated flux of 1 mW 
m− 2 (black lines) at both Ls values (dashed and solid lines). This quasi- 
constant value is in contrast with the UVD brightness that increases with 
increasing electron energy between 30 and 500 eV (blue lines). Fig. 8b 
shows the corresponding energy dependence of the Cameron/UVD in
tensity ratio. Our simulations predict a drop of the intensity ratio from 
11.5 at 30 eV to 1.7 at 1 keV common to both solar longitudes. As 
mentioned before, the mean ratio observed in the discrete aurora is 
about 4.9 at the nadir from Mars Express-SPICAM and 6.6 at the limb 
from MAVEN-IUVS. These two ratios correspond to 40 and 55 eV 
respectively for Ls = 90◦ (solid line). We note that these two curves 
depend on the neutral model adopted that varies with latitude and 
season. In particular, the relative importance of process (2) is directly 
dependent on the CO/CO2 density ratio as discussed in section 4.2. This 
ratio varies not only with altitude but also with season and latitude. 

5. Spectral distribution 

The measured spectral distribution of the Cameron bands between 
170 and 270 nm and its dependence on the electron energy have been 
discussed by Lee et al. (2021, 2022). They showed that the impact of 
electrons with energies less than 20 or 30 eV on CO2 produces a spectral 
distribution matching well the IUVS dayglow and auroral spectra 
described by Soret et al. (2021). In contrast, laboratory spectra at 100 eV 
show a totally different spectral distribution with a single strong peak 
near 193 nm that is absent in the Martian observations. Collisions of 15 
eV electrons with CO produce the same Cameron band distribution as 
observed in the aurora, but the relative intensity of the (2,0), (1,0) (0,0) 
and (0,1) bands is somewhat different from the Martian spectra. In 
particular, the intensity of the (1,0) band appears too strong relative to 

Fig. 6. (a) Volume production rate of the a 3Π state leading to the production of 
the Cameron bands for different initial electron energies; (b) Volume produc
tion rate of the B 2Σ state producing the CO+

2 ultraviolet doublet. The curves 
show the sum of the contributions from electron impact on CO2 and CO and 
CO+

2 dissociative recombination for the Cameron bands and from impact on 
CO2 for the UV doublet. The electron energy flux is 1 mW m− 2 in both cases and 
the solar longitude Ls = 90◦. 

Fig. 7. Variation of the altitude of the emission peak of the Cameron bands (black symbols) and CO+
2 UVD (blue symbols) with the initial electron energy. Dots and 

crosses refer to Ls = 90◦ and 225◦ respectively. Above 600 eV, the black and blue symbols coincide. 
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Fig. 8. (a) Vertically integrated brightness of the Cameron and UV doublet as a function of the initial electron energy electron; (b) Intensity ratio of the two 
emissions. Solid lines correspond to LS = 90◦ simulations and dashed lines refer to LS = 225◦. 

Fig. 9. Electron energy spectra of the flux at 200 km (blue), 139 km (green) and 125 km (red) calculated with the Monte-Carlo electron transport model for a beam of 
100 eV initial energy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the other bands. Excitation by 30 and 100 eV electrons produce radically 
different spectral distributions: the CO Fourth Positive and CO+ First 
Negative bands become dominant respectively, unlike in the observa
tions. Finally, we note that the intensity distribution of the Cameron 
bands in the laboratory spectrum resulting from the CO+

2 dissociative 
recombination by Skrzypkowski et al. (1998) is very similar to the 
auroral and dayglow spectra observed with SPICAM and IUVS. 

The bulk of the electrons producing the Cameron bands near the peak 
altitude have also suffered collisions with the neutral gas. It is a mixed 
population of energy-degraded primary electrons and secondary 
electrons. 

The global energy distribution of this mixed population is calculated 
at each altitude by the Monte Carlo model. As an example, Fig. 9 pre
sents the calculated electron flux at three different altitudes for Ls = 90◦. 
As expected, the initially monoenergetic energy (100 eV) beam is pro
gressively eroded by elastic and inelastic collisions with neutrals which 
contributes to populate the lower energy electrons and remove the 
higher energy component. Near the peak altitude (139 km, green di
amonds), it has almost completely disappeared. At this altitude, the 
mean electron energy is 9.2 eV. At lower altitude, under the emission 
peak, the flux has drastically decreased and only electrons below ~15 eV 
are still present at 125 km (red diamonds). The mean electron energy 
increases to 11.4 eV at 134 km for electrons with an initial energy of 250 
eV. 

In summary, impact on CO2 of electrons with energy less than a few 
tens of eV and dissociative recombination of CO+

2 ions produce Cameron 
bands with a spectral distribution similar to that observed in the aurora. 
Electron impact on CO generates a spectrum compatible with the auroral 
observations if their energy is above 6 eV but less than 30 eV. This en
ergy range is thus compatible with our estimate of the mean energy of 
the electrons in the region of the emission peak. 

6. Discussion and conclusions 

Recent measurements of the emission cross sections of the CO 
Cameron bands by electrons show significant differences with earlier 
values frequently used to model the Martian aurora and airglow distri
bution. They modify the relative importance of the electron impact on 
CO2 and CO, the relation between the incident auroral electron flux, the 
Cameron band intensity and the energy dependence of the Cameron/ 
CO+

2 intensity ratio. Owing to the decrease of the collisional excitation 
sources, dissociative recombination of CO+

2 ions becomes a more 
important source of a3Π CO molecules, with an importance depending 
on the neutral atmosphere and the electron energy. This contribution 
varies from 10% to 45% of the total production at the altitude of the 
production peak in the cases considered here. 

Only a few concurrent measurements of nadir brightness and 
precipitating electron flux have been reported in the literature. The 
geographical coincidence of the two measurements is critical. Nadir 
observations have indicated that the spatial extension of the aurora is 
frequently limited to a few tens of kilometers along the latitudinal di
rection (Gérard et al., 2015; Lillis et al., 2022). Xu et al. (2022a) 
analyzed the quantitative relation between the discrete auroral emission 
detected at the limb by MAVEN-IUVS and the integrated electron energy 
flux measured by the SWEA detectors between 50 and 2000 eV. The 
auroral electron fluxes were measured at night in the one-sided loss cone 
between 170 and 500 km. They found that the empirical linear relation 
between the logarithm of the two quantities could be statistically sum
marized by the expression log (ϕe) = 0.23 log (I(Cameron)), where ϕe is 
the incident energy flux in mW m− 2 and I(Cameron) the limb intensity 
measured with IUVS during the corresponding auroral event (Xu et al., 
2022a, supplementary information). The corresponding efficiency of the 
Cameron band production is 4 kR of Cameron limb brightness at the 
limb per incident mW m− 2, a value close to the predicted nadir in
tensities shown in Fig. 8a. The auroral events used for the MAVEN-IUVS 

extensive brightness-electron flux comparisons were made at the limb. 
In this geometry, the horizontal extent of the aurora along the line of 
sight is unknown (Schneider et al., 2021), making it difficult to convert 
limb observations to vertical column brightness and to determine the 
real altitude of the emission peak. 

Recent observations with the SWEA instrument on board MAVEN 
indicate that, in most cases, the electron precipitation is soft. The mean 
energy has not been analyzed but the peak of the auroral electron flux is 
statistically on the order of 100 eV (Xu et al., 2022b). More energetic 
precipitation has been observed during inverted V acceleration (Xu 
et al., 2020), but such events appear to be rare. These results are in line 
with our Monte Carlo simulations with the MCD atmosphere indicating 
that the observed mean Cameron/UV doublet intensity ratio requires 
relatively soft (E < 100 eV) electron precipitation. Higher values of the 
mean electron energy have been reported by Gérard et al. (2015), but 
they correspond to the bright events observed with SPICAM, as detection 
of weaker aurorae was limited by the sensitivity threshold of the in
strument. We note that the case of the diffuse aurora where high-energy 
electrons and protons produce auroral ultraviolet emissions peaking 
below 100 km (Nakamura et al., 2022) is not considered here. In this 
case, the a3Π state is deactivated by collisions with CO2 (Gérard et al., 
2017), unlike in the discrete aurora considered in this study. 

Finally, the reduction of the Cameron emission cross section for 
electron impact on CO2 should also affect the dayglow, as was briefly 
discussed in Lee et al. (2022). They showed that the mean energy of the 
photoelectrons in the dayglow is 21.5 eV near 130 km, in agreement 
with model calculations of the electron energy degradation in the sunlit 
Martian atmosphere. At this energy, the Lee et al. cross section is a factor 
3 to 4 smaller than the Avakyan-Shirai value. They argued that the effect 
of the change in the predicted Cameron band dayglow intensity is 
mitigated by the presence of additional source processes such as 
photodissociation of CO2 into the CO a 3Π state. Jain and Bhardwaj 
(2012) and Gérard et al. (2017) showed that photodissociation of CO2 is 
indeed a significant source of CO a 3Π state at the altitude of the dayglow 
emission peak. Further work is needed to assess the effect of the new 
cross section values on the Mars and Venus dayglow. 
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2019. Mars atmospheric chemistry simulations with the GEM-Mars general 
circulation model. Icarus 326, 197–224. 

Deighan, J., Jain, S.K., Chaffin, M.S., Fang, X., Halekas, J.S., Clarke, J.T., Jakosky, B.M., 
2018. Discovery of a proton aurora at Mars. Nat. Astronom. 2 (10), 802–807. 

Erdman, P.W., Zipf, E.C., 1983. Electron-impact excitation of the Cameron system (a3Π→ 
X1Σ) of CO. Planet. Space Sci. 31 (3), 317–321. 

Evans, J.S., Correira, J., Deighan, J., Jain, S., Al Matroushi, H., Al Mazmi, H., 
Thiemann, E., 2022. Retrieval of CO relative column abundance in the Martian 
thermosphere from FUV disk observations by EMM EMUS. Geophys. Res. Lett. 49 
(18), e2022GL099615. 

Forget, F., Hourdin, F., Fournier, R., Hourdin, C., Talagrand, O., Collins, M., Huot, J.P., 
1999. Improved general circulation models of the Martian atmosphere from the 
surface to above 80 km. J. Geophys. Res.: Planet. 104 (E10), 24155–24175. 

Fournier, J.A., Shuman, N.S., Melko, J.J., Ard, S.G., Viggiano, A.A., 2013. A novel 
technique for measurement of thermal rate constants and temperature dependences of 
dissociative recombination: CO+

2 , CF3
+, N2O+, C7H8

+, C7H7
+, C6H6

+, C6H5
+, C5H6

+, C4H4
+, 

and C3H3
+. J. Chem. Phys. 138 (15), 154201. 

Fox, J.L., Dalgarno, A., 1979. Ionization, luminosity, and heating of the upper 
atmosphere of Mars. J. Geophys. Res. 84 (A12), 7315–7333. 

Fox, J.L., Dalgarno, A., 1981. Ionization, luminosity, and heating of the upper 
atmosphere of Venus. J. Geophys. Res. Space Physics 86 (A2), 629–639. 

Fox, J.L., Johnson, A.S., Ard, S.G., Shuman, N.S., Viggiano, A.A., 2017. Photochemical 
determination of O densities in the Martian thermosphere: effect of a revised rate 
coefficient. Geophys. Res. Lett. 44, 8099–8106. https://doi.org/10.1002/ 
2017GL074562. 

Freund, R.S., 1971. Dissociation of CO2 by electron impact with the formation of 
metastable CO (a 3Π) and O (5S). J. Chem. Phys. 55 (7), 3569–3577. 

Furlong, J.M., Newell, W.R., 1996. Total cross section measurement for the metastable a 
3Π state in CO. J. Phys. B Atomic Mol. Phys. 29, 331–338. 

Gérard, J.C., Hubert, B., Shematovich, V.I., Bisikalo, D.V., Gladstone, G.R., 2008. The 
Venus ultraviolet oxygen dayglow and aurora: model comparison with observations. 
Planet. Space Sci. 56, 542–552. 

Gérard, J.C., Soret, L., Libert, L., Lundin, R., Stiepen, A., Radioti, A., Bertaux, J.L., 2015. 
Concurrent observations of ultraviolet aurora and energetic electron precipitation 
with Mars express. J. Geophys. Res. Space Physics 120 (8), 6749–6765. 

Gérard, J.C., Soret, L., Shematovich, V.I., Bisikalo, D.V., Bougher, S.W., 2017. The Mars 
diffuse aurora: a model of ultraviolet and visible emissions. Icarus 288, 284–294. 
https://doi.org/10.1016/j.icarus.2017.01.037. 
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González-Galindo, F., Chaufray, J.-Y., López-Valverde, M.A., Gilli, G., Forget, F., 
Leblanc, F., Modolo, R., Hess, S., Yagi, M., 2013. Three-dimensional Martian 
ionosphere model: I. the photochemical ionosphere below 180 km. J. Geophys. Res. 
Planets 118, 2105–2123. https://doi.org/10.1002/jgre.20150. 
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