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Abstract We have measured the 30 and 100 eV far ultraviolet (FUV) emission cross sections of the
optically allowed Fourth Positive Group (4PG) band system (A1Π → X1Σ+) of CO and the optically
forbidden O (5So → 3P) 135.6 nm atomic transition by electron‐impact‐induced‐fluorescence of CO and
CO2. We present a model excitation cross section from threshold to high energy for the A1Π state,
including cascade by electron impact on CO. The A1Π state is perturbed by triplet states leading to an
extended FUV glow from electron excitation of CO. We derive a model FUV spectrum of the 4PG band
system from dissociative excitation of CO2, an important process observed on Mars and Venus. Our
unique experimental setup consists of a large vacuum chamber housing an electron gun system and the
Mars Atmosphere and Volatile EvolutioN (MAVEN) mission Imaging Ultraviolet Spectrograph optical
engineering unit, operating in the FUV (110–170 nm). The determination of the total O I (5So) at
135.6 nm emission cross section is accomplished by measuring the cylindrical glow pattern of the
metastable emission from electron impact by imaging the glow intensity about the electron beam from
nominally zero to ~400 mm distance from the electron beam. The study of the glow pattern of O I

(135.6 nm) from dissociative excitation of CO and CO2 indicates that the O I (5So) state has a kinetic
energy of ~1 eV by modeling the radial glow pattern with the published lifetime of 180 μs for the O I

(5So) state.

Plain Language Summary Both Mars and Venus have upper atmospheres that are similar in
composition: mostly CO2, CO, and N2 are dominant molecular gases, with nearly identical UV spectra.
The modeling studies of atmospheric UV emissions cannot presently be accurately conducted to the same
accuracy as the planetary UV measurements, which avail themselves with state‐of‐the‐art calibrated
spectrographs. This dichotomy in accuracy between planetary observation and model occurs because the
atomic and molecular emission cross sections with uncertainties of certain transitions are greater than
100%. Furthermore, the analysis is complicated by the spectral blending of the various emissions of
the low‐resolution spectral spaceborne instruments. We present in this paper a UV laboratory instrument
unique in the world at the University of Colorado that can measure for the first time the excitation
mechanisms with accurate emission cross sections of both allowed and optically forbidden transitions that
are occurring in a planetary atmosphere.

1. Introduction

The present‐day response of the Mars and Venus upper atmospheres to the solar cycle variation of the solar
radiation fields—solar wind and solar extreme ultraviolet (EUV)—is the focus of the new generation of
Mars missions by the National Aeronautics and Space Agency (NASA) and the European Space Agency
(ESA). These missions for Mars are Mars Express (MEX), in orbit from December 2003–2013, and the Mars
Atmosphere and Volatile EvolutioN (MAVEN), in orbit since September 2014, are each equipped with a
UV spectrometer (Bertaux et al., 2007; Jakosky et al., 2015;McClintock et al., 2014). The recent Venusmission
is Venus Express (VEX) with extensive observations in 2011 with SPectroscopy for Investigation of
Characteristics of the Atmosphere of Venus (SPICAV), an instrument that is nearly identical to
SPectroscopy for Investigation of Characteristics of the Atmosphere of Mars (SPICAM; Bertaux et al., 2007).
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Far ultraviolet (FUV) and EUV dayglow spectra were measured with the UltraViolet Imaging Spectrograph
(UVIS) instrument during the Cassini flyby of Venus (Gérard et al., 2011; Hubert et al., 2010). The physics
and chemistry of the upper atmospheres above 100 km at this point in time in the evolution of Mars and
Venus can be determined from the observation of the UV airglow spectra and 3‐D spatial mappings of major
molecules byMAVEN IUVS (Imaging UltraViolet Spectrograph) covering 110–340 nm and byMEX SPICAM
covering 118–320 nm. The various emissions tell the story of the atmospheric response to the solar energy
input into planets, in the absence of global dipole shielding from the solar wind.

Both Mars and Venus have atmospheres that are similar in composition: CO2 and N2 are the dominant con-
stituents, with nearly identical UV spectra (Chaufray et al., 2012; Feldman et al., 2000; Hubert et al., 2010).
However, the intensity variations of the main emissions, that is, the Cameron bands (a3Π → X1Σ+)
180–260 nm, CO Fourth Positive Group band system (4PG; A1Π → X1Σ+) 111.4–280.0 nm, O I (3s 3So,
5So → 2p4 3P; 130.4, 135.6 nm), and CO2

+ UltraViolet Doublet (UVD;B2Σþ
u→X2Πg) at 288.3 and 289.6 nm,

do not follow the expected solar EUV flux variation with distance to the Sun and with the 11‐year solar cycle
(Chaufray et al., 2012). Modeling studies are needed to understand the differences between the Martian and
Venusian dayglow by examining the Cameron bands, 4PG bands, O I (3s 5So→ 2p4 3P; 135.6 nm), and CO2

+

UVD brightnesses. However, modeling studies cannot presently be conducted to the same accuracy as
the planetary measurements, which avail themselves with state‐of‐the‐art calibrated spectrographs
(Jain et al., 2015; Jakosky et al., 2015; McClintock et al., 2014). This dichotomy in accuracy between
planetary observations and models occurs because the atomic and molecular parameters for these salient
emissions, with uncertainties of certain transitions greater than 100%, have never been accurately
measured, as pointed out by Shematovich et al. (2008), Simon et al. (2007, 2009), Gronoff, Simon
Wedlund, Mertens, and Lillis (2012), and Gronoff, Simon Wedlund, Mertens, Barthélemy, et al. (2012).

UV dayglow and aurora emissions are signatures of solar EUV ionization and energetic particle deposition,
respectively, in the thermosphere and ionosphere (100–300 km), where both regions are sources of primary
and secondary electrons in a planetary atmosphere (Campbell & Brunger, 2013, 2016). The Martian UV day-
glow spectrum is dominated by emissions from CO2 and its dissociative products CO and O, as well as by the
minor constituent N2 (<5%). Mars has been visited by several spacecraft over the past 50 years to remotely
observe UV emissions from orbit, leading with Mariner 6, 7, and 9 (Barth et al., 1971, 1972, 1973). More
recently, Mars has been observed over a 10‐year period in the UV by SPICAM on board the MEX spacecraft
(Bertaux et al., 2006). Our understanding of the Martian upper atmosphere made another leap forward with
the arrival in 2014 of the MAVEN spacecraft with the IUVS on board among six in situ instruments (Jakosky
et al., 2015).

The present understanding of the Mars airglow and aurora depends on electron transport models such as
Trans‐Mars and Monte Carlo (Cox et al., 2010; Shematovich et al., 2008; Simon et al., 2009), B3C
(Boltzmann 3‐Constituent; Schneider et al., 2015; Strickland et al., 1976), and AURIC (Atmospheric
Ultraviolet Radiance Integrated Code; Evans et al., 2015; Stevens et al., 2015; Strickland et al., 1999).
Three main inputs comprise the model of the volume emission rate (VER): photoelectron flux, vertical pro-
file of the atmospheric number density, and emission cross section. The focus of the present paper is the
emission cross section and related molecular constants. The emission branching ratio ωjm(λ), for the transi-
tion j → m at wavelength λ, is given by

ωjm λð Þ ¼ Ajm=Aj; (1)

where Ajm is the Einstein spontaneous transition probability from the upper state j to a lower statem and Aj

is the total emission transition probability to all lower states. The upper electronic state j is characterized by
n, v′, and J′, which are the principal quantum number, vibrational level quantum number, and rotational
level quantum number, respectively. The indexm refers to the quantum numbers nX, v″, and J″ for the lower
(ground) electronic, vibrational, and rotational quantum numbers, respectively. The product

σjm ¼ σXj εð Þωjm λð Þ (2)

is the emission cross section for rotational line (j,m). The fine structure excitation cross section, for a rota-
tional line X → j for an electron impact energy ε, is given as σXj(ε). The excitation rate gj (excitations
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molecule−1 s−1 cm−3) in the laboratory analysis of monoenergetic electron beam fluorescence spectra is
given by

gj ¼ F εð Þ∑ NXj Tð Þ σXj εð Þ� �
: (3)

HereNXj is the number of molecules cm−3 in each rotational level of the initial ground state at temperature T
and F(ε) is the electron flux.

Simon et al. (2009) points out that the electron impact emission cross sections, particularly for the target gas
CO2, need to be measured precisely in the laboratory for the 4PG bands in the FUV (115–175 nm) and
Cameron bands in themiddle ultraviolet (MUV; 175–340 nm). The two band systems are produced from both
direct electron impact excitation of CO and dissociative excitation of CO2. Rigorous forward modeling
requires accurate aeronomic emission cross sections to match the observations (Gronoff, Simon Wedlund,
Mertens, Barthélemy, et al., 2012; Gronoff, Simon Wedlund, Mertens, & Lillis, 2012) and to retrieve atmo-
spheric parameters (i.e., density, composition, and temperature). Some emission cross sections are uncertain
by a factor of two outside of the threshold region, for example, the Cameron bands from both CO and CO2 and
the 4PG bands from CO2 (Cox et al., 2010; Leblanc et al., 2006, 2007; Shematovich et al., 2008; Simon et al.,
2009), which are the strongest UV band systems on Mars. Ristić et al. (2011) provided accurate differential
excitation cross sections for the a3Π state, the upper state of the Cameron bands, in the threshold region
from 6.5 to 9.7 eV, by the techniques of electron scattering and time‐of‐flight (TOF) spectroscopy. The
emission cross section of a3Π is also populated by visible and near‐IR radiative cascading (~300–900 nm).

We present in this paper a demonstration of a UV laboratory instrument unique in the world at the
University of Colorado that can measure the excitation mechanisms with accurate emission cross sections
that are occurring in planetary atmospheres, particularly the optically forbidden emissions presented by
the Cameron bands (paper in preparation for the MUV) and the O I 135.6 nm multiplet from O2 (Ajello
et al., 2002; Kanik et al., 2003). Both these emissions are complicated by significant cascade emissions that
provide approximately half the UV emission cross section (Slanger et al., 2008).

The current understanding of the recommended FUV cross sections for Mars and Venus aeronomy is con-
tained in a table by Simon et al. (2009). We also point out the strong 4PG emissions observed in cometary
spectra (Feldman et al., 2018; Lupu et al., 2007). The most important FUV cross sections are the 4PG band
systems from both CO and CO2 (Fox, 2004; Fox & Dalgarno, 1979). The status of significant emission cross
sections of planetary gases is presented in digital and graphic form in a review by Avakyan et al. (1998) and
earlier by van der Burgt et al. (1989). In summary, many cross sections are unknown or uncertain by a factor
of two or more thus jeopardizing accurate determination of less abundant species' (e.g., CO, C, O, and C+)
composition and structure (Avakyan et al., 1998; Hubert et al., 2010; Itikawa, 2002). The recommended most
important emission cross sections, except for CO 4PG (Beegle et al., 1999), have not been remeasured in
50 years (Ajello, 1971a, 1971b; Gentieu & Mentall, 1973; Lawrence, 1970; Mumma et al., 1971, 1972, 1975;
Mumma & Zipf, 1971). Photon excitation and electron excitation of allowed transitions are expected to pro-
duce nearly identical FUV spectra from each species as shown by Gentieu and Mentall (1973) for CO2. More
energetic processes from cascading and superexcited state excitation, if significant, can complicate this pro-
cess. CO and CO2 direct excitation and dissociative excitation, respectively, produce very different 4PG spec-
tra. CO, itself, presents an expected 4PG rotational line spectrum from direct excitation with a threshold at
8.068 eV, as shown in high‐resolution spectral data by Beegle et al. (1999). The measuredmedium‐resolution
spectrum is a sum of both cascade and direct excitation, about 6% cascade from the B1Σ+ and C1Σ+ states.
Band intensities are also affected by electronic transition moment variations, as given by Beegle et al.
Perturbations with triplet states affect the A1Π oscillator strengths for v′ = 0–6. For CO, the emission cross
section, including cascade, can be written as

σjmem ¼ σjmem direct þ σjmem cascade; and (4a)

σj′mex ¼ σjmem direct; since there is no predissociation or autoionization: (4b)

Generally, the predissociation/autoionization cross section is σjm
pre = ηjσjm

ex, where the quantity ηj is the
nonradiative yield of predissociation and autoionization for the upper state.
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On the other hand, the production of the 4PG bands from electron impact dissociative excitation of
ground state CO2 (eX1

Σþ
g ) is more complicated and involves CO2

* intermediate repulsive (dissociating)
states interacting with the highly excited (superexcited) Rydberg state manifold. The superexcited states
converge to the first ionization potential (IP) at 13.769 eV and subsequent IPs.

2. Experimental Apparatus

We have successfully constructed a large vacuum system apparatus for measuring the emission cross sec-
tions of two of the strongest optically forbidden transitions found in the Mars airglow: O I (135.6 nm;
reported in this paper) and the Cameron bands in the MUV (in preparation). The experimental apparatus
for emission cross sections has been discussed in detail previously (Ajello et al., 2017; Kanik et al., 2003;
Noren et al., 2001). We have published the initial work 10 years ago on O I (135.6 nm) from dissociation
of O2 using the Cassini UVIS flight‐spare (Kanik et al., 2003; Makarov et al., 2003). More recently, we
have used the MAVEN IUVS‐OEU (optical engineering unit) breadboard as a detector to observe and
image the emissions from the metastable and allowed transitions occurring in the FUV to study the
Lyman‐Birge‐Hopfield (LBH; a1Πg → X1Σg

+) band system from electron impact excitation of N2 (Ajello
et al., 2017).

Similarly, the experiment reported here for CO and CO2 passed an electron beam through a static gas at
about 1 × 10−5 Torr (n = 3 × 1011 cm−3) and measured the glow profile produced around the electron beam.
Ideally, an infinitely long electron beam will produce a cylindrically uniform glow region, where the emis-
sion and excitation rates per unit length of the beam are equal with allowed electronic transitions occurring
on the electron beam axis and metastable transitions forming an extended cylindrically symmetric glow. A
vacuum chamber, referred to as the Multi‐Optical Beam Instrument (MOBI), is large enough to meet this
condition with its 1.5‐m‐diameter girth and 2.35‐m length. The IUVS optical axis was placed on a vertical
moving table peering at the electron beam up to ~400 mm from the electron beam axis to fully measure both
allowed and forbidden transitions. The electron‐impact‐fluorescence apparatus, installed in the MOBI
chamber, consisted of an electrostatic electron gun, Faraday cup, two pairs of Helmholtz coils (external to
the vacuum, surrounding MOBI), a gas source, and the IUVS‐OEU instrument. An experimental schematic
is shown in Ajello et al. (2017).

3. The Point‐Spread Function

An important diagnostic of the breadboard IUVS‐OEU optical performance in the laboratory requires a mea-
surement of the point‐spread function (PSF). It is markedly different from the flight IUVS, which was mea-
sured to be 0.75 nm in flight. To obtain the PSF data, MOBI was filled with a static gas sample of H2O at
7 × 10−6 Torr and the electron gun provided an electron beam current of ~30 μA. The FUV spectrum of elec-
tron impact fluorescence of H2O is very simple, predominantly composed of only a strong H I Ly‐α feature
and weaker O I (115.2, 130.4, and 135.6 nm) emission features (Ajello, 1984).

The FUV spectral image was obtained in second spectral order by the IUVS‐OEU yielding about 0.08 nm per
channel with a measured resolution of ~0.47 nm full width at half maximum (FWHM) in the plane of disper-
sion. The raw and uncalibrated FUV spectrum in the lower half of Figure 1 is the spatial pixel‐summed com-
posite of 16‐images per cycle of about 65 s each per image with 5 s time allotted for readout of the detector to
mitigate pileup after each 60 s of exposure time. The imaging measurement represents the compilation of
approximately 4 hr (10 complete cycles) of data observation time with each single cycle duration of approxi-
mately 20 min. Each single cycle consisted of 4 min of background and 16 min of signal measurement. After
the 10 complete cycles of data taking, an additional 4 min of background data were taken, which are important
formeasuring the time‐varying background from thermal heating of the detector in operation. The background
image was obtained by reducing the microchannel plate (MCP) detector high voltage from 900 to 70 V.

The photoelectrons are accelerated by 40 V and proximity focused to the MCP. Output photoelectrons from
the MCP are accelerated by 6 kV to a phosphor layer, which is coupled by fiber optics to a complementary
metal‐oxide‐semiconductor (CMOS) array. The IUVS detector consists of two main parts: a MCP image
intensifier and a CMOS array detector. We show in Figure 1 the spatial‐spectral (1,024 × 1,024) image
(top left) obtained by the IUVS‐OEU for Image‐1 on‐center geometry (Ajello et al., 2017). The bottom
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panel on the left shows the PSF for the narrow part of the slit for pixels 150:900 in the dispersion direction,
which was constructed by summing rows 150:900 in the top panel image. The cross dispersion or spatial
pattern is shown in the lower right panel and indicates the geometric full width of the electron beam as
about 100 pixels. Each spatial pixel spans an object region of 0.220 mm. The full width of the
electrostatically focused electron beam in the interaction region viewed by the IUVS‐OEU field‐of‐view
(FOV) near the center of the 30 cm electron beam path length is about 2 cm at 100 eV.

The Model 1‐D fit, fGL, to the PSF is shown in Figure 2. The fit is based on a mathematical routine consisting
of a combined Gaussian (core behavior) and Lorentzian (wings extent) with six‐fit parameters A0, …, A5

as follows:

f GL ¼ A0e
−1

2
x−A1
A2

� �2

þ A3

1þ x−A1
A4

� �2
� �þ A5: (5)

The fit parameters are A0 = 345.231, A1 = 121.524, A2 = 0.198492, A3 = 24.3185, A4 = 0.811196,
and A5 = 0.25399; they are also given in the plot. There is a small background of N2 as indicated by

Figure 1. Details of the FUV imaging channels: (upper left) the on‐center Image‐1 showing 1,024 spatial (vertical axis) by
1,024 spectral (horizontal axis) pixels. The image is formed from electron impact dissociative excitation of H2O at 100 eV
and consists of the Lyman series (Ajello, 1984) and weaker atomic O features. The spectrum is highlighted in the FUV
by H I Ly‐α at 121.6 nm and weak features fromO I (115.2 nm, 130.4 nm). The image indicates two types of spectral images
formed by the entrance slit of the IUVS‐OEU: a high‐resolution, narrow slit of spatial channels ~130:950, along with
contributions of the low‐resolution, wide occultation slits at the top and bottom as keyholes, which extend across spatial
pixels ~50:150 and ~950:1000. For the present work, we use spatial pixels 150:900 to minimize the effects of internal
scattering from the keyholes. (upper right) The change of engineering readouts of detector temperature in °C and variation
of minimum and maximum signal counts per minute. The point‐spread function (PSF) measurement (see Figure 2)
was set to a time of 224 min duration with integration times per file of 60 s. (bottom left) Mean spectrum in narrow slit
averaged over spatial pixels 150:900. The Ly‐α spectral image indicates ~0.47 nmFWHM for the IUVS‐OEU. (bottom right)
The mean spatial pixel intensity of H I Ly‐α with distance from the electron beam.
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weak N I spectral features at 120.0 and 124.3 nm with a base background
pressure of ~5 × 10−7 Torr and O I 130.4 nm emission from H2O
dissociation at 100 eV.

4. FUV Electron Impact Spectra of CO and CO2

We have studied the electron‐impact‐fluorescence FUV spectra of CO
and CO2 with the MAVEN IUVS‐OEU breadboard instrument in a
large vacuum chamber as previously described (Ajello et al., 2017).
The calibrated spectra for each of the three images, as well as the
summed total spectrum, are shown in Figures 3 and 4 for CO and
CO2, respectively, from electron impact fluorescence at 30 and
100 eV. The gas temperature was 300 K in the gas swarm regime. To
our knowledge, these are the first calibrated pair of FUV spectra of both
CO and CO2 with the same instrument for intercomparison and with a
large enough chamber to fully sample dipole‐allowed and optically for-
bidden emissions. The previously published FUV uncalibrated electron
impact spectra of CO and CO2, obtained in a small vacuum chamber
with a small FOV, were pictorially shown in the work of Ajello
(1971a, 1971b) and were intercompared analytically after calibration
for cross‐section analysis.

The only other calibrated spectral measurements were by Gentieu and Mentall (1973) for production of the
4PG band system from photodissociative excitation of CO2:

CO2 eX1
Σþ
g

� �
þ hv → CO2

*; (6)

CO2
* → CO A1Π

� 	þ O 2p4 3P;1D;1S
� 	

; λ<91:9 nm 13:49 eVð Þ; (7a)

CO2
* → CO X1Σþ� 	þ O 2p33s3 So

� 	
; λ<82:9 nm 14:95 eVð Þ; (7b)

CO A1Π
� 	

→ CO X1Σþ� 	þ hv; 4PG band emissions; and (8a)

O 2p33s 3So
� 	

→ O 2p4 3P
� 	þ hv;OI 130:4 nmð Þ emissions: (8b)

Here CO2
* is an excited intermediate Rydberg state converging to an ionic state or to a dissociative state

above the first ionization limit. The dissociative excitation of the 4PG threshold for A(v′ = 0) and O (3P)
begins at 13.49 eV (equation (7a)), and the O I (130.4 nm) appearance potential for O (2p33s 3So → 2p4 3P)
and CO (X), occurs at 14.95 eV (equation (7b)). Gentieu and Mentall identified three important energy
regions from photodissociative excitation (or equivalently electron dissociative excitation) of CO2 with
Rydberg series converging to the first three ionization limits. The three regions involved the first, second,

and third ionization limits of CO2
+ (eX 2Πg; eA2Πu; eB2Σþ

u ) with the first IP at 13.769 eV and with 4PG band
system emission at 13.49 eV (92.5 nm), 17.3 eV, and 18.1 eV (68.6 nm) from photodissociation, respectively,
with strong UV emission near those three ionization limits. Other weaker intermediate dissociative states
leading to allowed singlet‐singlet transitions were identified. According to Krauss et al. (1971), four
Rydberg series converging to the first ionization limit have been assigned (Tanaka et al., 1960). There are
two main npσ series that converge to the doublet 2Πg spin‐orbit components. There are also two so‐called
minor npπ series.

Similarly for the excitation of 4PG band system from CO, CO (X1Σ+) + e−(ε) → CO (A1Π) + e−(ε′), direct
excitation at 8.03 eV threshold energy for v′= 0. Dipole‐allowed cascade to the A state is also important from
the B1Σ+ (10.8 eV electronic energy) and C1Σ+ (11.4 eV electronic energy) states (Beegle et al., 1999; James
et al., 1992; Kanik et al., 1995).

Each of the spectra in Figures 3 and 4 consist of a summed total of three overlapping images from Image‐
1 + Image‐2 + Image‐3 across the 1.5‐m diameter of MOBI obtained under identical thermodynamic

Figure 2. The IUVS‐OEU point‐spread function (PSF) for the observed H I

Ly‐α emission feature (red) and analytic fit (black) with a set of Gaussian‐
Lorentzian model constants in equation (5). The wings of the 121.6 nm
feature indicate some N I atomic lines from N2 dissociation as discussed in
the text.
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conditions. We note that overlapping spatial glow regions were not double
counted; that is, we averaged over the overlap. The CO 100 eV spectrum
was obtained at a corrected ionization gauge static gas pressure of
4.8 × 10−6 Torr (1.7 × 1011 cm−3) with electron beam current of
~160 μA. The CO 30 eV spectrumwas imaged at a corrected CO ionization
gas pressure of 6.8 × 10−6 Torr (2.4 × 1011 cm−3) with an electron beam
current of ~60 μA. The optical path length from each emitting volume ele-
ment near the electron beam in the chamber to the IUVS‐OEU slit tra-
verses a distance of 104 cm. Given the dimensions, pressure, and 300 K
gas temperature of the measurement chamber, we estimate the CO 4PG
A(0,0) band line‐center optical depth to be ~2 × 10−3; thus, the spectra
in Figures 3 and 4 are expected to be optically thin.

The 4PG band system is a prominent band system of CO that extends from
114 to 280 nm (Wallace, 1962; Krupenie, 1966), consisting of 76.4% of the
emission spectrum in the FUV that extends into the MUV, and spans the
wavelength ranges of both the IUVS FUV and MUV detectors. Figures 5a
and 5b show the total (the summed three images of Figures 3a and 3b,
respectively, as described above) laboratory spectra (solid black) at
electron energies of 30 and 100 eV, respectively, for a gas temperature of
300 K. In order to fit the measured spectra, it is necessary to account for
all possible sources contributing to the total emission. We employ two
independent CO 4PG band models to fit the measured spectra in
Figure 5. The first model is optically thin and includes calculated emission
from v′ = 0–20 of the A1Π state to the v″ = 0–30 levels of the X1Σ+ ground
state (see section 6 for details). For our second model, we use the AURIC
CO 4PG band model, which is capable of modeling optically thin labora-
tory measurements and optically thick emissions from remotely sensed
planetary atmospheres (Stevens et al., 2015). Band origins and branching
ratios used in the AURIC CO 4PG model are taken from Durrance (1980,
1981). Values for r centroid, electronic transition moment, and electronic
oscillator strength are adopted from Kurucz (1976). For completeness, we
account for possible optical thickness effects in the laboratory measure-
ments by separating the AURIC CO 4PG band system into optically thick
bands that terminate on the ground state (v″= 0) and optically thin bands
(v″ > 0), both with a rotational temperature of 300 K. We note that the
same populations for the upper v levels were used in both models for
consistent comparison with the lab data.

The PSF given by equation (5) and shown in Figure 2 was used to spectrally
smear individual molecular rotational and atomic multiplets to model the

measured electron‐impact‐fluorescence FUV spectra from a CO gas shown in Figure 5. These modeled
sources were then put into a constrained multiple linear regression fit of each source intensity to the mea-
sured spectra. Each source was treated as a free parameter and constrained with the requirement that fit coef-
ficients be nonnegative. The rotational temperature used for the AURIC CO 4PG bands was determined with
a Powell optimization routine based on maximizing the Pearson correlation with the expected chamber tem-
perature of 300 K. Comparisons of themeasured CO 4PG total spectra (solid black) with the optically thin 4PG
model (dotted blue) and the AURIC CO 4PG model (dashed red) are shown in Figures 5a and 5b for 30 and
100 eV, respectively. The models shown in the figure use the same upper level populations, provided in
Table 1 along with previously reported values from Durrance (1980, 1981, and references therein). We found
that fitting the measured spectra first with the AURIC CO 4PG optically thin bands and then with combined
optically thick and thin bands produced essentially identical results, confirming the conclusion that the mea-
sured spectra are optically thin. The atomicmultiplets, included in the fits and regarded as delta functions, are
shown in the figure, with relative intensities provided by the National Institute of Standards and Technology
(NIST) (Kramida et al., 2018). The emissions identified as coming from N and H are due to the presence of

(a)

(b)

Figure 3. Calibrated FUV electron‐impact‐induced fluorescence spectrum
of CO between 125 and 170 nm. The data show four sets of experimental
spectra for the three image positions plus the total: (a) 30 eV and (b) 100 eV.
The IUVS‐OEU optical axis in vertical position with respect to the electron
beam is nominally 0 cm (Image‐1), 15.2 cm (Image‐2), and 30.4 cm
(Image‐3), respectively.
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minor contamination background outgassing (~10−7 Torr) N2 and H2O
sources in the large chamber during the measurements.

An AURIC CO 4PG model for fitting measured spectra from a CO2 gas
was constructed using the same technique as for a CO gas, including
the same atomic multiplets as the CO model. The selection rules for
dissociative excitation and dissociative ionization to a repulsive state
are limited to ΔJ = 0, ±1, but the CO2 molecule has a much broader
number of rotational levels. If the CO fragment carried away from the
dissociation process has an angular momentum about its own center of
mass equal to that possessed by the CO2 molecule before excitation, the
result is equivalent to an electronically excited CO gas in rotational
equilibrium at a temperature of about 1,500 K (Mumma et al., 1975). A
simple solution assuming conservation of angular momentum in

dissociation of CO2 ( eX ) rotational levels from a myriad of repulsive
dissociation states requires that the CO (A) state has a temperature of
at least 1,500 K and a peak J value of 18, which may explain the large
FWHM of the CO (A–X) bands.

CO 4PG upper level populations, up to v′= 14, were included in the fitting
routine, since higher‐order vibrational levels (v′ > 5) were suspected to be
contributing sources, but are not reported in previously published work
(Durrance, 1980, 1981), which combines normalized relative number den-
sities for v′ = 0–4 from Table 5 of Mumma et al. (1971) and the v′ = 5 rela-
tive intensity from Table 3 of Ajello (1971b). The populations from our fit
to the 30‐eV‐measured spectrum in Figure 6a are provided in Table 2,
along with values reported from Durrance (1980, 1981, and references
therein). The optimal temperature found by the Powell optimization rou-
tine is 4,800 K, which produces the best fit to CO 4PG bands, though
atomic multiplet sources appear slightly broader than the measurement.

The measured 100 eV CO2 spectrum also required a 0.16 nm wavelength
correction when fitted with the model. Figure 6 shows comparisons
between the AURIC CO 4PG model (dashed red) and the measured data
(solid black) for both 30 and 100 eV. As with Figure 5, the measured data
of Figures 6a and 6b consist of the total summed three images of
Figures 4a and 4b, respectively, as described above. We note that the
model fit for 30 eV (Figure 6a) significantly underestimates the measured
spectrum below 145 nm if upper levels above v′ = 7 are excluded from the
fit. The importance of upper levels v′ > 7 for the 100 eV case is not reliably
quantifiable due to significant atomic emission throughout the spectrum.

The A1Π state of CO is known to couple to other singlet and triplet states (Krupenie, 1966). In addition, the
4PG band system has cascade arising from B–A and C–A transitions, which amounts to 6% of the total
emission cross section at 100 eV. There is also a strong vibrational band system functional dependence of
the electronic transition moment on internuclear distance as shown by Beegle et al. (1999). The A1Π state
is perturbed by five states: a′3Σ+, d3Δ, e3Σ−, I1Σ−, and D1Δ. As shown in Tilford and Simmons (1972,
Figure 3) and in Morton and Noreau (1994), the potential energy curves of the five states in the diabatic
approximation are allowed to cross the A1Π and a3Π curves thus producing significant spin‐orbit
perturbations when in the adiabatic approximation. In particular, potential energy curve crossings by 1Σ−,
3Σ+, or 3Σ− states will enhance the Λ‐doubling in A1Π. The 4PG absorption system (v″ = 0) is an
electric‐dipole transition lying in the vacuum ultraviolet region between 110 and 150 nm. In nearly the same
spectral region the absorption systems of six weaker forbidden transitions have been observed. These excited
states of the overlying transitions obtained their intensities via spin‐orbit or L‐uncoupling interactions with
the A1Π state. These energy levels are in resonance, and many perturbations occur (Simmons et al., 1969).
Examples of these perturbations from neighboring triplet states are shown in Simmons et al. (1969).

(a)

(b)

Figure 4. Calibrated FUV electron‐impact‐induced fluorescence spectrum
of CO2 between 125 and 170 nm. The data show four sets of experimental
spectra for the three image positions plus the total: (a) 30 eV and (b) 100 eV.
Some stronger spectral features are indicated. The IUVS‐OEU optical axis in
vertical position with respect to the electron beam is nominally 0 cm
(Image‐1), 15.2 cm (Image‐2), and 30.4 cm (Image‐3), respectively.
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We see in Figure 3 that there is metastable emission intensity FUV contribution from the A1Π state originat-
ing as evidenced by long‐lived weak emission of the 4PG system from e−+CO observed far from the electron
beam. The calculated amount of about ~10% is based on the fraction of total 4PG contribution (Image‐
1 + Image‐2 + Image‐3, as described above) lying in Image‐2 + Image‐3; no measureable amount of off‐
electron axis emission is observed from e− + CO2, except from some atomic features. The spin‐forbidden
perturbations may lead to intensity borrowing from the A1Π state and to the observed slow optically forbid-
den transition to the ground state for low v′. Morton andNoreau (1994) point out that a significant fraction of
the A–X oscillator strength can be transferred to rotational lines involving the triplet state as the perturbing
level. Thus, in some bands extra CO 4PG rotational lines may appear in addition to normal P, Q, and R
branches. However, as pointed out by Lefebvre‐Brion and Field (1986) in a low‐resolution experiment, the
integrated intensity would show no perturbation effect, but a glow experiment would show a biexponential
decay as evidenced here for the 4PG band system.

Two excitation mechanisms of the metastable states are possible in the electron impact investigation. The
first is the direct and intrinsic channel that is independent of the coupling with the A1Π state. For instance,
the electron exchange interaction alone is sufficient for the excitation of the triplet metastable state from the
ground electronic state. The cross section of this channel typically peaks at slightly above threshold energy
and declines rapidly with energy. The second excitation mechanism arises from the coupling of the meta-
stable states to the A1Π state via interactions mentioned earlier. The energy dependence of the cross

Figure 5. The calibrated measured electron‐impact‐fluorescence total FUV spectra (solid black) from a CO gas for a)
30 eV and b) 100 eV electrons compared with an optically‐thin 4PG model (dotted blue) and the AURIC CO 4PG
optically‐thick model (dashed red).
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section of the second channel is thus similar to the A–X excitation func-
tion described in section 6. The observation that the long‐lived emission
contributes ~10% to the total 4PG intensity suggests the importance of
the first excitation mechanism.

There are two particularly important spectral differences between the two
types of 4PG laboratory spectra from e− + CO and e− + CO2. First is the
difference in rotational temperatures as evidenced by the width of the
rotational envelope. The CO 4PG rotational envelope in Figure 5 from
e− + CO is well matched by the thermal model with a 300 K temperature,
whereas the rotational envelope of the 4PG from dissociation of CO2 is
equivalent to a Maxwell‐Boltzmann temperature of at least 1,500 K
(Mumma et al., 1972, 1975) compared to our modeled at 4,800 K. The sec-
ond difference is the limited vibrational levels excited in the A state from
dissociation of CO2. We only identify strong, nearly equal in emission
intensity, vibrational bands from v′ = 0–2 and weak emission from
v′ ≥ 3, as indicated both in Figures 4 and 6 and by the model‐fitted popu-
lations in Table 2. Above the ionization limit of 13.77 eV, a breaking‐off of
the bands occurs for v′ ≥ 3, as autoionization above 14.03 eV (v′= 3 onset)
competes with dissociative excitation. The dissociation process releases an
O (3P) atom.

Figure 6. The calibrated measured electron‐impact‐fluorescence total FUV spectra (solid black) from a CO2 gas for
(a) 30 eV and (b) 100 eV electrons compared with the AURIC CO 4PG optically thick model (dashed red).

Table 1
e− + CO Upper v′ Level Populations

v′
Durrance (1980, 1981)

(×10−2)
This work
(×10−2)

0 12.2 11.2
1 22.8 20.4
2 23.5 20.3
3 18.0 18.3
4 11.3 13.5
5 6.3 8.0
6 3.2 4.3
7 1.5 2.1
8 0.7 1.0
9 0.47
10 0.22
11 0.10
12 0.04
13 0.02
14 0.01
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Many previous investigations have observed these two facets about elec-
tron dissociative excitation of CO2. Ajello (1971b) and Mumma et al.
(1971) measured the vibrational distribution of the CO (A1Π) fragment.
The vibrational levels v′ = 0–2 of the fragment molecule are almost
equally populated. On the other hand, the excited vibrational levels of
the A state from electron excitation of CO have significant population
through v′ = 8 with peak excitation cross section occurring for v′ = 2. In
fact, the strongest 4PG band is the (2, 0) band at 147.8 nm with similar
excitation cross sections for v′= 1 and 2, also with strong vibrational band
intensities from (1, 0) and (2, 0) bands at 151.0 and 147.8 nm, respectively.
The 4PG rotational temperatures found by Mumma et al. (1975) become
hotter with electron energy over the 20–40 eV range.

5. FUV Emission Cross Sections of CO and CO2 at 30
and 100 eV

Important FUV emission cross sections at 30 and 100 eV from electron
impact fluorescence from the IUVS‐OEU study are given in Table 3 for
O I (3s 3So) 130.4 nm, O I (3s 5So) 135.6 nm, and CO (A1Π → X1Σ+) 4PG
bands (111–280 nm) from both target gases CO and CO2, and additionally,

CO (A1Π(0)→ X1Σ+(1)) at 159.73 nm fromCO gas. (Table 4 and related text also indicate several C I emission
cross sections.) An electron energy of ~20–30 eV in the laboratory is close to that of the mean photoelectron
energy in the ionosphere of Mars. Together, both molecular spectra at 30 eV show all 4PG features found in
the Mars MAVEN dayglow spectrum (shown later in Figure 12), since the laboratory gas temperature of
300 K resembles that of theMartian thermosphere in the 120–150 km altitude range. Steady state low‐energy
photoelectron fluxes are shown in Simon et al. (2009).

We list in Table 3 the four presently measured emission cross sections in column 4 for 30 eV and column 7
for 100 eV for each of CO and CO2. The emission cross sections of CO2 in the top half of Table 3 have not
been measured in almost 50 years and were based in the 1970s on two different FUV standards and experi-
mental facilities operating at that time for two different groups: (1) Mumma et al. (1971, 1972, 1975) and
Mumma and Zipf (1971) used H I Ly‐α (updated in Avakyan et al., 1998, and McConkey et al., 2008) and
(2) Ajello (1971a, 1971b) used the CO (0,1) band (updated in Avakyan et al., 1998).

Similarly, except for the 4PG system (Beegle et al., 1999; which is corrected here using Malone et al., 2008),
the emission cross sections of CO at 100 eV in the bottom half of Table 3 have also not beenmeasured in over
50 years and were based on three different FUV standards and experimental facilities operating at that time
for three different groups: (1) Aarts and de Heer (1970), (2) Ajello (1971a), and (3) Lawrence (1970). Ajello
(1971a) performed the only O I (130.4 nm) cross‐section measurement at 30 eV with a very large uncertainty
(~50% or greater). The aforementioned older works for both CO and CO2 are listed in columns 5 and 8 with
two values. The FUV CO and CO2 cross sections from the past in Table 3 in columns 5 and 8 are listed as the
original values published at that time and here are renormalized and corrected (in columns 6 and 9) by
averaging more recent publications containing emission cross‐sections standards, as corrected by Avakyan
et al. (1998) or Beegle et al. (1999). Avakyan et al. (1998) based their corrected cross sections on an H I

Ly‐α cross section fromH2 dissociative excitation of 7.3 × 10−18 cm2. McConkey et al. (2008) have a corrected
and more recent value for the same H I Ly‐α 100 eV cross section of 7.03 × 10−18 cm2. This difference of
~3.7% is noted and not applied to the Avakyan et al. values due to the ~6.7% uncertainty in the UV H I

Ly‐α emission cross‐section standard (McConkey et al., 2008).

For this study, based on our calibrated relative FUV electron impact fluorescence spectra at 30 and 100 eV in
Figures 3 and 4 (as well as shown in Figures 5 and 6), we can determine absolute cross sections in Table 3
using the cross sections of a single well‐known feature. We can only use the O I (130.4 nm) recalculated
by the same references as employed by Avakyan et al. (1998), but with slightly different resulting average
values. In detail, for CO2, we use the studies of Mumma et al. (1972) and Ajello (1971b) for determining
the average emission cross section of O I (130.4 nm) at 30 and 100 eV for normalizing the IUVS‐OEU lab

Table 2
e− + CO2 Upper v′ Level Populations

v′
Durrance (1980, 1981)

(×10−2)
This work
(×10−2)

0 25.9a 26.5
1 25.2a 21.8
2 24.9a 14.6
3 8.0a 8.8
4 8.9a 6.2
5 7.2b 6.7
6 1.5
7 0.55
8 5.3
9 <0.01
10 0.09
11 0.28
12 1.6
13 6.1
14 <0.01

aMumma et al. (1971). bAjello (1971b).
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Table 3
Far Ultraviolet Electron Impact Emission Cross Sections for CO2 and CO at 30 and 100 eV (in Units of ×10−19 cm2)

Atom/molecule
state

λ
Emission cross section at 30 eV Emission cross section at 100 eV

No. ID (nm) (×10−19 cm2) (×10−19 cm2)

CO2

IUVS‐OEU
present

measurements

Some previously published results IUVS‐OEU
present

measurements

Some previously published results

Original Corrected Original Corrected

1 O(3s 3So) 130.4 1.61 1.48a,1 — 6.032 5.65a, 5.78a,1 —

3.0b,3 2.35 7.56b,3 5.825

2.1c,4 1.35 10.4c,4 6.245

2 O(3s 5So) 135.6 0.51 — — 1.87 2.2e —

3 CO(A 1Π) 130–250 30.9 12.5b,6 — 18.6 11.6b —

26.8d,7 — 20.3d,7 —

CO

IUVS‐OEU
present

measurements

Some previously published results IUVS‐OEU
present

measurements

Some previously published results

Original Corrected Original Corrected

1 O(3s 3So) 130.4 0.7 1.2a,f,8,9 — 8.810 8.1a —

7.9f,9 —

7.85g —

8.4h —

2 O(3s 5So) 135.6 ~0.4 — — 1.8 — —

3 CO(A 1Π) 111.4–280.0 544 554.6i 513.0b 288 293.6i 271.611

434f,12 — 313f,12 —

4 CO(A 1Π(0,1)) 159.7 18.0 21.0i 19.411 9.613 11.2i 10.411

11.2a,14 — 7.6a,14 —

15.7f,15 12.15 11.3f,15 8.85

20.3d,16 12.355 12.6d,16 7.75

13.5g 10.55

Note. See the original text of each reference for calibration standard normalization details.
aAvakyan et al. (1998). bAjello (1971b). cMumma et al. (1972). dMumma et al. (1971). eWells and Zipf (1972), cited in Wells and Zipf (1974). fAjello
(1971a). gAarts and de Heer (1970). hLawrence (1970). iBeegle et al. (1999). jMalone et al. (2008). kMcConkey et al. (2008). lvan der Burgt et al. (1989).
1Avakyan et al.a listed two averaged values at 100 eV (see their text and tables) based on corrections to Ajellob and Mumma et al.c We do not know why the two
tabulated values are not the same. We also are not sure how they obtained their average values at 30 and 100 eV, which should be ~1.8 and ~6.0, respectively,
according to their methods. Also see footnote 8.
2Average of the corrected Ajellob and Mumma et al.c cross sections at 100 eV, which was used to normalize our CO2 results.
3Digitized figure 12 of Ajello,b noting the 7.56 value at 100 eV.
4Digitized figure 2 of Mumma et al.,c noting the 10.4 value at 100 eV.
5Corrected as in Avakyan et al.a We note the ~1.3 (13.5/10.5) correction factor from Avakyan et al.a (see their table 4.1.1., with an apparent typo of CO(0,0) that
should be CO(0,1)), stated as a comparison of data from van der Burgt et al.l (see their table 4), appears to be based on the ratio of Aarts and de Heerg and
Lawrenceh for O2 (130.4 nm). The Ly‐α H I (121.6 nm) standard at 100 eV was kept as 7.3 (from van der Burgt et al.l), rather than 7.03 as in McConkey et al.
k (see text), for consistency with Avakyan et al.a
6Digitized figure 9 of Ajello,b noting the 12.5 value at 30 eV.
7Digitized figure 6 of Mumma et al.d and summed the cross sections for each of the v′= 0 to v′= 4 levels, noting the total (v′= 0–4) 4PG cross section values of ~26
and ~14 at ~40 and 300 eV, respectively.
8Avakyan et al.a apparently did not apply any corrections to the 130.4‐nm data of CO as explained on their page 146 for the previously published cross sections of
Ajello,f Aarts and de Heer,g and Lawrence,h which were in close agreement. We note that Lawrenceh had the most reliable cross section for 130.4 nm from the
CO parent gas with an uncertainty of only ~15% (see their text).
9Digitized figure 12 of Ajello,f noting the 8.03 value at 110 eV, which agrees with Avakyan et al.a (see footnote 8) but uncertain near threshold.
10The present 100 eV 130.4‐nm cross section for CO is an average of 8.1 and 9.6 (see text).
11Renormalized relative to N I (120.0 nm)j, which is relative to H I (121.6 nm).k
12Digitized figure 10 of Ajello,f noting the 440 value at 23 eV.
13The present 100 eV A(0,1) cross section for CO is an average of 10.4 and 8.8 (see text).
14Avakyan et al.a averaged the corrected data of Ajellof andMumma et al.d at 30 eV along with the corrected data of Aarts and deHeerg at 100 eV. For consistency
(see text), we did not renormalize via the newest Ly‐α standard (of McConkey et al.k) nor correct the values as in Beegle et al.i (see their extensive discussion). We
are not sure how the apparent inconsistencies occurred in the Avakyan et al.a averages for the A(0,1) cross sections, though we calculate them as 12.2 and 9.0 at
30 and 100 eV, respectively.
15Digitized figure 10 of Ajello,f noting the 15.9 value at 23 eV, assuming the A(0,1) shape is valid away from threshold.
16Digitized figure 5 of Mumma et al.,d noting the 7.5 value at 300 eV for the total measured v′ = 0–4 levels.
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measurements at O I (135.6 nm) and for the CO 4PG band system. These
two sets of corrected values are shown in both columns 6 and 9.

For CO, we can determine the average 100 eV value of the cross sections
listed from two UV standards for all four present IUVS‐OEU based cross
sections given in the bottom of Table 3. First, we apply the O I

(130.4 nm) calibration standard to the 100 eV spectrum in Figure 3 using,
as in the case of CO2, the three O I (130.4 nm) laboratory measurements
listed in Avakyan et al. (1998) and listed in column 8. The average cross‐
section value given in column 8 for O I (130.4 nm) at 100 eV by this
method is 8.1 × 10−19 cm2. Second, we used the A(0,1) cross section listed
in column 9 for the standard from Beegle et al. (1999), but with the correc-
tion suggested by Malone et al. (2008). This calculation reduces the Beegle
et al. (1999) 100 eV A(0,1) cross section from 11.2 × 10−19 cm2 to
10.4 × 10−19 cm2. We apply the corrected result from Beegle et al. (1999)
for A(0,1) 159.7 nm for normalizing O I (130.4 nm) at 100 eV. Our 100
eV cross‐section values for the IUVS‐OEU in column 7 in Table 3 for
CO at 100 eV is based on the average of both these standards—all within
20%, as shown in column 8. The 30 eV cross section for the full direct
and cascade excited 4PG band system preserves the ratio from Beegle
et al. (1999) for σjm

em(30 eV)/σjm
em(100 eV) at 1.89 for both the total

and A(0,1) emission cross sections.

In summary, the standard FUV emission cross sections for normalization
of planetary gases emission cross sections at 100 eV electron impact
energy were summarized by Malone et al. (2008) for N I (120.0 nm) from
target gas N2 and by McConkey et al. (2008) for H I Ly‐α (121.6 nm) from
target gas H2. These recommended standard 100 eV cross sections are
3.7 × 10−18 cm2 for N I (120.0 nm) and 7.03 × 10−18 cm2 for H I

(121.6 nm). To this set of two standard cross sections, in order to facilitate renormalizations, we now add
another two recommended 100 eV emission cross‐section standards for CO gas. For CO, in this paper, we
recommend two standards: (1) the CO (A(0)–X(1)) band at 159.7 nm from Beegle et al. (1999), which is
slightly corrected here, based on the N I (120.0 nm) cross section fromMalone et al. (2008), and (2) a second-
ary standard for O I (130.4 nm) from the dissociative cross sections of CO discussed in Avakyan et al. (1998)
from averaging uncorrected cross sections from three authors as described below and in Table 3. The 100 eV
cross section for N I (120.0 nm) used in the 1999 work was 4.0 × 10−18 cm2, which we now recommend
instead as 3.7 × 10−18 cm2 from Malone et al. (2008) equivalent to a 7.5% reduction (correction factor of
0.925) to the 4PG cross sections in Table 3 for reference (Beegle et al., 1999).

From the present publication, average values of 9.6 × 10−19 cm2 for CO
(A(0,1)) 159.7 nm and 8.8 × 10−19 cm2 for O I (130.4 nm) were determined
based on two different CO calibration standards. These two emission cross
sections for strong features in different wavelength regions of the FUV are
to be viewed as corrected standards. We should add that in the CO review
by Itikawa (2015) the A–X excitation cross section of Kato et al. (2007) at
30 eV is given to be 600 × 10−19 cm2, a value that agrees to within ~10%
with our new emission cross‐section value of 544 × 10−19 cm2. This excita-
tion cross‐section value is also close to the corrected emission cross‐section
value of 513 × 10−19 cm2 of Beegle et al. (1999) in Table 3, by a very differ-
ent method than UV spectroscopy, indicating the reliability of the CO
A(0)–X(1) emission cross section. The 100 eV A–X emission cross‐section
comparison is also very good with an ~22% difference to the excitation
cross section of Itikawa (2015). The measured emission cross‐section
values from Table 3 and again in Table 6 (to be discussed in the next
section) indicate that the 100 eV emission cross section is

Table 4
Emission Cross Sections From Dissociative Excitation of CO2 at 100 eV

Atom/CO state Wavelength (nm) Cross section (×10−19 cm2)

O I, B(0,0) 115.2 1.58
C I 119.3 1.94
C I 126.1 1.00
C I 127.8 4.60
C I 128.6 0.09
O I 130.4 6.03
C I, II 133.5 5.91
O I 135.6 1.87
C I 136.4 0.05
C I 146.3 1.69
C I, A(2,0) 148.0 0.98
C I, N I, A(3,1) 149.3 —

C I, A(1,0) 151.1 0.75
C I, A(0,0) 154.3 0.31
C I 156.1 4.85a,b

C I 165.7 8.73c,d

aThe 30 eV C I (156.1 nm) emission cross section was found to be
0.23 × 10−19 cm2. bThis compares reasonably well with the H I Ly‐α
renormalized (see McConkey et al., 2008) emission cross‐section value
of 4.3 × 10−19 cm2 (±30%) by Mumma et al. (1972) at 100 eV and with
the CO A(0,1) renormalized (this work) emission cross‐section value of
4.39 × 10−19 cm2 (±23%) by Ajello (1971b) at 100 eV. cThe 30 eV C I

(165.7 nm) emission cross section was found to be 0.35 × 10−19 cm2.
dThis compares reasonably well with the H I Ly‐α renormalized (see
McConkey et al., 2008) emission cross‐section value of 8.3 × 10−19 cm2

(±30%) by Mumma et al. (1972) at 100 eV and with the CO A(0,1) renor-
malized (this work) emission cross‐section value of 8.50 × 10−19 cm2

(±23%) by Ajello (1971a, 1971b) at 100 eV.

Table 5
Modified Born Approximation Collision Strength Parameter Coefficients of
the Direct Excitation of CO(A–X)

Coefficientsa Direct Cascadeb

C0/C7 −1.5886931 0.186187303
C1/C7 2.9016267 −0.7961718
C2/C7 −14.544672 3.896713805
C3/C7 50.588007 −9.792485952
C4/C7 −20.997419 7.802025026
C5/C7 −0.29548954 −0.091443129
C8 0.856969 0.2

aSee equation (9) and text. Units are in a0
2. bNote that the cascade exci-

tation function uses the single threshold energy of 10.5 eV and the applic-
able range of the function is for 11 to 750 eV. TheC7 values for the v′= 0–6
levels are 0.0023163628, 0.0039850036, 0.0039279457, 0.0028452417,
0.0017654847, 0.00093422681, and 0.00045456374, respectively.
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288 × 10−19 cm2 (with the excitation cross‐section component to be
267 × 10−19 cm2 and cascade cross section to be 16.2 × 10−19 cm2). The
100 eV excitation cross section value quoted in the Itikawa review is
393 × 10−19 cm2. The MUV portion of the CO 4PG laboratory spectra
and emission cross section measured by the IUVS‐OEU from e− + CO
represent an additional 24% of the band system not observed in our FUV
spectrum, beyond a wavelength of 170 nm. The MUV CO 4PG laboratory
spectra contribution, with blending from the Cameron bands, will be
reported in the next paper in preparation. Our work here in the FUV
(110–170 nm) requires at this time we make use of the model results to
include the MUV contribution up to 280 nm and provide a CO(A–X)
cross section that include the entire 4PG band system from both the FUV
and MUV.

There is also a secondary emission cross‐section standard for our work
on CO2. The secondary standard, as suggested by Avakyan et al. (1998),
is an average value of 6.03 × 10−19 cm2 for O I 130.4 nm at 100 eV
based on corrections to this emission cross section from the work of
Ajello (1971b) and Mumma et al. (1975) along with a glow experiment
employing a lifetime study of the O I 130.4 nm emission cross section
by Lawrence (1970). Preliminary spectral analysis based on 4PG models
for measured v′ < 5 indicates that 95% or more of the intensity occurs
for wavelengths 125–170 nm. The IUVS‐OEU FUV study here for
e− + CO2 shows very little CO 4PG contribution from wavelengths
above 170 nm and is expected since the majority of the emission from
v′ < 5 occurs in the FUV. In that regard, the FUV spectra of dissocia-
tive excitation of CO2 at 40 eV from Ajello (1971b) indicate that a
minor amount of 4PG (from v′ = 3, 5, 6) emission occurs between
150 and 173 nm.

The full set of dissociatively excited CO2 FUV 100 eV atomic cross sections
from O I, C I, and C II multiplets are given in Table 4. Avakyan et al.
(1998), McConkey et al. (2008), and Itikawa (2015) have reviewed emis-
sion cross sections from dissociative excitation of CO and CO2, including
production yield determinations via TOF techniques. We note that there
have been few previous attempts at measuring these emission cross sec-
tions, which are important for modeling the atmospheric spectra of
Mars (see Figure 12) and Venus. The TOF‐based values, in particular,
have been either nonabsolute, poorly agreeing, or not measured. Due to
the scarcity of this emission cross section data, especially for the C I

(156.1 nm) and C I (165.7 nm) features, we also noted 30 eV values in
Table 4 for dissociative excitation of CO2. Similarly, for CO, the emission
cross section for C I (156.1 nm) at 30 and 100 eV, respectively, was deter-
mined to be 2.24 × 10−19 and 4.92 × 10−19 cm2. Also for CO, the emission
cross section for C I (165.7 nm) at 30 and 100 eV, respectively, was deter-
mined to be 0.24 × 10−19 and 4.50 × 10−19 cm2.

The emission feature near 115 nm seen in Figures 5 and 6 (also referenced in Table 4) is a blend of
the O I (115.2 nm) and the CO B–X (0,0) band (Ciocca et al., 1997; Kanik et al., 1995). The B–X
contribution is found to be negligible for a CO2 gas at both 30 and 100 eV. For a CO gas at 30 eV,
the B–X relative contribution to the blended emission is found to be 76%, whereas for 100 eV, the
B–X relative contribution is 50%. While the spectrum of Mars indicates similar proportions for CO
B–X and O I (115.2 nm; Krasnopolsky & Feldman, 2002), excitation of CO by resonance fluorescence
of solar UV radiation is most likely the dominant source of B–X emission at Mars and Venus
(Feldman et al., 2000).

Table 6
Excitation and Cascade Cross Sections for 4PG A(0) → X and A → X Band
System by Electron Impact Excitation of CO

Energy σ ex (v′ = 0)
σ cascade

(v′ = 0)
σ ex

(A–X) σ cascade (A)

(eV) (×10−18 cm2) (×10−18 cm2) (×10−18 cm2) (×10−18 cm2)

9 1.50 0.00 7.81 0.00
10 2.60 0.00 19.57 0.00
11 3.36 0.07 28.11 0.50
12 3.89 0.18 34.14 1.23
13 4.28 0.24 38.51 1.71
14 4.59 0.29 41.84 2.03
15 4.83 0.32 44.48 2.24
16 5.03 0.34 46.64 2.38
18 5.32 0.36 49.86 2.50
20 5.48 0.36 51.90 2.52
22 5.54 0.36 52.93 2.49
24 5.51 0.35 53.13 2.44
26 5.43 0.34 52.70 2.39
28 5.30 0.34 51.82 2.35
30 5.16 0.33 50.65 2.31
35 4.77 0.32 47.23 2.24
40 4.42 0.32 43.88 2.21
45 4.13 0.31 41.00 2.19
50 3.90 0.31 38.62 2.16
55 3.70 0.30 36.64 2.13
60 3.53 0.30 34.97 2.09
65 3.39 0.29 33.54 2.05
70 3.26 0.28 32.28 2.00
80 3.04 0.27 30.13 1.89
90 2.86 0.26 28.31 1.79
100 2.70 0.24 26.74 1.70
110 2.55 0.23 25.35 1.62
120 2.43 0.22 24.12 1.56
140 2.21 0.21 22.01 1.48
160 2.04 0.20 20.27 1.42
180 1.89 0.20 18.81 1.36
200 1.76 0.19 17.57 1.32
220 1.65 0.18 16.50 1.27
240 1.56 0.18 15.56 1.22
260 1.47 0.17 14.74 1.18
280 1.40 0.16 14.01 1.13
300 1.33 0.16 13.35 1.09
350 1.20 0.14 11.98 0.99
400 1.09 0.13 10.89 0.90
450 1.00 0.12 10.00 0.83
500 0.92 0.11 9.25 0.77
550 0.86 0.10 8.62 0.72
600 0.81 0.10 8.08 0.68
650 0.76 0.09 7.61 0.64
700 0.72 0.09 7.19 0.60
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The composite uncertainty of the 30 and 100 eV CO (A1Π → X1Σ+)
emission cross‐section values is ~20%. The uncertainty of our work is
the root‐sum‐square uncertainty of (1) ~10% in the relative FUV calibra-
tion, (2) ~7% uncertainty of the absolute calibration of H I Ly‐α, (3) ~5%
uncertainty in the Faraday cup current loss to the grounded shield, (4)
~5% uncertainty to pressure drift, and (5) ~15% uncertainty in measured
areas from blended feature overlap and signal‐to‐noise (S/N) statistical
uncertainty. An additional ~25% estimated uncertainty was assigned for
the O I (3s 5So) 135.6 nm swarm‐model analysis, accounting for the kinetic
energy and drift of excited atoms outside of the FOV prior to radiating
from the use of the 180 μs lifetime and kinetic energy values, resulting
in an ~32% root‐sum‐square uncertainty of our reported O I (135.6 nm)
emission cross section.

6. Modeling of the A1Π State Excitation Cross Section

The A1Π–X1Σ+ transition probabilities and oscillator strengths, required
for the excitation and emission analysis, are obtained by numerical
solution of the Schrodinger equation for the A1Π and X1Σ+ states. The
potential energy curve of the X1Σ+ state is constructed from the
Dunham coefficients of the 12C16O molecule obtained by Velichko et al.
(2012) with the first‐order Rydberg‐Klein‐Rees (RKR) method (Le Roy,
2017). The A1Π state RKR potential curve is the same as that optimized
by and used in Spielfiedel et al. (1999).

Because of the approximate nature of the semiclassical RKR method used to construct the potential energy
curve, the ro‐vibrational energies obtained from numerical solution of the Schrodinger equation do not
exactly equal those calculated directly from the Dunham coefficients. For the low v levels of the X1Σ+ state,
the energy difference is a negligible few thousandth of 1 cm−1. For the higher v levels, such as v = 40, the
difference is ~0.26 cm−1. Likewise, the calculated energies of the A1Π state from its RKR potential energy
curve usually differ from their observed counterparts by a few cm−1 in the absence of localized perturbation.
However, when a perturbation is present, the difference is often significantly larger. Wherever available, the
experimental (v, J) energies of theA1Π state and those of the X1Σ+ state calculated fromDunham coefficients
are used for calculation of the transition frequency used in the calculation of the transition probabilities and
oscillator strengths.

The A1Π–X1Σ+ dipole transition moment calculated by Spielfiedel et al. (1999) is used for the calculation of
the transition probabilities and oscillator strengths. A comparison of the Spielfiedel et al. transition moment
with other calculated and measured transition moments has been presented in our earlier work (Beegle
et al., 1999). It is sufficient to note that agreement between the calculated value of Spielfiedel et al. and
the measured value of Beegle et al. is in excellent agreement over the entire measured (1.05–1.4 Å) R region.
A recently calculated A1Π–X1Σ+ transition moment of Lu et al. (2013) also agrees well with that of
Spielfiedel et al. (1999) in the 1.05–2.6 Å region, although some differences exist for the R < 1.05 Å region.
The Spielfiedel et al. transitionmoment is available from 0.69 to 7.9 Å in table form, which, upon appropriate
extrapolations, makes it possible to calculate the transition probabilities and oscillator strengths for nearly
all required A1Π–X1Σ+ transitions. This is very important for the analysis of rotationally hot CO emission
produced from dissociation of CO2 where the effect of the large centrifugal potential at the high J levels
on the transition probabilities and oscillator strengths is explicitly taken into account via the nuclear
Schrodinger equation.

In our early work (Beegle et al., 1999), the emission cross section of the A1Π(0)–X1Σ+(1) band was recorded
as a function of the excitation energy. Its absolute cross section at 100 eV, 1.12 × 10−18 cm2, was obtained
from the corresponding emission cross section of N I at 120.0 nmwith a relative flowmethod. The calculated
emission branching ratio of the A1Π(0)–X1Σ+(1) band was then used to obtained the absolute excitation
cross section and excitation function of the A1Π(0) state. Finally, the excitation cross section of the

Figure 7. Comparison of Mumma et al. (1971) and Shirai et al. (2001) with
the present (direct + cascade) CO (A–X) emission cross sections for the v′= 0
level. Here the data of Figure 4 in Mumma et al. (1971) were digitized and
renormalized via the H I Ly‐α emission standard. The Shirai et al. (2001)
parameters were based on the fitting of the Mumma et al. cross section. We
also show the Mumma et al. (1971) cross section scaled down by 40%. The
relative excitation function shapes of the Mumma et al. (and thus Shirai
et al.) emission cross sections are different from the present results.
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A1Π–X1Σ+ band system was obtained by dividing the A(0)–X(1) band
cross section by 0.1153, which is the ratio of the f0,1/v0,1 for the (0,1) band
to its counterpart of the total A–X band system (see equation (9)). This
approach, however, introduced two significant errors. The first is that
the difference in the threshold energy between the (0,1) band and higher
(0,v′) bands was neglected, which overestimates the total direct excitation
cross section in the threshold energy region. The second and more signif-
icant source of error is the 0.1153 ratio itself. Beegle et al. (1999) were not
able to measure the emission intensities of many weak A1Π(v)–X1Σ+

bands accurately, which explains the determination of the transition
moment only in a limited R (1.05–1.4 Å) region. The oscillator strength
f0,v′ for many high v′ levels could not be reliably estimated. Indeed, the
ratio of the f0,1/v0,1 value for the Q(1) transition to the sum of the corre-
sponding values of the first 24 vibrational levels, obtained in the present
calculation, is 0.09923.

The present work uses the modified Born‐approximation developed by
Shemansky et al. (1985) to extract the excitation function from renorma-
lized A(0)–X(1) emission cross sections of Beegle et al. (1999). The
extracted excitation function and the calculated ro‐vibronic oscillator
strength transition allows the calculation of the cross section, σ(v″,J″;
v′,J′), of the X(v″,J″) → A(v′,J′) excitation over a wide range of energy.
The band cross section is obtained by a summation of appropriate σ(v″,
J″; v′,J′), weighted by the fractional population of X(v″,J″) at the prevail-
ing temperature, over v″ and J″. For a dipole allowed excitation, the cross
section of X(v″,J″) → A(v′,J′) excitation is given as (Liu et al., 1998, 2009)

σ v″; J″; v′; J′ð Þ ¼ πf v″; J″; v′; J′ð Þ
εΔε v″; J″; v′; J′ð Þ

C0

C7

1
χ2

−
1
χ3


 ��

þ∑4
m¼1

Cm

C7
χ−1ð Þ exp −mC8χð Þ þ C5 1−

1
χ


 �
þ ln χð Þ

�
;

(9)

where the cross section and collision strength parameter C7 are in units of
a0

2. Both threshold energy, Δε (v″,J″; v′,J′), and excitation energy, ε, are in
hartree. χ, which equals to ε/Δε, is the excitation energy in threshold units.
f (v″,J″; v′,J′) is the absorption oscillator strength. (Here for convenience,
note that we have implicitly set C6 = −C5 so that σ = 0 at χ = 1.) In the
present work, the coefficients Cm/C7 (m= 0–5) and C8 are normally deter-
mined by nonlinear least squares fitting of the rescaled A1Π(0)–X1Σ+(0)
band excitation function. All direct ro‐vibronic excitations (~100 excita-
tions) that contributed to the detected A1Π(0)–X1Σ+(1) band emissions

with proper weight are considered in the fit. It is implicitly assumed that the extracted collision parameters
Cm/C7 (m= 0–5) and C8 are identical to the entireA

1Π(0)–X1Σ+ band system. Note that the absolute value of
C7 itself may be calculated from absorption oscillator strength and transition energy (Liu et al., 2012). Here
the direct excitation collision parameter coefficients are listed in the second column of Table 5.

The coefficients Cm/C7 (m = 0–5) and C8 for the cascade excitation of the A1Π state are also extracted from
the tabulated total cascade cross sections of Beegle et al. (1999). However, only a single threshold energy,
Δε= 10.5 eV, was used in the fit of cascade excitation. The total cascade excitation cross section is distributed
into various rotational levels of the v′= 0–6 levels by using their cascade to direct cross section ratios given by
Beegle et al. at 100 eV. The distribution coefficients are assumed to be energy independent, which allows the
calculation of the cascade excitation at other energies. The third column of Table 5 lists the coefficients
Cm/C7 (m = 0–5) and C8 of the cascade excitation. The applicable range of the excitation function is from
11 to 750 eV. The absolute values of C7 for the v′ = 0–6 levels are given in the footnote of Table 5.

Figure 8. The radial glow functions of (a) O I (135.6 nm) and (b) O I

(130.4 nm) from electron dissociative excitation of CO for Image‐1, Image‐
2, and Image‐3. The three images are concatenated and overlapped at the
extremes of each image step to establish the ~0–400 mm composite
glow pattern from electron beam to chamber wall shroud. The wavelength‐
integrated regions of each multiplet's line profile are (a) 134.8–136.3 nm
and (b) 129.1–130.8 nm. To build up S/N, the green steps in the top and
bottom of each figure indicate 10 mm averages for each atomic O emission.
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Table 6 shows the present model direct excitation and cascade excitation
cross sections for the A1Π(0)–X1Σ+ band and entire A1Π–X1Σ+ band sys-
tem at 300 K. The second and third columns list the direct and cascade
excitation cross sections of the A1Π(0) level. If the model excitation func-
tion had reproduced the cross section exactly at every point, the data in
these two columns would have been equal to the A1Π(0)–X1Σ+(0) band
direct and cascade excitation cross sections listed in the Table 3 of
Beegle et al. after they are scaled by a factor of 0.96/1.12. Between 9 and
300 eV, the model excitation function for the direct excitation agrees with
the scaled cross section to within 2%. At higher energy, the model cross
section swings from a 5.1% over estimation of the scaled cross section at
450 eV to a 6.2% under estimation at 750 eV. Except for the point at
11 eV, the model cascade excitation function reproduces all of the other
scaled A1Π(0) cascade excitation cross sections within 2.8%.

Even though the present A1Π(0)–X1Σ+(0) band cross sections are ~15%
lower than their counterparts of the original Beegle et al. (1999) values,
the direct and cascade excitation cross sections of the entire A1Π–X1Σ+

band system, listed in the fourth and fifth columns at energies above
25 eV, are only 3%–6% lower than the original values of Beegle et al.
The reduction in the results reported here is caused by the underestima-
tion of the band system cross section by Beegle et al. (1999), who divided
the A(0)–X(0) band cross sections by 0.1153, when a divisor of ~0.09923
should have been used. It is important to notice that the present cross sec-
tions listed in the fourth column are not obtained with the divisor but are
obtained by an explicit sum of the 300 K CO population weighted ro‐

vibronic cross section from each J level of the v″ = 0–3 levels of the X1Σ+ state to each J level of the v
′ = 0–23 levels of the A1Π state (via P, Q, and R branch excitations). The difference in the threshold energy
for each ro‐vibronic transition has been explicitly taken into account. Consequently, the direct A1Π–X1Σ+

cross sections in the threshold region (i.e., ε= 9–20 eV) are significantly smaller than the original Beegle et al.
(1999) values. Between 400 and 550 eV, the present A–X band system cross section is equal or slightly greater
than its original value, primarily because of the over estimation by themodel excitation function near 450 eV
discussed earlier.

It should be mentioned that the present model excitation function, along with the calculated transition prob-
abilities and oscillators, gives 1.800 × 10−18 and 0.964 × 10−18 cm2 for theA(0)–X(1) band emission cross sec-
tion at 30 and 100 eV, respectively. The corresponding numbers from the present IUVS‐OEU emission
measurement are 1.80 and 0.96 × 10−18 cm2, respectively. Table 6 shows that the total excitation cross sec-
tion of the band system at 30 and 100 eV are 52.96 and 28.44 × 10−18 cm2, respectively, which are in excellent
agreement with their counterparts, 54.4 and 28.8 × 10−18 cm2, in Table 3 obtained from emission analysis.
The A1Π(0) cascade to direct cross section ratio at 100 eV calculated from Table 6, 0.089, is virtually iden-
tical to 0.090 given by Beegle et al. (1999). The same A1Π cascade to direct cross section ratio at 100 eV,
0.0635, however, is ~4% smaller than the original 0.066 given by Beegle et al. (1999). This ~4% reduction is
caused by the underestimation of the A1Π(v′ > 6)–X1Σ+ direct excitation cross section by Beegle et al.
discussed previously.

Electron impact excitation cross section of the A–X band of CO has also been measured by Mumma et al.
(1971). They obtained an oscillator strength value of 0.15 for the A–X band system, which compares favor-
ably with 0.160 calculated from the present investigation. Mumma et al. obtained absolute excitation cross
sections of the A1Π(v′ = 0–4) levels by normalizing appropriate CO emission cross sections to the H I Ly‐α
emission cross section from dissociative excitation of H2 at 350 eV. Shirai et al. (2001) have parameterized
the cross sections of these five levels and have accurately reproduced those measured cross sections. Since
the Mumma et al. excitation cross section is obtained by a normalization of a CO emission cross section,
it is more appropriate to compare it against the sum of the present direct and cascade excitation
cross sections.

Figure 9. The experimental radial glow pattern of O I (130.4 nm) and O I

(135.6 nm) from electron impact dissociative excitation of CO, normalized
to the peak glow intensity of O I (135.6 nm). The radial glow pattern extends
from beam center at 0 mm to ~400 mm and is the overlapping composite
image formed by joining Image‐1, Image‐2, and Image‐3 with optic axis of
the IUVS‐OEU centered at 0 mm for Image‐1, at 152.4 mm (6 in.) for Image‐
2, and at 304.8 mm (12 in.) for Image‐3 from the electron beam axis at 0 cm.
Included in the figure are modeled glow patterns for the O I (135.6 nm)
source with a 180 μs lifetime and three O I (5So) kinetic energies from 0.1 to
10 eV.
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In general, the Mumma et al. (1971) excitation function and cross sections
to the A1Π(v′ = 0–4) levels differ from the present cross sections in both
shape and magnitude. We have digitized Figure 4 of Mumma et al.
(1971), noting that it is log scale in cross section and consequently the digi-
tization is less accurate in the threshold region due to the slope and pixila-
tion of the published plot; it agrees reasonably well with the equivalent
that is plotted in Shirai et al. (2001). Figure 7 compares the Mumma et al.
cross section (blue as in the legend) for the v′ = 0 level with the present
(direct + cascade) excitation cross section (black line). The corresponding
cross section generated from the parameters of Shirai et al. (2001) is
shown as a red dashed line. While there is good agreement between the
Mumma et al. and present cross sections in the region below 25 eV, the
former becomes progressively greater than the latter as energy increases.
Near 350 eV, the Mumma et al. v′ = 0 cross section is about 40% larger
than the present cross section. For the v′ = 1–4 levels, the difference near
the 350 eV region ranges from 24% to 36%. As noted, the Mumma et al.
(1971) cross section was obtained by normalizing appropriate CO emis-
sion cross section to the H I Ly‐α emission cross section from dissociative
excitation of H2 at 350 eV. This H I Ly‐α emission cross section has been
progressively revised lower (McConkey et al., 2008). At 100 eV, the H I

Ly‐α cross section has been lowered from ~(12.3 ± 11%) × 10−18 cm2 of
Mumma and Zipf (1971) to (7.03 ± 0.47) × 10−18 cm2 of McConkey et al.
(2008; Table 7). Figure 7 also shows (green as in the legend) the original
Mumma et al. (1971) cross section scaled by 0.60, or ~7/12. It is interesting
to note that the scaled‐Mumma et al. data (and thus the scaled‐Shirai et al.
fit) agree well with the present data near 350 eV.

7. Kinetic Energy of O (5So) Atoms From Electron
Impact Dissociative Excitation of CO and CO2

The O I (135.6 nm) glow pattern (integrated line‐of‐sight intensity versus
radius) imaged by the IUVS‐OEU across the diameter of MOBI from
either electron excitation of CO or CO2 gas, at a particular electron
impact energy, is a function of two variables: (1) the dipole‐forbidden
lifetime of the O (5So) atom and (2) the mean kinetic energy (KE) for
fragmented O (5So) atoms. The radial line‐of‐sight intensity dependence
with respect to the minimum ray‐height radial distance can be approxi-
mated by a single exponential function dependence on the product of
mean kinetic energy and lifetime as shown in equation 1 of Ajello
et al. (2017). Similarly, we can expect to find both optically allowed
and optically forbidden cascade contributions to the O I (130.4 nm) glow

pattern by higher‐lying states cascading to the O (3So) state. Lawrence (1970) has described these measure-
ments in a pulsed electron experiment of O2 and CO, among other gases, where two strong photon decay
curves were observed: (1) the strong high‐intensity decay curve from the 1.8 ns lifetime of O (3So) excited
atoms by direct dissociative excitation of O2 and (2) a second cascade‐driven weaker emission 844.7 nm
from O I (3p3 3P) with a 35.7 ns lifetime. Lawrence limited his study to two‐level cascade. Similarly, we
have found in the previous section, by our glow pattern study of three staged‐spectra across MOBI, that
the 4PG glow pattern exhibits secondary excitation from perturbations by triplet states borrowing intensity
from the A1Π state.

Three images were taken at different stage positions to capture the glow region from long‐lived states such as
O I (135.6 nm). We start from Image‐1 on center (z = 0) with the emission from allowed transitions centered
near spatial pixel 500, followed by a motion in the z direction to obtain Image‐2 centered at ~152.4 mm
(6 in.), and Image‐3 centered at ~304.8 mm (12 in.) above the electron beam.

Figure 10. The radial model glow function of (a) O I (135.6 nm) and (b) O I

(130.4 nm) from electron dissociative excitation of CO2 for Image‐1, Image‐
2, and Image‐3. The three images are concatenated and overlapped at the
extremes of each image step to establish the ~0–400 mm composite
glow pattern from electron beam to chamber wall shroud. The wavelength‐
integrated regions of each multiplet's line profile are (a) 134.8–136.3 nm and
(b) 129.1–130.8 nm. To build up S/N, the green steps in the top and bottom of
each figure indicate 10 mm averages for each atomic O emission.
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Figure 8a shows the full glow concatenated pattern of O I (135.6 nm) for
the three images staged across the MOBI chamber from electron impact
fluorescence at 100 eV impact energy of the parent gas CO. Figure 8b
shows the O I (130.4 nm) electron impact fluorescence also at 100 eV from
the same FUV spectral image with the spectral interval indicated in
Figure 8 for the two O I emission wavelengths. In the present work, the
IUVS instrument was placed on a vertical moving stage with the entrance
slit orthogonal to the electron beam. With staged three‐step motion of the
IUVS‐OEU optical axis, the image plane (1,024 × 1,024 pixels) FOV mea-
sured by this three‐step motion was expanded from approximately −100
to ~400 mm about the electron beam axis allowing the observation of
metastable O I (135.6 nm) emissions. With a dipole‐allowed lifetime of
1.8 ns the O I (130.4 nm) emission occurs on the electron axis and maps
the breadth of the electron beam with electrostatic focusing of the 0.3 m
length of the electron beam as 20–25 mm at the central point of the long
electron beam. The O I (3So → 3P) 130.4 nm signal, with a lifetime of
1.8 ns and minor contributions from both allowed and forbidden cascad-
ing states, drops by 3 orders of magnitude and the O I (135.6 nm) signal
drops by 2 orders of magnitude. In the present work, the IUVS‐OEU
instrument was placed on a vertical moving stage with the entrance slit
orthogonal to the electron beam.

Figure 9 shows the normalized peak intensity signal in counts for the line‐
of‐sight integrated emission intensities of the O I (135.6 nm) and O I

(130.4 nm) features, respectively, as a function of minimum‐ray height
(radius) from the electron beam. As mentioned, the radial glow pattern

can be modeled using two types of slow emission processes (metastable lifetime and kinetic energy of frag-
ment O (5So) atom) with distance from the electron beam as shown in Figure 9. The lifetime of metastable O
(5So) is known to be 180 μs (Biémont & Zeippen, 1992; Kanik et al., 2003;McConkey et al., 2008), and ~1 eV
atoms can experience a drift of the order of 400 mm before they undergo radiative decay. The model fit for a
lifetime of 180 μs and ~1–3 eV mean kinetic energy provides an excellent fit to the data and can be viewed as

a secondary verification of the lifetime for O (5So) atoms. We also note a
kinetic energy of several eV (with a broad distribution of several eV)
was observed in TOF studies of e− + CO (e.g., Barnett et al., 1992; Wells
et al., 1978), which has been reviewed by McConkey et al. (2008).

This model fit for a radiative lifetime of 180 μs and ~1 eV kinetic energy for
the O (3s 5So) atom is overplotted on the O I (135.6 nm) glow data with
other candidate kinetic energy models in Figure 9, as was performed for
the LBH bands (Ajello et al., 2017). Figure 9 also overplots the allowed
130.4 nm transition glow pattern. The O I (5So → 3P) 135.6 nm signal is
expected to have a very strong dipole‐allowed cascade component as
found for O2 (Kanik et al., 2003). Schulman et al. (1985) have measured
the important set of Rydberg series of dipole‐allowed transitions that cas-
cade to O (3s 5So) from the np 5P series from dissociative excitation of O2.
The strongest cascade multiplet (3p → 3s) is O I (777.4 nm). The next
strongest multiplet is 4p 5P at 394.7 nm.

Another high‐resolution spectral technique we have employed in the past
is the study of the broadening of FUV atomic line profiles during a disso-
ciation of N2 into fast atomic fragments of allowed transitions. Line
widths typically also reveals mean kinetic energies of dipole‐allowed
states to also be about 1 eV (Ajello & Ciocca, 1996).

Figures 10 and 11 demonstrate similar results for O I (5So → 3P)
135.6 nm using CO2 as the parent gas. The O I (135.6 nm) glow

Figure 12. A calibrated FUV average Mars dayglow spectrum from
MAVEN/IUVS at 130 km altitude observed between 5 and 22 May 2016
(orbit numbers 3108–3199). The average contains ~1,000 spectra, where
each spectrum observed was with an integration time of 4.5 s. The mean
solar zenith angle (SZA) was ~50°.

Figure 11. The experimental radial glow pattern of O I (130.4 nm) and O I

(135.6 nm) from electron dissociative excitation of CO2, normalized to the
peak glow intensity of O I (135.6 nm). The radial glow pattern extends from
beam center at 0 to ~400 mm and is the overlapping composite image
formed by joining Image‐1, Image‐2, and Image‐3 with optic axis of the
IUVS‐OEU centered at 0 mm for Image‐1, at 152.4 mm (6 in.) for Image‐2,
and at 304.8 mm (12 in.) for Image‐3 from the electron beam axis at 0 cm.
Included in the figure are modeled glow patterns for the O I (135.6 nm)
source with 180 μs lifetime and three O I (5So) energies from 0.1 to 10 eV.
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profile from CO2 can be best modeled with the 180 μs lifetime and an O(3s 5So) atom with a kinetic
energy of ~1–3 eV. We compare the model glow profiles for three different kinetic energy values: 0.1,
1, and 10 eV, since the lifetime of O(3s 5So) is now well established at 180 μs. The TOF studies of electron
impact dissociative excitation of CO2 by numerous groups (e.g., Allcock & McConkey, 1976; Barnett
et al., 1992; Misakian et al., 1975) have been reviewed by McConkey et al. (2008). TOF measurements
have revealed, in addition to high‐Rydberg O‐fragments, the presence of mainly two electronically
excited fragments: slow CO (a3Π) molecules and relatively fast O (5So) atoms. The fast O (5So) atoms have
a typical kinetic energy of ~1–3 eV (with a broad distribution), similar to the result found here from CO2

dissociative excitation in Figure 11. However, caution is needed in interpreting the significance and accu-
racy of our fit kinetic energy values due to the typically broad non‐Maxwellian kinetic energy distribu-
tion of dissociative fragments.

The lab cross‐section data and models presented in this paper will be useful in the analysis of FUV spectra of
Mars, Venus, Pluto, and atmospheres containing observable CO (e.g., comets). Figure 12 shows the mean
FUV dayglow limb observation of the Martian atmosphere at 130 km using the FUV channel (115–
170 nm) from MAVEN/IUVS during May 2016 (similar to the spectra shown in (Jain et al., 2015)). The
FUV spectrum consists of one intense band system of CO (A1Π → X1Σ+) and one weak band system N2

(a1Πg → X1Σg
+; Evans et al., 2015; Jain et al., 2015; Stevens et al., 2015). The FUV dayglow spectra contain

optically thick H I Ly‐α emission, and many N I, O I, and C I, II multiplets that are produced primarily by
solar EUV dissociation and photoelectron impact dissociation of constituent gases: CO2, CO, and N2. As
mentioned earlier, the CO 4PG band emission on Mars is mainly produced by electron impact and photoex-
citation of CO and electron impact and photon dissociative excitation of CO2, where the production of 4PG
from each parent molecule varies with altitude. The absorption of the 4PG emissions by CO along the optical
path length to the spacecraft is an important effect in the FUV modeling ahead for MAVEN IUVS
dayglow analysis.

Stevens et al. (2015) presented a multilinear regression analysis to retrieve the N2 LBH radiance using the
IUVS FUV data. Stevens et al. only used a CO 4PG optically thick component in their analysis because they
have used a very limited wavelength region (131–142.5 nm). To understand the full CO 4PG band system in
the IUVS data, we will need to include model templates from multiple sources that can produce CO 4PG
emission in the atmosphere of Mars. The present laboratory data and model results will be used as one of
the components in the regression analysis of IUVS FUV data to quantify the different sources of CO 4PG
band system. However, a detailed model analysis of IUVS FUV data is beyond the scope of this paper; the
analysis will be carried out and published later.

8. Summary

We present in this paper a UV laboratory instrument unique in the world at the University of Colorado that
can, for the first time, measure accurate emission cross sections for important excitation mechanisms that
are occurring in planetary atmospheres, particularly the optically forbidden emissions of the Cameron bands
(paper in preparation) and the O I (135.6 nm) multiplet (Kanik et al., 2003). Both these emissions are
complicated by significant cascade contributions that provide half the UV emission cross section (Slanger
et al., 2008). Heretofore, there has been a serious dichotomy in accuracy between planetary observation
and models.

We have measured the FUV emission cross sections by electron impact of two important sources of Mars
dayglow: O I (135.6 nm) and CO (4PG bands) from dissociative excitation of CO2 at 30 and 100 eV. To achieve
these absolute cross sections at 100 eV, we have made use of accurate (~10%) UV 100 eV emission standards
for normalizing electron impact cross sections (Avakyan et al., 1998; Malone et al., 2008; McConkey et al.,
2008). We have also measured calibrated FUV spectra of CO and CO2 with the MAVEN IUVS‐OEU.
These measurements of both cross sections and spectra are an important step in normalizing photoelectron
impact emission cross sections in forward modeling to determine excitation rates and volume emission rates
in the Mars and Venus thermospheres (Evans et al., 2015; Gérard et al., 2011; Hubert et al., 2010; Jain et al.,
2015; Stevens et al., 2015). The values of the UV emission cross sections for electron‐impact‐excited CO2 and
CO provided here will be used to upgrade forward modeling codes, such as Trans‐Mars, Monte‐Carlo, B3C,
and AURIC.
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Many cross sections are unknown or uncertain by a factor of two or more thus jeopardizing accurate
determination of minor species (e.g., CO, C, and C+) composition and structure (Avakyan et al., 1998;
Hubert et al., 2010; Itikawa, 2002). This special laboratory facility allows for the measurement of both
allowed and optically forbidden dipole transitions that are the main missing ingredient from models being
developed for planetary UV aeronomy to analyze spacecraft UV remote observations.

The large kinetic energy (~1–3 eV) of O‐atoms resulting from dissociation of both CO and CO2 may be
important in understanding the exospheric escape of atomic O from Mars over geologic time. The Mars
escape velocity is ~5 km/s (~2 eV for an O‐atom; Fox & Hać, 2009, 2018; Yung & Demore, 1999). This escape
mechanism is an important result since atomic O is too massive to escape thermally. The other accepted
mechanism for gravitational escape of atomic O is that fast O atoms are created in the dissociative
recombination of O2

+ + e− → O + O (Deighan et al., 2015).
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