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Abstract We have analyzed medium-resolution (full width at half maximum, FWHM = 1.2 nm),
Middle UltraViolet (MUV; 180-280 nm) laboratory emission spectra of carbon monoxide (CO) excited
by electron impact at 15, 20, 40, 50, and 100 eV under single-scattering conditions at 300 K. The MUV
emission spectra at 100 eV contain the Cameron Bands (CB) CO(a *TI — X 'x*), the fourth positive group
(4PG) CO(A 'TI — X '=*), and the first negative group (ING) CO*(B *2* — X °%) from direct excitation and
cascading-induced emission of an optically thin CO gas. We have determined vibrational intensities and
emission cross sections for these systems, important for modeling UV observations of the atmospheres
of Mars and Venus. We have also measured the CB “glow” profile about the electron beam of the long-
lived CO (a *IT) state and determined its average metastable lifetime of 3 + 1 ms. Optically allowed
cascading from a host of triplet states has been found to be the dominant excitation process contributing
to the CB emission cross section at 15 eV, most strongly by the d *A and a' *T* electronic states. We
normalized the CB emission cross section at 15 eV electron impact energy by multilinear regression
(MLR) analysis to the blended 15 eV MUV spectrum over the spectral range of 180-280 nm, based on the
4PG emission cross section at 15 eV that we have previously measured (Ajello et al., 2019, https://doi.
org/10.1029/2018ja026308). We find the CB total emission cross section at 15 eV to be 7.7 x 107" cm®.

Plain Language Summary Carbon monoxide (CO) is an important molecule in the
atmospheres of many planetary bodies, including Mars and Venus. These two planets have nearly
identical UV spectra, exhibiting CO, CO,, and N, as dominant components of the upper atmospheres.
Thorough investigation of atmospheric emissions relies on spectral models of individual emission
features, which depend on laboratory-based measurements of the emission cross sections and metastable
lifetimes. In this paper, we trace the history of the emission cross section work for electron impact on

CO, identify previous experimental systematic flaws, and present corrected values for the emission cross
sections of key Middle UltraViolet (MUV; 180-280 nm) emission features over several electron impact
energies (15-100 eV). We give special emphasis to the Cameron bands (CBs), the strongest molecular band
system in the MUV dayglow observed on Mars. A successful spectral study has neither been accomplished
nor been possible until now, with our unique experimental regime at the University of Colorado, which
can routinely study optically forbidden transitions. Our emission cross section results for the optically
forbidden CB system are vital for increased precision, especially in investigations utilizing electron
transport codes (e.g., AURIC, Trans-Mars) to retrieve composition and emission rate measurements in
upper atmospheres.

1. Introduction

Carbon monoxide is the second most abundant molecule in interstellar space and is used as a tracer for pres-
ence of H, in star forming regions and molecular clouds (Ferlet et al., 2000; van Dishoeck & Black, 1986).
Further, robust laboratory analysis of CO and CO, emission features may be an important asset in studying
H, structures in exoplanetary upper atmospheres, the photolysis of which contributes significantly to at-
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mospheric loss on hydrogen-rich exoplanets (Shematovich et al., 2015). In our solar system, Pluto’s atmos-
phere contains detectable CO and N, but lacks CO, (Steffl et al., 2020), whereas CO, CO,, and N, are the dom-
inant constituents in the atmospheres of Mars and Venus, which have nearly identical UV spectra (Chaufray
et al., 2012; Feldman et al., 2000; Gérard et al., 2017; Hubert et al., 2010). Over the past 50 years, several
spacecraft have ventured to Mars to perform remote UV observations from orbit, beginning with Mariner
6, 7, and 9 (Barth et al., 1971, 1972, 1973). More recently, observations of UV emissions have been made by
SPICAM on board the Mars Express spacecraft, collecting over 10 million UV spectra (Bertaux et al., 2006).
Study of the Martian upper atmosphere expanded further with the Mars Atmosphere and Volatile EvolutioN
(MAVEN) spacecraft Imaging UltraViolet Spectrograph (IUVS) (Jakosky et al., 2015; McClintock et al., 2015)
collecting another set of 100,000 spectra since September 2014, gathering airglow data at periapsis consisting
of ~12 limb scans for a period of ~22 min for each 4 12 h orbit. In early 2021, the Emirates Mars Ultraviolet
Spectrometer (EMUS) onboard the Emirates Mars Mission spacecraft will begin orbiting Mars. Upon arrival,
EMUS will perform unprecedented Far UltraViolet (FUV; 85-162 nm) imaging of the Mars thermosphere
and ionosphere from orbit beginning in late 2021 to expand aeronomical analyses further into the Extreme
UltraViolet (EUV; Al Matroushi et al., 2019; Holsclaw, 2020, private communication).

The Middle and Far UltraViolet (MUV and FUV) modeling of the Mars upper atmosphere airglow is pres-
ently dependent on electron transport codes such as AURIC (Atmospheric Ultraviolet Radiance Integrated
Code) (Evans et al., 2015; Strickland et al., 1999), Trans-Mars (Simon et al., 2009), Monte Carlo (Shema-
tovich et al., 2008), and Boltzmann 3 Constituent (Strickland et al., 1976), which are used to understand
the energy input from solar radiation fields (solar wind and solar EUV). Accurate electron impact emis-
sion cross sections are the main missing ingredient from ionospheric and cometary forward modeling
codes. Many cross sections are unknown or uncertain by a factor of 2 or more (Avakyan et al., 1998; Gérard
et al., 2019; Itikawa, 2002; Leblanc et al., 2006, 2007; Simon et al., 2009). This lack of necessary atomic and
molecular data jeopardizes accurate altitude determination of minor species (e.g., CO*, C, and C*) composi-
tion and structure interacting with solar radiation field energy inputs (Hubert et al., 2010; Jain et al., 2015).
As a first step, electron transport models require spectral models of the individual MUV emissions of the
two strongest band systems on Mars: the CO Cameron bands (CB; a °II — X '=*) with strongest bands from
~180 to 280 nm and the CO Fourth Positive Group band system (4PG; A 'II — X '=¥) from 111 to 280 nm.
Both band systems can be excited from two abundant gases present on Mars: CO and CO,. The separation
of their gaseous mixing ratios on Mars and Venus, not yet reliably accomplished, awaits a more accurate
understanding of the laboratory spectra and electron impact spectra of these two band system emissions
and their cross sections from each of these two parent gases.

One of the most experimentally challenging emission spectral features observed on Mars is the optically
forbidden CB system resulting from direct excitation and cascade-induced emission of CO and dissoci-
ative excitation of CO,, whose spectrum lies in the MUV. A successful spectral study has neither been
accomplished nor been possible until our present laboratory program, which can routinely study optically
forbidden transitions such as the CB, the Lyman-Birge-Hopfield (LBH) bands from N, or the O i 135.6 nm
atomic multiplet from dissociative excitation of CO and CO,. We have recently made the first step in the
far-ultraviolet (FUV; 110-170 nm) studying the 4PG and O i 135.6 nm emission cross sections from both CO
and CO, (Ajello et al., 2019). The MUV spectral region in the Mars dayglow has not been studied to this level
of accuracy in the laboratory because of insufficient experimental vacuum chambers to account for the full
MUV CB spectral emission including weak features from 180 to 300 nm and to measure the emission cross
section as a function of electron energy.

The electron impact process on CO leading to CB emission is

CO +e - CO(a’TLa* 5%, d ). )
The excited CO molecules formed in those triplet states at excitation energies both at and above the met-
astable a *II state at 300 K will cascade down into the a *IT state through dipole-allowed radiative decay

maintaining the room temperature rovibrational distribution (Judge & Lee, 1973), that is,

cola’x",d 3A) > co(a3H) +hve ik )
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followed by
1 - -
co(a 31‘[) —>C0(X ! z*)+ hves 3)
W i To begin the cross section study, we mention that the CB emission is
complicated by significant cascade emissions from these two higher-lying
states (see energy level diagram, Figure 1) that provide approximately half
. or il the UV emission cross section (Slanger et al., 2008; Zetner et al., 1998).
i" The process for dissociative excitation of CO, leading to CB emission will
5 8 - — be discussed in a paper in preparation, since the energetics of the two
:;;J’ types of CB direct excitation are very different. The CB system from di-
rect excitation of CO is a CO(a *IT — X '=%) transition with a threshold
7 - at 6.01 eV. The CB are a spin-forbidden transition and are excited from
CO by an electron exchange process in direct excitation and dipole-al-
lowed cascading. In contrast, the process leading to formation of the a *TI
6-- F= from CO, is dissociative excitation with a minimum threshold of 11.5 eV
2—: T with two fragment products: CO(a *II) + OCP) with the CO(a *II) ex-
o _ hibiting a rotational temperature of over 1000 K (Conway, 1981; Stevens
0 B et al., 2015).
0.04 0.08 0.12 0.16 0.20 0.24 All previous experiments of electron-excited CO utilized finite-sized ap-
Internuclear Distance [nm] paratuses with single pixel detectors. Most of these metastable molecules

drift out of the field of view as a result of thermal motion. It was shown

Figure 1. The energy level diagram of CO. Adapted from Herzberg (1970).  jp the past for N, that it is possible to determine what fraction of the to-

tal emission cross section is actually observed (Ajello et al., 2017, 2020;
Kanik et al., 2003) by using a large apparatus with an imaging detector, and a knowledge of the velocity
distribution and the effective lifetime of the metastable state.

We have started a laboratory aeronomy program at the University of Colorado to study electron impact
fluorescence of the CB in the MUV from two parent gases, CO and CO,, to match and model the spectra
of past, present, and future spacecraft equipped with MUYV capabilities to observe the upper atmosphere of
Mars and Venus (100-300 km) where both gases are present and abundant (Fox, 2008; Gérard et al., 2019;
Krasnopolsky & Feldman, 2002). A thorough understanding of CO CB emissions by the same laboratory
technique as performed for the LBH bands (Ajello et al., 2020) from a large chamber will lend greater pre-
cision in the spectral analysis of solar system objects. These laboratory measurements of both cross sections
and spectra are an important step in allowing forward modeling to determine the excitation rates and vol-
ume emission rates in the thermospheres of Mars and Venus (Evans et al., 2015; Gérard et al., 2011, 2019;
Hubert et al., 2010; Jain et al., 2015; Stevens et al., 2015).

2. History of the Laboratory Study of CB Excitation and Emission Cross
Sections

From the existing literature and normalization of early experimental measurements reported by Avakyan
et al. (1998), the accepted 15 eV direct excitation cross section of the CB from CO is 1.3 x 107*° cm?. This val-
ue at 15 eV is attributed to the experimental work of Furlong and Newell (1996) normalized to the theory of
Morgan and Tennyson (1993) at 8.5 eV. However, to add complexity to the emission cross section work, Zet-
ner et al. (1998) has shown that the dominant emission low energy cross section to the a °II triplet state arises
from cascading from valence electronic states d *A and a' *£* « X '=" excitation transitions. Furlong and
Newell (1996) recognized that cascade processes are important for the total a *II cross section for energies
above 10 eV. This pair of collision processes at 15 eV leads to cascading from the host of triplet states lying
above the a °II state shown in Figure 1. For high v' levels, the d *A state with a threshold at 7.4 eV and the a’
v+ state with a threshold at 6.8 eV eventually perturb the vibrational levels of the A 'II state lying at 8.0 eV
above the X '2* state. We have for the first time resolved this confusing set of direct and cascading excitation
cross sections measured by Zetner et al. (1998) leading to the emission cross section measured here for the CB
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at 15 eV and other energies from 20 to 100 eV. The A 'II state is known to couple to five triplet states leading
to an extended FUV + MUYV glow from electron excitation of CO by spin-orbit coupling (Ajello et al., 2019).

Comparing several papers, Itikawa (2015) pointed out that the excitation cross sections of the a-state alone are
in good agreement at low energy from 6 to 30 eV. First an extensive measurement of the Electron Energy Loss
Spectra (EELS) of CO was made by Zobel et al. (1996). These authors obtained absolute values of excitation
cross sections for the a *IT state from threshold to 9.5 eV. Zetner et al. (1998) extended the EELS measurement to
obtain the cross section at 10, 12.5, and 15 eV. These two results are consistent with each other. To extend the col-
lision energy further, Zetner et al. (1998) integrated the differential cross sections (DCS) reported at 20 and 30 eV.
The same set of excitation cross sections for the prominent cascading states, a' 3v*and d ®A, are not available.

In the present study, we present emission cross sections, referred to as such because of differences between
ours and previous EELS experiments. The CB emission from the a *II state is produced by both direct excita-
tion and cascading. For the CO j — m transition from the upper state j to a lower state m, the emission cross

section oj,,, including cascade oj,, cascade and direct emission Ojm direct can be written as
em __ __em direct em cascade
Ojm = Ojm O jm @

(Ajello et al., 2019). The mean-free-path of a II for emission in laboratory regimes exceeds any previous-
ly employed vacuum chamber used for UV studies (Ajello, 1971a, 1971b). This first and only attempt to
measure the e + CO and e + CO, CB emission cross section 50 years ago were both significantly flawed as
discussed in Erdman and Zipf (1983) and Simon et al. (2009) with an uncertainty of a factor of 2. Erdman
and Zipf (1983), for example, performed a partial CB MUV relative intensity study of e + CO from 225 to
265 nm, not including the strongest vibrational features from 180 to 225 nm, and attempted to renormalize
the works of Ajello (1971a, 1971b) based on the single CB (1,4) band at 238.9 nm that is blended at low
spectral resolution with the 4PG (6,16) feature. The present measurement of the MUV spectrum at 15 eV,
and multilinear regression (MLR) modeling to extract both the 4PG and CB systems, resolves this issue of
blending from the 4PG band system while providing better modeling of the loss of excited molecules due
to the longer lifetime of 3 ms (Section 4.4). Before these current measurements, Erdman and Zipf (1983)
recommended an emission cross section of 1.4 X 1077 cm? at 11 eV for the e + CO work of Ajello (1971a,
1971b). We recommend abandoning the previous work of Ajello (1971a, 1971b) based on more accurate
work in this experiment, which avoids the effects of uncertainty in spectral blending and includes an accu-
rate accounting for the drift out of the FOV of the a *IT molecules as measured by the CB glow and the strong
triplet system cascade at 15 eV from the work of Zetner et al. (1998).

3. Experimental Apparatus and Procedure

‘We have measured accurate emission cross sections of two of the strongest optically forbidden transitions
found in the Mars airglow: the CB in the MUV (reported in this paper) and O i (135.6 nm) in the FUV
(Ajello et al., 2019). We published the initial work 10 years ago for O i (135.6 nm) from dissociation of O,
using the Cassini UltraViolet Imaging Spectrograph (UVIS) (Kanik et al., 2003; Makarov et al., 2003). In the
present study, we have used the MAVEN IUVS Optical Engineering Unit (OEU) “breadboard” flight-spare
detector to observe and image the dipole allowed and dipole forbidden emissions occurring in the MUV to
more accurately study the CB from electron impact excitation of CO (Ajello, 1971a). No experimental ad-
justments were made for possible polarization effects, since they are negligible in this case. The polarization
fraction for heavier diatomics is generally less than 5%, and for forbidden transitions the fraction would be
even smaller (Huschilt et al., 1981; Malone et al., 2008). The experimental apparatus comprised of a large
(0.3 m in length) electrostatic electron gun system and the IUVS OEU housed in a large (1.5 m diameter and
2.35 m length) vacuum chamber referred to as the multi-optical beam instrument (MOBI). This experimen-
tal setup has been described in detail previously (Ajello et al., 2017; Kanik et al., 2003; Noren et al., 2001),
and an experimental schematic is given in Ajello et al. (2017, 2020). The experimental procedure is a replica-
tion of Ajello et al. (2019) wherein an electron beam with an energy resolution of ~1 eV was passed through
static CO gas with a chamber pressure of 1 x 107> Torr (n = 3 X 10" cm™?) and gas swarm temperature of
300 K. The cylindrical emission glow profile produced about the electron beam was measured up to a radial
distance of ~400 mm, moving upward from the electron beam centered initially at 0 mm, using the TUVS
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Figure 2. Details of the TUVS MUV imaging channels: (Upper left) Image-1 file of e + CO (50 eV) measurements showing 1,024 X 1,024 spatial and spectral
pixels. The image is formed from electron impact direct excitation of CO. The spectrum is highlighted in the MUV by CBs, 1NG, and 4PG. We use spatial pixels
150:900, where the effects of internal scattering for the narrow slit is minimized. The broad occultation slit at the top of the IUVS extends from spatial pixels
50:150 in the image, and the smaller occultation slit at the bottom extends from spatial pixel 950:1000 and views the region above the electron beam as the IUVS
moves vertically upward. (Upper right) Engineering readouts detector temperature (°C) and minimum and maximum signal (counts per minute) variations
observed during the measurement. The Point-Spread Function (PSF) measurement had a duration of 220 min, with 60 s integrations. (Bottom left) Mean
spectrum in narrow slit averaged over spatial pixels 150:900. (Bottom right) Mean spatial intensity with distance from electron beam.

OEU mounted to a vertically moving stage, to fully observe and measure optically allowed and forbidden
transitions. Each spatial pixel spans an object region of 0.220 mm. The MUV spectral image was obtained in
first spectral order by the IUVS OEU yielding about 0.16 nm per channel with a measured spectral resolu-
tion of ~1.2 nm full width at half maximum (FWHM) in the plane of dispersion (Figure 2).

Long-exposure spectra (2-10 h) were taken with the IUVS OEU detector at positions z = 0, 15.24, and
30.48 cm above the electron beam axis (referred to as images 1, 2, and 3, respectively). The concatenation of
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Figure 3. Calibrated MUYV electron-impact-induced fluorescence spectrum of e + CO from 180 to 280 nm with CB
identifications. The data show four sets of experimental spectra for the three image positions as well as the sum of the
three images at 30 eV. Image-1, Image-2, and Image-3 were taken with the IUVS-OEU optical axis vertically raised with
respect to the electron beam at 0, 15.2, and 30.4 cm, respectively.

these images produces the full spectrum (total image; Figure 3). The spectra were calibrated to the flight-in-
strument sensitivity (see Section 4.1) for use in emission cross section (Figures 6 and 7) and a *I1 state
lifetime (Figure 8) calculations.

4. Spectral Analysis
4.1. The Point-Spread Function and MUYV Sensitivity Calibration

An important diagnostic of the “breadboard” TUVS OEU optical performance in the laboratory requires
a measurement of the PSF. The PSF of the OEU was measured to be 0.47 nm FWHM in second order in
the FUV, and the MUV OEU sensitivity calibration was found to be identical to the flight instrument. The
PSF used in the present analysis is described in Equation 5 and Figure 2 of Ajello et al. (2019). The IUVS
OEU responsivity was measured in the 190-300 nm range using a deuterium lamp, which had a calibration
traceable to NIST (Saunders et al., 1978), as a standard irradiance source. The lamp illuminated a Spec-
tralon® diffuse calibrated Lambertian reflectance surface, which was placed ~1 m from the instrument
entrance pupil providing a calibrated radiance target. The output of the instrument in data numbers (DN)
was divided by the screen radiance to provide spectrally dependent radiance coefficients ([DN/photons/
cm?/sr/s]). Self-absorption, which is significant for wavelengths less than 250 nm, was estimated and re-
moved by comparing spectra that were measured at a lamp-to-screen distance of 56 cm to those at a dis-
tance of 112 cm.

The TUVS OEU calibration coefficients were compared to those of the flight MAVEN IUVS instrument
obtained using the same lamp, screen, and illumination geometry. These agreed within +£10% over the
entire 190-300 nm wavelength range. Based on these results, we used the flight instrument coefficients
to extend the engineering model calibration to the 170-190 nm range. After launch, the flight instru-
ment responsivity in the range 170-240 nm was increased based on observations of stars during cruise
to Mars (Deighan et al., 2015). This update was applied to the engineering model responsivity for this
work as well.
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Figure 4. Measured electron-impact-fluorescence MUV spectra (black)

from a CO gas for (a) 15

eV, (b) 30 eV, and (c) 100 eV electrons compared

with MLR fits (red) from 4PG, 1 NG, and CB model vectors shown in

Figure 5.

4.2. MUV Electron Impact Spectra of CO

We have studied the electron-impact-fluorescence MUYV spectra of CO
with the JUVS OEU instrument from 180 to 280 nm in a large vacuum
chamber as described in Ajello et al. (2017). The calibrated spectra for
each of the three images, as well as the summed total spectrum, are
shown in Figure 3 for CO from electron impact fluorescence at 30 eV.
To our knowledge, these are the first MUV spectra of CO with a large
enough chamber to fully sample dipole-allowed and optically forbidden
emissions and to account for a small loss of CO(a *II) excited molecules
to the walls. The wavelength range for the strong observed CB system is
180-280 nm, and the vibrational level tick marks of the CB are depicted
in detail. The previously published MUV uncalibrated electron impact
spectra of CO at 20 and 50 eV, obtained in a small vacuum chamber with
a small FOV, were pictorially shown in the work of Ajello (1971a, 1971b)
and were analytically intercompared after calibration for cross section
analysis. The 4PG CO(A 'II — X 'z*), the ING CO* (B *z* — X %), and
the CB CO(a *IT — X '=*) are the band systems of CO and CO™ observed
in Figure 3, which are also excited by CO, dissociative excitation.

The 4PG system has been discussed extensively in a previous paper about
the FUV (Ajello et al., 2019). For the 1NG system of CO* (B*Z* — X *z7)
which extends from 180 to 320 nm, there are no upper electronic levels
that cascade to the B =% state, which has a threshold at 19.66 eV. The
peak cross section occurs at 150 eV and has a value of 4.30 x 10" cm?
(Ajello, 1971a, 1971b). The excitation function for the 1NG is described
in Ajello (1971a, 1971b). For the ING CO™* (B *x* — X *2*), an electronic
transition where the change in internuclear distance is small, the band
system is confined to a small wavelength range. In fact, no 1ING bands
for v' > 3 were observed. The entire 1ING spectrum was confined to an
interval from 205 to 260 nm and is clearly evident as overlapping the CB
shown in Figures 4c and 5c at 100 eV.

The CB are of primary interest in this study as the only forbidden fea-
ture observed in the MUYV for electron-impact on CO. The 15 eV MUV
spectrum is shown in Figures 4a and 5a. The measured and theoretical
Franck-Condon factors (FCFs) gy, for excitation to vibrational level 1’
from v" = 0 (Table 1; Meléndez et al., 2002) do not agree due to signif-
icant cascading from the d A and a' **" electronic states to the a-state
from both these strong triplet states and both with internuclear minima
well separated from the a-state as shown in Figure 1. Cascading will pref-
erentially excite a wide range from 5 to 10 of high v’ vibrational levels of
the d *A and a' *T* electronic states and will excite a wide range of a-state
vibrational levels by cascading leading to a peak V' in the range of v’ = 1-3

as shown in Krupenie (1966). The excitation cross section, oy, is strongly dependent on vibrational level
with a peak at v' = 1 (Conway, 1981). Thus for v' > 3 one would not expect any measurable radiation since
the fraction of the total excitation cross section represented by levels with v' > 3 is less than 1% but with
cascading there is excitation of the a-state to v' = 7 (Ajello, 1971a, 1971b). Ajello et al. (2019) and references
therein (Krupenie, 1966; Morton & Noreau, 1994; Tilford & Simmons, 1972) have also shown there is strong
coupling between the CO(A 'IT) ~ CO(a °II) states from single-triplet perturbations. Figure 3 shows the
contribution to the total emission cross section by the cascade emissions from images 2 and 3 imaging the
glow at ~15 and ~30 cm, respectively, from the excitation source. Together these contributions account for
~55% of the total CB emission cross section at 20 eV (further discussed in Section 4.3).

Individual molecular rotational and atomic multiplets were spectrally smeared using the PSF (Equation 5
and Figure 2 from Ajello et al. [2019]) to model the measured electron-impact-fluorescence MUV spectra
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from CO gas as shown in Figure 5. These modeled sources, along with
a linear background, were then put into a constrained MLR fit of each
source intensity to the measured spectra. Each source was treated as a
free parameter and constrained with the requirement that fit coefficients
be nonnegative. Molecular sources were modeled using AURIC rovibra-
tional band models for CB, 4PG, and ING (Ajello et al., 2019; Stevens
et al., 2015). The rotational temperature used for the three band models
was 300 K. Comparisons of the measured electron-impact-fluorescence
CO total spectra (black) with the MLR best fit (red) are shown in Fig-
ures 4a, 4b, and 4c for 15, 30, and 100 eV, respectively. The dominant
sources determined from the fits to the measured spectra in Figure 4 are

200 240 260 shown in Figures 5a, 5b, and 5c for 15, 30, and 100 eV, respectively. The
Wavelength (nm) CB and 1NG models used to fit the spectra in Figure 4 are separated into
(b) CO 30eV Total upper levels (v') and the upper level vibrational populations are retrieved
5 ' ' ' _I IUVS BB ' E directly from the measured spectra. For the 4PG band model, we assume
= ot i the vibrational populations reported by Ajello et al. (2019). The MLR best
4 - gg%é%egféﬁ%:? — fit CB and 1NG populations are shown in Tables 1 and 2, along with FCFs
€ 11931 E " ; ;
% g — 60 Cameron v=s _ for v = 0 reported by Meléndez et al. (2002) and Szajna et al. (2004),
3 — CGocameronv=2 |3 respectively.
£ 5 _i
1 — 4.3. The Electronic Emission Cross Sections
0 VS o~ We have measured the emission cross section of the CB in the MUV
180 200 220 240 260 (180-280 nm) from the process e + CO, with a threshold for the a °IT
Wianalength {nn) state at 6.04 eV, at various electron impact energies: 15, 20, 40, 50, and
(C) . i i co 100?V Total . i . 100 eV. The CB emission cross sections are shown in Table 3 and Fig-
20 g = lyses ] ure 6 with comparison to previous measurements by Zetner et al. (1998)
5 =0 A 1 at low energy, and the experimental work of Furlong and Newell (1996),
r = otk ] which are relative CO(a °II) excitation cross sections normalized to the
_»%‘ 15 _ = 88”,091:?}"%\3:\/,:4 _ summed excitation cross sections of CO(a °II, a' °Z*, d *A) states at 15 eV
5 C — CO+1NG v'=6 ] from Table 2 of Zetner et al. (1998). There is significant population of the
= 10:_ 3 a ’II state formed by cascade from higher electronic levels which have
[ ] an onset at 9.3 eV (Furlong & Newell, 1996). This emission cross section
. H 3 has not been accurately measured in any previous UV experiment due to
ok M\& R N ] insufficient mean-free-path allowance for the total MUV emission from
180 200 220 240 260 the long-lived, optically forbidden, spin-forbidden transitions occurring

Figure 5. Measured electron-impact-fluorescence MUV spectra (black)
from a CO gas for (a) 15 eV, (b) 30 eV, and (c) 100 eV electrons compared
with an optically thin MLR fit using 4PG, 1NG, and CB vectors.

Wavelength (nm)

far from the electron-impact source. In this experiment, with a lifetime
of 3 ms (Section 4.4) and a mean thermal energy of 39 MeV at 300 K,
we can calculate the fraction of excited molecules observed inside the
400 mm of the observed glow cylinder with the formulation in Ajello
et al. (2019).

The mean distance an excited CO (a *IT) molecule will travel once excited
on the axis of the electron gun is 1,560 mm. The 1/r fall off of intensity, together with an exponential de-
crease depending on lifetime, shows that the IUVS captures 62% of the radiation with 38% of excited mole-
cules deactivated at the walls of the experimental chamber. A correction factor of 38% is applied to the CO
(a’IT) CB intensity when compared to the prompt CO (A 'II — X '=*) 4PG emission longward of 180 nm.
Based on our study of the 4PG cross section as a function of energy (Ajello et al., 2019), we find the fraction
of the 4PG emission cross section above 180 nm is 12.3%, leading to an emission cross section of the 4PG
system in the wavelength range 180-280 nm of 5.8 x 10" cm” at 15 eV. A similar approach is used for other
electron energies. This method then provides absolute cross section standard values for measurement of CB
and 1NG cross sections in the MUV in this experiment. Specifically, MLR fits to MUV data for each electron
energy are constructed as described in Section 4.2 to determine relative contributions for each source of
emission (4PG, CB, ING, atomic multiplets, background; see Figure 4). Taking the ratios of integrated CB or
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Table 1
CO Cameron Population Fits at 15 eV Normalized to Unity, Along With
the FCFs (v' = 0) From Table 6 of Meléndez et al. (2002)

v This work Meléndez et al. (2002)
0 0.328 0.268

1 0.341 0.313

2 0.195 0.218

3 0.084 0.116

4 0.032

5 0.012

6 0.004

7 0.002

Table 2

CO" ING Population (at 40 eV Fits Normalized to Unity, Shown With the
FCFs (v' = 0) From Szajna et al. (2004)

v This work Szajna et al. (2004)
0 0.409 0.538

1 0.290 0.315

2 0.202 0.109

3 0.074 0.029

4 0.022 0.007

5 0.003 0.002

Table 3

Cameron Band Total Emission Cross Sections From Electron Impact of CO
From 180 to 280 nm With an Uncertainty of 35% (Ajello et al., 2020)

Energy Gem oex(d  Total gy
(eV) 107 ecm?)? 0@’ on@’ThH’ AP EELS
15 76.5 28.5 13.1 32.0 73.6
20 15.6 = = = =
40 48 - - - -
50 5.8 - - - -
100 7.7 = - - -

Note. For comparison with previous CB cross section measurements, see
Figure 6.

This work. "Zetner et al. (1998).

1NG sources to the blended 4PG source allows for propagating the MUV
4PG standard cross section values for each electron energy to calculate
corresponding CB and 1NG cross sections. The 1NG cross sections are
given in Table 4 and are compared to previous measurements averaged
in Avakyan et al. (1998).

The unique experimental facility employed here—a large vacuum cham-
ber with imaging capabilities in the vacuum ultraviolet—is ideal (and
necessary) for the emission measurements presented in Table 3. For ex-
ample, the emission cross section at 15 eV in Table 3 is complicated by
significant cascade emissions. We demonstrate this effect in Table 3 by
comparing the 15 eV emission cross section measured in this work to
the individual excitation cross sections measured by Zetner et al. (1998).
The major contributor to the CO (a *II — X 'Z*) emission cross sec-
tion near the peak at 10-15 eV is the cascading transition d M - a ’1y,
with a cascade cross section of 3.2 x 107" cm? at 15 eV compared to
2.85 x 1077 cm? for the CO(X '=* — a *II) direct excitation cross section
at 15 eV of Zetner et al. (1998).

As shown in Table 3, cascade effects provide half the UV emission cross
section. Compare our result to the individual and summed excitation
cross sections of Zetner et al. (1998). The higher CO states that cascade
down to the CO a *II arise from the transitions d *A — a *TI (triplet bands)
and a' > — a Tl (Asundi bands) that are fully allowed transitions (Judge
& Lee, 1973; L. C. Lee and Judge, 1973). To a small extent, the e * X~ state
also contributes to cascading. Emission from these higher cascading CO
states, found in the visible spectral region, are cumulatively as intense
as the Cameron band emission produced from direct excitation. We also
show in Figure 6, the summary of excitation cross sections CO(X ' — a
*II) from threshold to 71.09 eV from Table 1 of Furlong and Newell (1996)
normalized at 15 eV to the summed total direct excitation cross section
of Zetner et al. (1998) for CO(a I, a' *T*, d °A) states from their Table 2.
The emission cross section of the CB from our work are compared to the
excitation + cascade cross section metastable time of flight normalized
measurements of Furlong and Newell (1996), and to the published high
resolution measurements of Zetner et al. (1998) who clearly resolved the
triplet states of direct and cascade excitation to the a *II. The summed
total direct cross section value of Zetner et al. (1998) is 7.4 X 107" cm? at
15 eV. Our emission cross section value at 15 eV is 7.7 x 10”7 cm®. This
close agreement is shown in Figure 6 and indicates a peak emission cross
section of 1.1 X 107'® cm* at 10 eV.

We show in Figure 7 the compilation of our results for the ING bands,
the 4PG, and CB from our MUV work and list in Table 4 the new recom-
mended cross sections for the CB and 1NG bands based on the cross sec-
tion of the 4PG system above 180 nm, which is the absolute calibration
standard used in this experiment (Ajello et al., 2019). Continuous cross

section curves over energy were analytically fit to the calculated values with a general, unbound MLR ac-
cording to the formulation in Appendix A of Yonker and Bailey (2020). The coefficients used for the analytic

fit are given in Table 5.

4.4. Lifetime of the CO (a *IT) State From Analysis of the Cameron Band Glow Profile

The distance a CO (a *IT) molecule will travel before radiating depends on its lifetime. The distance
that a CO (a *II) molecule will travel also depends on the mean thermal energy of 39 meV at 300 K
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Table 4

First Negative and Fourth Positive Group Emission Cross Sections With an
Uncertainty of 30% From Electron Impact of CO

Oem ING (107" cm?)

Gem 4PG (107" cm?)

Avakyan Ajello et al. (2019)
Energy (eV) This work et al. (1998) 180-280 nm
15 = = 5.8
20 0.2 0.13 6.8
40 5.9 7.3 5.8
50 7.0 95 5.2
100 12.6 12.6 3.6

Note. The 1NG cross sections reported by Avakyan et al. (1998) are given
for comparison. The 4PG cross section from 180 to 280 nm is the absolute

cross section standard value used to measure the other cross sections.

laboratory temperature. The CB volume emission rate in the cylin-
drical glow about the electron beam falls off a little faster than 1/r
due to the exponential factor with lifetime. The triplet states above
the a-state in Figure 1 all radiate promptly to the a °II state with a
lifetime of the order of a few microseconds (Strobl & Vidal, 1987).
We have shown that a measurement of the glow profile at room tem-
perature is a measure of the lifetime (Ajello et al., 2017, 2019). The
extent of the glow is larger with a longer lifetime or the higher the
mean thermal velocity.

To reiterate, with staged three-step motion of the IUVS-OEU optical
axis, the image plane (1,024x1,024 pixels; Figure 2) FOV measured by
this three-step motion was expanded from —100 mm below to more
than 400 mm above the electron beam axis allowing the observation
of metastable CB emissions. Figure 8a shows the full glow concate-
nated pattern of the CB from 180 to 280 nm at 30 eV for the three
images staged across the 0.75 m radius of MOBI from electron impact

fluorescence over the range of CO (a *II state) lifetimes from 0.1 to 10 ms. We can model the Cameron
glow as a function of minimum ray height radius to the line of sight. The model in Figure 8a indicates

a best fit for a lifetime of 3 ms.

We show in Figure 8b a second model for an infinite cylinder not limited to a 400 mm minimum ray
height. The two sets of glow models are composed of two spatial arrays to account for the CO (a *IT) excit-
ed molecules that collide with the walls. The difference between a finite chamber of 0.75 m radius and a
5 m chamber amounts to only 6% loss along the line of sight as shown in the figure with a slower fall-off
with distance. We account for this loss of signal in our cross section calculations. The best fit model for the
direct excitation lifetimes in either case is 3 ms with an uncertainty of 1 ms. Thus, the CO (a *II) lifetime

is3 + 1 ms.

Cameron Band Emission and Excitation Cross Sections by Energy

100

80

%)

60

o (1078 cm

40

20

» This work, CO(a-X) CB Oem

F&N [1996] CO(a-X) normalized to Z [1998] CB Oexc, total
m  Z[1998] CO(a+a'+d - X) CB Oexc, total

Z [1998] CO(a-X) CB Oexc

'3 »® L

20 40 60 80 100
Energy (eV)

Figure 6. Cameron band CO (a *IT — X '=") emission cross sections as a function of energy. We show a comparison
of the emission function of this experiment (blue triangles) to the excitation cross section measurements of Zetner
et al. (1998), both the excitation cross sections to the a °II state (pink triangles) and the sum of excitation cross
sections of the triplet states: d *A + a *IT + a' >z*, (red squares; equivalently their best-estimate total emission cross
section values of cascade + direct excitation). The cascade + excitation cross sections (gold circles) of Furlong and
Newell (1996) in their Table 1 normalized at 15 eV to work of Zetner et al. (1998) are also shown for comparison.
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1076 . v ' . v 3 Past measurements include work by Borst and Zipf (1971), who found
: 88"(;11'?'“%0,, the average lifetime of metastable CO molecules in the a °IT state excited
€ r S 1 by electron impact at 7.5 eV at room temperature to be about 1 ms. More
‘E’ 107 E E recently, Gilijamse et al. (2007) have studied the phosphorescence decay
'% F ] of the a*ITv =0, J = 1 level, and found a radiative lifetime of 2.63 ms.
o 7
g 10" 3
© 1 5. Summary and Conclusions
o™ 20 4'0 6‘0 8‘O 160 UV missions to Mars by NASA, ESA, and other space agencies have been
Energy (eV) motivated by observations of UV dayglow that responds to solar cycle
EUV variation, which over eons determines the escape of gases (H and
Figure 7. 4PG, ING, and Cameron Band cross sections as a measured in O) in Mars' volatile evolution. A brief review of the history of e + CO

this work as a function of energy. Data points represent the measured cross  CB emission spectral measurements reveals the necessity of a correction

sections from this study, and intermediate values were interpolated using
the analytic fit formulation described in Yonker and Bailey (2020). The
coefficients used in this fit are given in Table 5.

to the emission and excitation cross sections through experimentation
in a sufficiently large vacuum chamber. Previous emission cross section
uncertainties propagate error into aeronomical analyses of Martian day-
glow. We have obtained e + CO spectra at 15, 20, 40, 50, and 100 eV to
refine electron transport models of CB. New recommendations for emission cross sections of the CB and
the 1ING are presented (Tables 3 and 4), as well as a lifetime estimate of the metastable CO(a *IT) state of
3 + 1 ms (Figure 8). Currently in common use are the values from Erdman and Zipf (1983) with varying
scaling factors applied. Determining these cross sections establishes an improved set of fundamental phys-
ical constants for electron impact codes to be used in the accurate analysis of UV spectra in current and
future missions to Mars, Venus, and other planetary bodies. A thorough understanding of these important
emissions in determining atmospheric escape may leverage discoveries about ionospheric activity through-
out our solar system and beyond.

The knowledge of the energy dependence of the electron impact cross section on CO and CO, is essential
for the interpretation of the CO CB in terms of the composition of Mars and Venus' upper atmospheres.
Models indicate that a major source of excitation of the CO (a *IT) state near the peak in the dayglow and
aurora is electron impact on CO, (Bhardwaj & Jain, 2013; Gérard et al., 2019; Leblanc et al., 2006). How-
ever, there has been recent evidence that electron impact on CO may also play an important role on Mars
in the production of the CB above the emission peak (Gonzélez-Galindo et al., 2018, 2019). A consequence
is that the Cameron emission scale height may be significantly larger than the CO, scale height and that
the use of the topside scale height of CB limb profile to determine the temperature is not straightforward.
Comparisons of the scale heights of the CB and the CO,* UV doublet (Gonzalez-Galindo et al., 2019) con-
firm that indeed the latter is generally smaller than the former. Conversely, at high altitude, the intensity
of the CB can be a useful tool to determine the CO density. The CO density is a quantity difficult to deter-
mine by other methods. For example, neutral gas and ion mass spectrometer measurements of CO from
MAVEN can be made down to 130 km only occasionally during “deep dip phases” (Mahaffy et al., 2015).
CO density determination from the Cameron dayglow is possible only if the cross section for the main
source of excitation (electron impact on CO in this case) and its energy dependence are accurately known.
The measurements reported in this study fill this gap and open a new possibility to map the CO density
distribution.

I‘Z:];gcfi-’ents (c) Used to Determine Analytic Fit to Emission Cross Sections in c; are Determined Using the Formulation in Appendix A of Yonker and Bailey (2020)
Coefficients
Threshold energy (eV) a c [ Cs Cs Ce cy Cs
CB 5.56 4.83 0.24 24.80 —-5.93 19.21 —-3.78 1.00 =il 2
ING 18.38 3.25 —-0.37 4.81 —-3.26 3.17 0.69 4.86 —3.28
4PG 12.67 2.21 —0.56 2.20 —3.76 5.73 —0.36 7.00 —-0.74
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Figure 8. The radial glow functions of the CB (180-280 nm) from electron 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 glow pattern from electron beam to chamber wall shroud. Included in the figure are modeled glow patterns
for the CB source with a range of lifetimes from 0.1 to 10 ms lifetime at 300 K with mean thermal kinetic energy

39 meV.

The CO mixing in both the Mars and Venus thermospheres is expected to be variable since it is submit-
ted redistribution by the global circulation following CO, dissociation (Jain et al., 2015). Therefore, spa-
tial variations in the spectral distribution of the CB in the upper thermosphere could be an indicator of
seasonal, latitudinal, or local time changes in the CO/CO, mixing ratio. Similarly, detailed comparisons
between the CB structure on Mars and Venus would reveal differences in chemical composition. Future
comparisons of the spectral distribution of the CB dayglow and aurora in Mars and Venus with the e + CO
and e + CO, laboratory spectra will make it possible to assess the contribution of CO to the a °II state
production.

Data Availability Statement

Data used are cited in the references. Original laboratory data used in these analyses are publicly available
(R. Lee and Ajello, 2020). Data reduction and analysis scripts are available on Zenodo (Holsclaw, 2020;

Veibell, 2020).
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