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Abstract

High-resolution vacuum ultraviolet carbon dioxide photoabsorption cross sections are required for modeling airglow

emissions from the Martian and Venusian atmospheres and for photochemical models of those atmospheres. We report

cross section measurements on CO2 at 295 and 195K between 106.1 and 118.7 nm at a spectral resolution of 0.005 nm.

Significant deviations from the results of previous, lower-resolution measurements are apparent, particularly in regions of

sharp spectral structure. Temperature dependence in the photoabsorption cross sections is evident throughout the region,

being especially pronounced at wavelengths greater than 113 nm.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The photodissociation of carbon dioxide by vacuum ultraviolet (VUV) radiation is a fundamentally
important photochemical process in planetary atmospheres. Photochemical models of the Earth’s early
atmosphere indicate significantly high concentrations of CO2 [1,2] and identify the photodissociation of CO2

as a primary source of prebiotic oxygen [3]. CO2 is also the principal constituent of the atmospheres of Mars
and Venus. In photochemical models of the Martian [4,5] and Venusian [6,7] upper atmospheres, the
photodissociation of CO2 by VUV solar radiation produces CO and O, with further photochemistry governing
the abundances of a number of molecular species and driving the non-thermal escape of energetic atoms.

As carbon dioxide is the dominant absorber of VUV radiation in the Martian and Venusian atmospheres,
its absorption spectrum determines both the depth of penetration of VUV radiation into the atmospheres and
the probability of escape of VUV emissions. A recent high-resolution spectrum of the VUV airglow emissions
from Mars resulted in the first detection of H2 [8], as well as the detection of emission features from O, Ar,
e front matter r 2006 Elsevier Ltd. All rights reserved.
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Ar+, N, N+, C, He, N2 and CO [9]. Lower-resolution VUV emission spectra of Mars and Venus were
reported by Feldman et al. [10]. The analyses of the new VUV observations of emission features in the Martian
and Venusian atmospheres were limited by poorly and incompletely characterized CO2 photoabsorption cross
sections. In this paper we report new high-resolution photoabsorption cross sections of CO2 that are directly
applicable to analyses of atmospheric VUV airglow features and to photochemical models of planetary
atmospheres.

The VUV absorption spectrum of CO2 consists of multiple series of strong, relatively diffuse bands and
regions of weak continuum absorption. Numerous optical absorption [e.g., 11–13, and references therein] and
electron energy-loss [14,15] studies of CO2 in this region have been carried out over the years. However,
because of the relative diffuseness of the CO2 features, the spectroscopic analyses have been largely limited to
electronic assignments (with the exceptions of rotationally resolved studies of the 110.6 nm Rydberg state
[11,13]). Theoretical studies of the absorption spectrum have addressed interactions of electronic states and
spectroscopic assignments [16–20], and there has been limited theoretical work on photoabsorption cross
sections and oscillator strengths [21–23].

Early VUV photoabsorption cross section measurements [24–26] suffered from insufficient instrumental
resolution and inadequate attention to saturation effects (see Hudson [27] for a discussion of instrumental
resolution effects). The 120–190 nm region was re-measured, at higher resolution and at multiple
temperatures, by Lewis and Carver [28], Yoshino et al. [29], and Parkinson et al. [30]. With the availability
of these measurements, which produced results in close agreement with one another, the CO2 cross sections in
this region are considered to be well known. However, absorption cross sections at wavelengths below 120 nm,
i.e., the region of the VUV spectrum sampled by new atmospheric airglow observations [8–10], remain
uncertain. Room temperature cross sections below 120 nm were measured by Nakata et al. [25] (58–167 nm)
and, more recently, by Kuo et al. [31] (104–170 nm) with instrumental resolutions of about 0.2 Å, insufficient
to resolve the detailed structure of the spectrum. Cross section results are presented in a figure in the work of
Nakata et al. [25] and in the form of oscillator strengths of discrete features (determined from deconvolutions
of the cross section measurements) in [31]. Electron energy-loss measurements have also been employed to
determine discrete and continuum oscillator strengths in the VUV wavelength region. Inelastic electron
scattering measurements in the 6–203 eV region were reported by Chan et al. [32] at an energy resolution of
0.048 eV, corresponding to a spectral resolution of about 6 Å, and Green et al. [33] reported absolute
differential cross sections for electron impact excitation in the 108–115 nm region.

The photoabsorption cross sections presented in this paper, covering the 106.1–118.7 nm region, were
measured at a resolution of 0.05 Å. This spectral resolution allows for the determination of absolute cross
sections except in the wings of the 110.6 nm Rydberg band, where weak rotational structure has been
previously observed [11,13]. Our measurements were carried out at 295 and at 195K, bracketing the
temperatures appropriate to the analyses of Martian VUV airglow features.
2. Experimental procedure

All measurements were carried out on the 3-m normal-incidence vacuum monochromator on the BL-20A
beam line at the Photon Factory synchrotron facility at the High Energy Accelerator Research Organization
in Tsukuba, Japan. A 1200 groovesmm�1 grating was used in the 1st order to achieve a resolution of 0.005 nm
(FWHM) with entrance and exit slit widths of 20 mm. A 12-cm stainless steel absorption cell, equipped with
LiF windows and a photomultiplier tube with a CsI-coated photocathode, was mounted behind the exit slit of
the monochromator. The cell could be cooled to 195K by immersion in a dry ice-ethanol slush.

Carbon dioxide was used in natural isotopic abundance (12C16O2 98.4%) and absorption cell pressures were
monitored with 1 and 10Torr capacitance manometers. As photoabsorption cross sections vary by
approximately four orders of magnitude over the 106–119 nm spectral region, a wide range of CO2 column
densities was used. Room temperature absorption cell pressures ranged from approximately 0.01–10Torr,
corresponding to column densities ranging from 4.0� 1015 to 4.0� 1018 cm�2. The 106–119 nm region was
divided into three overlapping regions; absorption spectra in each region were recorded at four or five column
densities.
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Absorption spectra were scanned with a step size of 0.005 nm; a 1-s dwell time resulted in on the order of
100,000 counts for the background continuum per channel. The background continuum level was established
by empty-cell scans before and after each set of absorption scans. The shape of the continuum was fit to a
high-order polynomial and then combined with empty-cell counts at the beginning and end of each individual
scan to determine a revised polynomial fit for that scan. A representative absorption scan, along with the
continuum level established by the above procedure for that scan, is shown in Fig. 1. To minimize
uncertainties associated with the determination of the background continuum level, CO2 cross sections were
independently measured at six fixed wavelengths in the 106–119 nm region—see Table 1. At each of the fixed
wavelengths, output counts were measured without CO2 in the absorption cell and then with CO2 in the cell,
alternatively every 60 s. Agreement within experimental uncertainties was found between the cross sections
determined from absorption scans and those determined at the fixed wavelengths. The wavelength scale of our
scans was determined by measurements of six atomic xenon absorption lines, the wavelengths of which are
known to high precision [34]. For this purpose, the absorption of a mixed sample of CO2 and Xe was recorded.
A linear interpolation between Xe line positions was used to establish a final wavelength scale; we estimate
that the wavelengths of the CO2 cross sections are uncertain by 0.02 nm.

3. Results and analysis

The measured CO2 absorption spectra were converted to photoabsorption cross sections through
application of the Beer–Lambert law

sðlÞ ¼
1

N
ln

I0ðlÞ
IðlÞ

� �
, (1)

where s(l) is the absorption cross section, N the column density of CO2 molecules, I0(l) the background
continuum level, and I(l) the transmitted intensity. Because scattered light in the spectrometer and detector
dark counts were determined to be negligible (by observing the residual count rates at strongly saturated
absorption features), no corrections were applied to the data. Cross sections derived from scans at different
column densities were compared for consistency. At the highest optical depths, saturation effects became
noticeable, particularly for the sharpest absorption features; our final cross sections represent averages of
scans with maximum optical depths not exceeding about 1.5.

Fig. 2(a) and (b) display the measured CO2 cross sections at 295 and at 195K over the wavelength range
106–119 nm. Uncertainties in the CO2 column density and the background continuum level, as well as
statistical scatter in the transmitted intensity counts all contribute to the estimated uncertainty in the cross
section derived from each individual scan. The column density uncertainty arises from uncertainties in the
length of the absorption cell (2mm, or 1.5%), the temperature of the CO2 gas (1K, or 0.3% at 295K and
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Fig. 1. Representative absorption scan of CO2 at 295K and background continuum level.
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Table 1

A representative comparison of 295K cross sectionsa from optical absorption measurements

Wavelength (nm) Present resultsb Nakata et al.c Kuo et al.d

107.89 5.9e 10.9 6.0

109.77 4.4 5.9 5.0

111.44 27 34 24

112.92 95 130 80

114.2 16 20 17

115.69 5.2 5.6 5.0

107.35 95f 51 50

108.84 480 265 120

aAll cross sections are in units of 10�18 cm2.
bUncertainties range from 5% to 10%; see text.
cRef. [25].
dRef. [31].
eThe following six entries for the present work correspond to fixed-wavelength cross section measurements.
fThe following two entries for the present work correspond to cross sections of strong, sharp features measured in scanning mode.
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Fig. 2. (a) Photoabsorption cross section of CO2 at 295 K; and (b) photoabsorption cross section at 195K.
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0.5% at 195K), and the absorption cell pressure (ranging from 10% for the lowest measured pressure to less
than 1% for the highest measured pressure). Our determination of the background continuum level for each
absorption scan has an estimated uncertainty of 2%. The uncertainties in our final cross sections vary
somewhat with wavelength; we estimate a 5% uncertainty (one standard deviation) in the cross sections in
regions of peak and moderate absorption and a 10% uncertainty in regions of weakest absorption.

Temperature dependence in the photoabsorption cross section is evident throughout the 106–119 nm region.
At wavelengths shortward of 112 nm, the temperature dependence is largely limited to discrete features
associated with hot bands. Fig. 3 displays 295 and 195K cross sections in the region of the strong Rydberg
band identified as the ~X 1Sg

+ (0, 0, 0)-3psu
1Pu (0, 0, 0) transition [12]. The rapidly varying CO2 cross

sections in this region must be correctly modeled to interpret the strong Martian airglow feature associated
with the carbon monoxide E(0)-X(0) transition with a band origin at 108.79 nm [9]. The effect of temperature
on the cross section of the ~X (0, 1, 0)-1Pu (0, 1, 0) hot band at 109.02 nm is apparent, as is the temperature-
dependence of the weak feature at 109.12 nm, identified by Cossart-Magos et al. [12] as a transition
terminating on a 3p 3Pu level. Fig. 4 shows the temperature dependence of the CO2 cross section in the
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Fig. 3. A comparison of photoabsorption cross sections at 295K (solid line) and 195K (dashed line) in the region of the ~X 1Sg
+ (0, 0, 0)-

3psu
1Pu (0, 0, 0) Rydberg transition. Hot bands are evident at 109.02 and 109.12 nm.
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Fig. 4. A comparison of photoabsorption cross sections at 295K (solid line) and 195K (dashed line) in the 112–119nm region.
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112–119 nm region, where a broader pattern is evident in which the 195K cross sections are consistently lower
than the 295K cross sections. The differences in the 295 and 195K cross sections are quite pronounced at the
longest wavelengths; for example, at the peak of the weak feature at 118.37 nm the 295K cross section is
almost a factor of three larger than the 195K cross section. It is interesting to note that the peak cross sections
of the short progression of Rathenau ‘‘double, strong’’ bands [35,36] appear to be temperature-independent
while the peak cross sections of the Rathenau ‘‘double, weak’’ bands show a clear temperature dependence.

There is a small region of overlap (�1 nm in width) between the present cross section measurements at
195K and those reported by Yoshino et al. [29] for the 118.7–175.5 nm region (using the same apparatus as in
the present measurements). Within this region, the two sets of results are generally consistent to within the
reported uncertainties. The two sets of 295K measurements do not overlap. The room temperature cross
section results of Nakata et al. [25] and of Kuo et al. [31] are presented in Figs. 4 and 5, and Fig. 3,
respectively, of their publications. Visual comparisons with our new data reveal differences in the regions of
sharpest structure, as could be anticipated from the difference in spectral resolution (0.2 Å for [25] and [31]
versus 0.05 Å in the present study). Table 1 compares our 295K cross sections measured at six fixed
wavelengths with cross sections determined from the figures of Refs. [25,31]. The cross sections of Nakata
et al. [25] are larger than those reported in this paper by factors ranging from �10% to �85%; the cross
sections of Kuo et al. [31] are all within about 15% of our values. Also included in the table are cross section
comparisons at the peaks of two of the strongest and sharpest features in the 106–119 nm region, at 107.35 and
18.84 nm. The effect of instrumental resolution is evident in these comparisons; the cross sections determined
from the lower resolution measurements being factors of 2–3 times lower than reported here.

Numerical tabulations of the 295 and 195K cross sections reported here can be obtained from the authors
and are also available at http://cfa-www.harvard.edu/amdata/ampdata/cfamols.html. Our future work on
CO2 will extend our high-resolution measurements to the 90–106 nm region.
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