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[1] Photoabsorption cross sections of sulfur dioxide over a range of temperatures are
required to interpret observations and to support models of the atmospheres of lo and Venus.
We report high-resolution (VA = 450,000) photoabsorption cross-section measurements
by Fourier transform spectrometry of SO, at 160 K in the wavelength reglon 199 to

220 nm, which encompasses the strongest features in the prominent C'B, — X'4, system.
Our results are compared with literature values obtained at lower resolutions and with
295 K cross sections recorded earlier with the same instrument.
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1. Introduction

[2] Sulfur dioxide is a significant component of the atmo-
spheres of Io and Venus, and it is observed in the Earth’s
troposphere and stratosphere following volcanic eruptions.
High-resolution photoabsorption cross sections, at relevant
temperatures, are required for the reliable interpretation of
SO, absorption features and for the incorporation of SO, in
photochemical models of solar system atmospheres includ-
ing that of the earth. In this paper we report SO, photo-
absorption cross sections in the 199 to 220 nm reg1on
encompassmg the strongest features of the prominent C'B,
— X'4, system, at 160 K. The measurements, made with a
vacuum ultraviolet Fourier transform spectrometer, were per-
formed at a resolving power of ~450,000 (A\ = 5.4 mA).
The low-temperature measurements are an extension of our
ongoing program to survey the SO, ultraviolet absorption
spectrum at high resolution and a range of temperatures
[Stark et al., 1999; Rufus et al., 2003].

[3] Ballester et al. [1994] first reported that the ultraviolet
albedo of Io is dominated by SO, absorption band features;
analyses of UV observations from the Hubble Space Tele-
scope [Clarke et al., 1994; Trafion et al., 1996; Spencer et al.,
2000; McGrath et al., 2000; Jessup et al., 2004, 2007], the
Galileo satellite [Hendrix et al., 1999], and the New Horizons
satellite [Spencer et al., 2007] have led to a progressively
more refined picture of the spatially variable SO, atmo-
spheric distribution. Yet, significant uncertainties remain
concerning the atmospheric abundance and spatial distribu-
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tion of SO, on lo, the thermal structure of the atmosphere,
and the role of thermal processes involving surface frosts in
the formation of the atmosphere [e.g., Lellouch, 2005;
Spencer et al., 2005; Moullet et al., 2008].

[4] The interpretation of the SO, atmospheric features on
Io is limited by the lack of high-resolution SO, photoabsorp-
tion cross-section data at appropriate temperatures. As ini-
tially pointed out by Belfon [1982], saturation of the very
sharp SO, features may lead to large underestimates of
the SO, column density when instrumentally broadened
absorption spectra are analyzed with low-resolution
laboratory-derived cross sections. The direct incorporation
of high-resolution laboratory measurements of the SO,
absorption spectrum that are capable of resolving line profiles
is necessary for the further development of atmospheric
models of lo. SO, temperatures in lo’s atmosphere are
reported to range roughly from 150 to 250 K [Jessup et al.,
2004]. Room temperature cross sections are not sufficient for
analyses of lo UV observations, nor can these cross sections
be extrapolated to lower temperatures because the energy
level structures of the participating electronic states are not
well understood.

[5] Sulfur dioxide is also observed in the atmospheres of
Venus and Earth. The ground-based observations of Barker
[1979], leading to the first detection of SO, in the atmosphere
of Venus, were followed by space-based detections, via UV
absorption features, from the Pioneer Venus Orbiter [Stewart
etal., 1979; Esposito et al., 1988], the International Ultraviolet
Explorer satellite [Conway et al., 1979; Na et al., 1990], the
Hubble Space Telescope [Esposito et al., 1997] and sounding
rockets [McClintock et al., 1994; Na et al., 1994]. Far more
observational data will be available after the anticipated
mapping of the vertical SO, profile in the Venusian atmo-
sphere by the SPICAV instrument on the ESA Venus Express
satellite [de Bergh et al., 2006; J.-L. Bertaux et al., Temperature
structure at Venus as observed by Venus Express (SPICAV),
paper presented at 37th Scientific Assembly, Committee on
Space Research, Montreal, Quebec, Canada, 2008].
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Table 1. Published SO, Absorption Data Sets

Resolving Spectral Range  Temperatures
Reference Power (nm) (K)
Present work 450,000 199-220 160
Danielache et al. [2008] 2000 190-330 293
Wu et al. [2000] 5200 208295 200, 295, 400
Stark et al. [1999] 450,000 198-220 295
Koplow et al. [1998] 1.5 x 108 215.21-215.23 295
Prahlad and Kumar [1997] 2000 188-220 220-300
Manatt and Lane [1993] 2500 106—-403 295
Ahmed and Kumar [1992] 1250 188-231 295
Martinez and Joens [1992] 2200 197-240 295
Freeman et al. [1984] 200,000 172-240 213

[6] Sulfur dioxide in the Earth’s atmosphere is observed as
a result of volcanic activity [e.g., Krueger, 1983; Eisinger
and Burrows, 1998; Khokhar et al., 2005; Thomas et al.,
2005; Yang et al., 2007] and anthropogenic activities [ Wang
et al., 2006]. Isotopic fractionation in the photodissociation
of SO, by solar radiation in the 180 to 220 nm region has
been proposed as the mechanism responsible for the observed
non-mass-dependent fractionation in sulfur isotopes in sed-
imentary sulfates and sulfides [Farquhar et al., 2000, 2001;
Lyons, 2007]. This geologic sulfur fractionation record is
considered to be a prime marker of the rise of oxygen in the
Earth’s early atmosphere [e.g., Farquhar et al., 2000, 2007;
Pavlov and Kasting, 2002]. The retrieval of terrestrial SO,
column densities from satellite observations and the quan-
titative understanding of isotopic fractionation in SO,
atmospheric photodissociation will be furthered by a more
complete database of UV 802 cross sections.

[7] In absorptlon the C'B, — X'4, electronic system of
SO, comprises a strong series of vibrational bands extending
approximately from 170 to 230 nm. The spectrum is complex
at room temperature, consisting of densely packed rotational
lines within overlapping bands. Vibrational assignments
have been made for most of the bands longward of 220 nm
[e.g., Yamanouchi et al., 1995] as well as for selected bands at
shorter wavelengths [Okazaki et al., 1997]. Rotational
assignments are also available for portions of selected bands
[Yamanouchi et al., 1995, Katqgm et al., 1997]. The thresh-
old for predlssoc1at10n of the C'B, state was determined by
Becker et al. [1993, 1995] to_be 45,725 cm ', and the
dissociation mechanisms of the C state have been extensively
examined [e.g., Ray et al., 1998; Sako et al., 1998; Okazaki
et al., 1997; Cosofret et al., 2000; Hydutsky et al., 2008].
Theoretical treatments of the C state using ab initio potential
energy surfaces have yielded vibrational energy level pre-
dictions and the 1sot0plc Varlatlon of vibrational absorption
features in the C'B, — X', system [Bludsky et al., 2000
Ran et al., 2007]. Despite considerable attention, a com-
plete spectroscopic analysis of SO, absorption in the 180 to
220 nm region has yet to emerge; rotational assignments are
not available and vibrational assignments are incomplete,
precluding the development of synthetic SO, spectra or
extrapolations of room temperature cross sections to other
temperatures.

[8] Previous SO, cross-section measurements and compi-
lations, encompassing the 199 to 220 nm region, are sum-
marized in Table 1. Prahlad and Kumar [1997] and Wu et al.
[2000], at low resolution, and Freeman et al. [1984] report
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cross sections at temperatures below 295 K. We compare our
present results with these literature values in section 3.

2. Experimental Procedure

[9] The SO, photoabsorption measurements were made
using the Imperial College vacuum ultraviolet Fourier trans-
form spectrometer (ICFTS). The ICFTS [Thorne et al., 1987]
is capable of recording absorption spectra at resolutions
equal to the Doppler widths of individual SO, lines at
160 K (~2.5 mA FWHM at 220 nm). However, predissoci-
ation in the C'B, state produces broadening in the absorption
line profiles, which is noticeable at wavelengths less than
~210 nm, and the highly congested nature of the spectrum
results in many multiply blended features with intrinsic
widths that are much greater than 2.5 mA. A more complete
discussion of observed line widths in the C — X system can
be found in the work by Stark et al. [1999]. Instrumental
resolutions (FWHM) of ~5.4 mA (0.12cm™'yand ~7.2 mA
(0.18 cm™") were chosen for the 206 to 220 nm and 199 to
206 nm regions, respectively. These instrumental parameters
(1) reflect a compromise between resolution and signal-to-
noise ratio (SNR) in the time available and (2) replicate the
resolutions used in our earlier room temperature cross-section
measurements [Stark et al., 1999].

[10] Two continuum light sources were used: a 300 W
Hamamatsu xenon arc lamp for wavelengths greater than
215 nm and a 300 W Cathodeon deuterium lamp for A <
215 nm. The continuum radiation was first passed through a
zero-deviation, zero-dispersion premonochromator [Murray,
1992], with a band pass of ~7 nm, before entering the FT
spectrometer. This narrow band pass allowed for the optimi-
zation of SO, column densities in different wavelength
regions and reduced the individual integration times needed
to record a high S/N absorption spectrum. The spectral ranges
of the absorption scans were chosen to produce significant
(2 to 3 nm) regions of overlap.

[11] A coolable absorption cell was used to record spectra
at a gas temperature of 160 K. The cell consisted of a stainless
steel cylinder whose length was adjusted by the positioning
of two coaxial cylindrical silica jackets and plastic spacers; a
path length of 9.5 cm was used for all measurements. The
silica jackets, equipped with quartz windows, were pump-
able, allowing an insulating vacuum to be maintained on each
side of the gas sample. The entire apparatus was housed in a
polystyrene reservoir. Samples of SO, (B.O.C. 99.9% purity)
were used at room temperature pressures ranging from
44.5 mTorr to 79.4 mTorr. All pressures were measured with
a 1 Torr capacitance manometer (MKS Baratron). Once filled
at room temperature, the absorption cell and a portion of
the surrounding gas-handling system were cooled via immer-
sion in a slush of liquid and solid ethanol. The equilibrium
between the solid and liquid ethanol produces a constant
slush temperature of 159 K [Lide, 1994]. Slush temperatures
ranging from 159 K to 161 K were measured during the
course of spectral scans; we estimate the uncertainty in the
stated gas temperature (160 K) of £1 K. The absorbing SO,
column density was calculated taking into account the
volumes of cold (160 K) and warm (295 K) gas in the cell
and the gas-handling system. SO, column densities at 160 K
ranged from 1.74 x 10'°to 3.11 x 10'® cm™
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Figure 1. Low-resolution overview of photoabsorption

cross sections for SO, measured at 160 K. For the purposes of
the plot, the cross-section data have been smoothed with a
60 mA running average. The displayed peak cross sections
are significantly lower than the measured peak cross sections.

[12] The experimental procedure took advantage of the
dual output beams of the ICFTS. The absorption cell was
positioned in one of the beams while the other beam was used
to monitor the intensity of the background continuum, 7y(v).
This dual-beam technique allowed /y(v) to be measured
accurately despite the fact that there are no convenient
“window” regions of near-zero absorption in the SO, spec-
trum and also compensated for drifts and fluctuations in the
intensity of the light source. The two output signals were
detected with a pair of solar blind photomultiplier tubes
(Hamamatsu R166). To achieve a signal-to-noise ratio of
about 70 for the continuum level in the transmission spectra,
320 interferograms, each taking about 100 s to record, were
coadded for each 7 nm spectral region. Before and after each
set of absorption scans, empty cell values of the two output
channel signals were recorded; absolute transmittances were
obtained by dividing the full cell ratios by the empty cell
ratios. Measurements in all spectral regions were performed
at two or more pressures.

3. Results and Analysis

[13] The measured SO, absorption spectra were converted
to photoabsorption cross sections, o(v), through application
of the Beer-Lambert law:

(1)

where N is the SO, column density, /(v) is the transmitted
intensity as a function of wave number through the absorp-
tion cell, and 7,(v) is the background continuum. Wavelength
calibration was achieved via a comparison with precisely
measured Fe I and Fe Il wavelengths [Learner and Thorne,
1988]; we conservatively estimate a 10 mA uncertainty in
the SO, absolute wavelength scale. Figure 1 displays a low-
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resolution overview of SO, cross sections in the 199 to
220 nm region produced by a 60 mA running average of the
final data set.

[14] The instrumental resolutions of our absorption mea-
surements (~5.4 mA and ~7.2 mA FWHM) were not suffi-
cient to fully resolve individual SO, rotational line profiles
when these were Doppler broadened only with widths of
2.5 mA FWHM at 160 K. To monitor any optical depth
dependence in the measured photoabsorption cross sections
associated with inadequate spectral resolution, the 7 nm
regions were recorded at multiple pressures. In addition,
adjacent pairs of 7 nm regions were spectrally overlapped,
allowing for comparisons of derived photoabsorption cross
sections at a number of pressures in the overlapping regions.
Slight decreases, approximately 10 to 20%, in the measured
values of peak cross sections were observed at higher
pressures; therefore, the final data set of SO, cross sections
was compiled from lower pressure scans whenever possible.
A series of trial measurements, at somewhat lower spectral
resolution, were conducted to verify the stability of the SO,
sample over extended measurement time periods. Sequential
photoabsorption cross-section measurements, on the same
static gas sample, produced consistent results in the presence
of prolonged irradiation by the UV light source.

[15] Error analysis for FTS absorption spectra is discussed
by Stark et al. [1999], where it is shown that the fractional
statistical uncertainty in the derived SO, cross section at any
wavelength is

2= [ bl 0] o

The two terms in the square root are the fractional uncertainty
in the column density (V) and uncertainties associated with
the SNR of the measurement and the absorption optical depth
(No). The fractional uncertainty in the SO, column densities
is estimated to be 10%; this relatively large fractional uncer-
tainty stems from uncertainty in the cell temperature and from
possible systematic errors in the calculation of the relative
quantities of gas in the cold and warm parts of the system.
The No dependence in (2) is such that the second term
decreases with increasing No until the latter is approximately
unity. In the targeted range of absorption depths of our
measurements, No < 0.7, the estimated total fractional
uncertainties in the measured SO, cross sections vary from a
minimum of approximately 12% in regions of high absorp-
tion and large cross section (o > 1 x 107! cm?) to as much
as 50% in the regions of lowest measurable absorption (o <
2 x 107'® cm?). This conclusion was confirmed by an
examination of regions of spectral overlap between adjacent
scans. In regions of high SO, cross section, good point-
by-point agreement (~10%) was generally found between
independent measurements, while significantly larger dis-
crepancies (up to 50%) were observed in multiple scans of
regions of low cross section.

[16] A comparison of the present measurements, at 160 K,
and the data of Stark et al. [1999], which were recorded at
equal resolution at 295 K, reveals differences that are clearly
attributable to changes in the temperature-dependent rota-
tional population of the ground state. As illustrated in
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Figure 2. Comparison 0f295 K (solid black line) and 160 K
(solid red line) measured cross sections in the region of a
strong band head (215.22 nm). Low-J rotational levels are
more populated at the lower temperature, leading to stronger
absorption features in the band head. Both data sets were
recorded at a resolution of 5.4 mA.

Figure 2, line intensities in the band heads are significantly
stronger in the 160 K spectra. While comprehensive rota-
tional assignments are not available for the C — X vibrational
bands, the band head spectral regions include transitions from
the lowest-J rotational levels of the ground state; these levels
have significantly higher populations at the lower tempera-
ture. Complementary intensity patterns are seen in spectral
regions far from the band heads, presumably the result of
decreasing high-J rotational populations at 160 K. However,
the congestion of the spectral features and the weakness of
many of the lines make these patterns less apparent. At 160 K,
approximately 99% of the SO, molecules are in the (0,0,0)
ground vibrational level; at 295 K, about 92% of the
molecules remain in the (0,0,0) level, with ~7% being found
in the (0,1,0) bending mode. These temperature-dependent
changes in the ground state vibrational population are not
significant enough to produce noticeable spectral differences
in the 295 K and 160 K data sets: no evidence of hot bands is
seen in a comparison of the data sets.

[17] The integrated photoabsorption cross section of the
160 K data, over the entire 199 to 220 nm region, is
approximately 8% higher than the integrated cross section
of the 295 K data. This discrepancy is consistent with our
estimations of uncertainties in the two data sets; it may also be
caused, in part, by the somewhat arbitrary wavelength
interval over which the cross sections are summed: the
spectral extent of absorption bands at the edges of the 199
to 220 nm wavelength interval may not be fully measured and
their spectral profiles change with temperature. Additionally,
integrated cross sections over vibrational bands that termi-
nate on strongly interacting upper state vibrational levels are
known to be temperature-dependent [e.g., Stark et al., 2005].

[18] As stated above, spectral patterns associated with hot
bands are not observed in a comparison of our 160 K and
295 K data sets. Wu et al. [2000], in their low-resolution mea-
surements at 200, 295, and 400 K, over the 208 to 295 nm
region, report relatively strong hot bands in the 400 K
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spectrum. There is also some indication of hot band-related
cross-section differences in their 200 K and 295 K spectra
at wavelengths longward of 228 nm (see Wu et al. [2000,
Figure 2]).

[19] Comparisons of our 160 K data with other published
cross sections in the 199 to 220 nm region are complicated by
significant differences in spectral resolution. Individual SO,
rotational features are intrinsically narrow; with inadequate
instrumental resolution, measured cross sections at the cen-
ters of narrow absorption features are consistently under-
estimated and the cross sections in the “wing” regions
between narrow features are consistently overestimated.
Integrated cross sections are always underestimated in under-
resolved measurements. The degree of error is a function of
the ratio of line width to instrument profile width, with the
largest errors being associated with the lowest resolution. Our
instrumental resolutions (this work and Stark et al. [1999]),
though still underresolving the more weakly predissociated
SO, lines, correspond to a resolving power 2.5 times higher
than the best previous broadband measurements [Freeman
et al., 1984]. Our measured peak cross sections are as much
as a factor of 2 greater than those reported by Freeman et al.
[1984]. In comparison with all other published measurements
(see Table 1), the instrumental resolving power of our FT
spectrometer measurements is a factor of 90 or more greater.
When compared to two recent low-resolution measurements
[Wu et al., 2000; Danielache et al., 2008], our measured peak
cross sections in band head regions are typically six to eight
times larger. Figure 3 compares the 200 K cross sections of
Wu et al. [2000], measured with a resolving power of 5200,
with our 160 K cross sections over the 210 to 214 nm region.

[20] Our future work on SO, will extend our low-
temperature, high-resolution measurements to the 220 to
325 nm spectral region. This will complete a high-resolution
survey, at room temperature [Stark et al., 1999; Rufus et al.,
2003] and at cold temperatures, of the 199 to 325 nm region.
Numerical tabulations of the SO, photoabsorption cross
sections at 160 K can be obtained from the authors and are
also available at http://www.cfa.harvard.edu/amp/ampdata/
cfamols.html.

W
=)
T
|

IS
o
T
|

)
=
T
|

)
=]
T
|

—_
(=}

Photoabsorption Cross Section (10'18 sz)

" i ilh u\u

Z(il

W.%um |

AR A
.

212.2

2016 2118 212

Wavelength (nm)

212.4

Figure 3. Comparison of our results (solid black line) with
the measurements, at 200 K and 400 mA resolution, of Wu
et al. [2000] (solid red line) in the region of the 211.78 nm
band head.
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