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Abstract. Absorption cross sections of SO, have been recorded at 295 K -at the resolutions of 2
and 16 cm~1. The 27000- to 40000-cm-1 spectral region has been investigated. The comparison
with data available from the literature shows a good agreemcnt between the different data sets (less
than 5%). However, local discrepancies, for example at the peaks of absorption, can reach 20%.

Résumé. Les sections efficaces d'absorption du SO7 ont été enregistrées a la température de 295 K
aux résolutions de 2 et 16 cm! dans la région spectrale s'étendant de 27000 a 40000 cm-1.

La comparaison avec des données provenant de la litérature met en évidence un bon accord entre
les différents ensembles de données (moins de 5%). Cependant des divergences locales, par exemple
au niveau des pics d'absorption, peuvent atteindre 20%.

Samenvatting. De nuttige SO3-absorptie dwarssneden werden geregistreerd bij een temperatuur
van 295 K en met resoluties van 2 en 16 cm~1, binnen het spectraal gebied van 27000 tot 40000
cm-1. Uit de vergelijking met gegevens uit de literatuur blijkt een goede overeenstemming tussen de
verschillende datsets ( minder dan 5%), alhoewel plaatselijke afwijkingen, bijvoorbeeld ter hoogte
van de absorptiepieken, tot 20% kunnen oplopen.

Zusammenfassung. Die wirksamen SO, Absorptions-Querschnitte wurden bei 295 K und
Auflésungen von 2 und 16 cm-1 im spektralen Bereich zwischen 27000 und 40000 cm-1 :
aufgenommen. Der Vergleich mit Angaben aus der Literatur zeigt gute Ubereinstimmung zwischen
den verschiedenen Datenreihen ( unter 5%). Ortliche Abweichungen, z.B. im Bereich der
Absorptionsspitzen, kénnen jedoch 20% erreichen.



Introduction

Sulfur dioxide is a trace species in the Earth's atmosphere mainly present in the troposphere

[M6hler and Arnold, 1992; Platt and Perner, 1980; Sandroni and Cerutti, 1977; Vandaele et al.,
1993], where it is a primary pollutant emitted by fuel combustion or volcano eruptions. SO is also
encountered in the stratosphere [Jaechke et al., 1976; Sagawa and Itoh, 1977; Krueger, 1983] in
high concentrations, but only after major volcano eruptions, and is also found in the atmospheres of
Io and Venus [Barker, 1979; Bertaux and Belton, 1979] (see Leroy et al.[1983] for a review). SO
is chemically important in the Earth's atmosphere as a main source for sulphuric acid aerosols.
These last years have seen growing concern for atmospheric pollution in the stratosphere as well as
in the troposphere. Several methods have emerged to monitor the concentrations of particularly
important trace species such as NOj, SO5 , or O3. All methods, based on the recognition of
spectroscopic features of these molecules, have in common that they need very accurate laboratory
reference spectra.

Absorption cross sections of SO, have already been measured at various resolutions and
temperature conditions. Warneck et al. [1964] measured the UV absorption spectrum of SO, from
185 to 315 nm. Wu and Judge [1981] showed that the previous measurements should be shifted by
0.3 nm. Brassington [1981] investigated the 290- to 317-nm spectral region at relatively high
resolution (0.05 nm). More recently, Martinez and Joens [1992] and Hearn and Joens [1991]
reported absorption cross-scctions of SOy from 197 to 240 nun and 228 to 339 nm, respectively.
McGee and Burris [1987] presented measurements of the dependence of the cross sections with
temperature, showing that cross sections increase at the peak and decrease in the regions between
the strong structures for lower temperature. Thomsen [1990] made measurements at high resolution
using an excimer laser pumping a pulsed dye laser. These measurements only cover the 265- to 298-
nm region. More recently Ahmed and Kumar [1992] reported measurements of the absorption and
fluorescence cross sections of SO7 in the 188- to 231-nm and 279- to 320-nm ranges. They also
derived the fluorescence quantum yields in the two spectral regions. Several discrepancies exist
between the literature data, as revealed in a recent compilation [Manatt and Lane, 1993]. These
authors report disagreements of the order of 5-10% as well as several wavelength errors. It seems
thus worthwhile to measure again SO, cross sections with greater accuracy and a reliable
wavelength calibration.

Measurements in this work were made with a Fourier transform spectrometer, which combines
the advantages of a great sensitivity, a large spectral interval investigated in one scan, and a built-in
wavenumber calibration. This last advantage is achieved by the presence of a He-Ne laser, which
allows the interferogram to be digitized at equal intervals of retardation. This leads to a very
accurate and repeatable wavenumber calibration. With the described spectrometer, an accuracy of
~ about 0.005 cm~1 on the wavenumbers is achievable.

Measurements of SOy concentration in the troposphere by the Differential Optical Absorption
Spectroscopy (DOAS) technique require the knowledge of the absorption cross sections at
resolution of the order of 0.3 to 1.5 nm and on the largest possible spectral interval, typically from
250 to 350 nm [Pommereau and Goutail, 1988, Edner et al., 1993; Plane and Nien, 1992]. Future
satellite observations like the Global Ozone Monitoring Experiment (GOME) requires even higher
resolution, namely, 0.02 nm (Burrows J., personal communication, 1993). The present work reports
absolute absorption cross sections of SOy between 27000 and 40000 em™! (250-370 nm) at 295 K.
The - absorption cross sections have been measured at two resolutions (2 and 16 cm-l)
corresponding approximately to 0.02 and 0.1 nm at 300 nm.



Description of the Experimental Setup

The absorption spectra were recorded using a BRUKER IFS120HR Fourier transform
spectrometer. The theoretical resolving power attainable with this spectrometer is 10®. The
resolution is essentially limited in the UV by the ogtical quality of the mirrors and beam splitter,
leading to a maximum resolution of the order of 102 cm~! in this region. However, the absorption
features of the studied molecule are large or even diffuse in the investigated spectral region, so that
no advantage is gained by operating at the best possible resolution offered by the instrument.
Furthermore, a higher resolution leads to a higher noise level on the spectra and a much longer
recording time. Considering these facts, the resolutions of 2 and 16 cm™! were chosen.

The experimental setup is shown in Figure 1. It consists of a light source, the spectrometer, the
cell, and the pumping and filling system. The choice of the light source, beam splitter and detector is
determined by the spectral region to be investigated. A high-pressure xenon ozone-free source and a
quartz suprasil beamsplitter combined with a UV vacuum diode, a Silicon diode or a GaAsP diode
were used to cover the entire spectral region from 25000 to 40000 cml. The experimental

conditions used are summarized in Table 1.

Table 1. Experimental Conditions

Resolution Temperature Pressure  Pathlength  Buffer Gas Number  Recording Detector Spectral

cm’ K hPa cm 1 atm of Scans  Time, min Region, cm™!
16 296 1.96 211 0, 1024 15 GaAsP diode  25000-35000
16 295 1.65 21.1 0, 4096 90 UV diode 3000040000
16 294 1.99 211 Ar 1024 15 Si diode 20000-37000
16 294 8.36 5.15 Ar 1024 15 Si diode 20000-37000
16 294 12.45 5.15 Ar 4096 90 UV diode 30000-40000
16 294 10.63 5.15 Ar 2048 45 UV diode 30000-40000

2 295 1.02 211 0, 4096 180 UV diode 30000-40000

The samples were introduced in a cell located in the sample compartment of the spectrometer,
between the interferometer and the detector (see Figure 1). The cell has been described earlier
[Hurtmans et al., 1993] and its characteristics will be briefly summarized. It is made of anodized
aluminium and is fitted with quartz windows. The gas pressure in the cell is measured with a 100-
mbar full scale temperature stabilized MKS Baratron capacitance gauge (model 390HA)
characterized by a 0.02% error in the 10- to 100-mbar range. In the 1- to 10-mbar region the error
can be up to 1%. The temperature of the gas is monitored inside the cell with a temperature
transducer. The latter is characterized by an accuracy of 0.2 K in the temperature range used in the
present work. The cell temperature could be stabilized with a liquid circulating within the body of
the cell; a temperature stability of £1 K was achieved. Two cells of lengths 21.1 and 5.15 cm were
available. :

The experimental procedure was as follows: SOy (Union Carbide, 99.98% stated purity), used
without further purification, was first introduced in the cell and its pressure measured. Then a buffer
gas was added to reach 1 atm total pressure. Reference spectra, with the cell filled with 1 atm pure
buffer gas, were recorded before and after each sample measurement to compensate for the lamp
drift. Spectra were recorded in single-sided mode,. during the forward movement of the mobile
mirror only and a boxcar apodization function was used. Depending on the detector used, a certain
number of mirror scans (interferograms) were to be averaged to get an acceptable signal to noise
ratio. This number of scans was recorded in four blocks that were averaged at the end to obtain the
spectrum.

During the measurements it was verified that photochemical degradation of the sample was not
taking place in the cell due to the irradiation with the Xe lamp. This could be done by checking the
sample absorption separately on the different blocks of a spectrum. It should be noted that the lamp
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used was an ozone-free lamp giving no light below 250 nm and thus preventing the SO, from being
photolyzed [Finlayson-Pitts and Fitts, 1986]. However, the first samples were prepared using high-
purity O as the buffer 8as, and photochemical reactlons are not excluded because absorption in the
260- to 340-nm range is well known to produce 3 SO which can react with Oy to make SO3 and
O3 [Finlayson-Pitts and Pitts, 1986]. To control whether a systematic error was present due to
oxygen, the cross sections were then measured using high-purity Ar as the buffer gas. Other
measurements were also made changing the SO, pressure (1- to 13-mbar range) or the irradiation
time (15 to 90 min). The different experiments performed are gathered in Table 1. The various
experimental conditions used allowed us to control the reproducibility of our measurements (see
next paragraph) and to state that no photochemical processes were present or at least detectable
within our experimental uncertainty.

To check the SOy purity, a high-resolution (0.005 cm 1) Fourier Transform Infrared (FTIR)
spectrum (from 500 to 5000 cm™") of a sample was also recorded. Several infrared absorbing
impurities were found: NO7 (<0.4%), N2O (<0.1%), and CO (<0.005%). The proportion of each
impurity was estimated by comparing line intensities measured on the infrared spectrum with the
literature line intensities (HITRAN molecular database, [Rothman et al., 1992)).

Determination of the Absorption Cross Sections

Absorption cross sections o(A) are derived from the experimental data using the Beer-Lambert
law:

IA) =I,(A) exp(-n1o(2))

where n denotes the concentration of the gas deduced from its partial pressure in the cell; | is the
length of the cell (21.1 or 5.15 cm); I5(A) is the spectrum obtained with an empty cell, e.g., the
average of blanks taken before and after the absorption spectrum measurement; and I(A) is the
spectrum obtained with the filled cell.

Absorption  cross  sections of SO, over the  27000- to 40000-

m-] spectral range have been compiled using the different spectra recorded and described in Table
1. The absorption cross sections at the resolution of 16 cm! are plotted in Figure 2. These cross
sections are of great interest for atmospheric monitoring, as most of the grating spectrometers
working in the UV-visible region use a resolution between 0.3 and 1.5 nm [Platt and Perner, 1980;
Pommereau and Goutail, 1988; Edner et al., 1993; Plane and Nien, 1992]. However, some
atmospheric applications may want to use absorption cross sections measured at higher resolutions,
e.g., 0.02 nm, in order to make an accurate convolution of the absorption spectrum with the
instrument response function. Figure 3 presents a part of the SO absorption cross sections at 2 cm”
1. The noise level found in this spectrum is also schown. It can be seen that this level is lower than
the fine structures existing in the spectrum.

Error limits on the absorption cross sections have been evaluated, taking into account several
points: error on the pressure (the maximum estimated error of 1% is taken) and temperature
measurements, uncertainty on the absorption pathlength, presence of impurities in the samples
(0.5% as estimated from the FTIR spectra), error on the absorbance due to the noise on the spectra,
and fluctuations of the source which are unavoidable in the UV domain. The error on the
absorbance for the spectra at 16 cm™! is lower than 0.1% in the 31800- to 37000-cm™! interval and
is still lower than 1% between 30000 and 31800 cm1. It reaches 2.5% in the 27500- to 30000-cm"

1 and 37000- to 40000-cm™1 1glons For the spectra at 2 cm™! this error remains lower than 0.2%
between 31800 and 37000 cm™". The error due to the lamp drift can be estimated by looking at the
intensity variation between the two reference spectra in each measurement and is of the order of 2%
on the absorbance. The error budget is given in Table 2. A total rms value is also given which
represents the square root of the sum of the squares of the individual errors. According to these
figures the accuracy on the cross sections of SO is of the order of 2.4%.
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Figure 2. Absorption cross sections of SO at the nomo‘cmon of 16 cm™1.
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The reproducibility of our measurements was also checked by comparing all the cross sections
obtained at 16 cm™! resolution (see Table 1) as well as the 2 cm™" resolution cross-section degraded
to 16 cm~!. All the measurements were found to agree well within the experimental uncertainty and
no systematic error, due to photochemical processes for instance, could be detected. The
reproducibility is 2.5%, which compares well with the error stated in Table 2.

Table 2. Error Budget on Cross Section Measurements

Error, %

Resolution, 16 cm”  Resolution, 2 cm™

Wavenumber Interval, cm™ [31800-37000] [31800-37000])
Optical path 0.5 ’ 0.5
Presswe | 1
Temperature 04 04
Impurities in the sample 0.5 0.5
Source Dnift 2 2
Absorbance 0.1 02
Total rms +2.4% 12.4%

Discussion and Conclusion

The absorption cross sections measured in this work were compared to the data available from the
literature.

A preliminary remark has to be made on the wavelength-wavenumber conversion which was
necessary to apply in order to compare data from this work with data measured with grating
spectrometers. With such instruments, wavelengths are usually reported in air (A4;;). Wavelength in

vacuum (Ay4c) and wavenumber v are related by
v=1/Ayac
where Ay, is determined from Aajr using the empirical relation,
Avac = 1.000 273 250 x A,jp -0.0107 +196.24 / Aair [AMFA

given by Neckel and Labs [1984]. The conversion of the energy scale may introduce artefacts,
which could explain some of the spikes found in the residual between a spectrum obtained with the
Fourier Transform Spectrometer (FTS) and a spectrum taken with a grating spectrometer.
Moreover, it is almost impossible to degrade a spectrum, so that its new resolution perfectly
matches the resolution of another spectrum. This produces yet other spikes in the residual. But the
most important source of spikes comes from errors of calibration of the wavelength scale. It should
be remembered that the wavenumber scale produced by the FTS is more accurate and reproducible.
However, wavelength scales produced by grating spectrometers may be shifted, stretched, or
distorted. Moreover, as grating spectrometers usually work on smaller spectral regions, errors may
be introduced when merging two scanned spectral regions. All these errors on the wavelength scale
account for most of the spikes found in the residual.

Thomsen [1990] has measured SO, absorption cross sections between 265 and 298 nm. The
stated resolution of these data is 0.03 nm. However, when compared to the values obtained at the
resolution of 16 cm'l, resolutions were found to be very similar. The data of 7Thomsen [1990] were
therefore not convoluted and used directly without reduction of their resolution. Results are shown
in Figure 4. Values of Thomsen [1990] have been artificially shifted, to make the comparison easier.
Absolute differences between the two sets of data are also reported. The values of Thomsen [1990]
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are in good agreement (discrepancies less than 3%). They seem to be generally higher at the peaks
and lower in the regions in-between.

The SO9 cross sections have also been compared to the results of Hearn and Joens [1991]. This
set of data, which extends from 230 to 340 nm and is given at the resolution of 0.06 nm, has been
compared to the spectrum at 16 cm"! without any correction for the resolution. As can be seen
from Figure 5, the values of Hearn and Joens [1991] seem to agree well in the region between the
absorption peaks but are systematically lower at the peaks (up to 20%). This could be due to the
fact that our resolution seems better than the resolution at which the values of Hearn and Joens
[1991] are given.

To eliminate the problems due to the wavelength-wavenumber conversion and differences in
resolution, the smoothed cross sections have been compared. This technique, which is illustrated in
Figure 6, consists in smoothing out all the absorption structures by using a running average over a
large number of points, in order to calculate the mean cross sections. From Figure 6 it can be seen
that the discrepancies between the data of Thomsen [1990] and the present data are constant over
all the reported region and that differences with Hearn and Joens [1991] vary considerably over the
same region. In the 31000- to 36500-cm"! region, values of Hearn and Joens [1991] are lower than
those found in this work, but the differences never exceed 5%. In the spectral range from 36500 to
37000 cm'l, values of Hearn and Joens [1991] are greater than ours and the differences reach
2.5%. :

This work provides new SO7 absolute absorption cross sections measured at room temperature at
the resolutions of 2 and 16 cm™l. The comparison with other data sets shows important
discrepancies. The use of a Fourier transform spectrometer does eliminate wavelength errors, and
according to the error budget reported in this work, these new absorption cross sections are more
accurate. They are also given at different resolutions making them very useful for various DOAS
instruments measuring SO either in the troposphere or from the satellites.

Upon request to the authors all spectra are available on floppy disks, either in wavenumber or in
wavelength scales.

Acknowledgements. This project has been supported by the Belgian State - Prime Minister's
Service - Science Policy Office and the "Fonds National de la Recherche Scientifique".
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