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Abstract 

 

 The discovery of the Universe and of the interstellar medium (ISM) passes through the 

knowledge of the molecules that populate those places. Most of our understanding about the 

composition of the ISM and planetary atmospheres has been made possible almost entirely thanks 

to spectroscopic observations. Sulfur dioxide, SO2, is one of the about 200 molecules that have been 

detected in the ISM or circumstellar shells. In addition to its astrophysical relevance, SO2 has a 

proved role in the Earth’s atmosphere. It origins from biomass burning and volcanic eruptions and 

directly enters in the sulfur cycle. In this work high-resolution tunable diode laser (TDL) infrared 

(IR) spectroscopy and mm-/sub-mm wave spectroscopy are exploited to retrieve the broadening 

parameters of sulfur dioxide perturbed by H2, He and CO2. IR measurements are carried out for 1 

band transitions around 9 m by using He and CO2 as damping gases. As far as the vibrational 

ground state is concerned, about 20 rotational transitions are analyzed by means of the speed 

dependent Voigt profile to retrieve H2- and He-broadening coefficients. From the experimental 

results some conclusions about the quantum number dependence of the H2-, CO2- and He-

collisional cross sections are drawn. Both IR and MW experiments highlight a very weak 

dependence of He broadening parameters on the Ka and J rotational quantum numbers. In a similar 

way, also SO2 - H2 broadening coefficients show a negligible dependence on the rotational quantum 

numbers. Conversely, when CO2 is employed as perturbing species, the observed collisional cross 

sections tend to decrease with increasing Ka values and to increase against J, at least over the range 

of quantum numbers considered. The present results provide the first systematic determination of 

line-by-line SO2 - CO2 broadening coefficients and they are of relevance to increase the potential 

use of spectroscopic databases for astronomical applications.  
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1. Introduction 

 

 Astrochemistry deals with the study of the chemical composition and reactivity of chemical 

species in the Universe and their interaction with the electromagnetic radiation [1]. Starting from 

the origins of the Universe and the early formation of hydrogen, helium and a little of lithium, it 

aims at understanding the evolution toward molecular complexity. Under this point of view, the 

synthesis, chemical abundance, and processing of gas-phase species within molecular clouds are of 

particular interest as solar systems stem from the evolution of these clouds. Since the first molecules 

identified in the interstellar medium (ISM) in the early 1940s [2-4], almost 200 molecules have 

been detected in the ISM or circumstellar shells, including neutrals, radicals, and ions as well as 

many prebiotic species [5]. Most of our knowledge about the composition of the ISM and planetary 

atmospheres has been made possible almost entirely thanks to spectroscopic observations [6-14]: as 

a matter of fact, light tells the molecular story thus providing fundamental information on the 

formation and evolution of stars and galaxies. For this reason, in the last years, many efforts have 

been spent for the development of ground- and space-based observatories (e.g. ALMA, SOFIA, 

Spitzer, Herschel, Voyager, Cassini-Huygens, ISO, CIRS) which operate from infrared (IR) to 

millimeter/sub-millimeter (mm/sub-mm) wavelengths and are providing a wealth of spectroscopic 

information at ever increasing quality in terms of accuracy, spectral coverage, resolution and signal-

to-noise ratio [15]. 

 To fully exploit these unique observational data, spectroscopic information needs to be 

determined for a wide range of astrochemical molecules. This represents a huge and time-

consuming work, that can be accomplished by combining experimental measurements, theoretical 

modeling and computational simulations. In this context, the aim of laboratory spectroscopy is to 

provide accurate spectroscopic parameters for a wide variety of species, which are then collected 

into a number of continuously updated spectroscopic databases (e.g. HITRAN [16], JPL [17], 

GEISA [18], Cologne [5]) of relevance for different applications, including: (i) modeling the 

chemistry of Earth's atmosphere and astronomical objects; (ii) predicting the fate of our atmosphere 

in relation to global climate changes; (iii) understanding cosmic evolution and reactivity. The 

foremost spectroscopic parameters include transition frequencies and intensities, pressure 

broadening- and shifting-coefficients and, eventually, their temperature dependence.   

 Due to environmental concerns related to global climate changes, many research efforts 

have been made to retrieve the spectroscopic line-by-line parameters for species of relevance to 

Earth's atmosphere, i.e. pressure broadening and shifting parameters have been mostly determined 

by using N2 and O2 as collisional partners that represent buffer gases of atmospheric relevance.  
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Yet, additional parameters that take into account the physical-chemical conditions of extraterrestrial 

atmospheres and astronomical environments, are required to infer the mixing ratios in these places. 

In particular, H2 and He line parameters need to be determined because these gases represent the 

main constituents of the gas giant atmospheres, whereas CO2 is of relevance for the atmospheres of 

some rocky planets [19].  

 Among astrochemical molecules, sulfur dioxide (SO2) has been detected in star-forming 

regions [20-25], in the atmosphere of Venus [26], on the surface of Io [27] as well as on Mars [28]. 

Besides to its astrophysical relevance, this molecule has an undisputable importance for the 

chemistry of our atmosphere. Indeed, it actively enters in the sulfur cycle and it is emitted in the 

atmosphere by either natural processes [29,30] and anthropogenic activities [31]. Because of its 

importance, over the years sulfur dioxide has been, and it is still, the subject of numerous 

spectroscopic investigations. Concerning the microwave (MW) region, ground and v2 = 1 state 

constants have been accurately re-determined about 10 years ago [32], while in the IR region the 1 

and 3 bands of 32SO2 have been investigated by Guelachvili and co-workers [33,34]; some years 

later these bands have been studied in further detail by Flaud et al. who also  analyzed the high 

resolution spectra of the 2 fundamental and 22 - 2 hot band [35]. Concerning the determination of 

line-by-line parameters, intensity measurements have been carried out for some 1 and 3 ro-

vibrational transitions [36], while a systematic study has been performed in the 940 - 1400 cm-1 

region by Fourier transform IR spectroscopy [37]. Plenty of work has also been devoted to the 

determination of pressure broadening coefficients, either on SO2 self-broadened [36,38-45] or 

perturbed by different collisional partners [39,40,46-50]. Recently, the quantum number 

dependence of SO2 self-broadening coefficients has been investigated in detail by combining IR and 

MW spectroscopy to semiclassical calculations, thus allowing the compilation of a line-by-line 

database of SO2 self-broadening coefficients for ground state and 1 band transitions [51]. 

Furthermore, the dissociation energy of the (SO2)2 dimer has been experimentally derived from the 

foreign-broadening coefficients of the monomer compound, collisionally perturbed by different 

damping gasses, and theoretically by means of quantum chemical calculations [52]. Very recently, 

SO2 has been included in an Hitran-like database of line parameters for molecules of planetary 

interest perturbed by H2, He or CO2 [19]. In the latter work, it has been pointed out that the amount 

of data for SO2 - CO2 collisions is minimal (actually, it consists of only one transition measured 

long time ago) and hence new measurements are strongly required. 

 The present work aims at providing new IR and MW experimental measurements of sulfur 

dioxide perturbed by a range of collisional partners of astrophysical relevance. In particular, in the 

IR region, ro-vibrational transitions perturbed by He and CO2 have been measured in the 9 m 
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region by tunable diode laser (TDL) spectroscopy at the Laboratory of Molecular Spectroscopy of 

University Ca' Foscari Venezia (LMS-Ve). Concerning the MW region, He- and H2- foreign 

broadening parameters have been determined for about 20 pure rotational transitions of the ground 

vibrational state at the laboratory of mm/sub-mm-wave spectroscopy of University of Bologna 

(LMS-Bo). The work is structured as follows: in Section 2 the experimental set-up and methods of 

analysis of LMS-Ve and LMS-Bo are presented; in Section 3 the obtained results in the IR and MW 

regions are reported and compared, and the quantum number dependence of the broadening 

coefficients is discussed. Finally, conclusions and further remarks are addressed in Section 4. 

 

 

2. Experimental details and data inversion procedure 

 

 He broadening coefficients were determined for both ground state and 1 band transitions, 

whereas the effects of collisions with CO2 and H2 were measured in the IR and MW regions, 

respectively. As anticipated in the Introduction, experiments in the IR spectral range were carried 

out at LMS-Ve, whereas MW ones were performed at LMS-Bo. The experimental set-up and data 

treatment at both laboratories are presented in the following subsections. 

 

 

2.1 IR tunable diode laser spectroscopy at LMS-Ve 

 

 SO2 high resolution IR spectra were recorded around 9 m, within the atmospheric window, 

by using the tunable diode laser spectrometer installed at LMS-Ve in a three beam configuration 

[50,53]. The radiation emitted by a commercial lead-salt laser was split into three different beams: 

the main part passed through a 92.3 (± 0.2) cm path-length cell containing the SO2 sample, whereas 

the two other beams were sent through a second cell filled with low-pressure SO2 gas and a Ge-

etalon, both used for frequency calibration. These beams were gathered by three different mercury-

cadmium-telluride IR detectors cryogenically cooled at liquid N2 temperature. The acquired signals 

were then digitized by a four-channel digital oscilloscope in the case of He-broadening experiments, 

whereas a four channel ultrafast digitizer card [54] was employed for SO2 - CO2 broadening 

measurements. Up to 1024 independent scans were averaged to yield the resulting spectra, each 

consisting of a 0.3 - 0.5 cm-1 wide micro-window.  

 The measurements were carried out at a temperature of 296 ± 2 K by perturbing the 

radiating species by He or CO2 following a well established procedure [50,54]. During the 
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experiments the SO2 partial pressure was kept fixed at about 100 Pa depending on the intensity of 

the spectral features and increasing amounts of damping gas were added up to a total pressure of 

44.80 hPa at most. Two independent series of measurements were performed, in order to increase 

the accuracy of the retrieved pressure broadening parameters [54,55]. For promoting gas 

homogenization, an elapsed time of 10 - 15 min was adopted between the filling of the cell and the 

recording of the spectra. The pressure in the cell was measured by using two Alcatel capacitance 

vacuum gauges with a full scale range of 10 hPa and 100 hPa, respectively, and a quoted accuracy 

of 0.15% on the full scale. All the measurements were performed on a SO2 gas sample supplied by 

Sigma-Aldrich with a purity of 99.9%, whereas He and CO2 damping gases were provided by SIAD 

with a purity greater than 99.9%. 

 The acquired spectra were first wavenumber calibrated by employing suitable SO2 line 

frequencies from high resolution Fourier Transform IR data and then the transmittance spectra were 

obtained from the incident and transmitted radiation intensities according to the Beer-Lambert's 

law, with the incident intensity retrieved by fitting no absorption regions (i.e. the baseline) to a 

polynomial function. The accuracy of the calibration was estimated around 3.0  10-4 cm-1. Line-by-

line parameters were retrieved by fitting all the lines in a given spectral micro-window to the Voigt 

profile (VP) in absorbance units by using the multi-line feature of VLSFP [56]. Spectra recorded at 

different pressures were fitted independently from each other. Since the instrumental line shape 

function of the laser employed in this work can be reproduced as a Gaussian function, during the 

fits with the VP, the Doppler half-width was fixed to an effective value given by the following 

equation 

 

      2122
2 T D L

D

S O

D

e f f

D           (1) 

 

where 2SO

D  and 
TDL

D  are the molecular and instrumental Doppler half-widths, respectively. To 

determine the effective Doppler half-width, low-pressure (< 50 Pa) spectra of pure SO2 were 

recorded and the corresponding spectral features were fitted to the Gaussian profile. The 

instrumental half-width was, on average, 7.4×10-4 cm-1. The assignment of the spectral lines was 

based on the Hitran 2012 database [16].   
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2.2 mm-/sub-mm spectroscopy at LMS-Bo 

 

 Measurements were carried out using a frequency-modulated computer-controlled 

spectrometer working in the 65 GHz - 1.6 THz frequency range. As a complete account of the 

spectrometer can be found in Refs. [57-59], we only briefly summarize the relevant features. In the 

present study, the measurements were carried out in the 104 GHz – 1.1 THz interval, with the 

radiation source being an interchangeable system consisting of Gunn-diode oscillators and Gunn-

diode-driven frequency multipliers, which were phase-locked to a rubidium frequency standard. 

The frequency modulation was achieved by sine-wave modulating the 72 MHz local oscillator of 

the synchronization loop at 1.666 kHz. In the present study, the detectors employed were a liquid-

He InSb hot-electron bolometer (for THz measurements) or a Schottky detector (at frequencies 

below 500 GHz). Second harmonic detections were performed as the Lock-in amplifier was tuned 

to twice the modulation frequency.  

 The pressure broadening of rotational lines of SO2 with H2 and He as perturbing gases was 

already investigated in Ref. [49]. To address the dependence of pressure-broadening parameters on 

the J and Ka quantum numbers, the following ΔJ = 0 and ΔKa = +1 transitions, with the same 

starting value for Ka (Ka = 11  10), were considered for investigating the J dependence: J = 1111,1 

 1110,2, J = 1211,1  1210,2, J = 1511,5  1510,6, J = 1611,5  1610,6, J = 2611,15  2610,16, J = 2811,17 

 2810,18, J = 3411,23  3410,24, J = 4211,31  4210,32, J = 5111,41  5110,42, J = 6011,49  6010,50. 

Transitions with the same J value (J = 10) were considered for the Ka dependence: J = 101,9  

100,10, J = 102,8  101,9, J = 104,6  103,7, J = 105,5  104,6, J = 106,4  105,5, J = 107,3  106,4. In 

this work, further measurements for these transitions have been performed in order to confirm the 

results of Ref. [49]. In addition, one ΔJ = -1 transition, J = 207,13  216,16, and two ΔJ = +1 

transitions, J = 435,39  426,36 and J = 33,1  22,0, were considered.        

 According to the line intensity, pressures of SO2 in the range 0.04 - 0.53 Pa were used; then, 

increasing quantities of either H2 or He were added starting from ~6.7 Pa up to ~133.3 Pa, with the 

sample pressure measured by a Baratron gauge with a measurable pressure range of 0.01 - 133.3 Pa. 

During the recording of a spectrum the pressure of the gas was found stable within less than 0.01 

Pa. All the spectra were recorded at room temperature (298  1 K). For each transition investigated 

in Ref. [49], an additional series of measurements was carried out, while for the newly studied 

transitions, series of measurements were performed in order to have a total of 25 - 30 points. 

 To retrieve the collisional (also denoted Lorentzian) line width, the second harmonic profiles 

were fitted to a lineshape model that explicitly accounts for frequency modulation [60-62]. The line 

profile analysis was performed by employing the Speed Dependent Voigt Profile (SDVP) using the 
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formulation of Refs. [61,63-65], which is able to well reproduce the experimental lineshapes as well 

as the narrowing effects observed at low pressure values (see also Ref. [49]). A graphical example 

of the line profile analysis is provided by Figure 1 which depicts the line profile analysis for a series 

of measurements for the J = 207,13  216,16 rotational transition: the small residuals allow us to 

point out that the experimental line shapes are well reproduced by the chosen model. 

 

 

3. Results and discussion 

 

 The SO2 molecule is an asymmetric near prolate rotor, having C2v point group symmetry, 

and three normal modes of vibration. The 1 fundamental, corresponding to the SO2 symmetric 

stretching, belongs to the A1 symmetry species and it gives rise to a B-type band located at about 

1151.7 cm-1. The presence of two identical oxygen nuclei (zero nuclear spin) allows, for all totally 

symmetric states, only rotational levels with even values of Ka + Kc.  

 For retrieving SO2 - CO2 (
0

CO2
 ) and SO2 - He ( 0

He ) pressure broadening coefficients, the 

line profile analysis in the IR spectral region was performed by adopting the Voigt model which 

appears a well suited choice to reproduce the observed line shapes within the experimental set-up 

and conditions here employed, as illustrated by the good residuals of Figure 2. The upper panel of 

this figure presents the spectral region between 1102.86 and 1103.60 cm-1 perturbed by CO2 and the 

residuals corresponding to six different CO2 partial pressures. The lower panel, instead, shows the 

SO2 spectrum from 1083.20 to 1083.80 cm-1 when He is employed as damping gas with partial 

pressures in the range 669.3 - 2370 Pa. As it can be seen, for both collisional partners the synthetic 

spectrum closely reproduces the experimental line shapes, the only small deviations being observed 

for the line around 1103.3 cm-1 perturbed by 357.5 Pa of CO2. Anyway, as it can be appreciated on 

the same figure, this small difference promptly disappears as the CO2 pressure is raised further. In 

this context, it should be noted that the use of more refined line shape functions (e.g. including 

narrowing effects) does not provide any significant improvement over the Voigt profile (at least in 

the experimental conditions employed during the measurements), as already pointed out in previous 

investigations [50-52,54,55]. Furthermore, as highlighted by Wilzewski et al. [19], at present the 

VP is properly suited for the spectral resolution of most instruments probing planetary atmospheres.  

 During the fits, resonant frequencies, collisional (i.e. Lorentzian) half-widths and line 

intensities have been refined, whereas the Gaussian contribution to the line width has been 

constrained to 
eff

D , Eq. (1), that takes into account both the molecular broadening due to thermal 
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motion and the laser line shape function. In order to retrieve SO2 foreign-broadening coefficients, 

0

X  (X = He, CO2), for each line, the collisional half-widths at temperature T, L(T), obtained from 

the line shape analysis were fitted against the buffer gas partial pressure to a straight line 

represented by the following equation 

 

     XXL PTT  0

0          (2) 

 

where PX represents the partial pressure of the damping gas and the intercept 0 takes into account 

the self-broadening contribution to the line width. The linear fits have been carried out by weighting 

the collisional half-widths on the basis of the corresponding errors derived from the line profile 

analysis. 

 In the previous Section it has been pointed out that two independent series of measurements 

have been carried out for each spectral micro-window. The results of the linear fits obtained for 

these two repetitions have been combined adopting the following procedure: [54,55,66,67] for each 

spectral line, the value of the intercept 0 has been subtracted from each collisional half-width L 

obtaining, in this way, the so-called normalized Lorentzian half-width, NL. In a successive step, the 

obtained normalized half widths have been employed in a second linear fit according to  

 

 
X

0

XNL P            (3) 

 

thus retrieving the ultimate value of the foreign-broadening coefficient. This procedure is 

exemplified in Figure 3 and the SO2 foreign-broadening coefficients obtained for CO2 and He 

buffer gases are listed in Tables 1 and 2, respectively. 

 The quantum number dependence of the foreign-broadening coefficients is depicted in 

Figure 4, where for the sake of completeness the He-broadening coefficients obtained in a previous 

work are also included [50]. Concerning the Ka dependence, the observed trends suggest that for 

CO2 the collisional cross sections tend to decrease with increasing Ka values. Conversely, He-

broadening coefficients do not display any evident dependence, but rather they are slightly scattered 

around a mean value of 0.0636 ± 0.0073 cm-1atm-1. It is worth noticing that this value and the 

observed trend confirm our previous findings [50], as clearly evident from Figure 4 in which the 

SO2-He broadening coefficients obtained in our previous investigation are also included. 

Concerning the comparison with prior studies, the reader is referred to Ref. [50], where a detailed 

comparison is performed for SO2 perturbed by He as well as by N2, O2 and air. Taking into account 
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the quantum numbers of the transitions investigated, it has been possible to access the J dependence 

of the broadening parameters for transitions belonging to the "

aK = 15 sub-branch. Again, SO2 - He 

broadening coefficients do not show any significant dependence over the range of quantum 

numbers investigated, whereas in the case of CO2 the tendency of collisional cross sections to 

increase with increasing J" values can be reported. The only exception to this trend is given by the 

transition 2514,12  2515,11 located at about 1102.574 cm-1 whose CO2 broadening coefficient 

appears slightly low. Anyway, at the higher pressures this transition significantly overlaps with the 

neighboring ones, thus making it difficult a precise location of the base line that, therefore, can 

influence the value of the obtained pressure broadening parameter. Indeed, it has been estimated 

that for an error in the base line which is 1% of the absorption coefficient value at line center, the 

error in the retrieved collisional half-width is on the order of 12% [68].  

 Finally, it should be noted that some transitions belonging to the 1 + 2 - 2 hot band of 

32SO2 and to the 1 fundamental of 34SO2 have also been considered and analyzed. The results 

obtained for these transitions are included in Tables 1 and 2 for CO2- and He-broadening 

coefficients, respectively. 

 Concerning the analysis in the MW region, for a given transition, for each series of 

measurements, the pressure-broadening coefficient  2 9 80

X  at 298 K has been obtained by a linear 

fit of the collisional half-widths, L(298), retrieved by the lineshape analysis against the perturber 

partial pressure PX, as reported in Equation 2, with T = 298 K and the half-widths being weighted 

according to the reciprocal of the squared uncertainties obtained from the profile analysis. Since in 

each set of measurements slightly different quantities of SO2 were used, in order to put all data 

together, we have employed the following procedure [69]. For each series, we have subtracted the 

value of the intercept 0 obtained in the fit mentioned above from each L(298). In this way, we 

have subtracted the contribution due to the self-broadening and all other broadening effects (like 

wall broadening) from the collisional half-widths. We refer to the L(298) obtained in such a way as 

normalized Lorentzain half-widths NL(298). Subsequently, a second fit involving the normalized 

half-widths has been performed in order to obtain the final value of the pressure-broadening 

parameter  2 9 80

X  for the transition under consideration, see Equation (3). An example is provided 

by Figure 5, which depicts the linear fit of normalized collisional half widths for the J = 33,1  22,0 

(313.3 GHz) transition.  

 The pressure broadening coefficients of the rotational transitions considered are collected in 

Table 3, where the experimental uncertainties reported are three times the standard deviation of the 

fit. Figure 6 shows the values of the pressure-broadening coefficients as a function of J and Ka. 
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Inspection of this figure and of the values of Table 3 also reveals that the pressure-broadening 

coefficients vary a little upon variation of either J or Ka, the largest variations being about 10 - 15%. 

This was also already observed in the literature (see Ref. [49] and references therein). To the best of 

our knowledge, there are not available in the literature any other study reporting either J or Ka 

dependence of rotational transitions. However, it deserves to be mentioned the investigation of the 

temperature dependence carried out by Ball et al. [46], who investigated the 90-500 K range for 

four rotational transitions: J = 183,15 – 182,16 (240.247 GHz; 
2H  = 0.1387(68) cm-1 atm-1, He = 

0.0659(33) cm-1 atm-1), 131,13 – 120,12 (251.199 GHz; 
2H  = 0.1366(68) cm-1 atm-1, He = 0.0621(30) 

cm-1 atm-1), 42,2 – 31,3 (235.152 GHz; 
2H  = 0.1483(74) cm-1 atm-1, He = 0.0761(38) cm-1 atm-1), 

264,22 – 263,23 (280.807 GHz; H2 = 0.1415(71) cm-1 atm-1, He = 0.0705(36) cm-1 atm-1). We note 

that the pressure-broadening coefficients determined at room temperature (reported within 

parentheses here above) are perfectly in line with those evaluated in the present work.  

From the line profile analyses performed employing the SDVP model, the speed-dependence 

contributions to the line widths can be derived. As expected [63-65], these show a linear 

dependence on pressure and can be fitted with a linear expression analogous to Eq. (3) in order to 

derive the so-called 2 parameter [63-65], which describes the speed dependence of the relaxation 

rate. While the expected linear behavior was confirmed in all cases, no results are here reported, 

neither graphically nor in table, because this parameter results to be very small, about 10-6-10-5 cm-1 

atm-1. To give an example, for the J = 6011,49 - 6010,50 transition broadened by hydrogen, 2 was 

found to be 5.30(46)×10-5 cm-1 atm-1, while for the J = 33,1 – 22,0 transition using He as foreign gas a 

value of 6.21(98)×10-6 cm-1 atm-1 for 2 was obtained. We furthermore point out that the knowledge 

of this parameter is not relevant for the compilation of databases finalized at providing data for 

remote sensing of planetary atmospheres. 

 Comparing the He-broadening coefficients obtained for 1 band transitions with those of the 

ground state, it can be concluded that both series of measurements point to a very week dependence 

of SO2 - He collisional cross sections on the rotational quantum numbers. Indeed, for the 1 band, 

the retrieved SO2 - He pressure broadening coefficients appear uniformly scattered around 0.064 ± 

0.007 cm-1atm-1, while for the ground state they are nearly constants, at least over the range of 

quantum numbers here investigated, the average value of He-broadening coefficients for MW 

transitions being 0.071 ± 0.002 cm-1atm-1. The latter value lies on the upper side of the confidence 

interval obtained from the analysis in the IR spectral region. The slight differences observed 

between IR and MW measurements for the He-broadening parameters can be largely explained by 

considering the different experimental set-up of the two laboratories as well as the fact that in the 
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spectral region around 9 m, there are significant overlaps among different ro-vibrational 

transitions, whereas the lines are almost isolated in the ground state. Concerning the possible 

vibrational dependence of collisional cross sections, it may become observable when going to 

higher vibrational energies, i.e. when the molecule gains three or more quanta of vibrational 

excitation, but in the present case it is expected to be negligible, also based on the outcomes of our 

previous study [51].   On this basis we can conclude that SO2 - He broadening coefficients derived 

for 1 band transitions are consistent with those of the ground vibrational state. Furthermore, in 

order to exclude that the differences in the He-broadening parameters are related to the different 

line profile models used in the analysis of IR and MW measurements, for two MW transitions, this 

analysis has been performed also employing the VP model: J = 435,39 – 426,36 and J = 33,1 – 22,0. As 

expected (see, for example, Refs. [62,65]), the pressure-broadening coefficients determined agree 

well with those previously derived using the SDVP model. For the J = 435,39 – 426,36 transition, we 

obtained He(VP) = 0.0694(24) cm-1 atm-1 to be compared with He(SDVP) = 0.0702(15) cm-1 atm-1, 

and for the J = 33,1 – 22,0 transition, He(VP) = 0.0677(10) cm-1 atm-1 should be compared with 

He(SDVP) = 0.0676(7) cm-1 atm-1. For the same two transitions, the analysis using the VP model 

has been carried out also for H2 as foreign gas. Analogously, and as expected, a similar agreement 

between the results obtained with the two different line profile models is noted (J = 435,39 – 426,36: 

2H (VP) = 0.1449(21) cm-1 atm-1  vs. 
2H (SDVP) = 0.1426(10) cm-1 atm-1; J = 33,1 – 22,0: 

2H (VP) 

= 0.1410(24) cm-1 atm-1  vs. 
2H (SDVP) = 0.1408(8) cm-1 atm-1). The obtained data also shows that 

H2-broadening coefficients are about twice those obtained by using He as buffer gas. This behavior 

can be understood by considering that collisional broadening is ruled by intermolecular interactions 

in the gas-phase, the electrostatic dipole - dipole or quadrupole - dipole interactions being the 

foremost ones when neutral species are involved. He is an atomic noble gas and hardly polarizable, 

and hence its broadening efficiency is smaller than that of H2, whose scattering events with SO2 are 

driven by dipole-quadrupole interactions. 

 Finally, it should be noticed that this is the first line-by-line analysis that led to determine 

the SO2 - CO2 broadening coefficients for several ro-vibrational transitions and provide the first 

hints on their quantum number dependence. By considering the transitions investigated, SO2 - CO2 

broadening parameters range from 0.087 to 0.147 cm-1atm-1 and they average to 0.12 ± 0.02 cm-

1atm-1. This value may be compared with those obtained for N2 and O2 perturbing gases, 0.096 cm-

1atm-1 and 0.071 cm-1atm-1, respectively: CO2 appears more efficient than atmospheric buffer gases 

in broadening the SO2 transitions. This behavior of CO2 has already been reported also for other 

active species (e.g. see Refs. [70-72]). Furthermore, the present results can be compared with the 
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line-by-line listing of SO2 - CO2 pressure broadening coefficients compiled by Wilzewski et al [19], 

in which they take values in the range 0.16 - 0.23 cm-1atm-1 and have an average of 0.181 ± 0.005 

cm-1atm-1. These SO2 - CO2 collisional parameters are somewhat larger than those determined in the 

present work, nevertheless this difference can be explained by considering that in Ref. [19] the 

broadening parameters of SO2 perturbed by CO2 have been derived by scaling the corresponding 

SO2 - H2 broadening coefficients according to a factor based on only one line measured in 1963 

[73].    

 

  



13 
 

Conclusions 

 

 Foreign broadening coefficients of sulfur dioxide perturbed by H2, He and CO2 have been 

retrieved for both ground state and 1 band transitions by means of mm/sub-mm wave and high 

resolution TDL spectroscopy, respectively. IR experiments have been carried out in the spectral 

region around 9 m and the analysis, performed by using the Voigt profile, has led to the 

determination of He- and CO2-broadening parameters for several transitions belonging to the 1 

band of 32SO2 as well as some ro-vibrational transitions of 1 + 2 - 2 of 32SO2 and 1 of 34SO2. 

MW measurements have been carried out within the 104 GHz - 1.1 THz spectral range and 19 pure 

rotational transitions perturbed by H2 and He buffer gases have been analyzed on the basis of the 

speed-dependent Voigt profile model.  

 Concerning the obtained results, both IR and MW experiments have highlighted a very weak 

dependence of He collisional cross sections on the Ka and J rotational quantum numbers, with an 

average He broadening parameter of 0.064 ± 0.007 and 0.071 ± 0.002 cm-1atm-1 for IR and MW 

transitions, respectively. In a similar way, also SO2 - H2 broadening coefficients show a negligible 

dependence on the rotational quantum numbers, keeping an almost constant value of 0.145 ± 0.004 

cm-1atm-1. Conversely, when CO2 is employed as perturbing species, the observed collisional cross 

sections tend to decrease with increasing Ka values. The quantum numbers of the transitions 

investigated also allowed us to access the J dependence for the "

aK  = 15 subbranch, in which the 

broadening parameters increase by enlarging the J value. The obtained SO2 - CO2 pressure 

broadening coefficients take values between 0.087 and 0.147 cm-1atm-1 and they present an average 

value of 0.12 ± 0.02 cm-1atm-1. 

 All in all, by combining IR and MW experiments we have measured foreign broadening 

coefficients of SO2, a molecule of proved astrophysical relevance due to its presence in the 

interstellar medium and in the atmospheres of Earth, Venus and Mars. The present results are 

important for increasing the potential use of spectroscopic databases for astronomical applications, 

indeed they not only represent the first determination of CO2 broadening parameters, but they also 

provide new data for collisions with He and H2, which are buffer gases important for the 

atmospheres of gas giants.   

 

 

  



14 
 

Acknowledgments 

 This work has been supported by MIUR through PRIN 2012 funds for project "STAR: 

Spectroscopic and computational Techniques for Astrophysical and atmospheric Research", Scuola 

Normale Superiore for project "COSMO: Combined experimental and computational spectroscopic 

modeling for astrochemical applications", Università Ca' Foscari Venezia (ADiR funds) and 

University of Bologna (RFO funds).  GC thanks Università Ca' Foscari Venezia for her research 

fellowship.  

  



15 
 

References 

 

[1] Shaw AM. In: Astrochemistry. From astronomy to astrobiology. Chichester: John Wiley & 

Sons;2006. 

[2] McKellar A. Evidence for the molecular origin of some hitherto unidentified interstellar lines. 

Publ Astron Soc Pac 1940;52:187–92. 

[3] Adams NG. Some results with the COUDÉ spectrograph of the Mount Wilson observatory. 

Astrophys J 1941;93:11–23. 

[4] Douglas AE, Herzberg G. Note on CH+ in interstellar space and in the laboratory. Astrophys J 

1941;94:381. 

[5] https://www.astro.uni-koeln.de/cdms last access: 20/10/2016. 

[6] Smith IWM. Laboratory astrochemistry: Gas-phase processes. Annu Rev Astron Astrophys 

2011;49:29–66. 

[7] Guélin M. Observational astrochemistry. EPJ Web of Conferences 2011;18:01002. 

[8] Tielens AGGM. The molecular universe. Rev Mod Phys 2013;85:1021–81. 

[9] Halfen DT, Ilyushin V, Ziurys LM. Formation of peptide bonds in space: A comprehensive 

study of formamide and acetamide in Sgr B2(N). Astrophys J 2011;743:60. 

[10] Kahane C, Ceccarelli C, Faure A, Caux E. Detection of formamide, the simplest but crucial 

amide, in a solar-type protostar. Astrophys J 2013;763:L38. 

[11] Tercero B, Kleiner I, Cernicharo J, Nguyen HVL, López A, Muñoz Caro GM. Discovery of 

methyl acetate and gauche ethyl formate in Orion. Astrophys J Lett 2013;770:L13. 

[12] Jaber AA, Ceccarelli C, Kahane C, Caux E.  The census of complex organic molecules in the 

solar-type protostar IRAS 16293-2422. Astrophys J 2014;791:29. 

[13] Belloche A, Garrod RT, Müller HSP, Menten KM. Detection of a branched alkyl molecule in 

the interstellar medium: iso-propyl cyanide. Science 2014;345:1584–87. 

[14] McGuire BA, Carroll PB, Loomis RA, Finneran IA, Jewell PR, Remijan AJ, Blake GA. 

Discovery of interstellar chiral molecule propylene oxide (CH3CHCH2O). Science 2016;352:1449–

52. 

[15] Demaison J, Sarka K, Cohen EA. Spectroscopy from space. Dordrecht: Kluwer Academic 

Publisher;2000. 

[16] Rothman LS, Gordon IE, Babikov Y, Barbe A, Chris Benner D, Bernath PF, et al. The 

HITRAN 2012 molecular spectroscopic database. JQSRT 2013;130:4–50.  



16 
 

[17] Pickett HM, Poynter RL, Cohen EA, Delitsky ML, Perason JC, Muller HSP. Submillimeter, 

millimeter, and microwave spectral line catalogue. JQSRT 1998;60:883–90. 

[18] Jacquinet-Husson N, Scott NA, Chédin A, Garceran K, Armante R, Chursin AA, et al. The 

2003 edition of the GEISA/IASI spectroscopic database. JQSRT 2005;95:429–67. 

[19] Wilzewski JS, Gordon IE, Kochanov RV, Hill C, Rothman LS. H2, He and CO2 line-

broadening coefficients, presure shifts and temperature-dependence exponents for the HITRAN 

database. Part 1: SO2, NH3, HF, HCl, OCS and C2H2. JQSRT 2016;168;193–206. 

[20] Nummelin A, Bergman P, Hjalmarson Å, Friberg P, Irvine WM, Millar 

TJ, et al. A three-position spectral line survey of Sagittarius B2 

between 218 and 263 GHz. II. Data analysis. Astrophys J Suppl Ser 

2000;128:213–43. 

[21] Schilke P, Benford DJ, Hunter TR, Lis DC, Phillips TG. A line survey of 

Orion-KL from 607 to 725 GHz. Astrophys J Suppl Ser 2001;132: 

281–364. 

[22] Ziurys LM.  The chemistry in circumstellar envelopes of evolved stars: Following the origin of 

the elements to the origin of life. Proc Natl Acad Sci 2006;103:12274–79. 

[23] Fraser HJ, McCoustra MRS, William DA. The molecular universe. A&G 2002;43:2.10–8. 

[24] Öberg KI, Fayolle EC, Reiter JB, Cyganowski C. Complex molecule formation around 

massive young stellar objects. Faraday Discuss 2014;168:81–101. 

[25] Herbst E, van Dishoeck EF. Complex organic interstellar molecules. Annu Rev Astron 

Astrophys 2009;47:427–80. 

[26] Bézard B, de Bergh C, Fegley B, Maillard JP, Crisp D, Owen T, Pollak JB, Grinspoon D. The 

abundance of sulfur dioxide below the clouds of Venus. Geophys Res Lett 1993;20:1587–90. 

[27] Nelson RM, Lane AL, Matson DL, Fanale FP, Nash DB, Johnson TV. Io: 

longitudinal distribution of sulfur dioxide frost. Science 1980;210:784–6. 

[28] Khayat A, Villanueva G, Mumma M, Tokunaga A. A search for and above Tharsis and Syrtis 

volcanic districts on Mars using ground-based high-resolution submillimeter spectroscopy. Icarus 

2015;253:130–41. 

[29] Mankin WG, Coffey MT, Goldman A. Airborne observations of SO2, 

HCl and O3 in the stratospheric plume of the Pinatubo volcano in 

July 1991. J Geophys Res Lett 1992;19:179–82. 

[30] Goldman A, Murcray FJ, Rinsland CP, Blatherwick RD, David SJ, 

Murcray FH, et al. Mt. Pinatubo SO2 column measurements from 

Mauna Loa. J Geophys Res Lett 1992;19:183–6. 

[31] Baird C. In: Environmental chemistry. New York: W. H. Freeman and Company;1999. 



17 
 

[32] Müller HSP, Brünker S. Accurate rotational spectroscopy of sulfur 

dioxide, SO2, in its ground vibrational and first excited bending 

states, 2=0, 1, up to 2 THz. J Mol Spectrosc 2005;232:213–22. 

[33] Guelachvili G, Ulenikov ON, Ushakova GA. Analysis of the ν1 and ν3 absorption bands of 
32S16O2. J  Mol Spectrosc 1984;188:1–5. 

[34] Guelachvili G, Naumenko OV, Ulenikov ON. Analysis of the SO2 absorption Fourier spectrum 

in the regions 1055 to 2000 and 2200 to 2550 cm-1. J  Mol Spectrosc 1987;125:128–39. 

[35] Flaud JM, Perrin A, Salah LM, Lafferty WJ, Guelachvili GA. Reanalysis 

of the (010), (020), (100), and (001) rotational levels of 32S16O2. J Mol 

Spectrosc 1993;160:272–78. 

[36] Sumpf B. Line intensity and self-broadening investigations in the ν1 and ν3 bands of SO2. J Mol 

Struct 2001;599:39–49. 

[37] Chu PM, Wetzel SJ, Lafferty WJ, Perrin A, Flaud JM, Arcas Ph, Guelachvili G. Line 

intensities for the 8-μm bands of SO2. J Mol Spectrosc 1998;189:55–63. 

[38] Kühnemann F, Heiner Y, Sumpf B, Herrmann KA. Line broadening in the ν3 band of SO2: 

studied with diode laser spectroscopy. J Mol Spectrosc 1992;152:1–12. 

[39] Sumpf B, Fleischmann O, Kronfeldt HD. Self-, air-, and nitrogen-broadening in the ν1 band of 

SO2. J Mol Spectrosc 1996;176:127–32. 

[40] Sumpf B, Schöne M, Kronfeldt HD. Self- and air-broadening in the ν3 band of SO2. J Mol 

Spectrosc 1996;179:137–41. 

[41] Joly L, Zéninari V, Parvitte B, Weidmann, D, Courtois D, Bonetti Y, et al. Spectroscopic study 

of ν1 band of SO2 using a continuous-wave DFB QCL at 9.1 μm. Appl Phys B  2003;77:703–06. 

[42] Zéninari V,  Joly L,  Grouiez B, Parvitte B, Barbe A. Study of SO2 line parameters with a 

quantum cascade laser spectrometer around 1090 cm-1: comparison with calculations of the 

ν1 and ν1 + ν2 – ν2 bands of 32SO2 and the ν1 band of 34SO2. JQSRT 2007;105:312–25. 

[43] Henningsen J, Barbe A, De Backer-Barilly MR. Revised molecular parameters for 
32SO2 and 34SO2 from high resolution study of the infrared spectrum in the 7–8 μm wavelength 

region. JQSRT 2008;109:2491–510. 

[44] Grouiez B, Parvitte B, Joly L, Courtois D, Zéninari V. Comparison of a quantum cascade laser 

used in both cw and pulsed modes. Application to the study of SO2 lines around 9 μm. Appl Phys B 

2008;90:177–86. 

[45] Tasinato N, Pietropolli Charmet A, Stoppa P, Giorgianni S, Buffa G. Spectroscopic 

measurements of SO2 line parameters in the 9.2 m atmospheric region and theoretical 

determination of self-broadening coefficients. J Chem Phys 2010;132:044315. 



18 
 

[46] Ball CD, Dutta JM, Goyette TM, Helminger P, De Lucia FC. The pressure broadening of SO2 

by N2, O2, He, and H2 between 90 and 500 K. JQSRT 1996;56:109–17. 

[47] Lazarev VV, Ponomarev YuN, Sumpf B, Fleischmann O, Waschull J, Kronfeldt HD, Stroinova 

VN. Noble gas pressure-induced broadening and shift of H2O and SO2 absorption lines. J  Mol 

Spectrosc 1995;173:177–93. 

[48] Sumpf B, Schöne M, Fleischmann O, Heiner Y, Kronfeldt HD. Quantum number and 

temperature dependence of foreign gas-broadening coefficients in the ν1 and ν3 bands of SO2: 

collisions with H2, air, He, Ne, Ar, Kr, and Xe. J Mol Spectrosc 1997;183;61–71. 

[49] Cazzoli G, Puzzarini C. N2-, O2-, H2-, and He-broadening of SO2 rotational lines in the mm-

/submm-wave and THz frequency regions: the J and Ka dependence. JQSRT 2012;113:1051–7. 

[50] Tasinato N, Pietropolli Charmet A, Stoppa P, Giorgianni S, Buffa G. N2-, O2- and He-

collision-induced broadening of sulfur dioxide ro-vibrational lines in the 9.2 m atmospheric 

window. Spectrochim Acta Part A 2014;118:373–79. 

[51] Tasinato N, Pietropolli Charmet A, Stoppa P, Buffa G, Puzzarini C. A complete listing of 

sulfur dioxide self-broadening coefficients for atmospheric applications by coupling infrared 

and microwave spectroscopy to semiclassical calculations. JQSRT 2013;130:233–48.  

[52] Tasinato N, Grimme S. Unveiling the non-covalent interactions of 

molecular homodimers by dispersion-corrected DFT calculations and collision-induced broadening 

of ro-vibrational transitions: application to (CH2F2)2 and (SO2)2. Phys Chem Chem Phys 

2015;17:5659–69. 

[53] Tasinato N, Stoppa P, Pietropolli Charmet A, Giorgianni S, Buffa G, 

Gambi A. Toward a complete understanding of the vinyl fluoride 

spectrum in the atmospheric region. ChemPhysChem 2011;12:356–63. 

[54] Tasinato N, Turchetto A, Puzzarini C, Stoppa P, Pietropolli Charmet A, Giorgianni S. Self-, 

N2-, O2-broadening coefficients and line parameters of HFC-32 for ν7 band and ground 

state transitions from infrared and microwave spectroscopy. Mol Phys 2014;112:2384–96. 

[55] Tasinato N, Turchetto A, Stoppa P, Pietropolli Charmet A, Giorgianni S. The energetic of 

(CH2F2)2 investigated by TDL IR spectroscopy and DFT computations: From collision induced 

relaxation of ro-vibrational transitions to noncovalent interactions. J Chem Phys 2015;142:134310. 

[56] Tasinato N, Pietropolli Charmet A, Stoppa P, Giorgianni S. Determination of the vinyl fluoride 

line intensities by TDL spectroscopy: the object oriented approach of Visual Line Shape Fitting 

Program to line profile analysis. Mol Phys 2010;108:677–85. 

[57]  Cazzoli G, Puzzarini C. The Lamb-dip spectrum of methylcyanide: Precise rotational 

transition frequencies and improved ground state rotational parameters. J Mol Spectrosc 

2006;240:153–63. 

[58] Puzzarini C, Cazzoli G, Gauss J. The rotational spectra of HD17O and D2
17O: Experiment and 

quantum-chemical calculations. J Chem Phys 2012;137:154311. 



19 
 

[59] Cazzoli G, Puzzarini C. Sub-Doppler resolution in the THz frequency domain: 1 kHz accuracy 

at 1 THz by exploiting the Lamb-Dip technique. J Phys Chem A 2013;117:13759–66. 

[60] Cazzoli G, Dore L. Lineshape measurements of rotational lines in the millimeter-wave region 

by second harmonic detection. J Mol Spectrosc 1990;141:49–58. 

[61] Dore L. Using fast Fourier transform to compute the line shape of frequency-modulated 

spectral profiles. J Mol Spectrosc 2003;221:93–8. 

[62] Puzzarini C, Dore L, Cazzoli G. A comparison of lineshape models in the analysis of 

modulated and natural rotational line profiles: Application to the pressure broadening of OCS and 

CO. J Mol Spectrosc 2002;216:428–36. 

[63] Rohart F, Mäder H, Nicolaisen HW. Speed dependence of rotational relaxation induced by 

foreign gas collisions: Studies on CH3F by millimeter wave coherent transients. J Chem Phys 

1994;101:6475–86. 

[64] D'Eu JF, Lemoine B, Rohart F. Infrared HCN lineshapes as a test of Galatry and speed-

dependent Voigt profiles. J Mol Spectrosc 2002;212:96–110. 

[65] Rohart F, Wlodarczak G, Colmont J-M, Cazzoli G, Dore L, Puzzarini C. Galatry versus speed-

dependent Voigt profiles for millimeter lines of O3 in collision with N2 and O2. J Mol Spectrosc 

2008;251:282–92. 

[66] Cazzoli G, Dore L, Puzzarini C, Bakri B, Colmont JM, Rohart F, Wlodarczak G. Experimental 

determination of air-broadening parameters of pure rotational transitions of HNO3: intercomparison 

of measurements by using different techniques. J Mol Spectrosc 2005;229:158–69. 

[67] Colmont JM, Bakri B, Rohart F, Wlodarczak G, Demaison J, Cazzoli G, 

et al. Intercomparison between ozone broadening parameters retrieved from millimetre-wave 

measurements by using different techniques. J Mol Spectrosc 2005;231:171–87. 

[68] Nadezhdinskii AI. Diode laser spectroscopy: precise spectral line shape measurements. 

Spectrochim Acta Part A 1996: 52:1041–60. 

[69] Cazzoli G, Puzzarini C, Buffa G, Tarrini O. Experimental and theoretical investigation on 

pressure-broadening and pressure-shifting of the 22.2 GHz line of water. JQSRT 2007;105:438–49. 

[70] Duxbury G, Langford N, Hay K, Tasinato N. Quantum cascade laser spectroscopy: diagnostics 

to non-linear optics. J Mod Opt 2009;56:2034–48. 

[71] Tasinato N, Duxbury G, Langford N, Hay KG. An investigation of collisional processes in a 

Dicke narrowed transition of water vapor in the 7.8 m spectral region by frequency down-chirped 

quantum cascade laser spectroscopy. J Chem Phys 2010;132:044316. 

[72] Tasinato N, Hay KG, Langford N, Duxbury G, Wilson D. Time dependent measurements of 

nitrous oxide and carbon dioxide collisional relaxation processes by a frequency down-chirped 

quantum cascade laser: rapid passage signals and the time dependence of collisional processes. J 

Chem Phys 2010;132:164301. 



20 
 

[73] Krishnaji, Chandra S. Molecular interaction and linewidth of the asymmetric molecules SO2. 

II. SO2-CO2 collisions. J Chem Phys 1963;38:1019–21. 

  



21 
 

Figure captions 

 

Figure 1. H2 broadening of the 258.7 GHz line of sulfur dioxide: a series of measurements analyzed 

by using the speed dependent Voigt profile. Partial pressure values (from the inner to the outer 

curve): 13.39, 19.51, 25.84, 32.84, 39.45 Pa. 

 

Figure 2. (a) SO2 spectrum between 1102.86 and 1103.60 cm-1 perturbed by different amounts of 

CO2. Experimental spectrum (gray circles): 
2SOP  = 106.1 Pa, path length = 92.3 cm, T = 296 K. Fit 

of the spectral lines to the Voigt profile (red line). Residuals, with the same scale as the spectrum, 

have been displaced for clarity and they refer to the following CO2 partial pressures (Pa) from top to 

bottom: 357.5, 813.7, 1314, 2114, 3004, 4024. 

(b) SO2 spectrum between 1083.20 and 1083.80 cm-1 perturbed by different amounts of He. 

Experimental spectrum (gray circles): 
2SOP  = 95.9 Pa, path length = 92.3 cm, T = 296 K. Fit of the 

spectral lines to the Voigt profile (red line). Residuals, with the same scale as the spectrum, have 

been displaced for clarity and they refer to the following He partial pressures (Pa) from top to 

bottom: 669.3, 1140, 1700, 2370. 

 

Figure 3. CO2 (blue) and He (black) broadening of the 1511,5  1612,4 ro-vibrational transition at 

1102.61656 cm-1 of SO2: experimental collisional half widths (squares) and linear fit (dashed line) 

of normalized Lorentzian half-widths against the buffer gas partial pressure. Error bars are the 

uncertainties retrieved from the line profile analysis. 

 

Figure 4. Dependence of CO2- and He- broadening coefficients of SO2 1 band transitions on (a) 

the ''

aK  pseudo-quantum number and (b) the J" quantum number for the ''

aK  = 15 sub-branch.  

 

Figure 5. He broadening of the 313.3 GHz line of sulfur dioxide in the vibrational ground state: 

linear fit of the normalized Lorentzian half-widths against the partial pressure of He for the J = 33,1 

 22,0 transition. Error bars are three times the uncertainties retrieved from the line profile analysis. 

 

Figure 6. Dependence of H2- and He- broadening coefficients of SO2 ground state transitions on (a) 

the ''

aK  pseudo-quantum number and (b) the J" quantum number for the ''

aK  = 10 subbranch.  
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Table 1.  Assignments, transition frequencies, intensities and CO2-broadening coefficients for ro-

vibrational transitions of ν1, ν1 + ν2 - ν2 bands of 32SO2 and ν1 band of 34SO2.
a

  

         ν1 
32SO2 

      

J' 
'

aK  '

cK  J'' 
''

aK  ''

cK  
ν0 

(cm-1) 

S0 

(10-22 cm molecule-1) 

0

2COγ  

(cm-1 atm-1) 

         
         15 15 1 16 16 0 1089.87254(14) 7.86(72) 0.1152(33) 

27 18 10 27 19 9 1089.98811(47) 0.737(76) 0.1078(37) 

37 10 28 38 11 27 1090.02979(35) 3.40(70) 0.1167(36) 

27 11 17 28 12 16 1090.05925(33) 0.839(71) 0.1068(46) 

26 18 8 26 19 7 1090.07936(43) 0.848(79) 0.1036(54) 

46 8 38 47 9 37 1090.14122(21) 0.912(65) 0.1179(24) 

28 12 16 29 13 17 1090.15934(15) 4.78(45) 0.1259(30) 

25 18 8 25 19 7 1090.16746(22) 0.614(62) 0.1143(24) 

19 14 6 20 15 5 1090.226619(79) 6.04(44) 0.1118(18) 

27 14 14 27 15 13 1102.4032(17) 2.550(30) 0.1471(32) 

26 14 12 26 15 11 1102.48986(34) 2.62(12) 0.1348(34) 

29 8 22 30 9 21 1102.561375(95) 6.63(19) 0.1338(14) 

25 14 12 25 15 11 1102.57438(14) 2.52(33) 0.1044(26) 

15 11 5 16 12 4 1102.61656(15) 12.17(39) 0.1284(14) 

24 14 10 24 15 9 1102.656175(35) 2.842(52) 0.1160(28) 

51 13 39 51 14 38 1102.66321(31) 0.434(96) 0.1024(37) 

23 14 10 23 15 9 1102.735105(26) 2.595(25) 0.12085(94) 

24 9 15 25 10 16 1102.833833(83) 8.63(47) 0.1302(40) 

21 14 8 21 15 7 1102.88298(14) 2.44(13) 0.1176(33) 

20 14 6 20 15 5 1102.952150(21) 2.334(34) 0.1160(16) 

49 13 37 49 14 36 1102.96129(19) 0.639(52) 0.0870(22) 

19 14 6 19 15 5 1103.018111(30) 2.24(13) 0.1127(34) 

33 7 27 34 8 26 1103.056072(70) 4.73(19) 0.1274(27) 

18 14 4 18 15 3 1103.081161(60) 1.90(14) 0.1120(25) 

19 10 10 20 11 9 1103.089378(72) 10.97(56) 0.1329(14) 

17 14 4 17 15 3 1103.14080(15) 1.47(12) 0.1002(23) 

16 14 2 16 15 1 1103.19674(29) 1.01(12) 0.0916(38) 

38 6 32 39 7 33 1103.24300(17) 2.71(24) 0.1405(37) 

47 13 35 47 14 34 1103.25017(34)
  1.49(13) 0.1072(19) 

28 8 20 29 9 21 1103.28239(12) 7.37(36) 0.1401(20) 

14 11 3 15 12 4 1103.30453(10) 12.92(33) 0.14120(84) 

46 13 33 46 14 32 1103.39208(27) 1.006(42) 0.1384(24) 

45 13 33 45 14 32 1103.53062(42) 1.03(13) 0.1128(13) 

23 9 15 24 10 14 1103.54605(22) 9.47(28) 0.1459(21) 

17 13 5 17 14 4 1106.31147(38) 2.885(55) 0.1228(21) 

19 9 11 20 10 10 1106.368087(51) 14.77(38) 0.1379(13) 

31 2 30 32 3 29 1106.37727 (90) 0.568 (93) 0.1480(92) 

15 13 3 15 14 2 1106.419985(25) 1.87(11) 0.1059(17) 

14 13 1 14 14 0 1106.469025(65) 0.754(27) 0.0941(22) 

33 6 28 34 7 27 1106.507612(58) 5.710(10) 0.1321(24) 

47 12 36 47 13 35 1106.518091(39) 0.971(62) 0.1196(60) 

14 10 4 15 11 5 1106.555998(24) 14.74(13) 0.1244(27) 
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Table 1 (continued 2/2) 

ν1 + ν2 - ν2 
32SO2     

J' 
'

aK  '

cK  J'' 
''

aK  ''

cK  
ν0 

(cm-1) 

S0 

(10-22 cm molecule-1) 

0

2COγ  

(cm-1 atm-1) 

         
         19 9 11 20 10 10 1102.4298(47) 0.861(11) 0.1233(78) 

14 10 4 15 11 5 1102.545315(55) 1.011(23) 0.1219(54) 

23 8 16 24 9 15 1102.982967(67) 0.725(69) 0.1131(52) 

13 10 4 14 11 3 1103.22870(14) 1.01(12) 0.1208(52) 

23 7 17 24 8 16 1106.388355(85) 1.008(72) 0.116(12) 

18 8 10 19 9 11 1106.492415(55) 1.07(12) 0.1146(28) 

13 9 5 14 10 4 1106.568255(23) 0.965(65) 0.0932(20) 

         

ν1 
34SO2       

J' 
'

aK  '

cK  J'' 
''

aK  ''

cK  
ν0 

(cm-1) 

S0 

(10-22 cm molecule-1) 

0

2COγ  

(cm-1 atm-1) 

         
         11 10 2 12 11 1 1102.540400 (40) 0.583(13) 0.0702(22) 

20 8 12 21 9 13 1102.729440(50) 0.5215(65) 0.1098(43) 

27 12 16 27 13 15 1102.93245(15) 0.254(28) 0.1337(68) 

15 9 7 16 10 6 1102.99359(15) 0.562(62) 0.1096(52) 

19 8 12 20 9 11 1103.42640(29) 0.568(44) 0.1395(63) 

10 9 1 11 10 2 1106.384770(30) 1.365(25)  0.1014(40) 

15 13 3 15 14 2 1106.42001(25) 1.76(19) 0.1059(17) 

         a Figures in parentheses are one standard deviation. 
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Table 2.  Assignments, transition frequencies, intensities and He-broadening coefficients for ro-

vibrational transitions of ν1, ν1 + ν2 - ν2 bands of 32SO2 and ν1 band of 34SO2.
a

  

         ν1 
32SO2 

      

J' 
'

aK  '

cK  J'' 
''

aK  ''

cK  
ν0 

(cm-1) 

S0 

(10-22 cm molecule-1) 

0

He
 

(cm-1 atm-1) 

         
         20 16 4 21 17 5 1083.25637(15) 6.54 (17) 0.07604 (85) 

33 20 14 33 21 13 1083.33976(21) 0.296 (26) 0.0604 (22) 

55 8 48 56 9 47 1083.43750(31) 0.220 (46) 0.0567 (10) 

37 12 26 38 13 25 1083.48003(22) 1.76 (18) 0.0520 (17) 

24 15 9 25 16 10 1083.51696(16) 3.57 (12) 0.06360 (85) 

31 20 12 31 21 11 1083.56360(43) 0.250 (19) 0.0518 (31) 

50 9 41 51 10 42 1083.62807(32) 0.549 (12) 0.0696 (38) 

30 20 10 30 21 9 1083.67025(22) 0.329 (15) 0.0670 (34) 

41 11 31 42 12 30 1083.71442(23) 1.379 (25) 0.0642 (14) 

28 14 14 29 15 15 1083.76326(15) 3.320 (31) 0.07049 (55) 

29 20 10 29 21 9 1083.77320(14) 0.288 (57) 0.0514 (16) 

28 14 14 28 15 13 1102.31112(12) 2.54 (28) 0.0720 (49) 

34 7 27 35 8 28 1102.34245(17) 4.78 (14) 0.0693 (18) 

53 13 41 53 14 40 1102.3551 (19) 0.36 (12) 0.0769 (21) 

20 10 10 21 11 11 1102.386923(61) 11.10 (48) 0.07134 (88) 

27 14 14 27 15 13 1102.4032(17) 2.550(30) 0.05671 (96) 

26 14 12 26 15 11 1102.48986(34) 2.62(12) 0.0638 (19) 

29 8 22 30 9 21 1102.561375(95) 6.63(19) 0.0733 (10) 

25 14 12 25 15 11 1102.57438(14) 2.52(33) 0.0671 (19) 

15 11 5 16 12 4 1102.61656(15) 12.17(39) 0.07017 (70) 

24 14 10 24 15 9 1102.656175(35) 2.842(52) 0.0718 (16) 

51 13 39 51 14 38 1102.66321(31) 0.434(96) 0.0501 (92) 

23 14 10 23 15 9 1102.735105(26) 2.595(25) 0.0625 (16) 

22 14 8 22 15 7 1102.80926 (87) 4.83 (31) 0.0557 (46) 

24 9 15 25 10 16 1102.833833(83) 8.63(47) 0.0774 (11) 

21 14 8 21 15 7 1102.88298(14) 2.44(13) 0.0750 (56) 

20 14 6 20 15 5 1102.952150(21) 2.334(34) 0.0675 (14) 

49 13 37 49 14 36 1102.96129(19) 0.639(52) 0.0542 (45) 

19 14 6 19 15 5 1103.018111(30) 2.24(13) 0.06066 (90) 

33 7 27 34 8 26 1103.056072 (70) 4.73(19) 0.0591 (16) 

18 14 4 18 15 3 1103.081161(60) 1.90(14) 0.0513 (22) 

19 10 10 20 11 9 1103.089378(72) 10.97(56) 0.07079 (64) 

17 14 4 17 15 3 1103.14080(15) 1.47(12) 0.0548 (16) 

48 13 35 48 14 34 1103.10764 (14) 0.590 (30) 0.0541 (16) 

19 13 7 19 14 6 1106.19047 (25) 4.72 (55) 0.0657 (80) 

18 13 5 18 14 4 1106.252739 (87) 2.83 (21) 0.0695 (27) 

17 13 5 17 14 4 1106.31147(38) 2.885(55) 0.0661 (26) 

19 9 11 20 10 10 1106.368087(51) 14.77(38) 0.0689 (13) 

31 2 30 32 3 29 1106.37727 (90) 0.568 (93) 0.0561 (99) 

48 12 36 48 13 35 1106.37961 (26) 1.01 (12) 0.056 (13) 

15 13 3 15 14 2 1106.419985(25) 1.87(11) 0.0720 (59) 

14 13 1 14 14 0 1106.469025(65) 0.754(27) 0.0546 (33) 

33 6 28 34 7 27 1106.507612(58) 5.710(10) 0.0692 (11) 

47 12 36 47 13 35 1106.518091(39) 0.971(62) 0.0632 (74) 

14 10 4 15 11 5 1106.555998(24) 14.74(13) 0.06622 (89) 



25 
 

         

Table 2 (continued 2/2) 

ν 1 + ν 2 - ν2 
32SO2     

J' 
'

aK  '

cK  J'' 
''

aK  ''

cK  
ν0 

(cm-1) 

S0 

(10-22 cm molecule-1) 

0

He
 

(cm-1 atm-1) 

         
         18 15 3 19 16 4 1083.48473 (26) 0.525 (90) 0.0625 (40) 

14 10 4 15 11 5 1102.545315(55) 1.011(23) 0.0666(41) 

23 8 16 24 9 15 1102.982967(67) 0.725(69) 0.0600(22) 

38 6 32 37 5 33 1103.00086 (18) 0.178 (19) 0.0528 (26) 

18 9 9 19 10 10 1103.12394 (17) 0.866 (66) 0.0497 (16) 

28 6 22 29 7 23 1106.32532 (28) 0.649 (36) 0.0640 (43) 

18 8 10 19 9 11 1106.492415(55) 1.07(12) 0.0606(57) 

13 9 5 14 10 4 1106.568255(23) 0.965(65) 0.0551(80) 

         

ν1 
34SO2       

J' 
'

aK  '

cK  J'' 
''

aK  ''

cK  
ν0 

(cm-1) 

S0 

(10-22 cm molecule-1) 

0

He
 

(cm-1 atm-1) 

         
         25 13 13 26 14 12 1083.39402 (56) 0.271 (23) 0.0714 (60) 

16 15 1 17 16 2 1083.60435 (36) 0.238 (25) 0.0482 (12) 

29 12 18 30 13 7 1083.61248 (45) 0.1660(94) 0.0647 (31) 

16 9 7 17 10 8 1102.30724 (21) 1.02 (13) 0.0715 (55) 

11 10 2 12 11 1 1102.54040 (40) 0.583(13) 0.0539(53) 

20 8 12 21 9 13 1102.729440(50) 0.5215(65) 0.0627(31) 

15 9 7 16 10 6 1102.99359(15) 0.562(62)
 0.0648(25) 

24 7 17 25 8 18 1103.15117 (49) 0.473 (40) 0.0533 (78) 

10 9 1 11 10 2 1106.384770(30) 1.365(25) 0.0608 (57) 

22 11 11 22 12 10 1106.45530 (38) 0.269 (39) 0.0593 (85) 

21 11 11 21 12 10 1106.52346 (62) 0.337 (13) 0.074 (16) 

         a Figures in parentheses are one standard deviation. 
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Table 3. Experimental He- and H2-broadening parameters of pure rotational lines of SO2.
a 

         

J' 
'

aK  '

cK  J'' 
''

aK  ''

cK  
ν0 

(MHz) 

0

2Hγ  

(cm-1 atm-1) 

0

Heγ  

(cm-1 atm-1) 

       
       J dependence

 
      

11 11 1 11 10 2 1064050.059(50) 0.1368 (10) 0.0702 (11) 

12 11 1 12 10 2 1064089.718(50) 0.14397 (94) 0.0723 (10) 

15 11 5 15 10 6 1064206.096(50) 0.14696 (89) 0.07339 (84) 

16 11 5 16 10 6 1064241.229(50) 0.14939 (53) 0.0740 (10) 

26 11 15 26 10 16 1064223.095(50) 0.15023 (76) 0.0735 (11) 

28 11 17 28 10 18 1064072.080(50) 0.14582 (61) 0.0745 (10) 

34 11 23 34 10 24 1063097.643(50) 0.14726 (91) 0.07235 (30) 

42 11 31 42 10 32 1059981.907(50) 0.14501 (74) 0.07131 (94) 

51 11 41 51 10 42 1052515.119(50) 0.14019 (79) 0.06977 (53) 

60 11 49 60 10 50 1038159.319(50) 0.1455 (10) 0.06655 (91) 

       
Ka dependence       

10 1 9 10 0 10 104239.295(20) 0.1424 (18) 0.06966 (30) 

10 2 8 10 1 9 129514.801(20) 0.14141 (94) 0.0687 (11) 

10 4 6 10 3 7 356755.187(20) 0.1472 (17) 0.0695 (10) 

10 5 5 10 4 6 459668.356(20) 0.1463 (10) 0.0705 (11) 

10 6 4 10 5 5 561560.313(20) 0.1500 (18) 0.0701 (10) 

10 7 3 10 6 4 662997.749(20) 0.1506 (10) 0.07240 (91) 

       
J = -1       

20 7 13 21 6 16 258666.957(20) 0.1438 (13) 0.07309 (91) 

       
J = +1       

43 5 39 42 6 36 248995.121(20) 0.1426 (10) 0.0702 (15) 

3 3 1 2 2 0 313279.729(20) 0.14077 (81) 0.06759 (74) 

         a Uncertainties in parentheses are three times the standard deviation. 

 

 
 

 

 

 


