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Infrared absorption cross sections of pure propane, as well as propane broadened by He or H,, have
been obtained from spectra recorded using Fourier transform instruments located at the Old Dominion
University (ODU) and at the Canadian Light Source (CLS). Pressure and temperature regimes for He and
H, foreign gas broadening range from 10 Torr to 300 Torr between 298 K and 200K. The integrated ab-
sorption cross sections were compared to reference data obtained from the Pacific Northwest National
Laboratory (PNNL) spectroscopic database, with most values lying within +10% of their expected values.
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1. Introduction

Propane is an important molecule present in planetary at-
mospheres. In the Earth’s atmosphere it originates from biomass
burning and fugitive emissions from fossil fuel production. Propane
has been detected on both Saturn and Titan [1,2]. On Titan and the
Giant Planets, hydrocarbons such as propane are the result of pho-
tochemical reactions starting from methane [3]. Methane has been
detected in hot Jupiter exoplanets [4,5,6] so hydrocarbons such as
ethane and propane are also potentially present in exoplanet at-
mospheres. The presence of hydrocarbons on the Giant Planets and
exoplanets makes accurate propane spectra that simulate exoplanet
conditions vital for propane detection and quantification.

Propane has 11 atoms and a C,, equilibrium geometry. This re-
sults in 27 fundamental vibrational modes, 7 of which lie below
1000 cm~! [7]. These low energy vibrational levels give rise to
many hot bands that have appreciable intensity at room temper-
ature (and even cold) temperatures which add to the line density
of high resolution spectra and further complicate the analysis. This
results in spectroscopic constants that do not reproduce the ob-
served spectra, making it difficult to model propane in planetary
atmospheres and lead to inaccurate reports of atmospheric com-
position. This is where absorption cross sections become valuable,
as they are only dependent on physical conditions such as compo-
sition, pressure and temperature, removing the necessity for com-
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plex spectral analysis in order to obtain accurate molecular abun-
dances.

Much of the previous work done on propane is focused on its
presence here on Earth [8], and its role in combustion processes
[9,10,11]. Infrared absorption cross sections are available in the
3 upm region with air as a broadening gas [8]. There has been some
work directed at the conditions present on the Giant Planets [12],
with absorption cross sections of pure propane being recorded at
high temperatures to simulate the auroral regions of Jupiter [13].

This present paper builds upon previous work done in the
Bernath group that obtained the absorption cross sections of
propane broadened by helium and hydrogen between 650 and
1250 cm~!, at temperatures ranging from 150K to room tem-
perature [7,14,15]. Here we focus on the 3um region of the in-
frared spectrum, at temperatures ranging from 200 to 298 K. The
choice of broadening gases is vital for simulating the environments
present in the atmospheres of Jupiter and Saturn, as their atmo-
spheres are composed primarily of hydrogen and helium.

2. Experimental
2.1. Old Dominion University (ODU)

Spectra of pure and H,-broadened propane were recorded with
a Bruker IFS 120/125 spectrometer in the 3 wm region with the
internal glowbar source. The spectrometer was fitted with a CaF,
beamsplitter and a liquid N, cooled InSb detector. Both propane
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Table 1
Summary of the experimental conditions explored at ODU and CLS.
oDU
T (K) Resolution (cm~1)? # of co-adds
296, 270 and 240
P (Hy) Torr 0 0.005 400
10 0.005 400
30 0.005 400
100 0.01 400
300 0.01 400
CLS
T (K) Resolution (cm~1)? # of co-adds
298, 260, 230 and 200
P (He or H,) Torr 0 0.005 400
10 0.005 400
30 0.01 400
100 0.04 400

2 The resolution refers to what was used for the sample scans. Corresponding background scans were
recorded at either the same or a lower resolution than what was used for the sample scans.

Table 2

Calibration factors for the ODU cross sections.
Hy H, Pure
Propane P (Torr) H, P (Torr) T (K) CF Propane P (Torr)  Hy P (Torr) T (K) CF Propane P (Torr) T (K) CF
1 10 240.15 09948 15 30 269.65  1.053 1 238.15 1.2656
1 30 239.15 1.0304 1.5 100 270.05 09954 1 269.65  1.4088
1 30 296.15 0.9421 2 100 239.15 10944 1 296.15 1.4307
1.2 10 269.65 09555 3 300 269.65 1119
1.5 10 296.15 0.9698

and H, gases were obtained from Airgas (99.99% and 99.999% pu-
rity, respectively) and were used without further purification.

Samples of either pure or H,-broadened propane were prepared
in a single pass 20-cm cell fitted with wedged KBr windows and
cooled with liquid ethanol to temperatures as low as 239K. The
pressure used for pure propane (100-200 mTorr) was such that the
Q-branches near 3000 cm™! remained below saturation. For sam-
ples involving H,-broadening, a similar amount of propane was in-
troduced into the cell before being backfilled to a desired pressure
of 10, 30, 100 and 300 Torr. A total of 400 scans were recorded for
both sample and background before being averaged for each de-
sired condition (Table 1).

2.2. Canadian Light Source (CLS)

A similar instrumental setup, employed in previous studies
[7,14], was utilized for experiments performed at the CLS FIR
beamline. The spectrometer was fitted with a KBr beamsplitter,
InSb detector, internal glowbar source and a White-type multipass
cell set to a total path length of 8 m.

Spectra were recorded at four temperatures (298, 260, 230 and
200K) for either pure, He or H, broadened propane (10, 30 or
100 Torr). Samples at the CLS were prepared using similar meth-
ods to the experiments performed at ODU. A total of 200 sample
scans (200 forward and 200 reverse) and 200 background scans
(200 forward and 200 reverse) were averaged together for each ex-
perimental condition (Table 1).

3. Results and discussion
Absorption cross sections for both sets of data (ODU and CLS)
were calculated using Eq. (1) [16] given below for reference.

10%ksT
Pl

o, T)=-& Int(v, T) (1)

In this equation, o(v, T) is the absorption cross section in cm?
molecule~!, & is the calibration factor (CF), kg is the Boltzmann
constant (] K1), T is the temperature (K), P is the pressure (Pa), |
is the pathlength (m) and 7 is the transmittance as a function of
v (cm)and T.

The cross sections were then integrated over a spectral window
between 2550 -3450 cm™! to include the entire C-H stretching re-
gion. Reference cross sections obtained from the Pacific Northwest
National Laboratory (PNNL) were also integrated over the same
spectral range and scaled using a factor [17], F=9.28697 x 10716,
to obtain units of cm?/molecule before integration.

Since the PNNL database provides cross sections at three tem-
peratures (278, 298 and 303K), all three cross sections were
integrated and compared to each other. The integrated values
are within 2% of each other (4.236 x 1077, 4.204 x 1017 and
4.294 x 1077 cm molecule~!, respectively) and were averaged to-
gether to give 4.247 x 1017 ¢cm molecule’! as the reference value.
Calibration factors for ODU (Table 2) and CLS (Table 3) were then
obtained by dividing the averaged reference value by the inte-
grated values from this work. Absorption cross sections for all tem-
peratures and pressures listed in Tables 2 and 3 can be found as
part of the supplementary data. The pressures listed in the tables
and in the supplemental data are the measured pressures without
applying the calibration factor for consistency, while the cross sec-
tions themselves have been calibrated.

All of the cross sections were calibrated to produce a consis-
tent dataset, and the data present in the supplementary have been
calibrated using the indicated correction factors. Fig. 1 compares a
subset of H, broadened-data for the calibrated ODU (blue) and CLS
(orange) cross sections. Both datasets from this work show good
overlap and thus validate the calibration method used. A black
trace for the PNNL data has also been added for reference to the
pure propane panel, highlighting the accuracy of these cross sec-
tions. It is evident that there is some intensity discrepancy be-
tween the PNNL reference data and the cross sections from this
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Table 3
Calibration factors for the CLS cross sections.
202 K
H, He pure
Propane P (Torr) H, P (Torr) T (K) CF Propane P (Torr) He P (Torr) T(K) CF Propane P (Torr) T (K) CF
0.025 10.6 201.85 0.9003 0.03 10.1 201.85 0.9348 0.03 201.75 0.9074
0.03 30.5 201.85 0.9266 0.03 303 201.75 0.9175
0.031 100.4 201.95 0.9351 0.031 99.9 202.25 0.927
234 K
H, He pure
Propane P (Torr) H, P (Torr) T (K) CF Propane P (Torr) He P (Torr) T(K) CF Propane P (Torr) T (K) CF
0.035 10.5 233.65 0.9177 0.036 9.995 233.65 0.9387 0.036 233.75 0.9208
0.037 29.6 233.75 0.9072 0.038 30.5 233.55 0.9209
0.038 99.6 233.75 0.9207 0.035 100.1 233.75 0.9184
262 K
H, He pure
Propane P (Torr) H, P (Torr) T (K) CF Propane P (Torr) He P (Torr) T(K) CF Propane P (Torr) T (K) CF
0.051 9.974 262.55 0.9151 0.053 10.35 262.25 0.9595 0.053 262.35 0.9221
0.055 31.6 262.45 0.9272 0.054 30.2 262.35 0.9393
0.053 99.9 262.55 0.9096 0.052 100.5 262.45 0.9249
295 K
H, He pure
Propane P (Torr) H, P (Torr) T (K) CF Propane P (Torr) He P (Torr) T(K) CF Propane P (Torr) T (K) CF
0.082 10.8 295.35 0.9326 0.072 9.979 295.25 0.9281 0.081 295.35 0.9176
0.085 29.4 295.35 0.9203 0.075 29.6 295.35 0.9302
0.099 100.4 295.35 0.9136 0.080 100.1 295.35 0.9248
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Fig. 1. Overlay of propane cross sections at 298 K with increasing amounts of H,. The blue, orange and black traces represent data from ODU, the CLS and PNNL, respectively.

work; however, this is due to the different spectral resolutions
used: a minimum resolution of 0.04 cm™' in this work compared
to 0.112 cm! for the PNNL data. The small feature near 2800 cm™!
in the pure propane and 30 Torr H, cross sections is due to a noise
spike.

The estimated error in the absorption cross sections based on
past experience is about 5%. The error for PNNL spectra [17] is
3.2% (2 standard deviations) and a detailed previous error analysis
[16] yields a value about 3%. However, our bias relative to PNNL

from the factors in Table 3 is 4% with a standard deviation of 3%
consistent with overall estimated total error of about 5%. After cal-
ibration, the CLS and ODU data sets are comparable.

4. Conclusions
Absorption cross sections for pure propane and H; or He-

broadened propane were obtained at ODU and the CLS in the
3 um region at cold temperatures. Cross sections obtained from
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ODU were calibrated with reference data from the PNNL database,
whereas the majority of CLS cross sections required no calibra-
tion. These cross sections provide accurate spectral data that can
be used to interpret observations of Giant Planets in the absence
of spectroscopic information obtained from traditional line-by-line
analysis. The stratospheres of the Giant Planets are colder than the
200K minimum temperature obtained in the present work; exten-
sion to colder temperatures is planned.

Acknowledgments

The NASA Outer Planets Research and Planetary Data Archiv-
ing and Restoration Tools program (PDART) provided funding. We
thank M. Dulick and M. Pokhrel for their help. Research described
in this paper was performed at the Canadian Light Source, which
is supported by the Canada Foundation for Innovation, Natural Sci-
ences and Engineering Research Council of Canada, the Univer-
sity of Saskatchewan, the Government of Saskatchewan, Western
Economic Diversification Canada, the National Research Council
Canada, and the Canadian Institutes of Health Research.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jqsrt.2019.04.038.

References

[1] Nixon C, E Jennings D, Flaud JM, Bezard B, A Teanby N, Irwin P, M Ansty T,
Coustenis A, Vinatier S, M Flasar F. Titan's prolific propane: the Cassini CIRS
perspective. Plan Space Sci 2009;57:1573-85.

[2] Guerlet S, Fouchet T, Bézard B, Simon-Miller AA, Michael Flasar F. Vertical and
meridional distribution of ethane, acetylene and propane in Saturn’s strato-
sphere from CIRS/Cassini limb observations. Icarus 2009;203:214-32.

[3] Sagan C, Reid Thompson W. Production and condensation of organic gases in
the atmosphere of Titan. Icarus 1984;59:133-61.

[4] Fletcher LN, Orton GS, Teanby NA, Irwin PGJ, Bjoraker GL. Methane and its iso-

topologues on Saturn from Cassini/CIRS observations. Icarus 2009;199:351-67.

[5] Niemann HB, Atreya SK, Bauer SJ, Carignan GR, Demick JE, Frost RL, Gau-

tier D, Haberman JA, Harpold DN, Hunten DM, Israel G, Lunine ]I, Kasprzak WT,

Owen TC, Paulkovich M, Raulin F, Raaen E, Way SH. The abundances of con-

stituents of Titan’s atmosphere from the GCMS instrument on the Huygens

probe. Nature 2005;438:779.

Niemann HB, Atreya SK, Demick JE, Gautier D, Haberman JA, Harpold DN,

Kasprzak WT, Lunine JI, Owen TC, Raulin F. Composition of Titan’s lower at-

mosphere and simple surface volatiles as measured by the Cassini-Huygens

probe gas chromatograph mass spectrometer experiment. ] Geophys Res Plan

2010;115.

[7] Wong A, Billinghurst B, Bernath PF. Helium broadened propane absorption
cross sections in the far-IR. Mol Astrophys 2017;8:36-9.

[8] Harrison JJ, Bernath PF. Infrared absorption cross sections for propane (C3H8)
in the 3 um region. ] Quant Spec Rad Trans 2010;111:1282-8.

[9] Klingbeil AE, Jeffries JB, Hanson RK. Temperature- and pressure-dependent ab-
sorption cross sections of gaseous hydrocarbons at 3.39um. Meas Sci Tech
2006;17:1950.

[10] Mével R, Boettcher PA, Shepherd JE. Absorption cross section at 3.39 um
of alkanes, aromatics and substituted hydrocarbons. Chem Phys Let
2012;531:22-7.

[11] Yoshiyama S, Hamamoto Y, Tomita E, Minami K-i. Measurement of hydro-
carbon fuel concentration by means of infrared absorption technique with
3.39 um HeNe laser. JSAE Review 1996;17:339-45.

[12] Sung K, Toon GC, Mantz AW, Smith MAH. FT-IR measurements of cold C3H8
cross sections at 7-15 um for Titan atmosphere. Icarus 2013;226:1499-513.

[13] Beale CA, Hargreaves RJ, Bernath PF. Temperature-dependent high resolution
absorption cross sections of propane. ] Quant Spec Rad Trans 2016;182:219-24.

[14] Wong A, Hargreaves RJ, Billinghurst B, Bernath PF. Infrared absorption
cross sections of propane broadened by hydrogen. ] Quant Spec Rad Trans
2017;198:141-4.

[15] Wong A, Appadoo DRT, Bernath PF. IR absorption cross sections of propane
broadened by H2 and He between 150K and 210K. ] Quant Spec Rad Trans
2018;218:68-71.

[16] Harrison JJ, Allen NDC, Bernath PF. Infrared absorption cross sections for
ethane (C2H6) in the 3 um region. ] Quant Spec Rad Trans 2010;111:357-63.

[17] Sharpe SW, Johnson TJ, Sams RL, Chu PM, Rhoderick GC, Johnson PA. Gas-Phase
Databases for Quantitative Infrared Spectroscopy. App Spec 2004;58:1452-61.

6


https://doi.org/10.13039/501100000196
http://dx.doi.org/10.13039/501100000038
http://dx.doi.org/10.13039/501100000045
https://doi.org/10.13039/501100000046
https://doi.org/10.13039/501100000024
https://doi.org/10.1016/j.jqsrt.2019.04.038
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0001
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0002
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0003
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0003
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0003
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0004
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0005
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0006
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0007
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0008
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0008
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0008
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0009
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0010
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0010
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0010
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0010
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0011
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0012
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0013
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0014
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0015
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0016
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0016
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0016
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0016
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0017
http://refhub.elsevier.com/S0022-4073(18)30890-2/sbref0017

	He and H2 broadened propane cross sections in the 3&#x00A0;&#x00B5;m region at cold temperatures
	1 Introduction
	2 Experimental
	2.1 Old Dominion University (ODU)
	2.2 Canadian Light Source (CLS)

	3 Results and discussion
	4 Conclusions
	Acknowledgments
	Supplementary materials
	References


