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A B S T R A C T

We measured cross-sections for trans-2-butene (trans-2-C4H8: CH3-CH=CH–CH3) in the mid-infrared (800–1533
cm−1) in support of remote sensing of Titan’s atmosphere. Trans-2-butene is one of many C4 hydrocarbons
that is predicted to be present in Titan’s atmosphere in detectable abundance, but it has also eluded detection
thus far. We collected 20 pure and N2-mixture spectra at temperatures between 180–297 K using a high-
resolution Fourier transform spectrometer (Bruker IFS 125 HR) at the Jet Propulsion Laboratory. Spectral
resolutions were selected between 0.0039 and 0.062 cm−1, depending on sample pressures. We observed several
fundamental modes of vibration and compared their updated band centers against those previously reported in
the literature. Our observations span the 800–1533 cm−1 range, which contains multiple vibrational bands and
hot band features, and we report temperature-dependent cross-sections in this spectral range. To ensure that
our cross-section results are reliable measures of band intensities, we also collected an additional set of 8 room
temperature N2-mixture spectra, investigating the linearity between integrated absorbance and optical burden.
We fit all of the observed spectra simultaneously to derive a single set of pseudoline parameters, which include
intensities and lower-state energies at separate frequency bins, which are considered as pseudoline positions.
The pseudolines are observed to be able to reproduce the observed spectra via line-by-line radiative transfer
calculations to within a few percent across the spectral region. The pseudoline list is compiled in HITRAN
database format, making it readily integrable in existing radiative transfer codes. The absorption cross-sections
represented by the pseudolines provide important laboratory input to the search for elusive molecules in future
observations with JWST/MIRI or ground-based observatories such as NASA’s Infrared Telescope Facility, as well
as in the Cassini/CIRS data archive.
1. Introduction

Titan, the largest moon of Saturn, maintains a thick nitrogen-based
atmosphere with a rich organic chemistry. With an enormous variety of
organic species contributing to that atmosphere, Titan’s chemistry has
definite astrobiological implications [1–4]. This complex atmosphere
is also known to potentially serve as an analog to the prebiotic atmo-
sphere of the early Earth [5,6]. In this way, Titan serves as a present
day laboratory in which to study conditions that possibly contributed
to the only known case of biogenesis.

Titan’s atmospheric chemistry is initiated via photolysis and photo-
sensitized dissociation of methane (CH4) and molecular nitrogen (N2)
in the upper atmosphere by solar UV radiation and charged particles ac-
celerated by Saturn’s magnetic field. Various chain reactions take place,
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starting from the simple hydrocarbon and nitrile species produced in
the upper atmosphere by these processes. These intermediate reac-
tions inevitably result in larger and more complex species, ultimately
contributing to Titan’s well-known stratospheric haze layers [7–10].

Understanding the composition of Titan’s atmosphere is achieved
via a combination of in-situ measurements like those of the Huygens
lander [11], remote sensing from flybys, e.g. Voyager mission [7],
and from orbiters, e.g. Cassini mission [8,12,13], as well as from
space observatories, such as the Infrared Space Observatory [14], and
also ground-based observations, e.g. NASA’s Infrared Telescope Facility
(IRTF) [15] and the Atacama Large Millimeter Array (ALMA) [16].
A last and crucial part of the process, to be described in this paper,
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is laboratory spectroscopy [17–19]. Photochemical models are able to
generate predictions regarding the abundances of undetected gases in
an atmosphere, and these species can then be studied more closely in
the laboratory in order to facilitate their detection in later work.

The molecule of study here, trans-2-butene (trans-2-C4H8:
CH3–CH=CH–CH3), is one of many C4 hydrocarbons predicted to be
present in detectable abundances within Titan’s stratosphere [20–22].
In spite of this, it has not been definitively identified. In an interesting
possible connection between Titan’s atmosphere and surface features,
butene molecules are estimated to contribute up to 1% by volume of
Titan’s hydrocarbon lakes and seas [23]. These long-standing liquid
surface-features render Titan one of the most unique places in the
Solar system and a compelling target for further exploration [24]. In
another interesting role that butene may play at Titan, it has also been
demonstrated that C4H8 molecules are a likely product of irradiation
f ethane (C2H6) ices in cold, Titan-like conditions [25].

Concerning atmospheric butene, the recent photochemical model
rom Loison [26] and Dobrijevic et al. [22] predicts an abundance of 1
pb in Titan’s stratosphere, at an altitude of 200 km. The much earlier
hotochemical work of Yung et al. [20] predicts a slightly larger abun-
ance of 6.3 ppb for stratospheric butene. A more recent study [27]
redicted a butene abundance of about 10 ppb. Butene molecules are
lso incorporated in the models of Krasnopolsky [28] and Vuitton
t al. [21], though specific stratospheric abundances predicted by these
odels were not reported.

In order to investigate the abundances of trans-2-C4H8 and other
molecules in Titan’s stratosphere from space and ground-based obser-
vations, high quality laboratory spectra are required. Preferably, this is
done at a range of temperatures and pressures that is representative
of Titan’s stratosphere. We obtained such a set of 28 trans-2-butene
spectra between temperatures of 180 K and 297 K, in support of remote
sensing of Titan’s stratosphere, where temperatures range from about
150 K to 230 K, and pressures range from 10 mbar to 0.1 mbar.
After initial data collection, major vibrational bands were identified
and compared to previous assignments reported in the literature. We
also measured temperature-dependent cross-sections for these vibra-
tional bands, which can be used toward the possible identification of
this molecule in NASA IRTF observations, or upcoming mid-infrared
spectral observations of Titan from JWST/MIRI [29], for example.

As an additional step toward making these cross-section results
more useful through line-by-line calculations, we have also generated
a list of spectroscopic pseudoline parameters, compiled in the same
format as the HITRAN spectral line database [30]. These pseudolines
will serve as a useful alternative to true spectroscopic parameters in
radiative transfer calculations, until those become available.

In Section 2, we outline and discuss the experimental details and
conditions for our work. In Section 3, we discuss the measurement
of the trans-2-butene absorption cross-sections and display several ex-
amples of these results, as well as an example of the transmission
spectra collected. Then, in Section 4, we discuss the derivation of the
pseudoline list. In Section 5, we offer a general discussion of the results
of our investigation, the significance of this work and its implications,
as well as future work which is suggested by our results. Finally, in
Section 6, we present our conclusions.

2. Experimental details

We obtained 20 high-resolution spectra (Table 1) of pure trans-2-
butene and its admixtures with N2 at temperatures between 297 K
and 180 K, in increments of about 30 K, using a Fourier-transform
infrared spectrometer (FT-IR), Bruker IFS-125HR, at the Jet Propulsion
Laboratory (JPL). The trans-2-butene sample (CAS No. 624-64-6) was
purchased from Sigma Aldrich, Inc., and is described as having purity
of ≥99%. During the acquisition of data, we found distinctive features
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from the 𝜈2 band of CO2 near 667 cm . Fortunately, the 𝜈2 band of
CO2 is highly localized and far from the vibrational features of trans-2-
butene which we investigated. Furthermore, by simulating CO2 spectra,
we were able to estimate the amounts of CO2 contributing to each of the
trans-2-butene spectra we collected, which were taken into account in
the cross-section measurements, as to be described in Section 3. These
CO2 partial pressure estimates are also shown in Table 1.

Out of the 20 trans-2-butene spectra we collected, 13 were broad-
ened with research-grade (99.999995%) N2 gas. We note here that this
choice is appropriate, given Titan’s atmospheric composition, which is
dominated by molecular nitrogen (greater than 98% by volume) [11].
The spectral resolutions we used were selected in consideration of
several factors. In particular, Doppler widths and estimates of Lorentz
widths at the given pressures and temperatures presented in Table 1,
and the signal-to-noise ratio to be achieved. As a rule of thumb, we
obtained the N2-admixture spectra at lower spectral resolutions than
the pure trans-2-C4H8 spectra in order to enhance S/N, as long as
these settings were able to capture the details of the key vibrational
features. For pure sample spectra at low pressures, for which the
Doppler broadening is very small, we adopted a very high spectral
resolution (e.g. 0.0039 cm−1), but not as high as the Doppler width
equivalent, to achieve high S/N and secure high precision measure-
ments. This approach is acceptable because most of the trans-2-butene
rovibrational transitions are observed to be substantially smeared out,
rendering all lines substantially blended. Thus, their effective line
widths are much greater than the theoretical Doppler width expected
for an isolated line. Overall, the peak-to-peak S/N values achieved were
80:1 or better for pure sample spectra in high resolution and 300:1 or
better for N2-mixture spectra at low resolution (see Table 1 for spectral
resolutions).

We employed the same cold copper gas cell that we have made
use of in our previous work on Titan’s other hydrocarbons, such as n-
butane (n-C4H10) [19], propane (C3H8) [17], and propene (C3H6) [18].
We include only a brief description of the gas cell here. The cell is
bracketed by a pair of wedged ZnSe windows and housed in a separate
vacuum shroud with KBr windows, which protects the cell windows
from collecting cryodeposits at cold temperatures. The temperature of
the gas cell was regulated via a closed-cycle helium-cooled refrigerator
and a heater attached to the body of the cell. A pair of silicon-diode
temperature sensors were also attached to the cell body: the first of
these is close to a heat reservoir connected to the cold finger of the gas
cell to provide a temperature control feedback loop, and the other is
attached to the cell body farthest away from the heater, to be used as an
indicator of gas sample temperature. Excellent temperature regulation
was observed during our study (typically, stability was better than 0.1
K over several days). A more detailed characterization and performance
of this gas cell can be found elsewhere [e.g. 17,19].

In order to compensate for the 99% sample purity of the trans-
2-butene sample that we used in this study, and to investigate the
possibility of additional contamination beyond the 1% level in our
sample, we simulated the 𝜈2 band of CO2 under the experimental
conditions of each of our spectra. We then used these simulated spectra
to determine the partial pressure of CO2 contributing to each spectrum.
These partial pressures (see Table 1) were then used in correction
factors when computing the cross-sections for that particular spectrum
and when fitting the spectra during the derivation of the pseudoline
list. We also checked the sample for possible impurity from O2 and N2,
using the classic freeze-and-thaw method. Unlike the case of CO2, we
have found the combined maximum abundance of O2 and N2 is 0.1%,
which has turned out to be insignificant in comparison to our other
measurement uncertainties.

In Table 2, we summarize the instrumental parameters for our
interferometer, a Bruker 125HR, which was configured with a Globar
infrared source, a KBr beam splitter, and a liquid N2-cooled MCT (Mer-
cury Cadmium Telluride) detector. Maximum optical path differences
of 128.57, 50.00, 41.67, and 8.04 cm were used, providing unapodized
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spectral resolutions of 0.0039, 0.010, 0.012, 0.062 cm . We used an
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Table 1
Experimental conditions of pure and N2-broadened trans-2-butene spectra. Each spectrum used a path length of 𝐿 = 20.38 cm.
Pure/N2-Mix Spectrum T (K) P𝑠 (Torr) P[CO2] (Torr) P𝑡 (Torr) Resolution (cm−1)

Pure B0189.1a 297.0(1) 12.68(1) 0.27 12.95(1) 0.0100
B0189.1b 297.6(1) 5.33(1) 0.10 5.43(1) 0.0039
B0189.1c 297.0(2) 5.33(1) 0.11 5.44(1) 0.0100
B0189.2a 278.2(1) 4.00(1) 0.04 4.00(1) 0.0039
B0189.3a 240.1(1) 1.99(1) 0.02 2.01(1) 0.0039
B0189.4a 210.1(1) 1.39(1) 0.01 1.40(1) 0.0039
B0189.7a 180.0(1) 0.60(1) 0.00 0.60(1) 0.0039

Mixture B0189.1d 297.3(1) 5.33(1) 0.10 760.9(1) 0.0620
B0189.1e 297.6(1) 5.33(1) 0.10 765.3(1) 0.0560
B0189.1f 297.5(3) 6.96(1) 0.11 120.0(1) 0.0120
B0189.1g 297.9(1) 6.96(1) 0.11 234.5(1) 0.0120
B0189.2b 278.2(1) 4.92(1) 0.08 118.5(1) 0.0120
B0189.2c 278.2(1) 3.95(1) 0.05 239.5(1) 0.0120
B0189.2d 278.2(1) 4.82(1) 0.18 763.4(1) 0.0620
B0189.3b 240.1(1) 2.98(1) 0.05 120.2(1) 0.0120
B0189.3c 240.1(1) 2.95(1) 0.08 760.6(1) 0.0620
B0189.4b 210.1(1) 1.79(1) 0.02 109.7(1) 0.0120
B0189.4c 210.1(1) 1.78(1) 0.03 759.8(1) 0.0620
B0189.7b 180.0(1) 0.59(1) 0.00 100.0(1) 0.0120
B0189.7c 180.0(1) 0.59(1) 0.01 299.6(1) 0.0620
B0189.8a 297.7(1) 0.5(1) 0.01 760.0(1) 0.0620
B0189.8b 298.0(1) 0.99(1) 0.00 760.2(1) 0.0620
B0189.8c 298.3(1) 1.99(1) 0.02 759.3(1) 0.0620
B0189.8d 297.2(1) 3.54(1) 0.04 760.2(1) 0.0620
B0189.8e 297.3(1) 7.84(1) 0.06 760.2(1) 0.0620
B0189.8f 297.7(1) 11.95(1) 0.08 760.0(1) 0.0620
B0189.8g 296.9(1) 18.01(1) 0.13 761.1(1) 0.0620
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Table 2
Instrumental configuration of the Bruker 125HR and cold gas cell.

Spectral region 650–1550 cm−1

IR source Globar
Beam splitter KBr
Resolutions 0.0039, 0.010, 0.012, 0.062 cm−1

Aperture diameter 2.0 mm
Cell length 20.38 cm
Windows (wedged) ZnSe on cell, KBr on vacuum shroud
Detector HgCdTe (cooled by liquid N2)
Sample and purity trans-2-C4H8 (99%), N2 (99.9999%)
FTS chamber Evacuated down to ∼10 mTorr (mostly residual H2O)

optical filter which encompasses the 650–1550 cm−1 part of the mid
infrared in order to obtain the desired bandpass. For convenience of
analysis and discussion, we separate this bandpass into two Regions,
with Region 1 being 800–1120 cm−1, and Region 2 being 1120–1533
m−1. The aperture diameter was set to 2.0 mm for all spectra that we
ollected. The entire path of the optical beam through the Bruker FT-IR
hambers was evacuated to pressure of approximately 10 mTorr during
he data acquisition.

We monitored sample pressures continually using three sets of MKS
aratron transducers with 0–10, 0–100, and 0–1000 Torr pressure
anges. Pressures were observed to be very stable during the data
ollection process, indicative of a well-sealed system. We selected a
ariety of total pressures and sample volume mixing ratios in order to
btain sufficient optical depth for the respective experimental condi-
ions, which were listed in Table 1. Pure sample spectra were collected
t a given temperature, and then followed by admixture spectra after
nsertion of N2, executed by a standard procedure designed to minimize
ncertainty in the sample partial pressure: the sample inlet tube was
irst evacuated up to the shut-off valve of the gas cell after each
nsertion of pure sample. For preparation of admixtures, before adding
2to the cell, we pressurized the sample line with N2 up to the gas
ell shut-off valve, effectively preventing any possible back-flow of
he trans-2-butene already present in the gas cell. Partial pressure of
he trans-2-butene sample was obtained from the initial pressure mea-
urement of the pure trans-2-butene sample for the ensuing admixture
pectra.
3

During the addition of both sample and N2, the gas was fed first
hrough a copper coil submersed in a dry ice/methanol (CH3OH) slurry
hich was continuously kept at a temperature of about 245 K. This

orced any water vapor sample impurity to condense onto the copper
oil, rather than entering the gas cell. The absorption contribution of
ater impurity to the cross-sections that we report was largely made
egligible due to this process. Most residual water features from the FTS
hambers were later canceled out when each sample spectrum was nor-
alized to its corresponding background spectrum. Note also that the
ry ice/methanol slurry temperature was kept sufficiently warm enough
uch that the trans-2-butene sample would not also condense out (trans-
-butene’s vapor pressure is approximately 110 Torr at 245 K). For this,
e utilized trans-2-butene vapor pressure data from Shimanouchi et al.

31].
The range of temperatures explored in this study (180–297 K)

as selected to provide a broad range appropriate to remote sensing
ithin the atmospheres of both Titan and Earth. Additionally, this

emperature range was used to ensure proper sample pressures pro-
ucing sufficient optical density, without any significant part of the
easured absorption features becoming saturated. Finally, the data
rovided by Shimanouchi et al. [31] also informed our decision to keep
xperimental temperatures above 180 K; keeping temperatures above
80 K ensured that no condensation would occur inside the gas cell,
liminating a major source of uncertainty.

. Cross-section measurements

With 𝑁 = 12 atoms, the trans-2-C4H8 molecule has 3𝑁−6 = 30 cold
undamental vibrational modes, listed in Table 3. Many of the locations
nd relative strengths of the trans-2-C4H8 bands (along with those of
he isomer cis-2-C4H8) were measured several decades ago by McKean
t al. [32]. However, seven of trans-2-butene’s 30 vibrational modes
ere not discussed in that study, and since then, it seems that little
ork has been performed to actually remeasure any of the band centers.
he band centers of both cis- and trans-2-C4H8 were later calculated

by Chhiba and Vergoten [33] using the SPASIBA molecular mechanics
potential [34]. The C4H8 isomer 1-butene (CH2=CH–CH2–CH3), on the

other hand, was studied more recently in the far infrared by Bell et al.
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Fig. 1. Sample of pure and N2-mixture spectra of trans-2-C4H8 obtained at 210 K. The pure spectrum (blue curve) was obtained with sample pressure P𝑠 = 1.39 Torr at resolution
0.0039 cm−1, where as the N2-broadened spectrum (green curve) was obtained with sample pressure P𝑠 = 1.78 Torr, total pressure P𝑡𝑜𝑡 = 759.8 Torr, at resolution 0.062 cm−1.
Several representative band centers for trans-2-C4H8 are identified, using the notation of [32] (i.e. s = strong, vw = very weak, etc.). Note that the features around 667 cm−1 are
contamination from CO2. The partial pressure contributions from CO2 to the spectra are shown (in the same color scheme), estimated by simulating CO2 ’s 𝜈2 band.
Table 3
Measured band centers of trans-2-butene fundamentals (in cm−1), adopted from Barnes
and Howells (1973) [36].

Bands Symmetry Bands Symmetry
Ag Bg

1 3011 16 2948
2 2954 17 1457
3 2930 18 1043
4 1680 19 750
5 1385 20 210

6 1309 Bands Symmetry
7 1138 Bu

8 864 21 3036
9 501 22 2976

Bands Symmetry 23 2892
Au 24 1457

10 2950 25 1455
11 1444 26 1379
12 1024 27 1306
13 975 28 1069
14 240 29 966
15 133a 30 290

aCalculated value adopted from [33].

[35], through which band centers and their associated symmetries and
vibrational modes have been established for that particular molecule.

15 of the 30 fundamental vibrational modes as listed in McKean
et al. [32] lie within the spectral range studied here; we were able
to confirm eight of those bands. An example of the identification of
these bands can be seen in Fig. 1. It can be seen that trans-2-butene’s
strongest vibrational feature in the studied region is the set of bands
near 970 cm−1. These are the most promising targets in the pursuit of
identification of this molecule in remote observations of Titan, because
this region is relatively free from other known hydrocarbons, excepting
ethylene (C2H4) [37].

Cross-sections, denoted by 𝜎𝜈 and measured in cm2 mol−1, are de-
rived from an observed transmission spectrum 𝜏𝑜𝑏𝑠, which is described
via the Beer–Lambert law,

𝜏𝑜𝑏𝑠(𝜈) = exp (−𝜎𝜈𝑛𝜉𝐿), (1)

where 𝑛 is the total number density (in molecules cm−3), 𝜉 is the volume
mixing ratio of trans-2-butene, and 𝐿 is the absorption path length
4

(20.38 cm for all of the spectra discussed in this paper). Samples of
the derived cross-sections are shown in Figs. 2 and 3. The two regions
displayed carry significant contributions from numerous vibrational
bands (either cold, hot and combination bands), most of which remain
unidentified at this time. The rovibrational transitions of these bands
are smeared out (along with the cold fundamental bands) to produce
the continuum-like absorption bands.

As a test of the reliability of the collected cross-section data, we also
obtained an additional set of room temperature, N2-mixture spectra,
each with total pressure of approximately 760 Torr, but with varying
amounts of trans-2-C4H8 sample (Spectra 8a–8g, see Table 1). As sug-
gested in the PNNL database [38], as well as by Varanasi (1976) [39]
and Varanasi & Chudamani (1987) [40], we used this data set to
test the linearity between the integrated absorbance and the optical
burden (defined as the product of gas sample pressure and the gas
cell’s path length). For sufficiently small optical burdens, the integrated
absorbance for a given spectral region is proportional to the optical
burden, with the slope of the relationship being the band intensity
itself. All of our cross-section measurements were derived from spectra
that satisfy this linearity condition, and are thus suitable for reporting
band intensities. The results of this test are shown in Fig. 4. The quality
of linear fit, detailed in the legend, is measured by R2 = 0.99987, with
standard deviation of the residuals between the absorbances and the fit
being 𝜎 = 0.07.

As a final step, we also used Spectra 8a–8g to calculate the inte-
grated cross-section of Region 1 and Region 2 separately, via linear re-
gression. As mentioned previously, the slope of the relationship in Fig. 4
is the band intensity for the band being measured, or the integrated
cross-section, in the case of coverage of a larger wavenumber interval
which contains several different absorption bands. Thus, we investi-
gated this relationship for spectra 8a–8g, first for Region 1 and then for
Region 2, obtaining integrated cross-section values of 8.16(15)×10−18
cm2 mol−1 and 6.06(16)×10−18 cm2 mol−1, respectively.

4. Pseudoline generation

In addition to our cross-section results, we have also taken the
empirical pseudoline generation approach and developed a HITRAN-
formatted pseudoline list. The pseudoline approach was originally in-
troduced by Toon et al. [41,42] and has since been employed in the
analysis of laboratory spectra of hydrocarbons [18,19,43], as well as in
atmospheric remote sensing [44–46]. A pseudoline parameterizes ab-
sorption features measured in the laboratory. We describe the method
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Fig. 2. Sample of cross-sections for trans-2-C4H8 (890–1115 cm−1) derived at cold temperatures, with cooler colors denoting colder temperatures.
Fig. 3. Sample of cross-sections for trans-2-C4H8 (1285–1533 cm−1) derived at cold temperatures, with cooler colors denoting colder temperatures.
here briefly: from laboratory spectra, the mean observed coefficients
across a narrow wavenumber interval are modeled by a set of ‘effective’
line parameters, including lower state energy E" and line intensity
S. The Voigt lineshape profile is adopted for the pseudolines. The
pseudoline parameters become more robust when they are derived
from experimental data which covers a wide range of temperature and
pressure.

Several advantages are provided by the pseudoline method over
cross-sections measured at a set of discrete temperatures and pressures.
For instance, the pseudoline list, as it has been derived by fitting multi-
ple spectra using the Voigt line shape profile as well as the instrument’s
line shape function, is independent of both spectral resolution and
instrument choice. Additionally, artifacts arising from impurities, such
as the transitions observed in this work from CO2 and water vapor, or
channel fringes, can be removed during the fitting of the spectra, which
prevents their contributions from contaminating the pseudoline list. A
5

final advantage is that the pseudoline list is compiled in a HITRAN-
compatible format, and is readily usable in existing radiative transfer
line-by-line calculations. Further information on the pseudoline method
can be found on the JPL MK-IV website: http://mark4sun.jpl.nasa.gov/
data/spec/Pseudo/Readme.

Using a frequency grid spacing of 0.01 cm−1, we fit all 27 of the
trans-2-C4H8 spectra in order to generate the pseudoline parameters.
This spacing for the frequency grid is a compromise between retrieval
precision and computation expense. We note that 0.01 cm−1 spacing
is fine enough to capture detailed spectroscopic features observed by
Cassini/CIRS, which featured a highest apodized spectral resolution
of 0.5 cm−1 [13]. At each point on the frequency grid, an effective
intensity S [in cm−1/(mol cm−2)] and lower state energy E" [in cm−1]
have been derived for that respective pseudoline. As in our previous
work with similar hydrocarbons, we assumed values of 0.12 and 0.18
cm−1/atm at 296 K for the N2- and self-broadened line widths of trans-
2-C H , borrowed from early measurements of collisional broadening
4 8

http://mark4sun.jpl.nasa.gov/data/spec/Pseudo/Readme
http://mark4sun.jpl.nasa.gov/data/spec/Pseudo/Readme
http://mark4sun.jpl.nasa.gov/data/spec/Pseudo/Readme
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Fig. 4. Test of linearity between integrated absorbance and optical burden (defined as gas sample pressure times cell path length). This test was conducted using a set of separate
room temperature spectra (Spectra 8a–8g, see Table 1), each with total pressure of approximately 760 Torr. The spectral range covered here is just 960–970 cm−1, which features
the strongest rovibrational features (band 29, Table 3) in the full spectral region studied.
of propane (C3H8) by N2 [47]. We assumed a value of 𝑛 = 0.75 for
the temperature dependence exponents for these values, as in 𝛾(𝑇 ) =
𝛾◦(296 K) × (296∕𝑇 )𝑛.

A monochromatic spectrum is computed using the Voigt line shape
profile, which is then convolved with the instrument line shape func-
tion (sinc function with a field-of-view correction). The pseudoline
intensities are compiled at a reference temperature of 𝑇0 = 296 K. Then,
the intensity at another temperature 𝑇 is calculated via Eq. (2),

𝑆(𝑇 )
𝑆0

=

[

𝑄𝑡(𝑇0)
]

[

𝑄𝑡(𝑇 )
]

[

exp (−𝑐2𝐸ε∕𝑇 )
]

[

exp (−𝑐2𝐸ε∕𝑇0)
]

[

1 − exp (−𝑐2𝜈∕𝑇 )
]

[

1 − exp (−𝑐2𝜈∕𝑇0)
] , (2)

in which 𝑄𝑡 is the total partition function for trans-2-C4H8 , 𝑐2 =
1.4388 cm∕K is the second Boltzmann constant, and 𝜈 is the position of
the pseudoline. The total partition function is computed as the product
of the vibrational partitional function and the rotational partition func-
tion, i.e. 𝑄𝑡 = 𝑄𝑣𝑖𝑏×𝑄𝑟𝑜𝑡. For the vibrational partition function, we made
use of the Harmonic Oscillator approximation, expressed in Eq. (3),

𝑄𝜈 (𝑇 ) =
∏

𝑛

[

1
1 − exp (−𝑐2𝐸𝜈,𝑛∕𝑇 )

]𝛿
(3)

where the index 𝑛 runs over the 30 vibrational modes of trans-2-C4H8.
The degeneracy, 𝛿, is unity for all 𝑛 for trans-2-C4H8. 𝐸𝜈,𝑛 is the band
center of the 𝑛th vibrational mode (Table 3). The ratio of rotational
partition functions (for two different temperatures) is approximated
by Eq. (4),

𝑄𝑟𝑜𝑡(𝑇 )
𝑄𝑟𝑜𝑡(296𝐾)

=
( 𝑇
296𝐾

)𝛽
(4)

where 𝛽 is the temperature dependence exponent. For polyatomic
species which have one or more torsional modes, such as trans-2-C4H8,
𝛽 = 2; this accounts for the contribution from those torsional modes
and their interaction with the other vibrational modes, enhancing the
total partition function.

A brief excerpt from the pseudoline list (for Region 1) is displayed
in Table 4 in order to show how the parameters for each line are ar-
ranged. These parameters are: molecular index, isotopologue index, line
position, line intensity, and lower state energy, followed by the various
pressure-broadened width values described previously and adopted for
this work.
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Table 4
Sample of HITRAN-formatted pseudoline list derived in this work.

--------------------------------------------------------------------
MMI freq(cm-1) S (296 K) Widths E" n N2-shift
--------------------------------------------------------------------
820 800.000000 3.534E-23 0.000E+00.1200.1800 790.18890.75-.003000
820 800.010000 1.446E-24 0.000E+00.1200.1800 851.15590.75-.003000
820 800.020000 1.490E-24 0.000E+00.1200.1800 819.79790.75-.003000
820 800.030000 1.869E-24 0.000E+00.1200.1800 956.47170.75-.003000
820 800.040000 7.930E-25 0.000E+00.1200.1800 802.66410.75-.003000
820 800.050000 1.057E-25 0.000E+00.1200.1800 497.58820.75-.003000
820 800.060000 1.044E-25 0.000E+00.1200.1800 542.44940.75-.003000
820 800.070000 1.328E-25 0.000E+00.1200.1800 559.38780.75-.003000
820 800.080000 1.315E-25 0.000E+00.1200.1800 506.47650.75-.003000
820 800.090000 1.714E-25 0.000E+00.1200.1800 705.79250.75-.003000
--------------------------------------------------------------------

Note: As an example, the first row should be read as line position = 800.000000 cm−1 ,
line intensity=3.534E−23 cm−1/(mol cm−2), N2-width=0.1200 cm−1/atm, self-width=0.1800
(cm−1/atm), E’’=790.18890 cm−1 , n = 0.75, N2-shift= -.003000 cm−1/atm. Note that the widths
and shift are assumed, and that the fourth column is a placeholder for the Einstein coefficient.
Additional details on the data format can be found on the HITRAN database [30].

It must be noted that though all 27 spectra were used in the
pseudoline list derivation for Region 1, the three spectra at tempera-
ture 180 K (spectra 7a, 7b, 7c) were omitted from the derivation of
pseudolines in Region 2. This is due to particular difficulty in baseline
determination for these spectra, which suffered from large amounts of
noise at the high wavenumber end of the bandpass. This is discussed
more thoroughly in the following section.

Figs. 5 and 6 show fits to the laboratory spectra using the derived
pseudolines and the resulting spectral fitting residuals, for Regions 1
and 2, respectively. We note that the residuals are vertically symmetric,
implying they are due to spectral noise and the pseudoline frequency
grid (i.e. 0.01 cm−1) being insufficient to capture fast amplitude varia-
tions in the spectra at very high spectral resolution (i.e. 0.0036 cm−1).
As seen in the left panel of Fig. 5, the fitting residuals are better than
5% for all the N2-mixture spectra, which is consistent with the measure-
ment uncertainty (∼6.4%) that we estimate from the Volume mixing
ratio Scale Factors for Region 1, which are discussed in Section 5 and
shown in Fig. 7. The same is true of Region 2 (Fig. 6), where residuals
are well below 5%, consistent with the corresponding measurement
uncertainty of 5.4% estimated later.

In addition to the optomechanical stability of our spectrometer and
the reliability of our sensors, our measurement uncertainty reported
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Fig. 5. Fitting residuals, sorted by measurement temperatures, for Region 1 (800–1120 cm−1). Panel (a) shows the fitting residuals for N2-mixture spectra only, where residuals are
seen to be ≤5%. Panel (b) shows the both the pure and mixture spectra, where the fitting residuals are significantly noisier, but vertically symmetric, only affecting the uncertainty
of the measurements.
Fig. 6. Fitting residuals, sorted by measurement temperatures, for Region 2 (1120–1533 cm−1). Once again, Panel (a) shows the fitting residuals for N2-mixture spectra only,
where residuals are very low, at ≤5%. Panel (b) shows the both the pure and mixture spectra, where the fitting residuals are significantly noisier, but again vertically symmetric.
here was also made possible by the use of a dry ice/methanol slurry.
As described in Section 2, gas sample and broadening N2gas were fed
through a copper coil submersed in this chilled bath before entering
the gas cell, forcing water impurity in the gas sample to condense
out. Removal of residual water vapor from our data was consistently
observed, and this facilitated the process of measuring cross-sections
for trans-2-butene in the 1300–1550 cm−1 region without having the
cross-section measurements being contaminated by the water.

5. Results and discussion

Though we measured temperature-dependent cross-sections in this
study, our primary result is the HITRAN-formatted pseudoline list for
trans-2-C4H8. As a test for the general validity of the pseudoline list,
we did multispectrum fitting for all 27 spectra (including those used
in the Linearity Test), in order to retrieve Volume mixing ratio Scale
Factors (VSF) for the trans-2-C4H8 sample pressures. In Fig. 7, we
show these retrieved VSFs for both spectral Regions 1 and 2. Retrieved
VSFs equal to unity would be ideal and confirm that the generated
pseudolines correctly represent the spectra obtained at their respective
experimental conditions. Any offsets from unity for the VSF can be
regarded as uncertainties of the pseudolines as a whole. Therefore, the
standard deviation of the VSFs from the 27 spectra can be interpreted
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as measurement uncertainty for the cross sections computed with the
pseudoline list for either Region.

In Fig. 7, the VSFs retrieved are presented for individual spectra
for each Region with their retrieval errors as error bars. The standard
deviations of the VSFs are calculated to be 6.4% for Region 1, and 5.6%
for Region 2, with associated mean values of 1.006 and 0.990, respec-
tively. The mean value for Region 2 indicates a bias of 1%, though this
is still dominated by the overall uncertainty of the pseudoline list in
that region.

Fig. 8 shows the integrated pseudoline intensities for Region 1 and
Region 2 (which are also listed in Table 5), computed by summing
the individual pseudoline intensities for those spectral regions. For
comparison, our integrated cross-section measurements for N2-mixture
spectra at total pressure of approximately 760 Torr are also shown in
this same figure. No cross-section result is plotted for temperature 180
K, as we did not obtain a spectrum with total pressure 760 Torr at that
temperature. The uncertainty of the room temperature cross-sections
was determined via linear regression. We adopt this same uncertainty
for the cross-sections at colder temperatures, assuming similar levels
of persistent outgassing/degassing and system performance for those
measurements. The figure illustrates that the direct measurements of
the cross-sections and the value computed by the pseudoline intensi-
ties show fairly good agreement within 10% across the experimental
temperatures, except for Region 2 at 180 K. We note that the direct
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Fig. 7. The retrieved Volume mixing ratio Scale Factors (VSFs) for each of the spectra. Pure trans-2-C4H8 spectra are marked with solid red circles, whereas N2-mixture spectra
are marked with hollow circles. The mean VSF is shown with a dashed horizontal line. The error bars shown are the retrieval errors for the individual spectra.
cross-section measurements in Region 2 were likely affected by incon-
sistent baseline corrections beyond the 1500 cm−1 point. As hinted
at in Figs. 1 and 3, the right side of the bands beyond 1530 cm−1

were particularly noisy, being close to the edge of the bandpass filter,
which hindered the ability to determine the 100% transmission level for
Region 2. This is another reason that the pseudoline lists are superior to
the cross-section measurements, because the pseudolines are generated
by fitting all the spectra simultaneously for optimum representation of
the entire set, intrinsically securing self-consistency.

We reiterate here that due to the baseline-correction problem expe-
rienced in Region 2, the three spectra at temperature 180 K were omit-
ted from the generation of the pseudolines, as these spectra were partic-
ularly noisy at the high wavenumber end of the bandpass. Thus, Region
1 pseudolines are valid down to temperature 180 K, whereas Region 2
pseudolines are only valid down to temperature 210 K. Fortunately,
trans-2-C4H8 ’s strongest absorption features are contained in Region
1, and these are the likely targets for the search for trans-2-C4H8 in
Titan’s cold stratosphere.

In addition to the intrinsic self-consistency of the pseudolines, the
pseudoline list may also be used to model trans-2-C4H8 at temperatures
not explicitly covered in this work. For instance, as stated earlier, the
temperatures of Titan’s stratosphere where trans-2-C4H8 is likely to be
found ranges from about 150 K to 230 K. The pseudoline list can safely
model trans-2-C4H8 at these colder temperatures, at the cost of up to
an approximate 10% increase in uncertainty.

Ding et al. [48] conducted a high-temperature spectroscopic study
of both cis- and trans-2-butene (separately), in addition to several other
molecules, for just the 900–1200 cm−1 range. Though their purpose
was to measure cross-sections at high temperatures, they also obtained
one room temperature result as well, at N -broadened total pressure
8
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Table 5
Integrated pseudoline intensities [10−18 cm−1/(mol cm−2)], at the five experimental
temperatures used in this study, for both Region 1 (800–1120 cm−1) and Region 2
(1120–1533 cm−1). Uncertainties are calculated as 6.4% and 5.6% for Region 1 and
Region 2, respectively, as described in Fig. 7.

Temperature Region 1 Region 2

296 K 7.82(50) 5.89(33)
278 K 8.29(53) 6.24(35)
240 K 8.72(56) 6.44(36)
210 K 8.38(54) 5.88(33)
180 K 7.34(47) 4.62(26)a

aThis value is an extrapolated estimate, as the T = 180 K spectra were not
included in the fitting for Region 2.

of approximately 760 Torr, to which we have compared our results
(Fig. 8). When integrated, their room temperature cross-sections for
trans-2-butene match the average of our room temperature results in
the common spectral range (900–1200 cm−1) to within about 7%.

We note that no comparison is possible with the room temperature
integrated cross-section results by PNNL [38], given that a 60% trans-2-
C4H8 and 40% cis-2-C4H8 mixture was utilized in that study, and both
stereoisomers are spectroscopically distinct.

Similar studies to the one presented here are still required for
the four other C4H8 isomers (1-butene, 2-methylpropene, cyclobutane,
and methylcyclopropane), as well as the other 2-butene stereoisomer
(cis-2-butene). As each of these species is a possible constituent of
Titan’s atmosphere and likely plays a unique role in Titan’s chemistry
and the production/destruction of other important molecules, care-
ful laboratory characterization studies of absorption cross-sections or



Journal of Quantitative Spectroscopy and Radiative Transfer 310 (2023) 108730B.L. Steffens et al.
Fig. 8. Integrated pseudoline intensities (cm−1/mol cm−2), with error bars (6.4% and 5.6% for Region 1 and Region 2, respectively, as discussed in Fig. 7. Our cross-section
measurements (discussed in Section 3) are also shown in green. In Region 1, the room temperature result for Ding et al. (2020) [48] for pure trans-2-C4H8 is shown, though no
uncertainty is provided for that result. The observed temperature dependent behavior of the pseudolines may be associated with the partition function adopted for trans-2-C4H8 .
spectral lines are required for each isomer. We note that once such
a characterization is achieved for the cis-2-butene isomer specifically,
that can be combined with our results reported here and compared to
the earlier results from PNNL [38], which featured a mixture of both
the trans (60%) and the cis (40%) stereoisomers.

Finally, we reiterate that as these various C4H8 isomers are thought
to be important potential liquids in the lakes and putative subsurface
reservoirs of Titan [23,49], constraining their atmospheric abundances
is a reasonable first step toward understanding atmosphere to surface
transfer interactions [e.g.50]. Additionally, trans-2-C4H8 is involved in
the production of the chiral molecule trans-1,2-dimethylcyclopropane
(C5H10), via a set of reactions that may also take place in the atmo-
sphere of Titan [51,52]. Further study of this reaction scheme and
the trans-1,2-dimethylcyclopropane molecule specifically would initi-
ate progress toward understanding new, undetected species in Titan’s
atmosphere.

6. Conclusion

We have measured high resolution infrared absorption cross-sections
for the trans-2-butene (trans-2-C4H8) molecule, a likely constituent of
Titan’s atmosphere according to photochemical models [20,21,26,28].
These cross-sections were measured at a variety of cold temperatures
and N2-broadened pressures suitable for modeling of observations
of Titan’s atmosphere. Additionally, we derived a HITRAN-formatted
pseudoline list for trans-2-C4H8 that can be readily implemented in
radiative transfer modeling codes. Our cross-section results and the
pseudoline list are found to be in good agreement. We recommend
that the pseudoline list be used in future modeling work, rather than
the cross-sections, since the pseudolines are the representative results
across the measurement temperature range, they are internally self-
consistent, and they can be extrapolated to colder temperatures by
incurring a small addition in uncertainty. Results from this work
would facilitate the detection of trans-2-C4H8 in Titan’s stratosphere,
through ground-based and space-based observations (e.g. IRTF/TEXES,
Cassini CIRS, JWST/MIRI). Confirming the presence or absence of
trans-2-butene in Titan’s atmosphere can inform future work aimed
at understanding haze formation, the formation and composition of
Titan’s lakes and seas, and constraining reactions involving the chi-
ral molecule trans-1,2-dimethylcyclopropane, perhaps through future
measurements from Dragonfly’s DraMS instrument [53].
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