High Resolution IR Spectroscopy: A Laboratory Program in Support of Planetary

Atmospheric Research

ABSTRACT

We report on our molecular spectroscopy effort to determine frequencies, intensities, shapes and broadening in
fundamental and low-lying hot band transitions for molecules of interest to contemporary planetary
atmospheric investigations in NASA’s Planetary Atmospheres Program. We identified molecular species of
significance to NASA’s Cassini Mission to Jupiter, Saturn and Titan: ethane, including both normal and
primary hot band; ethylene; and allene. The interpretation of ethane emission from the atmospheres of Jupiter,
Saturn and Titan has presented difficulties. We attribute these modeling difficulties to errors and
incompleteness in the line atlas source.

High spectral resolution (0.00003 cm-1 at 12 microns) laboratory measurements, obtained with the
NASA/GSFC Heterodyne Instrument for Planetary Wind and Composition (HIPWAC) instrument, were the
basis of spectroscopic results reported herein. The HIPWAC instrument (Fig. 1) and measurements are
described in a companion paper (Blass et al., 2008) in this session. At these spectral resolutions, the
rotation-vibration transitions measured under laboratory conditions (ambient temperature and ~1 Torr
pressure) are fully resolved and identified without ambiguity. The principal objective is to provide critical
laboratory truth for the interpretation of infrared spectral observations of the Cassini mission and in the re-
interpretation of mid-IR emission spectra from Voyager IRIS, ISO and ground based IR data of the outer
planets. We discuss the analysis methodology and interpretation of the HIPWAC laboratory measurements, and
compare to results of other researchers.
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SIGNIFICANCE
We identified molecular species of significance to NASA’s Cassini Mission to Jupiter, Saturn
and Titan: ethane (C,Hg), including both normal and primary hot band (i.e., voand vy +v,-v,);
ethylene (C,H,); and allene (C;H,). The laboratory measurements which are the basis for the
results reported herein were obtained at a spectral resolution of 0.00003 cm™! (~1MHz) at 12um.
At this spectral resolution, the rotation-vibration transitions measured under laboratory
conditions (ambient temperature and ~1 Torr pressure) are fully resolved and identified
without ambiguity. The principal objective is to provide critical laboratory truth for the
interpretation of IR spectral observations of the Cassini mission and in the reinterpretation of
mid-IR emission spectra from Voyager IRIS, ISO and ground based IR data of the outer
planets.

LABORATORY SPECTROSCOPY ANALYSIS FACILITY

We developed an IDL based facility for the analysis of high resolution Voigt line shaoe data from different
spectroscopic instruments. The facility calibrates and removes instrument effects that could introduce
systematic errors which decrease the precision level in recovering weaker lines. The facility includes a
combination of options for extracting spectroscopic parameters (e.g., derive a common value for the widths
of bandpass lines; fix the Doppler width and Voigt parameter) and extracts parameters such as line
strength, frequency, and width using a non-linear Levenberg-Marquardt based optimization. Analysis of
HIPWAC measurements of ethane, allene, and ethylene involve spectra with v/Av>107 and provide the
ability to recover transition frequencies to better than a part in 103. Spectral resolution is better (smaller)
than 1 MHz for room temperature Doppler broadened lines with a room temperature HWHM of ~30 MHz
and the spectral lines are fully resolved! This allows for very accurate recovery of molecular spectroscopic
parameters such as the transition frequency and intensity. A careful examination of gas cell temperature
and pressure is included in error estimates of derived spectroscopic parameters.

ETHANE RESULTS
The v, band region of ethane, near 12.2 pm is among the most ubiquitous and prominent emission features in the
thermal IR spectrum of the outer solar system bodies such as Jupiter, Saturn, Titan and Neptune. An illustrative
case is the analysis of Jupiter and Titan atmospheric ethane (C,H,) v, band emission observed by Cassini/CIRS —
which have a bearing on the atmospheric thermal structure and photochemistry constraints. While researchers are
able to model the acetylene (C,H,) spectra to a high precision (few percent), the ethane spectra show much larger
residuals (~15% level in the lines and a broad structure near the 845 cm™! portion of the band; C.Nixon, personal
communication). We attribute these differences to hot band lines which are sensitive to temperature and
consequently serve as probes of the line formation region. Ideally, any modeling of spectral regions with
fundamental bands of complex molecules should incorporate these temperature-dependent contributions. We have
used the HIPWAC measurements of C,H to improve our ethane torsional model and generate high accuracy
predictions for line centers and intensities. Delgado ef al. (this session) show the impact of using such spectroscopic
parameters in the analysis of Titan ethane observations with comparable spectral resolution. The inclusion of
missing spectral lines has the potential to resolve modeling difficulties of observations of ethane in outer planet
atmospheres.

An example spectrum and fit are shown in Fig. 2, and a our results are summarized n Table 1. Our new atlas has
been intensity corrected against the best 12 spectral lines shown in the table, and the absolute frequency and
intensities retrievals are better than 1MHz (0.00003 cm-1) and 5%, respectively. Recently, Vander Auwera et al. [2]
published an atlas of ethane spectroscopic parameters that have resolved some of the modeling anomalies. Our
results, which are based on fully resolved spectral lines are in good agreement with Vander Auwera et al. [2] for the
strong lines, but also include several measured weaker lines that are spectroscopically identified and characterized
for the first time. Our ability to measure weak lines leads to better constraints on the ethane band intensity (Table
2).
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Fig. 2: shows an example HIPWAC
laboratory spectrum of C,H, (black trace)
near the P18 (851.50514 cm™) C'%0,
laser transition. The blue and red curves
are spectra calculated using the molecular
spectroscopic parameters in the previous
version of the Univ. of Tennessee and
current HITRAN line atlases, respectively.
The spectral measurements were made
with a 30 cm long cell filled to a pressure
of 0.71 Torr with ethane.
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ALLENE RESULTS

We have also been improving the allene atlas using the HIPWAC measurements of allene. Fig. 3 is an example allene| |
measurement at a spectral resolution of 0.00003 cm™' compared to a model we calculated using the spectroscopic|

parameters given by Wang et al. [3]. When the model was scaled to match the measured halfwidth, we find excellent
agreement for the strong line. Since Wang ef al. [3] used a lower spectral resolution in their study it is likely the lower
intensity lines were not measured with sufficient precision. However, the agreement in the strong line is a good validation
of our analysis tools. We are using our analysis tools to recover and characterize spectroscopic parameters for the higher
density weaker lines. The contributions from allene, which overlap the ethane band, may also be a part of the puzzle in the

interpretation of the spectroscopy of outer planet atmospheres.

Frequency (wrt CO, LO)

Fig. 3: shows the allene spectrum
near 858.1479 cm™! measured at
0.00003 cm! spectral resolution
(black trace) and a model (red

TABLE 1

Measured parameters
TN/GSFC atlas (TN/G2007)
Vander Auwera et al. 2007 atlas

trace) calculated with molecul
spectroscopic parameters from

REFERENCES
[1] Blass W. E., Delgado J., Kostiuk T., and Hewagama T., see companion paper in this

session (2008).
[2] Vander Auwera J., Moazzen-Ahmadi N. and Flaud J.-M. (2007) ApJ, 662, 750-757.

[3] Wang W. F., Sirota J. M., and Reuter D. C. (1999) J. Mol. Spec., 194, 256-268.

Wang et al. [3]. TABLE 2.
T(K) [S(v) 107 cm/mol [ S(RQ,) 10" cm/mol
ATMOS 1995 296 6.96 0.253
The authors gratefully acknowledge the NASA Planetary GEISA 2003 296 | 5743 0.229
Atmospheres Program for supporting this research. HITRAN 2004 2% _| 14.36 0.571
AUWERA LIST 3 296 7.548 0.261
TN/G2007 (THIS WORK)| 296 6.941 0.270




