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ABSTRACT

We report observations of deuterated acetylene (C,HD) at 19.3 pm (519 cm™!) with the Texas Echelon Cross
Echelle Spectrograph on the NASA Infrared Telescope Facility in July 2017. Six individual lines from the Q-
branch of the v, band were clearly detected with a S/N ratio up to 10. Spectral intervals around 8.0 pm
(745 cm™') and 13.4 pm (1247 cm™') containing acetylene (C,H,) and methane (CH,) lines respectively,
were observed during the same run to constrain the disk-averaged C,H, abundance profile and temperature
profile. Cassini observations with the Composite Infrared Spectrometer (CIRS) were used to improve the flux
calibration and help to constrain the atmospheric model. The measured D/H ratio in acetylene, derived from
the C,HD/C,H, abundance ratio, is (1.22*227)x 10~%, consistent with that in methane obtained in previous

021
studies. Possible sources of fractionation at different steps of the acetylene photochemistry are investigated.

Infrared spectroscopy

1. Introduction

Titan’s complex photochemistry produces a suite of hydrocarbons
and nitrogen-bearing compounds, eventually leading to the formation
of haze particles. This chemistry is initiated by the dissociation and
ionization of dinitrogen (N,) and methane (CH,) by ultraviolet solar
radiation, particles from Saturn’s magnetosphere and galactic cosmic
rays. The vertical and horizontal abundance profiles of many of these
photochemical species along with their seasonal variations have been
extensively characterized through Cassini observations (e.g. Coustenis
et al., 2020; Mathé et al., 2020; Tribbett et al., 2021; Vinatier et al.,
2020, for the most recent ones). These investigations are complemented
by other space-based and ground-based millimeter and mid-infrared
observations, which in particular allowed the detections of new pho-
tochemical compounds (Lombardo et al., 2019; Moreno et al., 2011;
Nixon et al., 2020; Thelen et al., 2020).

* Corresponding author.

Observational data serve as constraints for photochemical models
that aim at understanding the chemistry at work in Titan’s atmo-
sphere (e.g. Moreno et al., 2012; Dobrijevic et al., 2014; Krasnopolsky,
2014; Dobrijevic et al., 2016; Lara et al., 2014; Vuitton et al., 2019).
Besides chemical abundance profiles, isotopic ratios may provide valu-
able information on the chemical and physical processes involved in the
production and loss of the species. For example, the large difference in
the 14N/15N ratio observed in HCN (Marten et al., 2002; Gurwell, 2004;
Vinatier et al., 2007b; Courtin et al., 2011) and in N, (Niemann et al.,
2010), the main nitrogen reservoir, allows us to constrain the relative
flux of fractionated N atoms from photolysis and non-fractionated
N atoms from other processes, such as magnetospheric electrons or
galactic cosmic rays (Dobrijevic and Loison, 2018; Vuitton et al., 2019).

Dissociation of methane by solar ultraviolet radiation is the primary
source of the hydrocarbons produced on Titan. Methane is also lost by
reactions with various photochemical products and, most importantly,
by reaction with the C,H radical below 600 km. These processes are
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Table 1
TEXES observations of Titan.

Icarus 421 (2024) 116221

Target Date Spectral Spectral Titan-Earth Slit width Integration Maximum S/N
molecule T interval (cm™!) resolution (cm™') distance (AU) (arcsec) time (s) (per spectel)
C,HD July 8, 2017 518.4-520.0 0.0077 9.124 2.0 910 15

C,H, July 14, 2017 742.9-746.7 0.0078 9.163 1.4 830 50

CH, July 8, 2017 1244.3-1250.7 0.0156 9.124 1.4 770 20

potentially a source of hydrogen fractionation in the photochemical
products as they preferentially break the C-H bond over the stronger
C-D bond (Pinto et al., 1986; Lunine et al.,, 1999). Thus measuring
the D/H ratio in various hydrocarbons can shed light on different
photochemical pathways at work on Titan.

Besides methane, the only hydrocarbon in which the D/H ra-
tio has been measured is acetylene (C,H,). Fitting simultaneously
the 14.7-pym (678 cm™!) vs band of C,HD and the nearby 13.7-um
(729 cm™!) vs band of C,H, observed in spectral averages of nadir
Cassini/CIRS spectra, Coustenis et al. (2008) inferred a D/H ratio in
C,H, of (2.09 + 0.45) x 10~*. This ratio appears significantly larger
than that in methane, which is in the range (1.1-1.6) x 10~* (Owen
et al,, 1986; de Bergh et al.,, 1988; Coustenis et al., 1989, 2003;
Penteado et al., 2005; Bézard et al., 2007; Coustenis et al., 2007; Abbas
et al., 2010; de Bergh et al., 2012; Nixon et al., 2012). However, from
the analysis of CIRS limb spectra, Coustenis et al. (2008) derived a
lower value of the D/H ratio in C,H,, (1.63 + 0.27) x 104, closer
to the value in CH,. It can be noted that the C,HD emission feature is
weak and mixed with C,H, emission features at the CIRS resolution (0.5
cm™!). Coustenis et al. (2008) also detected a weak emission from the v,
band of C,HD centered at 19.3 pm (519 cm™!) in a large average of CIRS
spectra (mixing disk and limb data). However, they did not analyze it
due to the low S/N ratio and the presence of spurious instrumental
features.

To overcome these difficulties and improve the precision in the D/H
in acetylene, we used the Texas Echelon Cross Echelle Spectrograph
(TEXES) on the NASA Infrared Telescope Facility (IRTF) to observe the
v, band of C,HD at an unprecedented resolving power 1/44 of ~65,000.
We also observed spectral ranges around 8.0 and 13.4 um to constrain
the temperature profile and the C,H, abundance profile in our radiative
transfer analysis, in order to improve the accuracy of the C,HD/C,H,
ratio determination.

2. TEXES observations

Observations of Titan were conducted with TEXES (Lacy et al.,
2002) mounted at the NASA/IRTF on July 8 and 14, 2017 UT un-
der programmes 2017A045 (PL: Bézard) and 2017A109 (PI: Nixon)
respectively. We targeted three spectral intervals containing lines from
C,HD (518.4-520.0 cm™!), C,H, (742.9-746.7 cm~!) and CH, (1244.3-
1250.7 cm™!). TEXES was used in the high-resolution cross-dispersed
mode, achieving a resolving power between 65,000 and 95,000. De-
tails of the observations are given in Table 1. Titan’s angular size
was 0.78 arcsec, less than the slit width (2.0 or 1.4 arcsec), so that
our measurements pertain to disk-averaged conditions. The sub-Earth
and sub-Sun latitudes were both 27°N. Observations occurred around
Titan’s summer solstice.

The C,HD observations were performed by nodding Titan 5 arcsec
along the 2.0 x 15 arcsec slit in order to remove the sky emission. For
the C,H, and CH, settings, the nodding amplitude was 3 arsec along the
1.4 x 9 and 1.4 x 7 arcsec slits respectively. The individual spectra were
flat fielded, calibrated and co-added using the TEXES pipeline software
package with the procedure described in Lacy et al. (2002). To remove
the residual telluric absorption, we divided the Titan spectra by spectra
of the asteroid 10 Hygiea recorded shortly after.

In a first step, we also relied on the 10 Hygiea spectra to obtain
a flux calibration of our Titan observations. To do so, we used the
asteroid Standard Thermal Model (STM) (Lebofsky and Spencer, 1989)

with the Earth distance, Sun distance and phase angle corresponding to
our observations. We used the asteroid radius determined by Vernazza
et al. (2021) (216.5 km) and the beaming parameter determined by Lim
et al. (2005) (0.81). The Bond albedo and emissivity were taken as
0.07 and 0.98 respectively, as in Lim et al. (2005). The STM spectrum,
calculated for zero solar phase angle, was corrected for phase by 0.01
magnitude per degree (10 Hygiea’s phase angle was 3.5° for the July
8 observations and 5.8° for the July 14 observations). Titan’s flux (in
Jy) is then given by:
Sr

Fr=ZLE S, €

a

where S, and S, are respectively the Titan and asteroid measured
fluxes (in TEXES units), F, is the asteroid flux (in Jy) and f a possible
corrective factor (see Section 3), for now set to 1.

Fig. 1 shows the TEXES spectra in the three settings. In the C,;HD
setting, we clearly detect several lines from the Q-branch of the C,HD
v, band with a signal-to-noise (S/N) ratio up to 10. These lines appear
on a continuum mostly due to N,-CH, and N,-H, collision-induced
absorption and to haze emission. The C,H, setting exhibits C,H, lines
of different intensities along with a H'2CN line, a weak H'3CN line and
two weak emission features from C;Hg. The CH, setting shows many
strong and weak methane lines. The Titan-Earth Doppler shift of 15 km
s71 allowed us to observe the full low-frequency half of the Titan CH,
strong lines. In all plots, regions of low telluric transmission have been
removed.

3. Cassini/CIRS observations

Because the C,HD, C,H, and CH, lines were not recorded simulta-
neously in the TEXES spectra, the precision of the D/H ratio we are able
to achieve is sensitive to any error in the relative flux calibration of the
three settings. We expect that our flux calibration, based on the ratio
between Titan and 10 Hygiea observations, is no more than 10%-15%
accurate. Error sources come from possible flux variations of asteroid
10 Hygiea with rotational phase and possible spectral variations of
its emissivity between the three TEXES settings. Also, variations in
the atmospheric seeing and pointing errors can induce flux calibration
errors.

To get around this difficulty, we employed spectra recorded by the
Cassini Composite Infrared Spectrometer (CIRS; Flasar et al., 2004;
Jennings et al., 2017) to calibrate our TEXES data. CIRS was a Fourier
transform spectrometer, composed of three focal planes covering the
spectral ranges 10-600 cm~' (FP1), 580-1100 cm~! (FP3) and 1050-
1500 cm~! (FP4) with a spectral resolution adjustable between 0.5 and
15 cm~!. FP1 had a single detector with a circular field of view (FOV)
of 3.9-mrad diameter while FP3 and FP4 each included a linear array of
ten detectors providing an instantaneous field of view (IFOV) of 0.27
mrad (square). The CIRS absolute radiometric calibration is expected
to be precise at the 1% level (Jennings et al., 2017) but great care
must be taken in selecting the CIRS spectra for comparison with our
disk-averaged TEXES observations.

Regarding the calibration of the C,HD TEXES setting, we selected
FP1 CIRS spectra recorded during a TEA (Titan Exploration at Apoapse)
observational sequence designed to place Titan fully within the FP1
pixel (Nixon et al., 2019). Three TEA sequences are useable
(CIRS_182TI_TEA001_PRIME, CIRS_202TI_TEAO0O01_PRIME and
CIRS_219TI_TEAOO1_PRIME). We chose to average the last two se-
quences in which the sub-spacecraft latitude is 0 and 51°N, the first
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Fig. 1. TEXES spectra recorded in three spectral intervals containing lines of C,HD (A),
C,H, (B) and CH, (C). Spectra have been flux-calibrated against 10 Hygiea observations
using the asteroid STM (see text). In panel A, the locations of the C,HD lines are
indicated as blue squares. In panel B, all the detected lines are from C,H,, except
for two HCN lines and two weak C;Hg features which are labeled. Blue squares
indicate 2C'2CH, lines and green squares '2C!3CH, lines. In panel C, all lines are
due to methane. Besides strong '2CH, multiplets (horizontal blue lines), weaker lines
from '2CH, (blue squares), >CH, (green squares) and CH;D (purple squares) are
clearly detected. The +1s noise error bars are indicated. Missing intervals in the
data correspond to either troughs between grating orders or regions with low telluric
transmission. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

one being 41°S, far from the 27°N of our TEXES observations. Details
of the CIRS observations are given in Table 2. The resulting spectrum
is shown in Fig. 2 along with a second-order polynomial fit over
the range 460-560 cm~! (a degree 2 for the polynomial fit is the
one that minimizes the reduced x2). This fit indicates a continuum
intensity of 0.396 + 0.002 mW m~2 sr! / em™! at 519 cm™! that
we need to convert into a flux in Jy at the Titan-Earth distance of the
TEXES observations (9.124 AU). However, this is not straightforward
because the CIRS FP1 FOV is not homogeneous, being greatest at the
center, reaching half power at 1.2 mrad from center and zero at 3.2
mrad (Flasar et al., 2004; Anderson and Samuelson, 2011). To do so,
we used the FOV sensitivity function determined by Anderson and
Samuelson (2011, Fig. 2) and a synthetic spectrum of Titan’s emission
calculated as a function of distance from disk center. This spectrum
was generated from the radiative transfer and atmospheric models
described in Section 4, with the haze opacity adjusted to reproduce
the CIRS radiance at 519 cm~!. Doing so, we expect a continuum flux
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of 23.0 Jy in the TEXES observations around this wavenumber. This
is about 6% lower than obtained by using the flux from the STM of
10 Hygiea, and we have then to set the corrective factor f in Eq. (1)
to 0.94.

The CIRS FP3 and FP4 detectors have a much lower IFOV than
FP1’s FOV and there are no CIRS observing sequences in which Titan is
fully included in their linear arrays. We then turned to the COMPMAP
(Composition Map) sequences in which the FP3 and FP4 arrays were
positioned to span Titan’s disk in one to five positions (Nixon et al.,
2019). We selected the one noted in Table 2 as it is closest in terms
of time and in sub-solar and sub-instrument latitudes to the TEXES
observations. We binned the observations into concentric rings of equal
area, centered on Titan’s disk and covering altogether 0 to 3050 km in
radius (i.e up to 475 km above the surface). We then summed these
bins and converted the result into a flux (Jy) at a Titan-Earth distance
of 9.124 AU, as relevant for the July 8 TEXES observations. The FP3
and FP4 final spectra are shown in Fig. 3. We degraded the TEXES
observations at the resolution of the CIRS spectra (0.53 cm~!) with the
help of a synthetic spectrum (see Section 4) to fill in the troughs in the
TEXES data. From a least-squares fit approach, we then determined the
corrective factor f in Eq. (1) to be 1.09 for the C,H, setting and 0.86
for the CH, setting, taking into account the Titan-Earth distances of the
observations (Table 1).

In the radiative transfer analysis of the TEXES observations, we used
this CIRS-based flux calibration to which we assign an uncertainty of
+5%, arising from the construction of the CIRS disk averages and pos-
sible variations of the integrated disk flux. We note that the corrective
factors we derived vary from 0.86 to 1.09, which seems reasonable
given the uncertainty in the 10 Hygiea STM and possible pointing
errors.

4. Radiative transfer analysis

Spectral modeling of the observations was performed with a line-
by-line radiative transfer code coupled with an iterative inversion
scheme (Conrath et al., 1998) as described in Vinatier et al. (2007a).
Sources of molecular opacity are the collision-induced opacity (CIA)
from N,, CH, and H, pairs, ro-vibrational bands of CH,, CH;D, C,H,,
C,HD, HCN, C,H¢ and C;Hg, and absorption from aerosol particles.
We used the CIA absorption coefficients from Borysow and Frommhold
(1986), Karman et al. (2015) and Finenko et al. (2022). Line po-
sitions, energy levels and intensities of C,H, and C,HD come from
GEISA2020 (Delahaye et al., 2021), the C,HD parameters being based
on the analysis of Jolly et al. (2008). For the N, pressure-broadened line
widths and temperature exponents, we used the m-dependent values
determined by Bouanich et al. (1998). Line parameters for the other
molecules are the same as in Bézard et al. (2018). As regards the aerosol
opacity, we used the spectral dependence recommended by Bézard
and Vinatier (2020) (their Fig. 4), which is based on Vinatier et al.
(2012) beyond 600 cm~!. The integrated optical depth at the reference
wavenumber of 1090 cm~! is 0.029.

The atmospheric model includes vertical profiles of gas abundances,
aerosol absorption and temperature. The CH, profile is fixed to that
derived by Niemann et al. (2010) from Huygens in situ measurements.
For the other molecular species and the aerosol opacity, we adopted
the profiles retrieved by Vinatier et al. (2020) from Cassini/CIRS limb
and nadir measurements recorded on September 11, 2017 at 21°N.
Note that the corresponding C,H, profile is only used as an a priori
(first guess) profile in the retrievals of the C,H, profile from TEXES
measurements. This is also true for the HCN profile. All other absorber
abundance profiles are left unchanged in the retrieval code.

The temperature profile that serves as an a priori profile in the in-
version process is the 21°N profile (September 11, 2017) from Vinatier
et al. (2020) down to the 10-mbar level. In the troposphere, the profile
is constrained to reproduce two selections of FP1 spectra (15-cm™!
resolution) from 55 to 545 cm~!, recorded in 2016-2017 between 0°
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Fig. 2. FP1 Cassini/CIRS spectral average along with a second-order polynomial least-squares fit. The FP1 circular FOV encompasses the whole Titan disk. The narrow rectangle
around 519 cm™! indicates the location and width of the C,HD TEXES interval. The +1c noise error bars are indicated.

Table 2
Cassini/CIRS observations of Titan (resolution = 0.5 ecm™).

Sequence Focal Date

Distance Number Sub-solar Sub-spacecraft

plane

(km)

of spectra

latitude

latitude

CIRS_202TI_TEA0O1_PRIME

CIRS_219TI_TEAO0O1_PRIME

CIRS_271TI_COMPMAPO001_
PRIME

FP1

FP1

FP3,
FP4

March 02-03,
2014

July 23-24,
2015

April 23-24,
2017

1,522,600

1,580,500

761,800 -
917,000

891

784

3613 (FP3)
3606 (FP4)

21°N

25°N

27°N

51°N

0°

17°N

30 T T T T
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Fig. 3. FP3 (Panel A) and FP4 (Panel B) Cassini/CIRS spectral averages along with best
fit models. Fluxes correspond to a Titan-Earth distance of 9.124 AU. The rectangles
around 745 cm™! and 1248 cm™! indicate the location and width of the C,H, and CH,
TEXES intervals respectively. The noise equivalent spectral flux is 0.6 Jy in Panel A
(~0.7 times the line thickness) and 0.10 Jy in Panel B (similar to the line thickness).

and 40°N and from a distance of (7.5-9.5) x 10* km from Titan. The
first one is characterized by a “low” mean emission angle of 13.1° and
the second one a “high” mean emission angle of 54.2°.

Spectra are calculated using an atmospheric grid of 70 layers equally
spaced in log p from the surface up to p = 0.15 pbar (~600 km). For
Cassini/CIRS modeling, monochromatic spectra are convolved with a
Hamming function of resolution 0.528 cm~! (distance of first zero).
For TEXES modeling, the convolution function is a Gaussian with the
full width at half-maximum given in Table 1. Radiance spectra are
calculated for five lines-of-sight intercepting the surface from disk
center to the solid radius and for six lines-of-sight above the surface at
altitudes up to 475 km. These two regions are divided into respectively
five and six circular rings of equal area. The distance of the lines of
sight to disk center is taken as the average of the radii of the concentric
circles delimiting each annulus. The intensities are then summed with
weights equal to the circular ring areas to produce an integrated flux
spectrum.

The inversion algorithm minimizes a weighted sum of the residuals
between synthetic and observed spectrum (i.e. the y2) and between
solution and a priori profile (temperature or mole fraction) (see details
in Vinatier et al., 2007a). A correlation length (L) of one pressure
scale height is further used for filtering the solution profile. The disk-
averaged temperature profile in the stratosphere was retrieved from the
methane emission spectrum in the 1200-1370 cm~' range for the CIRS
measurements and 1244.7-1250.5 cm™! for the TEXES measurements,
assuming that the stratospheric methane mole fraction is constant with
altitude and over the disk (1.48%; Niemann et al., 2010). In fact, by
simultaneously analyzing FP1 and FP4 Cassini/CIRS spectra at different
latitudes, Lellouch et al. (2014) showed that the stratospheric methane
abundance varies within a range of 1 to 1.5% as a function of latitude.
In particular, the ~1% mole fraction derived at low latitudes agrees
with the reanalysis of the Huygens Descent Imager/Spectral Radiometer
(DISR) data by Rey et al. (2018). The CH, abundance profile they
derived is lower than the Huygens/GCMS profile (Niemann et al., 2010)
above ~39 km and reaches ~1% above 110 km. Consequently, we also
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ran an alternative case in which we used the Rey et al. (2018) methane
profile in place of the Niemann et al. (2010) profile (see Section 5).

The disk-averaged acetylene profile was retrieved from the 679-
780 cm~! interval for the CIRS measurements and 742.8-746.6 cm™!
for the TEXES measurements. The C,HD/C,H, ratio (assumed to be
constant with altitude) was inferred from the TEXES measurements
combining the intervals 518.38-518.73 and 519.08-519.17 cm™!. The
aerosol optical depth at the reference wavenumber was simultaneously
retrieved.

The procedure we followed in this analysis is the following:

(a) retrieve the temperature profile from the disk-averaged CIRS FP4
selection using the Vinatier et al. (2020) 21°N profile as a first
guess — Ters(p)

(b) retrieve the temperature profile from the TEXES measurements
(CH, setting and continuum in the C,HD setting) taking Trs(p)
as the a priori profile — Trpxgs(p)

(c) retrieve the C,H, profile from the disk-averaged CIRS FP3 se-
lection with the Vinatier et al. (2020) 21°N profile for a priori
profile and Trg(p) for the temperature profile — gcrg(p)

(d) retrieve the C,H, profile from the TEXES measurements (C,H,
setting) using gcrs(p) for the a priori profile and Trpxgg(p) for
the temperature profile — grpxps(p)

(e) determine the C,HD/C,H, ratio from the TEXES measurements
(C,HD setting) using Trpxgps(p) for the temperature profile and
grexes(p) for the C,H, profile

We also performed some tests in which we used the Huygens/HASI
temperature profile (Fulchignoni et al., 2005) recorded in situ at 10°S
as the a priori profile in Step a or directly in Step b. As regards Step
e, we tested an additional case in which we use the CIRS-derived
temperature (Trg(p)) and acetylene (gcrs(p)) profiles to derive the
C,HD/C,H, ratio (see next section).

5. Results

The temperature profile retrieved from the inversion of the CIRS
FP4 average (Tcrs(p)) is shown in Fig. 5 and the corresponding model
fit to the data is shown in Fig. 3b. The observations are sensitive to
the 0.03-11 mbar range (95-350 km) (Fig. 6). In the 0.1-mbar region,
this profile is warmer than the a priori profile, which refers to latitudes
around 21°N, while the situation is reversed in the 1-10 mbar range.
This is expected as the CIRS spectral average incorporates latitudes
that are on the average warmer than mid-northern latitudes around 0.1
mbar and cooler in the 1-10 mbar pressure range, as can be seen in
Fig. 2 of Vinatier et al. (2020).

In a second step, this CIRS-inverted profile was used as an a priori
profile to retrieve a temperature profile Trpyps(p) from the TEXES
observations around 1248 cm™!. This profile is shown in Fig. 5 and the
corresponding fit of the data in Fig. 4a. The higher spectral resolution
of the TEXES data allows us to somewhat tighten the constraints in
the lower stratosphere down to about 15 mbar (85 km) (Fig. 6). In the
inversion procedure, we also used data in small spectral intervals in the
continuum around 518.5-518.7 cm™! to constrain the (near-)surface
temperature. The CIRS- and TEXES-retrieved temperature profiles are
very similar and differ by at most 1.5 K in the 2-mbar region.

A G,H, profile g¢rs(p) was first obtained from the CIRS FP3 spectral
average using the 21°N profile of Vinatier et al. (2020) as the a priori
in the inversion process (Fig. 5). The fit to the data is shown in Fig. 3a.
The region probed ranges from 0.12 mbar (275 km) to 18 mbar (80 km)
(Fig. 6). The TEXES data around 745 cm~! were then used to retrieve
the final C,H, profile (¢rgxgs(p)) shown in blue in Fig. 5 using the CIRS-
retrieved profile as the a priori. The fit of the data and the residuals
are shown in Fig. 4b. As for temperature, the high resolution of the
TEXES observations allows us to slightly improve the constraints on
the disk-averaged C,H, profile, extending the region probed to ~0.10—
20 mbar (75-285 km). The TEXES-derived C,H, mole fraction is some
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Fig. 4. Best model fit (red) to observed TEXES (black) spectrum in the CH, setting
around 1248 cm™' (Panel A) and in the C,H, setting around 745 cm~' (Panel B). The
lower sub-panels in both panels show the residuals of the fit (black) along with the +1¢
noise envelope (cyan). The TEXES spectra are calibrated against Cassini/CIRS spectral
averages (see Section 3). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

35% smaller than the CIRS-derived one in the 0.2-0.5 mbar range and
about 20% larger from 4 to 15 mbar.

The formal 1-SD noise errors on the TEXES-retrieved profiles are
0.2 K in the 0.03-15 mbar range for the temperature and 2% for the
C,H, mole fraction in the 0.10-20 mbar. We evaluated the model errors
from the variations induced in the retrieved profiles by a change in
the a priori temperature and C,H, abundance profiles used in Steps
(a) and (c). To do so, we considered a priori profiles that differ from
the Vinatier et al. (2020) 21°N profiles above the 20-mbar level by
+10 K (temperature) and factors of 0.5 or 2 (C,H,). The so-derived
error bars are shown in Fig. 5 at a few pressure levels.

Finally, we used the TEXES C,HD setting around 519 cm™! to
retrieve the C,HD/C,H, ratio using the TEXES-derived temperature
profile Trexps(p) and C,H, profile grgxgs(p). In the inversion process,
the C,HD/C,H, ratio is assumed to be constant with altitude and we
thus solved for only one parameter (technically this is done by fixing
a very large value for the correlation length L, 100 times the pressure
scale height). We derived a C,HD/C,H, ratio that corresponds to a D/H
ratio of (1.14 + 0.04) x 10~4, where the error bars account only for the
noise equivalent flux in the TEXES C,HD observations and correspond
to a y? variation of 1. The model fit to the observations is shown in
Fig. 7. Our measurement is most sensitive to the region between 0.7 and
16 mbar (Full Width at Half Maximum of the contribution function),
with the contribution function peaking at 6 mbar (115 km) (Fig. 6).

We investigated different sources of error. We made a first test
in which we used the CIRS-derived atmospheric model (Trg(p) and
qcirs () to model the C,HD TEXES lines. We then derived a D/H ratio
of (1.09 + 0.04) x 1074, i.e. 5% smaller than when the temperature and
acetylene profiles are derived from the CH, and C,H, TEXES settings.
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of this article.)

We also tested the sensitivity of the derived D/H ratio to assumptions
about the a priori profiles used in the retrieval process. First we used
the Huygens/HASI profile (Fulchignoni et al., 2005) as the a priori
profile for the temperature retrievals from Cassini/CIRS data (Step a)
or directly for the temperature retrievals from TEXES data (Step b).
In either case, the so-derived D/H ratio is within 1% of our nominal
value. Secondly, we considered the propagation of the model errors

mentioned above into the retrieved D/H ratio. A variation of the a
priori temperature model by +10 K induces a change by +3% in the
derived D/H ratio while a variation of the a priori acetylene model by
a factor of two causes negligible variations of the retrieved D/H ratio
(<1%).

As discussed in Section 4, we also ran a case in which the tem-
perature was retrieved using the Rey et al. (2018) methane profile,
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Fig. 7. Best model fit (red) to observed TEXES (black) spectrum in the C,HD setting
around 519 cm™'. The lower sub-panel shows the residuals of the fit (black) along with
the +16 noise envelope (cyan). The TEXES spectrum is calibrated against a Cassini/CIRS
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figure legend, the reader is referred to the web version of this article.)

Table 3
Relative uncertainties on the derived D/H ratio in acetylene.

Origin Relative error
Noise (10) +3.5%

Use CIRS T and ¢ —-5%

T and ¢ model errors +3%

CH, abundance
5% flux error in:
— C,HD setting +6%

— G,H, setting +17%/-12%

+8%/-7%

— CH, setting +5.5%
Band intensity +4%
Total +22%/-17%

which has a stratospheric CH, abundance of 1% instead of the 1.48%
mole fraction from Niemann et al. (2010). In this case, the derived
temperature profile is warmer by at most 2.6 K at 1.3 mbar and by 1.2 K
at 0.25 and 10 mbar. The derived C,H, mole fraction is consequently
lower by up to —32% around 1 mbar while the D/H ratio reaches
1.31 x 1074, the G,HD lines being less sensitive to temperature change
than the optically thick C,H, lines. Because the methane mole fraction
varies over Titan’s disk between 1 and 1.5% (Lellouch et al., 2014), we
retained for the nominal value of the D/H ratio the (geometrical) mean
of the values retrieved for the Niemann et al. (2010) and for the Rey
et al. (2018) CH, profiles, these values providing the conservative
upper and lower limits: D/H (in C,H,) = (1.221’8'83) x 1074,

We also considered a 5% flux calibration error in each of the three
TEXES settings and finally took into account the +4% uncertainty of
the C,HD band intensity reported by Jolly et al. (2008). The errors
induced on the D/H ratio are listed in Table 3. Combining quadratically
these different error sources, we obtain a relative error of +22%/—17%,
leading to:

D/H (in C,H,) = (1.22*971) x 107

We note that an important source of error is that due to the flux
calibration of the C,H, setting. A 5% variation of the flux scale causes a
change of the retrieved C,H, abundance profile of 24% at 1 mbar, 11%
at 5 mbar and 6% at 10 mbar. The induced change on the C,HD/C,H,
ratio is then +17%/—12%. The second most significant source of error
is the uncertainty on the disk-averaged stratospheric CH, used in the
temperature retrievals.

6. Discussion

The value we retrieved for the D/H ratio in acetylene (1.221’85?

x 1074) is significantly smaller than that derived by Coustenis et al.
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(2008) from different selections of Cassini/CIRS nadir spectra over
Titan’s disk (2.09 + 0.45 x 107#). It is also marginally smaller than
the value derived by the same authors from Cassini/CIRS limb data
at four different latitudes, averaging to 1.63 + 0.27 x 10~4, although
their error bars clearly overlap with ours. These CIRS determinations
are made difficult by the weakness of the C,HD emission in the 678-
cm~! v5 band at the instrument’s resolution of 0.5 cm~!. In addition,
the part of the analysis limited to surface-intercepting measurements
suffers from the lack of a precise determination of the C,H, vertical
profile from the data, which has a strong influence on the retrieved
C,HD/C,H, ratio. On the other hand, the precision of our measurement
is mostly limited by the fact that we do not observe the C,HD and C,H,
lines simultaneously. We have then to rely on a relative calibration of
the two instrumental settings for which we used Cassini/CIRS spectral
averages as representative as possible of the observing conditions of
TEXES (period, sub-solar and sub-instrument latitudes).

The D/H ratio in acetylene we obtained is consistent, within error
bars, with the D/H ratio measured in methane from Cassini/CIRS
measurements by Bézard et al. (2007) (1.32’_’0'1? x 10™%), Coustenis

0.1
et al. (2007) (1.17923 x 10~4), Abbas et al. (2010) (1.58 + 0.16 x 10™%)

and Nixon et al. (2001228) (1.59 + 0.27 x 10~%) and from the ground-based
measurements by Penteado et al. (2005) (1.25 + 0.25 x 10~%) and de
Bergh et al. (2012) (1.13 + 0.25 x 10~%), indicating altogether a value
in the range (1.1-1.6) x 1074,

This result suggests no significant fractionation of deuterium in
acetylene compared with methane, the main atmospheric reservoir of
hydrogen. On the other hand, as first investigated by Pinto et al. (1986)
and then Lunine et al. (1999), a source of fractionation in the methane
photochemistry lies in the higher energy of the C-D bond compared
with the C-H bond. These authors considered that methane is most
efficiently destroyed by the abstraction reactions:

C,H + CH, —» C,H, +CH;, (kp)
C,H + CH;D - C,H, +CH,D (ky,)
— C,HD + CH,4 (kyp)

From consideration of chemical kinetics of some deuterated species,
Lunine et al. (1999) argued that g, equal to (k,, + k,,)/k,, lies in the
range 0.80-0.88. Because the ratio of the reaction coefficients ¢ is lower
than 1, CH, destruction is favored over CH;D destruction, opening up
the possibility of a deuterium fractionation in the photochemical prod-
ucts. We define ¢’ as the ratio of the intrinsic probability of breaking a
C-D bond to that of breaking a C-H bond, or equivalently by the ratio
3kypy/ ko, If we further assume that k,, is equal to 0.75 k;, given that
Reaction 2a does not break the C-D bond, then ¢’ = 3k,,/k,, = 4k, /k,
is in the range 0.2-0.52.

According to the photochemical model of Vuitton et al. (2019),
photolysis of ethylene (C,H,) is the main source of acetylene in the bulk
of the atmosphere. This production peaks around 300 km. Ethylene is
mostly produced in the upper atmosphere (~800 km) from the reaction
of the CH radical with methane and flows down to the stratosphere
where it is mostly lost by photolysis. In Appendix, we use a simplified
0-D photochemical model to identify possible fractionation processes in
the production of C,H, linked to the expected higher binding energy of
the C-D bond. We found that fractionation of deuterium can occur at
two stages: in the formation of the CH radical from the *CH, radical
and from the photolysis of C,H,. Both of them tend to enhance the
D/H ratio in C,H, and thus in C,H,. If the ¢’ ratios associated to
these two reactions were similar to that for C,H + CH, mentioned
above (0.2-0.52), the D/H in C,H, would be as high as 1.4-1.9 times
that in CH, (Eq. (5)), which is not what we observe. On the other
hand, if fractionation were limited to the CH radical formation stage
(i.e., assuming no fractionation through the C,H, photolysis), the frac-
tionation factor would be lower (1.08-1.17) and compatible with the
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D/H measurement errors. This implies that either the kinetic isotope
effect (KIE) in the photodissociation of C,H, is not as strong as in the
C,H + CH, reaction considered by Lunine et al. (1999), or that other
photochemical processes that we did not consider in Appendix mitigate
this KIE.

7. Conclusions

We report here the first observation of several lines from the Q-
branch of the v, band of C,HD on Titan at 19.3 pm. Combining ob-
servations of C,HD, C,H, and CH, lines with the same instrument
(IRTF/TEXES) and using Cassini measurements for the flux calibration,
we derived a value for the D/H ratio in acetylene of (1.22tg:§?) x 1074,
This value is consistent within error bars with the D/H ratio measured
in methane. Our main source of uncertainty arises from the relative flux
calibration of the three different settings we used to record the C,HD,
C,H, and CH, lines. Improving on the flux calibration, e.g. by observing
these emissions simultaneously, would allow us to reduce significantly
the error bars on the D/H ratio in acetylene. Recent observations by the
MIRI medium-resolution spectrometer (MRS) aboard the James Webb
Space Telescope (JWST) conducted in July 2023 (Titan project GTO
1251) may help in this regard once issues in fringe removal and flux
calibration have been resolved.

While our result indicates no significant deuterium fractionation
in acetylene relative to methane, at least in the region probed (0.7—
16 mbar; 80-190 km), we have identified two possible processes in
the photochemical production of C,H, that should in theory enhance
the D/H ratio in acetylene. These are the formation of the CH radical
from the *CH, radical and the photodissociation of C,H,. This potential
enhancement arises from the fact that the C-D bond is slightly stronger
than the C-H bond. Laboratory measurements of the KIEs for these
two reactions, most importantly for the C,H, photolysis, would be
very valuable. It would be also useful that complete photochemical
models incorporate deuterium species, even with approximative KIEs,
to investigate the deuterium fractionation in various hydrocarbons.
From an observational standpoint, signatures from other deuterated hy-
drocarbons (e.g. C,Hg, C,H,) could also be sought in Titan’s spectrum
to better constrain its atmospheric photochemistry.
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The raw TEXES data used in this study can be obtained from the
NASA/IRTF archive at https://irsa.ipac.caltech.edu/applications/irtf/.
The product IDs for the three spectral settings (C,HD, C,H, and CH,)
are:

Titan C,HD: TX17A0708.1038-1045
10 Hygiea C,HD: TX17A0708.1035-1036
Titan C,H,: TX17A0714.6004-6017
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10 Hygiea C,H,: TX17A0714.6018-6019
Titan CH,: TX17A0708.1030-1033
10 Hygiea CH,: TX17A0708.1017-1028

The raw data were calibrated using the 2017 version of the TEXES
pipeline software (current version is available at https://github.com/
TEXESArch/pipecode). The reduced data presented in this study are
archived (Bézard et al., 2024) as ascii files at https://data.mendeley.
com/datasets/pb6f6érrypb/1.
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Appendix. Fractionation in the production of C,H,

Potential sources of isotopic fractionation in the photochemistry
of methane include photochemical reactions (molecular, ion-molecule
and photodissociation), atmospheric escape, condensation/evaporation
and molecular diffusion. We investigate here how the photochemical
production of C,H, from methane photochemistry could lead to a
deuterium fractionation due to the greater strength of the C-D bond
compared to the C-H bond. To do so, we only considered the major
chemical steps leading to the formation and loss of C,H, (through 0-
D calculations), based on the photochemical model of Vuitton et al.
(2019). We further assumed that a reaction of a species A (radical or
molecule) with a deuterated hydrocarbon B has the same reaction rate
k as with the main isotopologue if it does not break the C-D bond and
a rate ¢'k, with 0 < ¢’ < 1, if the C-D bond is broken. The same is
assumed for a photodissociation reaction.

According to Vuitton et al.’s (2019) model, C,H, is mostly formed
by photodissociation of C,H, in the upper stratosphere (~300 km):

C,H; +hv— C,H, +2H (@1))]

- CyH, +H,, (J,)

and accordingly for C,HD by:

C,H;D + hv — C,HD +2H 0.5J))
— C,HD +H, (0.5 J,)

Note that in addition, C,H;D can be dissociated as:
C,H;D +hv — C,H, +H+D 0.5, J))
— C,HD +HD (0.5 4, Jy)

C,H, and C,HD are both lost by vertical transport to the conden-
sation region in the lower stratosphere (~70 km), with a loss rate
proportional to the species number density in this formation region:
K; [C,H,] and K; [C,HD]. We neglect here the small vapor pressure
isotope effect in the relative condensation loss of the two isotopologues.
Equaling the production and loss rates for both isotopologues yields:
[C,H,] = J, [C,H,1/K, and [C,HD] = 0.5 J, [C,H;D]/K,, so that

[D/Hlc,p, = 0.5 [C,HDI/[C,H,] = 025 [C,H;DI/[C,H,] = [D/H]. .

(2)

where the latter term is the D/H ratio in ethylene in the formation
region of acetylene (upper stratosphere).
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Ethylene is transported from its formation region in the thermo-
sphere where it has a D/H ratio that we denote [D/H]?Zzl-u' The C,H,
used to produce C,H, is therefore supplied by a source having this D/H
ratio and lost by photolysis with a C,H;D to C,H, loss ratio equal to
0.5 (1 + ¢}) J [GH;D1/U [CH,D = 0.5 (1 + ¢)) [C,H;D1/[CH,],
with J = J; + J,. Therefore, in steady state and neglecting other sinks
for ethylene, we obtain:

[D/HIG,, =2/(1+4) [D/HIL 3

Photodissociation of ethylene thus appears as a potential source of
enhancement of the D/H ratio in this species and consequently in
acetylene, provided that ql’i <1.

Following Vuitton et al. (2019), we assume that the bulk of ethylene
is formed in the thermosphere, around 800 km, through the reaction:

CH+CH, — C,H, +H, (k)

while C,H;D is accordingly formed by:

CH + CH;D — C,H,D +H, and (0.75 ky)

CD +CH,; — C,H;D +H (k)

The CH radical is mostly formed from the suite of reactions:

CH, +hv— 'CH, +2H J3)
'CH, - 3CH,
3CH, +H — CH+H,, (ky)

where 3CH, is the methylene radical in the ground electronic state X*B,
and 'CH, the methylene radical in the excited state a'A,. The CHD
radical is formed through:

CH;D + hv - 'CHD +2H (0.5 J3)

and lost through:

3CHD +H — CD +H, (0.5 ky)
— CH + HD (0.5 q} k,)

The former reaction also forms CD, which is lost through the CD +
CH, reaction mentioned above.

Balancing production and loss rates for each radical and assuming
[CH;D] < [CH,] yields:

[*CH,] = J5[CH, ]/ (k, [HI),
[CH] =15 /kq,

[?CHD] = J3[CH;DI/(ky(1 + ¢/,)[H]), and
[CD] = (0.5/(1 + q}))leCHsDJ/(kl [CH4D.

Ethylene is mostly lost by downward transport, a process that is not
isotope-selective and proportional to the number density. Denoting the
loss rates for the two isotopologues as K, [C,H,] and K, [C,H;D] and
again balancing production and loss rates, we obtain:

[C,Hyl = J3[CH,1/ Ky,

[CoH3D] = J3[CH3DI(0.75 +0.5/(1 + 4))/ Ko
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The D/H ratio in ethylene in its production region is then given by:

[D/HIE yy, = (0.75 +0.5/(1 +¢)) [D/Hlcy, @

A fractionation of deuterium may then occur in the production of
ethylene, linked to the reaction of the methylene radical (CH,) with
the H atom. Combining Egs. (2)-(4), the D/H ratio in acetylene in this
simplified model is equal to:

[D/Hle,p, =2(0.75+0.5/(1 +¢})/(1 + q) [D/Hlcy, )

If the ¢’ factors associated to C,H, photodissociation (q;,) and to
reaction of CH, with H (q}) were in the range of that for the C,H +
CH, reaction (¢’ = 0.2-0.52 according to Lunine et al., 1999), the D/H
ratio in acetylene would be enhanced by a factor in the range 1.42—
1.94 compared to the ratio in methane. This is not consistent with our
measurement. On the other hand, if fractionation were only effective
for the CH, + H reaction and not for the C,H, photodissociation (¢,
= 1), the fractionation factor would amount to 1.08-1.17, which is
compatible with our result, given the errors associated with D/H ratio
measurements in acetylene and methane. The kinetic isotope effect
(KIE) in C,H, photodissociation appears to be potentially the most
important factor in the deuterium fractionation in acetylene. Our result
of D/H in C,H, being so similar to that in CH, suggests that the D/H
fractionation in C,H, via the photolysis of C,H, should be weaker than
in the catalytic destruction of methane through the C,H + CH, reaction.
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