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Introduction: Understanding carbon inheritance in
protoplanetary systems is critical toward building a
comprehensive picture of planet formation and prebi-
otic chemistry, and constraining astrophysical models
for the early solar system. As a precursor to prebi-
otic molecules and complex organics, carbon monox-
ide (CO) is a key tracer of early carbon chemistry,
and is an important molecule for informing under-
standing of the discrepancy between 12C/13C of the
solar system (∼87 [1]) and the interstellar medium
(∼62 to 69 [2,3]). Recent high-resolution astronom-
ical observations toward low-mass young stellar ob-
jects (YSOs) have revealed heterogeneity in the gas-
phase [12C16O]/[13C16O] (heretofore [12CO]/[13CO])
abundance ratios, with possible influence from the CO
ice reservoir on the gas-phase ratios [4] (Fig. 1). A
possible explanation for this heterogeneity which in-
cludes gas-phase [12CO]/[13CO] ratios that are signif-
icantly higher than the local ISM, could be preferen-
tial photodesorption of 12CO compared to 13CO from
the ice to the gas phase. Such deviations in photodes-
orption between these isotopologues can be explained
by differences in the zero-point energies (ZPEs) be-
tween 12CO (1081.6 cm−1) and 13CO (1057.7 cm−1)
[5]. This hypothesis is further supported by findings of
photochemical 13CO enrichment in 12CO2-13CO2 ice
mixtures [6]. Photodesorption is an important astro-
physical process in clouds containing dense clumps of
icy material under high UV flux [7,8], and this process
has been shown to be a significant driver in the chem-
istry of protoplanetary ices [6-8]. Here we present our
experimental findings that show preferential photodes-
orption of 12CO compared to 13CO in CO ice mix-
tures.

Methods: Experiments to explore 12CO-13CO
fractionation through photodesorption of CO inter-
stellar ice analogues were conducted in the Ice Spec-
troscopy Lab at the Jet Propulsion Laboratory. The
experimental apparatus contains a high-vacuum cryo-
genic system capable of simulating near-astrophysical
temperatures (10 to 35 K) and pressures (10−9 to 10−7

mbar). Gas-phase CO isotopologue mixtures were
made either enriched in 12CO (12CO:13CO, 4:1) or
13CO (13CO:12CO, 3:1), and were prepared by mixing
ultra-high purity 12CO and 13CO gases and subjecting
them to a two-step decomtamination process using
LN2 traps. The gas mixtures were deposited onto a
20-K sapphire window for thirty minutes at a total
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Figure 1: CO ice fraction compared to gas-phase
[12C16O]/[13C16O] for low- and high-mass YSOs observed
with VLT-CRIRES and Keck-NIRSPEC, respectively ([4],
Smith et al., new data).

system pressure of ∼5×10−8 mbar to form the CO ice
for each experiment. Ice samples were subsequently
brought to temperatures (10 K, 15 K, 20 K, 25 K)
below the measured sublimation points of 12CO (28.9
± 0.2 K) and 13CO (29.0 ± 0.2 K) [9] at a rate of 0.5
K minute−1. Ice abundance and composition were
monitored with single-beam transmission spectra (Fig.
2) using a Nicolet 6700 Fourier-transform infrared
(FTIR) spectrometer equipped with a LN2 cooled
MCT/B detector. A Stanford Research Systems
RGA-300 quadrupole mass-spectrometer (QMS) with
a high-sensitivity (≥ 10−12 mbar) electron multiplier
was used to quantify the partial pressures of molecules
in the gas-phase at 3.042 second intervals. Data were
collected from an initial 45-minute equilibration pe-
riod until the end of irradiation of the ice, and a return
to background pressure levels. A broadband (120
to 160 nm) hydrogen discharge lamp with emission
peaking in Lyman-α was used to simulate protostellar
emission [10] and irradiate the ice samples for 5 to 12
hours. The emission profile of the lamp was monitored
by measuring the Balmer-α line using UV-Vis-NIR
spectroscopy (Fig. 3). Background pressure versus
time (PVT) data were subtracted from irradiation trials
for both isotopologues, and the enriched isotopologue
levels were normalized using the initial ice-phase
ratio. Fast Fourier transform (FFT) smoothing was

1104.pdf51st Lunar and Planetary Science Conference (2020)



applied to decrease noise in the PVT signal. Average
partial pressures of 12CO and 13CO obtained during
each trial were used to derive final [12CO]/[13CO]
gas-ratios.

Figure 2: FTIR absorption spectrum of CO ice with 3:1 ini-
tial ratio of 13CO:12CO ice.

Figure 3: UV-Vis-NIR spectrum of our emission lamp dur-
ing irradiation. The Balmer-α line is shown here to be sig-
nificantly greater than the NII emission line, indicating the
emission profile is dominated by hydrogen signatures.

Results and Discussion: Analysis of CO partial
pressure ratios from photodesorption reveals preferen-
tial fractionation of 12CO compared to 13CO across
all experimental temperatures, and for ice samples
enriched in either 12CO:13CO at ∼4:1 (Fig 4) or
13CO:12CO at ∼3:1. Measured 12CO/13CO partial-
pressure ratios range from 1.28 ± 0.16 (13CO enriched
ice at 10 K) to 1.99 ± 0.39 (13CO enriched ice at 15 K),
and have no obvious dependence on temperature [11].
In addition, the partial-pressure ratios derived from ei-
ther 12CO- or 13CO-enriched ices are within error of
each other for a given temperature regime. These re-
sults support the hypothesis that ZPE differences be-
tween 12CO and 13CO could result in preferential pho-

Figure 4: FFT-smoothed PVT scan of 12CO-enriched ice at
10 K. The plot shows 12CO preferentially desorbed, with a
12CO:13CO partial-pressure ratio of 1.44 ± 0.18 [11].

todesorption of 12CO from CO ice reservoirs in astro-
physical regimes, which in turn could drive higher than
expected gas-phase ratios in certain YSOs.

Conclusions and Future Work: Our experiments
reveal preferential photodesorption of 12CO in ei-
ther 12CO- or 13CO-enriched ices, supporting the hy-
pothesis that ZPE differences between the isotopo-
logues could lead to high [12CO]/[13CO] in the gas
phase. This finding could also help explain the un-
usual [12CO]/[13CO] heterogeneity observed toward
a range of YSOs in the Galaxy. Future experiments
will explore potential influences on fractionation with
astrophysically-relevant mixtures of 12CO-13CO ices
with CO2 and H2O. These results are also being ap-
plied to computer models as part of this project of ex-
ploring complex and time-dependent carbon chemistry
in protoplanetary systems.
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