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Over the last four years we have illustrated the potential of a novel wavelength-dependent
approach in determining molecular processes at work in the photodesorption of interstellar
ice analogs. This method, utilizing the unique beam characteristics of the vacuum UV
beamline DESIRS at the French synchrotron facility SOLEIL, has revealed an efficient
indirect desorption mechanism that scales with the electronic excitations in molecular
solids. This process, known as DIET — desorption induced by electronic transition — occurs
efficiently in ices composed of very volatile species (CO, N,), for which photochemical
processes can be neglected. In the present study, we investigate the photodesorption
energy dependence of pure and pre-irradiated CO, ices at 10-40 K and between 7 and
14 eV. The photodesorption from pure CO; is limited to photon energies above 10.5 eV
and is clearly initiated by CO, excitation and by the contribution of dissociative and
recombination channels. The photodesorption from “pre-irradiated” ices is shown to
present an efficient additional desorption pathway below 10 eV, dominating the desorption
depending on the UV-processing history of the ice film. This effect is identified as an
indirect DIET process mediated by photoproduced CO, observed for the first time in the
case of less volatile species. The results presented here pinpoint the importance of the
interconnection between photodesorption and photochemical processes in interstellar ices
driven by UV photons having different energies.

Introduction

In recent years it has become clear that the non-thermal desorption of molecules
from ice-covered dust grains plays an important role in determining the balance
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between gas phase and solid state species in the interstellar medium (ISM). Non-
thermal desorption, for example, explains the astronomically observed gas phase
abundances of species at temperatures well below their accretion value. Among
the non-thermal desorption pathways, photon-stimulated desorption (PSD)
appears to be a dominant mechanism, particularly in protoplanetary disks, but
this process also is considered to be relevant in other regions where ices are
exposed to UV photons.'* Photodesorption rates, for instance, are needed to
predict the position of snowlines in protoplanetary environments.® Quantifying
and constraining photodesorption processes in sufficient detail is therefore a
prerequisite for incorporation into astrochemical networks. Equally important is
the thorough understanding of the underlying molecular processes.

The focus of this paper is carbon dioxide; CO, is one of the most abundant
molecules present in interstellar ice after H,O and CO, with abundances relative
to solid H,O varying from ~15 to 40% along many lines of sight.®® In the gas
phase, typical abundances relative to H, of about ~10~” have been reported in
warm and cold gas towards low and high mass protostars, where it acts as an
important tracer of the chemical and physical history.”'® The observed solid state
abundances in the ISM are 100-fold higher than in the gas phase and cannot be
reproduced by gas phase chemical models, which is the reason why it is generally
accepted that CO, forms in the solid state. In protostellar environments, CO, can
be found in H,O-rich or CO-rich ices, and it has also been observed as pure ice
most likely originating from thermal processing and segregation of ice mixture
components.'*> CO, has been observed in the upper layers of protoplanetary
disks in the gas phase and in the condensed phase," the latter resulting most
likely from recondensation of upper layers and from incorporation of protostellar
ice material.

The photodesorption of CO, ice has been the subject of several experimental
studies over the last five years. Oberg et al. investigated thin ice photodesorption by
combining infrared reflection spectroscopy (RAIRS) and mass spectrometry (MS) to
monitor ice depletion with irradiation time, and explored the influence of various
physical parameters on the desorption efficiency.* They found a major effect
following the photodissociation of CO, into CO and O and subsequent recombi-
nation to form energetic CO,, resulting in thickness and temperature dependent
photodesorption rates. Yuan and Yates''® investigated isotopic effects in the
photodesorption and photochemical decomposition of *>C0,/**CO, ice at 75 K, and
concluded that these originate from differences in electronic energy transfer effi-
ciencies from excited CO, molecules to the ice matrix. Combining quartz micro-
balance techniques and mass spectrometry, Bahr and Baragiola'” reported very
large desorption yields for CO, O, and O from highly photoprocessed CO, ices at
40-60 K. Very recently, high desorption rates following radiation damage at high
photon fluence combined with thermally activated desorption have been observed
for crystalline CO, ice (75 K).*® Besides these approaches based on discharge lamps,
pump-probe laser-based experiments were performed by Kinugawa et al.*® at 7.9 eV,
yielding a state selective detection of O(*P) and CO (v = 0, 1) photofragments in the
gas phase, arising from the photodissociation of CO, trapped in amorphous
CO,:H,0 samples at 90 K. Wavelength dependent photodesorption studies of CO,
have not been reported to date.

UV-induced photo-processes in interstellar ice analogs have been simulated
using different light sources. The most commonly applied source is the
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microwave discharge H, flow lamp, which provides high UV photon fluxes (typi-
cally 10"-10" photons ecm > s ). Such “broad-band” photon-sources are
believed to be well-suited to simulate UV interstellar fields, because they provide
atomic hydrogen Lyman alpha emission at 10.2 eV (121.6 nm), which is quasi-
ubiquitous in space, together with (depending on operating conditions) contin-
uous emission at lower energies between 7 and 9 eV.*® For decades such lamps
have been used to study photochemical processes in generally thick (thousands of
monolayers) ice mixtures, applying infrared and more recently also optical
spectroscopy (e.g. ref. 21). Hydrogen discharge lamps were also the first systems
widely used to derive absolute photodesoption rates of various and generally
thinner (a few ML up to a few tens of ML thick) interstellar ice analogs, such as
solid H,0, CO, or CO,."***** The method applied in these studies is that the time
dependent decrease in absolute surface density is recorded using infrared spec-
troscopy, eventually supported by simultaneous mass recording of the ejected
species. With a known UV photon flux it is then possible to calculate the
desorption rate.

In recent years the development of a new undulator-based VUV beamline
(DESIRS) on the 2.75 GeV storage ring SOLEIL (Saint-Aubin, France) has provided
an optimal flux-to-resolution solution, presenting the opportunity to investigate
photo-processes with a continuously tunable monochromatic source combining
(among other properties) high spectral purity and high photon fluxes.?® In parallel
to this development, the “Surface Processes & ICES” (SPICES, UPMC, Paris) set-up
has been designed with the aim of coupling it with the DESIRS beamline, in order
to initiate wavelength-dependent vacuum UV photodesorption studies. The
approach relies on photon-stimulated desorption (PSD) experiments, in which
atomic/molecular species are ejected from an ice film into the gas phase upon
monochromatic vacuum UV (VUV) irradiation. The calibrated detection through
mass spectroscopy as a function of the incident photon energy provides a unique
wavelength-dependent signature of the ice photodesorption, reflected by a so-
called PSD spectrum. The investigation of the VUV photodesorption of CO ice
films at 18 K in the 7-14 eV energy range has benchmarked a series of new
experimental studies supported by this approach.” Firstly, this has provided the
absolute wavelength-dependent photodesorption rates needed in astrochemical
models to interpret different radiation fields. Secondly, it has proven to be
extremely powerful for revealing the underlying molecular processes. Our PSD
spectra of pure ices composed of light volatiles species such as CO and N, have
provided the first experimental proof of a desorption induced by electronic
transition (DIET) mechanism, which dominates most of the desorption events
taking place between 7 and 14 eV.?”*® As an illustration, Fig. 1a displays the PSD
spectrum recorded for VUV irradiated pure CO and N, ice samples. The spectra
clearly reveal two vibrationally-resolved electronic transitions, identified as CO
AMI(Y) - X' = 0) and N, b 'L, (V) =X '3, (v = 0), which reflect the
absorption properties of solid CO (below 10 eV) and solid N, (above 12 eV),
respectively. Systematic investigations of these typical fingerprints in (isotopically
labeled) ices layered samples led to the conclusion that DIET takes place in the
near-surface region of the ice, involving at most the upper three molecular layers
of the ice film.> By further investigating N,:CO-mixed (and -layered) samples, the
desorption from a mixed (or layered) film was found to be radically different than
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Fig. 1 Photon-stimulated desorption (PSD) spectra of (a) *CO from a pure *CO ice and
N, from a pure °N, ice, and of (b) 1*N, and *3CO from a condensed (1 : 1) mixture of 3CO
and ®N,. The spectra have been acquired from 30 ML-thick ices, deposited on HOPG, and
kept at 15 K. The electronic transitions in condensed CO (in red) and condensed N, (in
blue), responsible for the desorption are indicated. The spectra in the lower panel show
evidence that the photodesorption rates of both CO and N, from the mixture are identical,
and are the combination of the photo-excitation of each pure component.°

that observed for a pure ice sample. In particular, Bertin et al.>* showed that the
efficient desorption of one specific chemical component in a binary ice can be
observed for wavelengths where the corresponding pure ice does not desorb upon
VUV radiation.* This is linked to the concept of indirect desorption illustrated in
Fig. 1b, which compares the CO and N, desorption from a N,:CO (1:1) ice
mixture. It is worth noting that the PSD spectra of the two species from the ice
mixture are identical in Fig. 1b. The N, desorption below 10 eV is due to CO A'IT -
X'y excitation, and in the same way the CO desorption above 12 eV is a direct
consequence of N, b'II, - X', excitation. These PSD spectra illustrate the
indirect nature of the DIET process, since the prompt relaxation of the excited
molecular states can be transferred to neighboring molecules and up to weakly
bound surface species independent of their chemical nature.*® Such an indirect
adsorbate-mediated process has also been suggested to play a role in the desorp-
tion of water from layered ices of water and benzene irradiated by UV laser pul-
ses.** The indirect nature of the desorption process reinforces the critical
importance of the photon energy distribution of the light source in order to
understand how the chemical composition and internal organization of the ice
surface affect the photodesorption rates from a complex icy sample.

Since most stable molecules possess electronic states accessible in VUV, it is of
particular interest to investigate possible indirect DIET desorption mechanisms
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for heavier and more strongly bound species. Moreover, previous studies have
focused on molecules that are very stable upon VUV excitation, i.e. species that do
not efficiently photodissociate. Especially for polyatomic molecules, energetic
radiation can cause fragmentation and it is not fully clear how this affects or
competes with other surface processes, such as photodesorption. This is the topic
of the present study, in which VUV irradiation of CO, ice films is used to inves-
tigate the energy dependence of the photodesorption and its interconnection with
photochemistry. The wavelength dependent approach, as described above, is
used to investigate the primary processes at play to explain the desorption of the
parent molecule and its photoproducts. We will show here that pure, as-grown
CO, ices and photoprocessed ices behave differently. For a pure CO, ice sample,
most of the intact CO, and photoproduced CO molecules are ejected in the gas
phase for incident photon energies higher than 10.5 eV. For photoprocessed ices,
the presence of CO as a photochemical product can explain the enhancement of
CO, desorption below 10 eV due to an indirect desorption effect.

Experimental section

The photodesorption studies were performed in the SPICES set-up of UPMC
(Paris, France). This device is an ultrahigh vacuum system with a base pressure of
~1 x 10~ '° Torr. Molecular ices were grown either onto a polycrystalline gold or a
highly oriented pyrolitic graphite (HOPG) substrate, mounted on the cold tip of a
closed-cycle helium cryostat. Its temperature can be controlled in the 10-300 K
range with 0.5 K precision, using a resistive heating system.

3C0, (Eurisotop, 99.18% '3C) ice samples were prepared in situ and intro-
duced at low flow speed into the chamber via a dosing tube, positioned ~2 mm in
front of the substrate. This geometry allows the condensation of *CO, ices onto
the cold surface without a substantial increase in the background pressure of the
set-up. The thickness of the resulting ice is expressed in monolayers (ML), which
corresponds to the surface density of a compact molecular layer on a flat surface
(1 ML = 10"® molecules cm™?). This thickness can be controlled by varying the
exposure time during the ice growth. The experimental conditions allow for
satisfactory ice thickness reproducibility, with a precision better than 1 ML.

The ices were irradiated across the 7 to 14 eV range using the mono-
chromatized output of the undulator-based beamline DESIRS of the SOLEIL
synchrotron facility.”® The SPICES set-up was directly connected to the beam-
line end via a differential pumping stage, thus preventing any cut-off of high
energy photons by a coupling window. The photon energy can be fixed or
scanned over a wide range. A narrow bandwidth of typically 40 meV was
selected by the 6.65 m normal incidence monochromator that is implemented
on the beamline. A rare gas filter in the beamline suppressed the higher
harmonics of the undulator that can be transmitted in higher diffraction orders
of the grating. Calibrated photodiodes installed on the beamline were used to
precisely determine the photon flux as a function of the photon energy. In our
configuration, the applied energy-dependent photon flux varied from 0.8 to
2.6 x 10" photons s™' cm 2 over the 7-14 eV range. This monochromatized
mode for the beamline was used for either irradiating the ices at a fixed energy
and at a given dose, or scanning the incident photon energy to record energy-
resolved photodesorption rates.
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Energy-resolved photodesorption spectra were recorded as follows. The inci-
dent photon energy was scanned from 7 to 14 eV with 25 meV steps. Simulta-
neously, photodesorbed species were detected in the gas phase using a
Quadrupole Mass Spectrometer (QMS). The gas phase mass signal was thus
monitored as a function of the incident energy, resulting in a PSD spectrum. The
mass signal can be converted into an absolute number of desorbing molecules.
This calibration has been done for CO ices by correlating the depletion of the
condensed molecules, probed by infrared spectroscopy, with the mass signal of
ejected molecules during irradiation.?” In the case of *CO,, this procedure needs
special attention, as chemistry can occur during the irradiation; consequently,
correlating the condensed “CO, infrared signature to gas phase ejected *CO, is
not straightforward. Instead, the **CO, gas phase signal has been calibrated using
the pre-existing CO calibration, corrected by different electron-impact ionization
cross sections in the QMS, as taken from Freund et al** In addition, we have
verified that the apparatus function of our QMS for the two masses, 28 amu (CO)
and 45 amu (*CO,), is the same to within a few percent. In this way, using the
measured energy-dependent photon flux as a function of the photon energy, we
can derive the absolute photodesorption rate, in desorbed molecules per incident
photon, for a given photon energy. It is important to note that this data treatment
procedure does not significantly alter the shape of the spectra, since all the
structures in the calibrated PSD spectra are already clearly observed in the raw
mass signal data. More details on the data quantification procedure can be found
in Fayolle et al.?®

The "*CO, ices were also probed after deposition, and during or after irradi-
ation, by means of RAIRS. In our case, this method mainly allows for the iden-
tification of the condensed phase composition, and in particular for the
observation of photochemistry during irradiation at fixed energy. Fine quantifi-
cation of the condensed phase composition was performed using the temperature
programmed desorption (TPD) method; the sample was warmed up at a constant
heating rate (3 K min "), and the thermally desorbed species were measured as a
function of the temperature by mass spectrometry. Unlike RAIRS, this method is
sensitive to very low amounts of molecules (less than 0.1 ML), and can differen-
tiate species as a function of their binding energy to the ice, i.e. whether they are
bulk or surface-located. Each irradiated sample was probed using TPD in order to
quantify the eventual photoproducts formed upon UV irradiation. Obviously, a
TPD experiment destroys the ice and is only performed after the photoprocessing
has fully taken place.

In both PSD and TPD, the gas phase mass signal of desorbing *CO was cor-
rected from the fragmentation of intact *CO, in the QMS. The CO signal
originating from *CO, fragmentation was systematically subtracted from the
overall **CO signal, in order to probe only the desorbing **CO molecules.

Results

Fig. 2a shows the photodesorption rates measured between 7 and 14 eV from pure
3C0, ice at 10 K and 40 K. The quadrupole mass spectrometer can simulta-
neously detect **CO, and "*CO species (in the gas phase). As explained in the
experimental section, absolute photodesorption rates are obtained (i) by cali-
brating the gas phase mass signal to the absolute amount of ejected molecules,
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Fig.2 PSD spectra of *CO, (a) and *CO (b) from 10 ML-thick *CO; ices. The ices were
deposited on a polycrystalline Au substrate and kept at 10 K and 40 K. Panel (c) shows, for
comparison, the absorption spectra of solid CO,, as measured by Monahan and Walker.3®
The spectrum has been calibrated in the absorption cross section using the data from
Mason et al.** and Cruz-Diaz et al.*®

and (ii) by taking into account the variations in measured photon flux with
photon energy. The PSD spectra reveal a very strong energy dependence of the
3C0, and "*CO photodesorption rates. Below about 10.5 eV, the photodesorption
rate for both species is essentially zero, but a sudden increase is found around
this value, with a more or less continuous and efficient desorption at higher
energies. Very similar and small variations are observed for the **CO, and *CO
species above 11 eV, with photodesorption rates varying between 1 x 10> to 3 x
103 molecules photon™*.

The PSD spectra are compared to the absorption spectrum of solid **CO, at
53 K from Monahan and Walker,* as shown in Fig. 2c, in which the absorption is
measured in natural logarithmic absorbance (In(Z,/1), in which I, is the incident
intensity and I is the transmitted intensity, for different ice thicknesses. There is
no absorption spectrum available for *CO,, but only small differences between
the two isotopologues are expected. These values have been normalized for a
given thickness, and absolute cross sections were calibrated using the quantita-
tive data of Mason et al.** and Cruz-Diaz et al.*® in the 9-10.5 eV energy range. In
the lower energy range, E < 10.5 €V, the absorption spectrum is associated with
valence state excitations and comprises a lower lying diffuse absorption band
centered around 8.6 eV, overlapping with a second more intense absorption band
centered around 9.8 eV with an irregular vibrational structure, as reported in
detail by Mason et al.*>* These transitions are commonly assigned to the optically
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forbidden (but vibronically allowed) transitions ‘A, - '3"; and 'TI, - '}, for the
8.6 eV and 9.8 eV band, respectively.***® Recent high-level ab initio calculations of
isolated CO, molecules indicate that this energy region is very complex due to
multiple degeneracies of six valence states linked through a network of couplings
due to the Renner-Teller effect, and conical intersections either at linearity in the
Franck-Condon region or at bent geometries.’” According to the gas-phase
spectrum interpretation, the intensity distribution can be explained by non-
vertical transitions originating from Herzberg-Teller effects in the transition
dipole moments. The first band involves electronic transitions towards two bent
electronic components, 2'A'/'A” (1 'A, at linearity), and an additional weak
transition towards the 2'A” (*>_; at linearity) excited state. At higher energy, the
second band is assigned to a transition to the linear 3'A’/3'A” (1 'TL,) states, and is
more intense due to “intensity borrowing”, most probably from the allowed 135,
Rydberg states lying at higher energy.*® The absorption oscillator strength of this
second band at 9.8 eV is even more enhanced in the solid phase.** A very weak
photodesorption signal is visible around 10 eV in the PSD spectra of **CO, and
CO (Fig. 2a and b).

The onset around 10.5 eV observed in the photodesorption rates correlates
with the enhancement by almost one order of magnitude of the absorption cross
sections in solid CO, above 10.5 eV. In the higher energy domain (E > 10.5 eV), the
strong absorption is associated with dipole allowed transitions from the ground
state towards (npa,)"> .y and (npm,)'T1, Rydberg states (with n = 3), and possible
contributions of other series (s, d and f Rydberg series) converging to the first
ionization potential, as observed in the gas phase.**** The intense absorption
peak observed at 10.7 eV (Fig. 2¢) has been associated with the first dipole allowed
electronic transition (3po,)'S, - '=4.%® Apart from this first peak, which is not seen
in any of the photodesorption spectra, the photodesorption efficiency follows the
photoabsorption continuum above 11 eV, although the comparison cannot be
extended beyond 11.75 eV, since absorption spectra of solid CO, are lacking above
this value. The broad band observed at 11.6 eV in the CO, photodesorption
spectrum may be associated with the excitation of the (3pm,)'II, state, as sug-
gested by electron energy loss spectroscopy.** Finally, another band observed at 13
eV matches the ionization energy of solid CO,.*

In the gas phase, CO, is known to photodissociate upon energetic VUV irra-
diation. Experiments show that excitation of the diffuse absorption bands (*A,
and 'TL,) leads to atomic oxygen production with quantum yields close to unity.
Consequently, the photodissociation of CO, into O('D) + CO(*=") and O(*P) +
CO(*=") dominates the photolysis below 10.5 eV.**-** Between 10.5 €V and 14.5 eV,
new photodissociation channels open, providing additional pathways to produce
efficiently excited atoms O('S) and excited CO (a’TI) molecules.***” The formation
of excited O('S) atoms resulting from reactive processes following UV excitation of
CO (CO* + O — CO, — CO + O*) have been identified in Ar cryogenic matrices
experiments.*** In the solid phase, however, the photodecomposition efficiency
is expected to be strongly reduced with respect to the gas phase. This is due either
to possible reactive collisions between O and CO fragments on the surface or
within the ice matrix, forming CO,, or to the electronic quenching of the elec-
tronic excited states producing vibrationally hot CO, molecules.*® In addition, the
reaction between excited and non-excited photofragments such as CO (a’II) + CO
(X'S) — CO, + C, cannot be excluded and may also decrease the CO, photolysis
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efficiency compared to the gas phase.*® Nevertheless, excitation of CO, is expected
to lead to partial photofragmentation into CO and O on a very short time scale
(107" ). As shown in Fig. 2, the shape of the PSD spectra of CO and CO, recorded
in the low temperature (10 K) experiments are very similar, showing a steep onset
at 10.5 eV. It should be noted that the CO photodesorption rates are higher than
those of CO,, indicating that, despite their common origin, the desorption
processes follow different underlying mechanisms. Photodesorption rates that
are higher for CO than for CO, have also been reported by others.'*'”** This
behavior is consistent with CO desorption arising from direct CO, photodisso-
ciation, kicking fragments into the gas phase. Oxygen atoms are indeed also
detected simultaneously by mass spectrometry and give similar PSD spectra. No
quantitative analysis of the oxygen desorption rates for the atoms has been per-
formed. This is not possible as the fractionation of several heavier O-bearing
species in the QMS contributes strongly to the overall signal at 16 amu.

Fig. 2a and b compare the CO, and CO PSD spectra obtained at 10 and 40 K.
The 40 K CO, PSD spectrum does not show any desorption around 10 eV. A weak
CO, desorption might be present at 10 K, but the desorption rates (~9 x 107"
molecules photon™") are close to the noise level and are highly uncertain. By
contrast, a temperature effect is observed in the 40 K PSD spectrum of CO, which
desorbs at around 10 eV, in correlation with the 9.8 eV absorption band of CO,
(Fig. 2¢). A temperature effect is even more clearly observed between 11 and 14 eV.
As the temperature increases from 10 to 40 K, the CO, desorption rates decrease
quasi-uniformly by 10% (Fig. 2a). Interestingly, an opposite behavior is simulta-
neously observed for COj; here the desorption rates are higher at 40 K (Fig. 2b).
This effect can be explained by differences in the binding energies of the two
species. As will be discussed in more detail in the next section, the adsorption
energy of CO on CO, ice is about 90 meV, which corresponds to an onset for CO
desorption at ~25 K, peaking at 40 K. Therefore, at 40 K, we expect that the CO
desorbs just after its formation in the condensed phase. On the contrary, CO, is
more strongly bound to the CO,-rich surface, with a binding energy of 230 meV,**
and its thermal desorption is negligible on the experimental time scale. The
enhancement of the CO desorption at 40 K can thus be explained by the contri-
bution of thermally activated desorption of CO molecules from the top ice layers.
Contribution from the CO molecules in the underlying surface layers is also
possible. The observation that the desorption of CO molecules is accompanied by
a lowering of the CO, photodesorption rates is fully consistent with the picture in
which the photoproduced CO molecules - lost upon thermal desorption - are in
fact those contributing to the desorption of CO,. This mechanism will be
explained in detail in the discussion section.

In order to further investigate the possible role of CO in the photodesorption
process, we irradiated a **CO, ice film at higher photon fluences but only for a few
selected energies. Typically, 10 ML thick *CO, ice films at 10 K were pre-irradiated
with a 7 x 10"® photon dose. This irradiation mode is well-suited to separately excite
different regions of the CO, ice absorption spectrum. Irradiation with photons at
7.2 eV, 8.7 eV, 9.8 €V, and 11 eV was performed with a narrow 40 meV bandwidth
resulting from the monochromator. The pre-irradiation at 7.2 eV can be used as a
blank experiment, since the CO, ice film does not absorb at this energy. After each
pre-irradiation sequence, the sample was again investigated in a similar way to that
described above by recording the PSD spectrum. The results are shown in Fig 3.
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After pre-irradiation at 8.7 eV, 9.8 eV, and more markedly at 11 eV, the CO
desorption rates increase and a strong desorption pattern with a new structure
appears in the 7-10 eV energy range (Fig. 3b). This structure originates from the
CO A'TI(¥') - X'=(»" = 0) electronic transition, as shown in Fig. 1, that has been
studied in much detail in previous works.?”*** This feature is a clear signature of
an ongoing DIET process, indicating the presence of high concentrations of CO
in the upper layers of the ice film. Moreover, this was confirmed by comple-
mentary TPD measurements. Fig. 4 displays the "*CO desorption peak corre-
sponding to thermal desorption from the ice film between 30 and 75 K. A
comparison can be made with the thermal desorption of 1 ML of CO deposited
on CO, ice, i.e. recorded without photon irradiation. As expected, no significant
CO signal, i.e., clearly discernible from the background noise, was detected from
the ice film after irradiation at 7.2 eV, for which the CO, ice is transparent. For all
other energies, the TPD spectra can be integrated to estimate the CO ice
concentration within the ice film. From the comparison with the desorption of 1
ML CO from CO,, the CO surface concentration (i.e. in the top layers of the ice
that contribute to the desorption process) was determined to amount to roughly
4%, 20% and 45% after pre-irradiation at 8.7 eV, 9.8 eV and 11 eV, respectively.
The CO ice concentration increases with increasing photon energy due to the

2x10°4 g

1x10° 1 Al WV e

5x10™+ ,\tf WV' / 1

I YA ! / .
0 ™ After irradiation at
+ + T t } 7.2eV
— 8.7eV
2 b.CO —— 9.8eV
2x107 — 1lev

Photodesorption rate (molecule/photon)

Photon Energy (eV)

Fig.3 PSD spectra of *CO, (a) and *CO (b) from 10 ML-thick **CO; ices, pre-irradiated at
fixed energies (7.2, 8.7, 9.8 and 11 eV). The ices were deposited on a polycrystalline Au
substrate and kept at 10 K. The pre-irradiation was realized with a fluence of 7 x 10'®
photons for each energy. The structure appearing in the low energy part of the spectra is
associated with the excitation of CO molecules formed in the ice during the pre-irradi-
ation. The prevalence of this structure at higher pre-irradiation energies is linked to the
greater quantity of CO formed in the solid.
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Fig. 4 Temperature programmed desorption (TPD) curves of BCO from 10 ML-thick
BCOices, deposited on polycrystalline Au kept at 10 K, and pre-irradiated with a fluence of
7 x 10% photons at 7.2, 8.7, 9.8 and 11 eV. The TPD curve of 1 ML of 3CO deposited at 10 K
on 10 ML of **CO; is presented for comparison (dashed line). The TPD was carried out with
a temperature ramp of 3 K min~%. The shapes of the TPD curves for the pre-irradiated ices
are very similar to that of surface CO on top of CO,, which allows the conclusion that
these molecules most probably originate from the top layers of the pre-irradiated ices. The
integrals of the TPD signals give the amount of CO formed during the pre-irradiation
located on the (sub)surface of the ice.

increasing values of the CO, absorption cross sections for these four selected
energies (Fig. 2c).

The CO, PSD spectra after pre-irradiation are shown in Fig. 3a. The CO,
desorption is significantly affected by the presence of CO on the surface of the
ice film. At first, new desorption structures are observed between 8-9 eV, with
relatively high CO, photodesorption rates. This effect is particularly noticeable
since in this energy region only an extremely weak CO, desorption could be
observed from fresh CO, films. The CO, PSD spectra present the same typical
CO AMI(¥') - X*2(v" = 0) vibronic progression as observed for CO. It is therefore
assigned to an indirect DIET process, driven by CO electronic excitation. From
this observation, it is clear that the CO* electronic relaxation transfers some
energy to the CO, molecules. It is worth noting that this effect appears after pre-
irradiation at 8.7 eV, corresponding to only 4% concentration of CO. Significant
photodesorption rates, reaching 7 x 10~* molecules photon ™", are observed for
an ice film containing about 20% CO (9.8 eV pre-irradiation). At high CO
coverage (11 eV pre-irradiation), a decrease in the CO, photodesorption rate
above 10.5 eV is observed. In this case, the shape of the PSD spectrum is similar
to that observed for a pure CO sample, indicating that the desorption is mainly
driven by CO molecules. As the energy of the pre-irradiation increases, the CO
concentration also increases, and the PSD spectra of CO, and CO are in
between that of a desorption process dominated by CO, excitation and a
desorption process dominated by CO excitation. This series of experiments
thus simulates how the desorption from an ice sample evolves when continu-
ously irradiated at high photon fluxes.
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Discussion
A. Specificities of the energy-resolved and low fluence experimental method

Before discussing the involved desorption mechanisms and photodesorption
rates, important specificities of the present experimental conditions need to be
pointed out. In this work the direct detection of CO, (and CO) molecules in the
gas phase is realized by mass spectrometry. This is different from most previous
experimental studies, in which the quantitative determination of the CO, pho-
todesorption was based on a depletion measurement of CO, from the solid phase,
either by following solid CO, infrared fingerprint spectra during irradiation,"*°
or by probing the mass loss using a quartz microbalance,"” but not via the gas
phase detection of CO,. In the present study, the analysis of the partial gas phase
pressure is assumed to reflect the desorption kinetics from the ice surface, which
is generally the case in ultrahigh-vacuum chambers with high pumping speed.*®
In addition, gas phase detection is found to have a much higher sensitivity to
surface desorption processes as compared to IR spectroscopy (see also ref. 18).
This allows the detailed exploration of desorption mechanisms at low photon
fluence that are not accessible by IR spectroscopy. Indeed, the total photon flu-
ence used in PSD never exceeds 5 x 10"° photons cm™ > over a complete energy
scan, which is about three orders of magnitude lower than in previously reported
experiments using H, microwave discharge lamps."**”**?** In this setting, very
limited chemistry is induced, as attested by the extremely faint CO IR stretching
band observed by RAIRS spectroscopy, together with the non-detection of other
chemical species such as CO; and O;, which have been reported in other
studies.*"” TPD experiments following a PSD spectrum show that the conversion
of CO, into CO is barely detectable, and doesn't exceed ~0.6% after a PSD scan
performed on a fresh CO, sample at 10 K. Moreover, it should be pointed out that
very little material is removed from the solid phase, since less than 0.04 ML is
estimated to be desorbed during a PSD experiment. From these observations, we
can conclude that, under the conditions used here, the influence of secondary
chemical processes is not favored. For the same reason, the enhancement of
desorption rates associated with ice re-structuring can be completely neglected.
The data we present here thus focus on the basic molecular processes associated
with the initial fast photodesorption of CO, and CO species from the outermost
surface.

B. Photodesorption mechanisms

Several mechanisms are at play simultaneously in the photodesorption of CO,
and CO from CO, ices. Our experiments, performed on as-grown ices and on pre-
irradiated ices, allow us to identify two regimes: (i) photodesorption from as-
grown CO, samples, consisting of primary processes triggered by the photon
absorption of solid CO, molecules, and (ii) photodesorption from pre-irradiated
films, reflecting indirect processes triggered by the photon absorption of solid CO
molecules that have been formed and accumulated in the CO, ice during pre-
irradiation. Fig. 5 gives a summary of the different mechanisms to be considered,
which are discussed systematically below.

B1l. Desorption from as-grown CO, samples. The initial step in the photo-
desorption is the photon absorption of CO, molecules, as illustrated in Fig. 2,
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where the energy-dependence of both CO and CO, desorption mimics the
absorption spectrum of the CO, ice. Subsequently, the absorption can lead to
dissociation into CO and O. If formed with enough kinetic energy, some of the
photofragments can desorb directly after their formation, leading to a CO gas
phase signal.

In the case where the photofragments remain trapped within the ice, their
recombination-reforming of CO,, which is exothermic by ~ 5 eV,> can also
transfer energy to the ice, causing CO, to desorb. Indeed, this recombination
reaction has a low barrier (40-60 meV) and is known to be active at low temper-
ature ice surfaces.* It is interesting to note that H,O photodesorption is expected
to share common properties with CO, because of the well-known dissociative
character of the first electronic states of H,O under vacuum UV, producing OH
and O photofragments. Indeed, theoretical simulations of H,O photodesorption
in the first absorption band reveal that the exothermic chemical recombination of
O atoms and OH fragments contributes to the desorption rates.** For CO, ice, we
estimate the role of this dissociation-recombination process in the overall pho-
todesorption of CO,. The production of CO, by chemical recombination
consumes CO molecules. The anti-correlation observed between CO and CO,
desorption rates when comparing PSD spectra recorded at 10 and 40 K supports
this mechanism (Fig. 2). As already mentioned above, this behavior is most
probably explained by the dramatic lowering of the surface residence time of CO.
At 40 K, the induced thermal CO desorption inhibits chemical recombination,
resulting in lower CO, desorption rates together with higher CO desorption rates.
Assuming that the chemical recombination is completely avoided at 40 K, this
effect would contribute to 10% of the total CO, photodesorption efficiency.
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Fig. 5 Scheme of the proposed mechanisms involved in the photodesorption of CO and
CO, from a CO, ice. The primary mechanisms, i.e. involving only the absorption of a
photon by the CO, molecules, are presented in the top part of the figure, whereas the
mechanisms requiring a subsequent absorption by the photo-produced CO molecules are
shown in the lower part of the scheme.
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Consequently, mechanisms other than dissociation-recombination must be at
play in the overall CO and CO, desorption. This implies that reactive processes
have a minor contribution to the overall photodesorption, in agreement with
recent conclusions reached by Yuan and Yates.*®

Theoretical work on water predicts its total photodesorption rate to be largely
driven by a “kick-out” mechanism, where fast H atoms produced by photodis-
sociation deeper within the ice travel to the surface and transfer their momentum
to a surface molecule.® In the case of CO, ice, a similar role may be played by O
atoms that will carry most of the energy. Taking into account that part of the
photon energy is needed for dissociation into specific electronic states, the kinetic
energy that is shared between O and CO fragments then increases with the
incident photon energy, varying from zero (at the dissociation threshold) up to a
few eV above the threshold. Thus, a kick-out mechanism would be observed in our
PSD spectra as a continuous increase with increasing photon energy. Such a
contribution is not clearly observed.

Beside mechanisms initiated by photodissociation, the DIET process, as
previously discussed for N, and CO, is associated with the fast relaxation of
electronically excited states revealed by strong resonances in the PSD spectra
(Fig. 1). It is not possible to extract similar spectral resonances within the
continuous desorption above 11 eV for CO,, which is certainly due to the high
density of dissociative states. In this case, due to the lengthening of the C-O bond
in the upper repulsive states and subsequent quenching, it has been proposed
that highly vibrationally excited molecules are produced within the ice matrix,
originating from the Menzel-Gomer-Redhead effect.*® This energy can be either
locally transferred to the surrounding molecules leading to desorption, or dissi-
pated within the ice matrix, depending on the strength of vibrational couplings
between the ice components.*>'® In the case where desorption is induced by
energetic VUV photons however, we conclude that excited photofragments also
contribute to the desorption process. Excess energy released upon relaxation of
CO*, for example formed in its a*II state with energies between 11 and 14 eV,
could be transferred to surrounding CO, (or other CO molecules depending on
the amount formed), initiating desorption.

Finally, when accurately comparing the PSD spectra to the regular CO, absorp-
tion spectrum, it should be noted that the sharp peak observed at 10.7 eV in the
absorption spectrum is not seen in the PSD spectra. CO, dissociation into CO and O
fragments therefore is expected to contribute to a direct “CO-from-CO,” desorption.
Because any corresponding CO desorption peak is observed at 10.7 eV, we conclude
that this resonance does not induce dissociation. This is certainly linked with the
excitonic, and therefore delocalized, character of this resonance, for which the
energy is diluted in all the degrees of freedom within the matrix.*® This energy
dissipation may also explain the lack of photodesorption associated with this state.

B2. Desorption from pre-irradiated samples. Our previous investigations
have highlighted the importance of indirect desorption in explaining the pho-
todesorption of weakly bound species from a binary ice sample.>*® Indirect
desorption also plays a role in the photodesorption of CO, ice, despite the fact
that CO, molecules are more strongly bound to the surface. The presence of an
indirect desorption mechanism is clearly evidenced by the experiments per-
formed after CO, pre-irradiation (Fig. 3), which illustrate that some CO, is con-
verted into CO.
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In order to interpret these experiments, a comparison with the desorption
results from CO:N, films as previously analyzed is useful (Fig. 1). In the case of
binary films, the desorption can be described by a combination (50% each) of
pure N, and CO desorption rates. Moreover, the desorption is dominated by CO
excitation at low energies (E < 10 eV), because N, absorption is extremely weak
below 12 eV. A very similar situation applies to “pre-irradiated” CO, samples
(Fig. 3), for which low and high energy components can also be attributed to
different contributions. In the low energy range, the desorption is dominated by
CO excitation because of the low absorption cross section of CO,. In the higher
energy range (E > 10.5 eV) the desorption results from a combination of CO, and CO
excitation. However, a major difference in the CO:N, case is that the separate
weights are not equivalent. This is revealed by considering the ratio between the CO
and CO, desorption rates. On a pure CO, sample, the CO desorption rate exceeds
that of CO, by a factor of about 2 (Fig. 2). This can be understood by the contri-
bution of CO-from-CO, desorption, related to the photodissociation of surface CO,
molecules. By contrast, the ratio between CO and CO, desorption rates increases
with increasing CO concentration (Fig. 3). The CO desorption rate exceeds that of
CO, by one order of magnitude when about half of the CO, molecules have been
converted into CO (from the experiments after 11 eV pre-irradiation). This huge
effect highlights the fact that indirect desorption processes have very different
yields for CO and CO, molecules. At first sight, this is not very surprising since the
CO, physisorption energy is about twice that of CO. However, considering the large
energy released into the ice film as compared to the binding energies, this suggests
differences in the energy transfer efficiency between CO-CO and CO-CO, media.
This again reinforces the crucial role played by the molecular environment in
mediating the energy transfer towards the surface and into a desorption channel, as
pointed out previously by Bertin et al.*® and Yuan et al.

The weight of the CO excitation-related desorption compared to the CO,
excitation-related desorption in the total desorption spectra increases with the
concentration of photoproduced CO on the surface. As stated previously, this
leads to a notable increase in the CO photodesorption, especially in the low
energy range, of about an order of magnitude. In addition, it also impacts the CO,
photodesorption behavior. With increasing CO formation, CO, desorption
becomes gradually dominated by the CO excitation profile (as can be seen in Fig. 1
for pure CO ice). Interestingly, this has the effect of activating the CO, photo-
desorption in the low energy range (below 10 eV), but also decreases the photo-
desorption efficiency in the high energy range, since CO-induced desorption is
less efficient in this part of the spectrum (Fig. 1).

C. Photodesorption rates

This investigation reveals for the first time a very strong energy dependence of the
UV photodesorption rates from CO, ice films at very low temperature. The total
photodesorption rate from pure CO, ices samples between 7 and 14 eV is domi-
nated by energetic photons with an energy above 10.5 eV (Fig. 2). As noted above,
this behavior mainly originates from the large difference in the absorption cross
section of CO, ice below and above 10.5 eV. The maximum desorption rate is 1.6
x 1072 molecules photon™ !, which is much lower than the desorption rates
derived by the same method for pure CO or N, ices, which peak at 4 x 107>
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molecules photon™" (Fig. 1). However, a significant enhancement of the CO,
desorption rate is observed in ices prepared by photolysis due to the additional
contribution of photons below 10 eV, resulting in desorption rates as high as 8 x
10" molecules photon™'. Such desorption rates are not far from the rates
determined by Oberg et al.** using a hydrogen discharge source, which prefer-
entially emits radiation at around 10.2 eV (Ly-a). It is worth mentioning that our
investigation shows that neither CO, nor CO significantly photodesorb upon Ly-a
excitation. The lamp used is not monochromatic, and although 10.2 eV photons
might dominate in experiments using H, discharge lamps, “residual” molecular
H, emission at lower energies can contribute as well, depending on the experi-
mental operating conditions. As mentioned at the beginning of this discussion, a
significant quantity of CO molecules is formed at the very beginning of the irra-
diation, due to the higher fluxes and fluences used in broad band discharge lamp
experiments. We thus attribute the CO, desorption rates determined previously
with hydrogen discharge lamps to indirect desorption induced by the photo-
produced CO electronic excitation in the 8-10 eV range. We point out that, even
though 10.2 eV photons do not directly induce strong desorption, their role in the
surface chemistry should not be neglected in general, as the photoformation of
new species can indirectly contribute to the desorption efficiency. It has been
shown here that in particular the photons with an energy above 10.5 eV can
efficiently convert CO, into CO, thus resulting in the enhancement of CO, pho-
todesorption by lower energy photons. Hence, it is the cumulative effect of high
and low energy photons that leads to effective desorption. Interestingly, a similar
interplay between photochemistry and photodesorption at various energies has
also been demonstrated in a very recent study by Chen et al.*® on CO photo-
desorption rates under various operating conditions of an H, discharge lamp.

Finally, the relatively moderate desorption rates discussed here should be
distinguished from the higher rates (~10~> molecules photon™') derived for
much higher fluences from CO, ices at 40-60 K, and for which thermal activation
and ice restructuring enhance the desorption. This effect has been extensively
described recently and does not contribute to the desorption under these exper-
imental conditions.'”*®

In the diffuse interstellar medium or at the edge of molecular clouds, highly
energetic photons (E > 10.5 eV) may contribute to direct CO, (and CO) desorption.
Deeper inside the molecular clouds, however, the highly energetic component of
the spectrum is progressively shielded by gas phase H, and CO, which should
strongly limit their contribution. However, molecular H, emission induced by
cosmic rays penetrating into dense clouds produces photons in situ (at a lower
flux), which are not very efficient in inducing CO, desorption. One might
conclude that the UV photodesorption of CO, is not very efficient in most dense
environments compared to other species. However, CO, is generally observed in
CO,:H,0 or CO:CO, phases."” Assuming that the CO:CO, component is formed
over the H,O rich layers, the high efficiency of photodesorption driven by CO
should therefore contribute to the gas phase enrichment of CO and CO, in cold
environments. The experiments described above indeed lead to the conclusion
that low energy photons (E < 10.5 eV) can actually induce the desorption of CO,
due to indirect desorption, with rates peaking close to 10> molecules photon*,
despite the fact that pure CO, ice is not efficiently photodesorbed in this energy
range. In order to further elucidate the relevance of such a process, UV desorption
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efficiencies for different concentrations of CO:CO, binary mixtures will be
needed, which are scheduled for upcoming DESIRS runs using the wavelength-
dependent approach described here.

Summary and conclusion

The energy dependence of absolute desorption rates from CO, ices have been
obtained for the first time using tunable synchrotron radiation between 7-14 eV.
The high sensitivity of mass spectrometry enables the quantitative determination
of the desorption rates from the direct gas phase detection of CO and CO,
molecules ejected from the ice. The chosen experimental conditions used in this
experiment allow for a systematic comparison of the photodesorption spectra of
pure and pre-irradiated CO, ices. Hence, the PSD spectra provide a “snapshot” of
the different desorption mechanisms at play depending on the UV-processing
history of the ice film. In the case of pure CO, samples at 10 K, CO, and correlated
CO desorption are found to proceed mostly above 11 eV, with desorption rates
ranging between 1-3 x 10> molecules photon ', whereas no desorption or weak
desorption (<10™* molecules photon™') is observed below 10.5 eV. Chemical
recombination, contributing 10% of the total desorption rate at low temperature
(10 K), has been identified on the basis of a significant decrease in CO, desorption
rates at 40 K confirmed by the enhancement of the CO desorption rate, preventing
any recombination at the surface of the ice film.

In the case of pre-irradiated samples, the preliminary photolysis of the ice
sample dramatically modifies the desorption behavior. A new photodesorption
route, due to indirect desorption through CO excitation and fast relaxation is
evidenced between 8 and 10 eV, for a concentration of only a few percent of CO
within the upper layers of the ice film. This effect is an indirect DIET mechanism
mediated by high CO absorption cross sections in this energy range. This leads to
CO, desorption rates up to 10 molecules photon". Although the efficiency of
the energy transfer is much lower than that previously observed for the light and
weakly bonded species CO and N,, this mechanism also applies to CO,. This
process may explain the desorption efficiency at higher energies as well.

In conclusion, ice photolysis and photodesorption yields are closely inter-
connected because the desorption efficiency is very sensitive to the ice composi-
tion. Highly energetic VUV photons (10.5-14 eV) are efficient at photodesorbing
CO, and/or converting CO, into CO. Low energetic photons (8-9 eV) are efficient
at photodesorbing CO, via an indirect DIET mechanism mediated by CO. This
illustrates the complementary role of low and high energy photons in the overall
photodesorption efficiency. This interplay is believed to play a major role when
induced by polychromatic photon sources, as typically encountered in the inter-
stellar medium, and explains the desorption rates obtained in previous laboratory
studies based on broad band discharge lamps, which we attribute mainly to the
photoproduction of CO in CO, ice.
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