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Abstract: X-Ray irradiation of interstellar ice analogues has recently
been proven to induce desorption of molecules, thus being a potential
source for the still-unexplained presence of gaseous organics in the
coldest regions of the interstellar medium, especially in protoplanetary
disks. The proposed desorption mechanism involves the Auger decay
of excited molecules following soft X-ray absorption, known as X-ray
induced electron-stimulated desorption (XESD). Aiming to quantify
electron induced desorption in XESD, we irradiated pure methanol
(CH3OH) ices at 23 K with 505 eV electrons, to simulate the Auger
electrons originating from the O 1s core absorption. Desorption yields
of neutral fragments and the effective methanol depletion cross-
section were quantitatively determined by mass spectrometry. We
derived desorption yields in molecules per incident electron for CO,
CO,, CH;0H, CH,/O, H,0, H,CO, C,Hs and other less abundant, but
more complex organic products. We obtained desorption yields
remarkably similar to XESD values.

Introduction

Methanol (CHsOH) is an important molecule detected in the
interstellar medium (ISM) and is considered a precursor for larger
and more complex molecules in both gas and solid phases.["! Its
abundance in ice mantles covering interstellar dust grains is
estimated to be between 1% and 25% relative to water, the
highest after CO2 and CO, and it is usually thought to form via
successive hydrogenations of carbon monoxide in the ice.’4 In
low temperature environments (10-30 K), where thermal
desorption from the ice mantle is negligible, non-thermal
desorption processes are necessary to explain the observed gas
phase methanol abundance. Non-thermal desorption
mechanisms  include  sputtering by  cosmic  rays,®
photodesorption,’®-*! and desorption due to the exothermicity of
surface reactions.!'% Each of these processes needs to be both
quantified and understood at a molecular scale in order to be
incorporated in astrochemical models, and ultimately in order to
estimate their respective role in the observed gas phase
abundances of methanol in star and planet-forming regions.

Regarding photodesorption, for pure methanol and mixed ices
with CO, studies have focused mainly on the desorption induced
by vacuum UV photons, at the hydrogen Lyman-alpha or in the
whole 7 to 14 eV energy range.®® More recently, X-rays have
gained attention as a photon source relevant in regions such as
protoplanetary disks, where young stellar objects emit X-rays in
the range 0.1-10 keV.B'a11012 |n particular, X-ray induced
electron-stimulated desorption (XESD) has been suggested to be
the dominant mechanism explaining the observed desorption of
neutral species in irradiation of interstellar ice analogues with 500-
600 eV X-rays.[B11a118] |t has been proposed that this mechanism
is driven by the thermalization of Auger electrons generated in
the solid by the decay of core excited or ionized molecules,
although no direct evidence has been provided.

The KLL Auger electrons originating from an O 1s core absorption
(~505 eV for condensed methanol,l'®1 99.4% yield('*l) generate a
large amount of low energy secondary electrons (LEE, <25 eV)
and excitons in the ice. For instance, in the case of water ice, one
500 eV electron is expected to create around 25 secondary
ones.[" These LEE can induce different processes depending on
their energy, such as dissociative electron attachment (DEA),
neutral dissociation (ND), dipolar dissociation (DD), dissociative
ionization (DI), and desorption induced by electronic transitions
(DIET) of neutral species.['®-'% The reactive species generated in
the ice via the dissociative pathways can also lead to electron
induced synthesis, contributing to the chemical complexity of the
ice.l'"]

Several studies of electron irradiation of methanol, at both low and
high energies, have focused on the chemical evolution of the
irradiated ice and on the enrichment of the gas phase. In these
studies, mechanisms explaining product formation were also
discussed. 2261 But to our knowledge, no quantitative values
have been provided for neutral desorption during electron
irradiation.  Accordingly, direct comparisons between the
desorption efficiencies driven by X-rays at the O K-edge and
primary electrons whose energy mimics the Auger electron
photogenerated in the ice are missing.
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Here we present quantitative desorption yields for methanol and
several products, in molecules per incident electron, for pure
methanol ices irradiated with 505 eV electrons. The observed
efficient chemical modification of the ice will be described
quantitatively in terms of an effective methanol depletion cross-
section, and this parameter interpreted to obtain the desorption
relevant depth, i.e. the ice thickness involved in the desorption
processes. The irradiation experiments allowed us to evaluate the
contribution of Auger electrons generated in the ice upon X-Ray
absorption. By comparing the yields measured under X-ray
irradiation,’® the dominant role played by XESD and the
thermalization of the generated Auger electron is clearly
demonstrated.

Methanol ices, typically 70 to 100 monolayers (ML) thick, were
grown by vapour deposition on a cold substrate (23 K) and
irradiated with 505 eV electrons. The Electron Stimulated
Desorption (ESD) of neutral molecules during irradiation was
monitored with a Quadrupole Mass Spectrometer (QMS)
equipped with an electron ionization source. Up to ten m/z
fragments were recorded during irradiation, as a function of
electron flux, accumulated electron dose and ice thickness.
Temperature Programmed Desorption (TPD) was used to
calibrate the QMS signal and to probe the post-irradiation ice
residues. First, we will discuss the quantitative data obtained for
methanol from the ESD experiments, followed by the induced
chemistry and finally a comparison between electron and X-Ray
induced absolute desorption yields.

Results and Discussion

Methanol Desorption Yield

To quantify methanol desorption during irradiation with 505 eV
electrons we used the fragment m/z 32, corresponding to the
molecular ion CH3OH* formed at the QMS head. An example of
the desorption signal, which decays exponentially with increasing
fluence (accumulated electron dose), is shown in Figure 1a.
Similar behaviour was observed in all experiments at different
electron fluxes and ice thicknesses. For the early irradiation stage,
a first-order kinetics fit was done to extract two quantitative
parameters: the initial desorption yield Yo and the effective cross-
section oeff.

The errors for Yo and oeft given throughout the paper result from
the statistical uncertainties of this fit (typically 5% for Yo and 10 %
Oeff) but it should also be noticed that the uncertainties in electron
flux read (¥20%) and beam size (+8%) give an estimated
systematic error of 13% for Yo and 9% for Gerr. The values for
methanol’s initial desorption yield Yo (in counts per electron, cts/e
for short) are converted into absolute yields Iy (in molecules/e’)
following the method described in the experimental section and
detailed in the Supporting Information. The uncertainty related to
this method used to calculate I}, is estimated to be 50%. Results
from systematic experiments are summarised in Figure 1b. It is
shown for a broad range of fluxes and thicknesses that
I, (CH3OH) is in the range of 0.12 to 0.26 molecules/e”. The
weighted-average value for all the experiments is taken, which
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corresponds to 0.15+0.01 molecules/e”. We interpret this as the
desorption induced by the very first electrons impinging on the
pristine methanol ice, which agrees with the observation that
values are independent of irradiation flux. Yo and I, show no
correlation to film thickness in the range of thicknesses used,
excluding substrate contributions and confirming that we work in
a semi-infinite thickness regime.

Effective Depletion Cross-Section

The fact that the methanol desorption signal (Figure 1a) shows a
non-zero order decay is attributed to the modification of the
original methanol ice via electron-induced chemical reactions. If
intact methanol molecule desorption were the only ice depletion
mechanism, we would expect the yield to depend only on the
amount of methanol molecules available at the surface.l”]
Therefore, the yield would not change with irradiation fluence in
the semi-infinite regime, i.e. for ice multilayers thick enough to
prevent substrate and thickness effects. The parameter o,
referred to as “effective cross-section”, characterises the
efficiency of the chemical modification taking place. Itis related to
all processes leading to methanol depletion in the probed ice
depth, i.e. fragmentation, chemical reactions and desorption. The
o.fr determined from m/z 32, at different electron fluxes and ice
thicknesses, ranges between 5x107'¢ and 15x107'® cm? (Fig. S3).
The weighted-average value is (7.7+0.3)x10-'8 cm?. This is of the
same order of magnitude as the water EPD (Electron-Promoted
Desorption) cross-section from compact amorphous solid water
upon irradiation with 200-300 eV electrons, which was found to
increase in said energy range from 1.6x10- to 5.2x10-'¢ ¢m?.12"]
Dupuy et al.l'"l performed ESD experiments on molecular ices as
a function of electron energy (150-2000 eV) and introduced the
concept of desorption relevant depth. The authors related it to the
dominant energy and/or particle transport mechanism(s) leading
to desorption, including chemical modification processes. The
depletion cross-section ot can be converted into a characteristic
depth involved in methanol desorption upon electron irradiation at
505 eV, according to equation (1):128

A =1/(0eN) (1)

Where N is the molecular density of the ice. Using a density of
0.64 g/cm?® ° we obtain N = 1.20 x 10?2 molecules/cm®and A, =
11.24 , i.e. 2.6 monolayers (ML). Assuming an exponential
attenuation (equation (2)) of the electron-induced processes that
lead to desorption:

I = I exp —(d/A,) @)

We consider that a total depth (d) of Ages =3 XA, = 8 ML
contributes to the observed desorption. At the same time, said
depth undergoes chemical modification, but this does not rule out
that chemical processing can occur deeper in the ice as well. The
calculated Ag4es is comparable to the penetration depth of the
incoming 505 eV electrons estimated from the electron Inelastic
Mean Free Path (IMFP) in organic materials (11 ML)®%3" and to
Monte Carlo simulations (14 ML).[32
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Figure 1. a) ESD profile of m/z 32 recorded during 505 eV electron irradiation (flux 2.9x10"® s”'cm) of a pure methanol ice (70 ML) at 23K. Inset shows the linear
fit of the early irradiation stage signal, which gives the parameters Yo and oes. b) Desorption yields Yo for m/z 32 (cts/e-) and corresponding I, CH3OH (molecules/e’)
versus electron flux and c) versus methanol ice thickness. Dashed line corresponds to the weighted-average value, calculated by taking into account the statistical
uncertainty of the fits: (4.0£0.3)x10""° cts/e” for Yoand 0.15+0.01 molecules/e- for I,(CH3sOH).

Electron Induced Chemistry

As mentioned above, there is clear evidence of efficient chemical
modification of the methanol ice, probed via its non-thermal
desorption signature. These processes contribute to the
enrichment of the chemical species present in the gas phase in
the ISM.

Several desorption signals are too high to be ascribed to methanol
cracking at the QMS: 10% of the total m/z 31 Yo is attributed either
to desorbing CH30O/CH20H radical fragments or to the cracking of
products of higher molecular mass, while 80% of the total m/z 30
Yo, 98% of the total m/z 28 and 60% of the total m/z 29 Yo must
have other origins. Similarly, methanol can only account for a
minimal part of the observed m/z 16 and 18. Finally, fragments
not related to methanol cracking at the QMS (m/z 26, 27, 44, 46,
60 and 61) are clearly detected desorbing during irradiation. This
is due to desorption of new neutral molecules or fragments
synthesized within the ice. As observed for m/z 32, there is no
correlation between Yo and electron flux for any recorded
fragment (Figure S4).

Several compounds contribute to the observed m/z, therefore
products of methanol irradiation mentioned in literature were
considered as a starting point for attribution: CO (carbon
monoxide), CO2 (carbon dioxide), CHs (methane), H20 (water),
H2CO (formaldehyde), C2Hs (ethane), CHsOCHs (dimethyl ether,
DME) and CH3CH20H (ethanol, EtOH), HCOOH (formic acid, FA),
OHCH2CH20H (ethylene glycol, EG), HCOOCHs (methyl formate,
MF), CHsCOOH (acetic acid, AcOH), OHCH2CHO
(glycolaldehyde, GA), CHsOCH20H (methoxymethanol, MM) and
HOCH2CH(OH)CH20H (glycerine or glycerol, GC).

The main molecules seen desorbing were CO, CO2, CH4, H20
and H2CO, all previously identified in ESD experiments with 100
eV electrons by Akin et al.,?? and with low energy electrons (<20
eV) by Schmidt et al.?'l They have also been detected in-situ in
the processed ice by infrared spectroscopy (IR) during 5 keV
electron irradiation by Maity et al.,™® 10 keV electron irradiation
by Mahjoub et al.,?®l and UV photon irradiation by Oberg et al.l”
To the best of our knowledge, Cz:Hs (ethane) has only been
identified as an irradiation product in ESD experiments of pure
methanol ices with 100 eV electrons by Akin et al.,l?? although it

was also identified by Oberg et al.") in an irradiated CH3OH:CH4
ice, and it is an expected product of CHs radical
recombination.?"%! Products such as CHsOCHs (DME) and
CH3CH20H (EtOH) have been identified in several of the above
mentioned studies”?"?% and in post-irradiation TPD by Harris et
al.?% (55 eV electrons) and Boamah et al.”?®) HCOOH (FA) was
detected in-situ by IR spectroscopy after photon irradiation with
soft X-rays by Chen et al.®¥ and after UV irradiation by Oberg et
al."l Heavier products (molecular mass = 60 a.u) have also been
identified in the ice residues after irradiation with electrons or
photons, for several irradiation energies. Yet, they have never
been observed desorbing during irradiation. Forinstance ethylene
glycol,[7:2021.23-26,3334] g5 well as methyl formate,[”23.26:33.341 gcetic
acid,[" 25331 glycolaldehyde,?%26:3334] methoxymethanol,[2021:23.263%]
and glycerine or glycerol.?428]

The mass fragmentation patterns available in the NIST
databasel®®! were used to analyse our results. The histogram
shown in Figure 2 was constructed with the average Y values for
each m/z (a summary table is also available Table S1).

The early stage desorption yields Yo (cts/e-) were converted, after
attributions, into desorbed molecules per incident electron (I})
according to the electron ionisation cross-sections available in the
literature. For the cases where unequivocal attributions cannot be
done (i.e. similar mass fragmentation patterns), we can only
provide an order of magnitude.

A set of experiments was dedicated to obtaining the yields of m/z
16, 18, 28 and 44. These masses are confidently attributed mostly
to, respectively: CH4/O, 10" mol./e”; H20, (Z.410.1)><10'2 mol./
CO, 1.120.1 mol./e” and COz, (2.5+£0.2)x10 mol./e". These yields
remain estimates since the residual gas in the vacuum chamber
is known to affect said mass channels.

Fragment m/z 26 can originate from CzHs (ethane) and ethanol.
For the latter, according to its fragmentation pattern, the intensity
of m/z 26 is about 45% that of m/z 46. Since the total m/z 46 signal
is about 5 times smaller than the m/z 26, we estimate that at least
92% of the m/z 26 signal is due to CzHs, corresponding to a o of
(3.2+0.3)x102 molecules per electron. The average value for m/z
27 is comparable to the one for m/z 26 (see Fig. S4), which agrees
well with C2He being the main contributor to these two fragments.
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Figure 2. ESD yields (Yo) measured for different m/z fragments at the early irradiation stage. Different molecules contribute to the fragments as shown with the
colour code. See text for detail on attribution criteria. EG: ethylene glycol, FA: formic acid, DME: dimethyl ether, EtOH: ethanol, MF: methyl formate, AcOH: acetic
acid, GA: glycolaldehyde, GC: glycerine, MM: methoxymethanol, Products: corresponding radicals desorbing as neutrals and/or QMS fragments from heavier

products, N.A: non-attributed.

Interestingly, the ratio between fragments m/z 31 and 30 does not
vary much for the different products considered here, with m/z 30
corresponding to 7% to 20% of the m/z 31 signal (Figure 2, brown),
except for H2CO and C2Hs, which do not produce the m/z 31
fragment. The remaining m/z 30 signal, after taking into account
CH30H and CzHs contributions to this mass channel, is therefore
attributed to formaldehyde (H2CO) desorption and corresponds to
(3.6+0.4)x 10 molecules per electron.

Regarding the heavier fragment m/z 46, it can correspond to
dimethyl ether, ethanol and formic acid, which have similar
fragmentation patterns. We estimate a total yield of 10 to 102
molecules per electron. Fragment m/z 61, could originate from
glycerine and methoxymethanol, corresponding to a yield of 103
molecules per electron. These two molecules are minor
contributors to the observed m/z 60 and 33 during ESD. At least
91% of the m/z 60 signal could come from methyl formate, acetic
acid and glycolaldehyde, with a total yield of 10-3 molecules per
electron.

The fragment m/z 46 was also detected in the gas phase upon
soft X-ray irradiation of pure methanol ices,®! but for fragments
m/z 60 and 61 this is a first report of desorption during irradiation.
Even though the yields for these fragments are much lower
compared to others, the desorption signals were clearly detected.
The presence of a molecule in TPD experiments is further proof
supporting the identification of synthesised products seen during
ESD. Qualitative analysis of post-irradiation residues using TPD
gives information about molecules remaining in the ice after
irradiation, according to their different desorption temperatures.
Since the environment of the molecules affects said temperatures,

we rely on available literature data for similar ices to analyse our
results (see references cited earlier for each molecule). The TPD
curves for m/z 61 and 62 (Supporting Information, Figure S5)
show characteristic desorption peaks for methoxymethanol
(CH3OCH20H) and ethylene glycol (OHCH2CH20H), respectively,
supporting our interpretation of the desorption signals. We also
observed m/z 46 desorption peaks consistent with dimethyl ether
(CHsOCHs3) and ethanol (CH3sCH20H) (not shown).

The last interesting fragment detected desorbing during
irradiation was m/z 33. Contribution from methoxymethanol is
negligible, while for ethylene glycol the associated m/z 31 signal
should be almost three times higher than m/z 33, yet both values
are comparable (Fig. S4). This leads to the conclusion that at
most 45% of the observed m/z 33 yield could be due to ethylene
glycol, this being likely an overestimation.

The formation of another molecule which contributes to m/z 33
but not m/z 31, such as H202 or HO2, would explain what we
observe. It is known that UV irradiation of condensed methanol at
157 nm (7.9 eV) leads to OH formation,®”! so this radical is
reasonably expected in our electron irradiation experiments too.
Radical chemistry in water ices involving OH yields H202 and HO2,
which in turn are precursors of 02.% However, hydrogen peroxide
(H202) can be excluded here since we did not observe m/z 34
desorbing during electron irradiation of methanol. The non-
assigned yield of m/z 33 in our experiments (Figure 2, light grey)
could then correspond to HO2 desorbing.

All the yields in molecules per incident electron (Io) are
summarised in Figure 3. The main products seen desorbing, in
decreasing order, were CO, CO2, CH4/O, H20, H2CO and C2Hs.
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Figure 3. (Left) Desorption yields in molecules per incident electron for methanol and products resulting from methanol irradiation with 505 eV electrons. Striped
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black and blue data set shown were calculated using the partial ionisation cross-sections for to CH4 and formic acid (FA), respectively. Names abbreviations are

the same as in Figure 2.

Comparison with X-Ray Photodesorption

In order to discuss the weight of electron induced desorption in
the X-ray induced processes, we will now compare the ESD
desorption yields obtained here with X-rays desorption yields.
First, we discuss the absolute yields, then the kinetics of the
process described by the effective depletion cross-section and
finally we compare the products seen desorbing in each case.

In the case of 525 - 570 eV X-Rays, most of the photon’s energy
is expected to be deposited in the KLL Auger electron originating
from an O 1s core absorption.®! Said Auger electron has an
energy of ~505 eV for condensed methanol,'¥ and is generated
with a 99.4% yield after the photon absorption.!"¥! Therefore, since
one absorbed photon results in one Auger electron in the photon
irradiation experiments, we compare the X-Ray photodesorption
yields in molecules per absorbed photon in the desorption
relevant depth (Agesxrs) from Basalgéte et al.l® directly with the
measured yields in molecules per incident electron.

The absolute yields are 0.036+0.004, 0.15+0.01 and 0.01
desorbed molecules per incident 505 eV electron for H2CO,
CHsOH and molecules related to fragment m/z 46, respectively.
While the corresponding 564 eV X-Ray (ionisation continuum)
yields are 0.08+0.03, 0.49+0.06 and 0.05+0.02 molecules per
absorbed photon.®! The methanol desorption yield derived from
the present experiments agrees well with X-Ray irradiation data,
within a factor ~3. This is an exceptional match, considering the
uncertainties involved in such experiments. Auger electrons are
created in the whole irradiated volume upon X-Ray irradiation,
and the thickness involved in desorption has been estimated to
be 30 ML which is related to the radius of the secondary electron
cloud.®®l On the other hand, from the e value for methanol we
estimate the thickness involved in desorption to be around 8 ML

(comparable to the penetration depth of the incoming 505 eV
electrons estimated from the electron IMFP) in our experiments,
and is related to the dominant energy and/or particle transport
mechanism(s) leading to desorption.l''l The factor we find
between ESD and X-Ray desorption yields could be explained by
the difference in ice thicknesses involved in the desorption
processes.

Regarding the kinetics of ESD, as mentioned earlier we obtained
an effective methanol depletion cross-section between 5x10-
and 15x107'6 cm?, with a weighted average of (7.7+0.3)x107' cm?.
For X-Ray photodesorption we have taken the data published by
Chen et al.3%, who irradiated pure methanol ices with 550 eV X-
Rays and monitored the composition of the ice with infrared
spectroscopy. From their CH3OH destruction dynamics with
respect to fluence, we estimate a destruction rate on the order of
107'® cm?, considering the absorbed photon flux and applying the
same fitting procedure as for the ESD data. These values
demonstrate that complex chemistry is induced within the film at
comparable global efficiency.

The yields relative to methanol (lFo X/To CH3OH) for selected
products derived from the present work are compared to the ones

from X-Ray photodesorption experiments!® in Figure 3, right panel.

In general, the chemistry is replicated as exemplified by the good
match of relative yields of H2CO and m/z 46 contributors
(CH3OCHs, CH3CH20H, and HCOOQOH). For the other products,
the yield found during electron irradiation differs more but is still
in the same order of magnitude, and notably the ratio
H20:C0O:CO:z is the same for electrons and X-rays. Therefore, we
attribute the absolute differences to the difficulty in constraining
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residual gas contributions to the respective mass channels (m/z
16, 18, 28 and 44).

There is, however, one major difference between our results and
X-Ray irradiation: O2 formation and desorption. During X-Ray
irradiation, only between 75% and 30% of the m/z 32 signal was
attributed to methanol desorption, therefore m/z 31 was taken to
quantify the methanol yield.®®! Here we observe the opposite, m/z
31 is always in excess with respect to m/z 32, meaning m/z 32 is
mostly methanol. One possible explanation for this is that in our
experiments HO2 (m/z 33) is not accumulated in the ice, and
therefore is not available for O2 formation. It has been reported for
amorphous water ice electron irradiation that the O: yield is
dependent on dose-accumulation of precursors.B8 Also, O
production in water ices irradiated with 100 eV electrons was
suppressed when the ice was covered by methanol layers,?? so
our observation is consistent with findings in other electron
irradiation experiments in the literature. This discrepancy could be
related to the different penetration depths and ice thicknesses
involved in desorption between electrons and X-Rays, as already
discussed, or even to temperature differences (23 K for electron
irradiation and 15 K for X-ray irradiation).

The obtained ESD yields and effective depletion cross-section
prove, quantitatively, that the desorption mechanism initiated by
X-Ray absorption in pure methanol ices is mainly due to the
thermalization of the Auger electrons (XESD). Our study also
highlights the importance of electron-based experiments
performed on astrochemical ice analogues in this energy range
(102 eV). ltis thus a first step toward more systematic studies of
binary or tertiary frozen mixtures, the compositions of which mimic
interstellar ices, with the aim to unveil the several steps in the

high-energy photon-induced non-thermal desorption mechanisms.

Conclusions

By combining ESD and TPD analyses, we achieved and validated
a quantitative description of non-thermal desorption processes
from methanol ices irradiated with O (KLL) Auger-like electrons.
Absolute desorption yields in molecules per electron and an
effective cross-section indicate the efficient desorption of
methanol and its depletion in the ice. The rich induced chemistry
leads to the desorption of multiple products, such as CO, COsz,
CH4/O, H20, H2CO, C2Hs and those related to m/z 46 (CH3OCHg,
CH3CH20H, and/or HCOOH). We report for the first time the
desorption of heavy products during electron irradiation, like
CH30OCH20H.

The remarkable matching between electron and X-Ray
desorption yields and depletion cross-section for methanol
confirms that the desorption mechanism initiated by X-Ray
absorption in pure methanol ices is driven by the thermalization of
the Auger electrons (XESD).

Experimental Section

The ultra-high vacuum (UHV) setup is located at the Institut des
Sciences Moléculaires d'Orsay (ISMO). It is equipped with a
sample holder connected to a closed-cycle helium cryostat, a
QMS with an electron ionization source (70 eV) for neutral
detection (HAL 301/3F, HIDEN Analytical) and an electron gun
(Kimball Physics EGPS-1022E).l'®! The methanol ices were

10.1002/cphc.202200912
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prepared by vapour deposition onto a cold substrate (gold, 23 K)
using a doser. To calibrate the ice thickness, the monolayer
desorption was identified using TPD experiments with increasing
doses.% The ices were irradiated with 505+1 eV electrons, while
recording selected mass channels with the QMS. A bias potential
of 25 V was applied to the substrate to retain the secondary low
energy electrons created in the ice.*''? On/off irradiation steps
provide clear signals for correction of background contributions.
The electron flux was varied.in the 0.8x10"® to 7.1x10"® s*' cm?
range. The beam spot size was set to 0.39+0.03 cm?.

By assuming pseudo-first order kinetics, a linear fit of the natural
logarithm of the desorption signal with respect to fluence is done
to obtain desorption yields for a fresh ice (Yo), and the effective
cross-section oef for the observed signal decay. Data points were
fitted up to fluences of 1x10'"® to 3x10'"® electrons/cm?. The
desorption yields Yo (counts/e’) were converted into absolute
desorption values T'o (molecules/e’) according to a method
described previously®®!'@11l and detailed in the Supporting
Information. In summary, it relies on a factor k, obtained by taking
into account: i) the calibration of the QMS signal (using the
monolayer desorption signal), ii) the electron ionisation cross-
sections at 70 eV and iii) the apparatus function (AF) of the QMS.
Taking into account the uncertainties of these three parameters,
we estimate the uncertainty of the method to be +50%.

Supporting Information Summary

Detailed experimental and data analysis methods are available in
the Supporting Information, including references for the electron-
ionisation cross-sections used to calculate To. 41-51
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