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Abstract
This work investigates the production of molecular hydrogen isotopologues (H2, HD, and D2)
during low energy electron irradiation of layered and isotopically labelled thin films of
amorphous solid water (ASW) in ultrahigh vacuum. Experimentally, the production of these
molecules with both irradiation time and incident electron energy in the range 400 to 500
eV is reported as a function of the depth of a buried D2O layer in an H2O film. H2 is produced
consistently in all measurements, reflecting the H2O component of the film, though it does
exhibit a modest reduction in intensity at the time corresponding to product escape from
the buried D2O layer. In contrast, HD and D2 production exhibit peaks at times
corresponding to product escape from the buried D2O layer in the composite film. These
features broaden the deeper the HD or D2 is formed due to diffusion. A simple random-walk
model is presented that can qualitatively explain the appearance profile of these peaks as a
function of the incident electron penetration.

* Corresponding author

Introduction
Characterisation of amorphous solid water (ASW) is of general interest in surface
chemistry1-5, but especially relevant to astrophysics and planetary science where solid water
is an important component of comets6, planetary satellites7, 8, and the icy mantles that coat
interstellar dust grains9-11. The surface chemistry of nano- to micrometre-sized particles
plays an important role in molecular synthesis in interstellar space12. In cold, dense
molecular clouds, dust grain particles are covered by icy mantles that contain mainly H2O in
combination with minor quantities of other molecules such as CO, CO2, NH3, and CH413-21.
Starting from these relatively simple species, thermal and non-thermal processing of icy
dust grains in the interstellar medium (ISM) significantly contributes to the observed
abundance of complex organic molecules (COMs)12, 22.

The presence of both H and D atoms in the interstellar medium (ISM) means that
deuteration reactions can occur on grain surfaces; deuterated products are then observed
when they are released in to the gas phase23, 24. IR observations have detected D2O in the
ISM toward warm regions where water ices have evaporated25,

26.

Kristensen et al.27

estimated the abundances of H2, HD, and D2 on ice-covered dust grains in dark clouds,
showing that D2 is the most abundant deuterated molecule on the grain surface at 10 K
whereas HD is more abundant in the gas phase. Indeed the D/H ratio in cold dense objects
can reach of the order of 0.1 – 0.2 compared to the average of 1.5×10-5 in the galactic
interstellar medium28, 29. Recent studies have reported the degree of deuterium enrichment
and fractionation in many stellar objects at different evolutionary stages 30-41. Fontani et al.42
show that surface chemistry has an important role in determining the fractional deuteration
of some molecules (e.g. NH3 and CH3OH) formed on the interstellar grain mantles. This
study confirmed that the deuterated fractions of N 2H+ and CH3OH, respectively, are good
tracers of massive starless cores and early proto-stellar phases, where the evaporation or
sputtering of the grain mantles occurs most efficiently42.

As the dominant solid in the Universe; as the solvent upon which biology depends; and as a
common solvent in radiological environments, it is crucial to understand the interaction of
H2O with ionising radiation43-45. In ultrahigh vacuum (UHV), radiolysis of ASW thin films

results in both desorption of H2O, as well as a range of neutral and charged species, and
chemical reactions. These processes are promoted by the large number of low-energy
secondary electrons generated in the ASW film by the passage of the primary charged
particles. As a consequence of their large scattering cross sections and short mean-free
paths, these secondary electrons promote a variety of chemical and physical processes in
condensed H2O which have been extensively investigated1, 46-50. While Petrik and Kimmel1
highlight the nature of electronic excitations in H2O that determine its radiolysis behaviour,
others focus more closely on the chemical reactions promoted by low energy electrons46, 47,
51, 52.

Petrik et al.5,

53, 54

have reported on low-energy electron irradiation of ASW films,

deuterated ASW ices, and other similar systems including buried CO layers. The focus of that
work is set on the formation and subsequent desorption of volatile species, such as
molecular hydrogen (H2 or D2) or oxygen (O2), which mainly occurs at the vacuum interface
and within the first monolayers or at the substrate/ASW interface, but not in the bulk where
reactions of the primary products of radiolysis are important.

In this work, we aim to study the electron-stimulated production and desorption of H2, HD
and D2 molecules from layered (H2O/D2O/ H2O) thin films of ASW, as a function of both the
depth of the buried D2O layer from the vacuum interface as well as the energy of the
incident electrons. The CASINO (the monte Carlo Simulation of electron trajectory in sOlids)
code55 has been used to predict the distribution of electron penetration depths as a
function of the ice composition and electron energy (300 eV – 1000 eV). In addition, a
simple Monte Carlo model based on the work of Petrik et al.5 has been employed to
elucidate the physical and chemical processes occurring in these systems.

Methodology
Experiment
The experimental apparatus, a UHV chamber with a base pressure of 2×10-10 Torr, has been
described in detail elsewhere56-59. Hence, only a brief description will be given here. Samples
of layered films of ASW were deposited on a polished stainless steel disc (10 mm diameter
and 2 mm thickness) at a base temperature of 108 K, by background dosing60, 61 from two

independent gas manifolds to dose H2O and D2O (purities of 99.9% and 99.9%, respectively;
Sigma-Aldrich). The chamber was evacuated using a liquid nitrogen trapped 9” oil diffusion
pump, a small 8 dm3 s−1 diode ion pump (Varian VacIon), and a titanium sublimation pump
(Leisk Engineering). The substrate was cooled to base temperature by continuously filling a
liquid nitrogen reservoir, which is thermally connected to the stainless steel disc. Electron
irradiation was carried out using electrons at energies in the range 400 to 500 eV, from a
low-energy electron gun (Kimball Physics ELG-2), incident at an angle of 30 with respect to
the surface normal58,

59.

Beam currents were measured using a homebuilt picoammeter

directly connected to the substrate. Desorption profiles of species evolved produced during
the irradiation were recorded using a quadrupole mass spectrometer (QMS, VG Microtech
PC300D) facing the front of the sample fitted with a homemade line-of-sight tube.

H2O and D2O liquids were de-gassed and purified by multiple freeze-pump-thaw cycles.
Layered icy ASW films were deposited by dosing separately H2O and D2O through the gas
manifolds resulting in a total exposure of 400 L (where 1 L is equivalent to 10-6 Torr s
uncorrected for the ionisation coefficient). We would like to stress that while dosing even at
pressures of 10-6 Torr the heat release on condensation is rapidly removed by the
refrigeration and has no significant impact on the structure of our compact ASW films. After
correcting for the ionization gauge sensitivity (1.1 for H2O62), the total exposure becomes
363 L. The relationship between film thickness and exposure is assumed to be linear for
both pure H2O and D2O ices. The film thickness corresponding to this exposure has been
calculated to be 44.7 nm for pure H2O assuming that the molecular density and deposition
rate are homogeneous in time and space over the substrate. Fundamental to this calculation
is the assumption that the sticking coefficients of H2O and D2O are unity at the experimental
temperature.

Figure 1 schematically represents the structure of the ASW film while Table 1 summarises
the details of that structure. All samples were irradiated for 10 minutes with an electron
beam with a beam cross sectional area of approximately 1 mm2 using a typical beam current
of 1.725 µA corresponding to an electron flux of (1.08±0.03)×1015 electrons cm-2 s-1. H2 (m/z
= 2), HD (m/z = 3) and D2 (m/z = 4) desorbing from the icy film were monitored using the

QMS operating in analogue mode. The resulting mass signal versus time was then baselinecorrected.

Simulation
To understand the possible physio-chemical processes occurring during electron irradiation,
it is important to estimate the penetration depth of the incident electrons into the icy ASW
films. Figure 2 displays the intensity ratio of the transmitted electron beam with respect to
the incident beam as a function of the film thickness of pure amorphous H2O ice. Each curve
has been estimated taking into account the energy dependent mean free path of the
electrons63. The intensity of the electron beam decreases exponentially with the
penetration.

Version 2 of the CASINO code55 was used to simulate the penetration of primary electrons
within the multi-layered H2O/D2O/H2O ASW thin films using Monte Carlo methods. The films
were assumed to have a total thickness of 44 nm with a very thin layer (0.23 nm) of D2O
buried at different depths inside the sample. The density of vapour deposited H2O ice from a
molecular beam varies from 0.82 g cm-3 at 90 K to 0.93 g cm-3 at 130 K60, 64. By interpolation,
the density of condensed water ice at 108 K is 0.86 g cm-3. For D2O ice, we use the ratio
between liquid and solid H2O densities as scaling factor to estimate the solid D2O density
(0.96 g cm-3). The distribution of the primary electrons was simulated for a low-energy
electron beam incident on the sample at 30° and it is found to be a function of both the film
thickness and electron energy. These simulations assume a Gaussian profile for the electron
beam propagating through the ASW layer and enumerate the number of electron
trajectories that are not back scattered out of the solid as a function of penetration depth.

Results
Experiment
The desorption profiles of H2, HD and D2 resulting from electron-induced chemistry (EIC) in
the layered ASW films are shown in Figure 3. Remarkably, the latter two species result from
EIC within and adjacent to the D2O layer at the vacuum interface or buried between 2 nm

and 11 nm below the vacuum interface when these samples are exposed to 450 eV
electrons. Figure 3(a) reports the yield of H2 for samples S1 to S5 listed in Table 1 as the H2O
cap layer thickness is increased from 0 to approximately 11 nm. Figure 3(b) and (c) present
the yields of HD and D2, which appear at increasingly longer times as the depth of the D2O
layer is increased. It appears that the arrival times of HD and D2 are a function of the
diffusion length through the H2O cap layer. It is noticeable that the peak value observed for
each of the HD and D2 yields appears to match a corresponding dip in the H2 yield. This
behaviour can be explained by the effective absence of H2O (and hence H2 production) in
the D2O layers.

This behaviour reflects the variation in the H2O/D2O destruction rates, the H2, HD and D2
formation rates, and the diffusion of these species and their atomic progenitors in the ASW
film. The former, because of their electron-promotion, will be sensitive functions of electron
penetration depth and secondary electron formation. Sample S1 is the only ice without a
capping layer of H2O leaving D2O exposed at the vacuum interface. Therefore, both D2 and
HD desorption profiles display a sharp peak as soon as irradiation begins, whereas a delayed
peak is observed in the H2 trace as H2 is clearly only produced in the H2O layer underneath
the D2O (indicating that isotope exchange is not overly pronounced under our experimental
conditions). The corresponding slow appearance of H2 in this trace reflects the combination
of the rates of H2 formation and its diffusion to the vacuum interface (See Figure 3 (a); S1).

With Figure 4, we then illustrate the H2, HD and D2 formation/desorption yields from
identical H2O/D2O/H2O ASW films irradiated with 400, 450, and 500 eV electrons,
respectively. These samples have the same overall thickness of 44.7 nm, with the D2O layer
buried at a constant depth of 5.4 nm. Although the thickness and arrangement of the
layered ices in this series of experiments is fixed, the desorption profiles of H2, HD and D2 in
Figure 4 appear to be sensitive to the energy of the primary electrons. In particular, the HD
and D2 peaks (Figure 4b and 4c) appear earlier and narrower when the electron energy is
highest (500 eV), whereas the curves corresponding to lower electron energy experiments
(e.g. 400 eV) appear later and show broader features. Remarkably, in the case of 500 eV

electrons, we note a sudden increase in the desorption profiles of the observed molecular
species in the first 70 s of irradiation.

Furthermore, the slightly decreasing background in Figure 3 and 4 may be due to a decrease
in precursor concentration as fewer intact water molecules are available over time. When
an H2O cap layer (2.6 to 11.0 nm thick, Table 1) is added on top of the D2O ice, H2 appears as
soon as the electron beam is incident on the ASW. The HD and D 2 peaks are delayed and
broadened with increasing depth of the D2O layer, suggesting that the detected molecular
species are formed within the bulk.

Simulation
The CASINO codes provides simulations of electron trajectories as a function of the
penetration depth along the direction normal to the film surface assuming a Gaussianshaped electron beam travelling through the ice. Figure 5 shows the distribution of
electrons trajectories in normal to the surface (the z-direction) as a function of the
penetration depth for multi-layered ices consistent with those investigated experimentally.
The figure shows that, for 450 eV electrons, there is no penetration beyond 18 nm. Given
the films are 44.7 nm thick, this implies that all the incident electrons are stopped within the
compact ASW film. None of the 450 eV primary electrons reach the underlying stainless
steel substrate and so we can assume that there is no significant electron-promoted
chemistry at the metal-ASW interface. The calculations highlight that for all of our
experiments, the 450 eV primary electrons can reach the D 2O inter-layer in the multilayered H2O/D2O/H2O systems. Enhanced electron stopping is observed in this D2O layer and
this correlates well with the greater density of D 2O with respect to H2O. In particular, the
deeper the D2O layer is located, the lower the energy of the primary electrons will be at that
depth due to scattering in the film. Thus, more electrons will be stopped when transitioning
from H2O to the deuterated analogue resulting in a more marked peak in the distribution
curves in Figure 5 (see samples S1 to S5 in Table 1).

In the range of 300-1000 eV for a fixed structure model of ASW film, Figure 6 shows the
distribution of electrons trajectories as a function of the incident electron energy. In this

model, the buried D2O layer with a thickness of  0.2 nm was deposited on a 60 nm thick
H2O layer and capped by another 5.4 nm thick layer of H2O. As shown in Figure 5, the
presence of the D2O layer is revealed by an enhancement of the electron stopping in the
form of a peak. This feature becomes less and less noticeable as the energy of the incident
electron beam is increased. In particular, when increasing the electron kinetic energy from
400 eV to 500 eV, the number of primary electrons that have stopped at the depth of the
D2O layer decreases by a factor of 17. This can be readily linked to the fact that for higher
electron energies, the difference in density between D2O and H2O becomes noticeably less
important. At higher energies, fewer primary electrons thermalise at the depth of the D 2O
layer, although those that stopped within the first 5.6 nm have deposited more energy in
the ice with respect to the analogous experiment using lower energy electrons. Also, note
that as the energy of the electron beam is increased, the enhancement of the stopping in
the D2O layer decreases (Figure 6 inset). For instance, beyond 750 eV, the electron beam
will clearly pass through the whole 44.7 nm thick compact ASW film reaching the underlying
metal substrate while displaying little effect due to the presence of the D2O layer.

In an attempt to rationalise the HD and D2 peak positions after irradiation with 450 eV
electrons of H2O/D2O/H2O ASW films in which the D2O layer is buried under H2O cap layers
of various thicknesses (see Figure 3), we have developed a simple Monte Carlo model based
on the work of Petrik et al.5. We assume that an incoming 450 eV electron creates an ‘event’
at a certain depth within the ice film where it loses most of its energy 65. The exact depth of
this ‘event’ is Monte Carlo selected, and could be an ionisation event, or excitation, leading
to the production of e.g. a hydrogen atom. If this ‘event’ takes place at a depth that
corresponds to the depth of the D2O layer, then a D atom is formed, otherwise an H atom is
formed. This reactive species is now allowed to travel in any direction, and depending on
whether it encounters a H2O or D2O molecule in the next step, either H2, HD, or D2 is
formed. This newly formed hydrogen molecule is now allowed to diffuse in a random
manner through a cubic ice matrix in which each monolayer in the ice is represented by one
layer in the cube; the x and y dimensions of the cube are 100 molecules each, and the
thickness of the slab is 44.5 nm. Periodic boundary conditions in the x and y dimension, i.e.
parallel to the vacuum interface, guarantee that no hydrogen is lost. If the hydrogen reaches

the vacuum interface, however, then the number of random steps from its creation to
reaching the vacuum is counted and considered proportional to the arrival time on the mass
spectrometer. A factor is calculated to overlap the experimental peak for the 5.4 nm H2O
cap coverage experiments with the simulation peak, and the same factor is applied to all
other data. A total of two-million electrons are deposited in the ice for each coverage to
make up the overall distributions.

Figure 7 shows – compared with the experimental data in panel (a) - the results from these
Monte Carlo (MC) simulations in panel (b). It can be seen that the simple model captures
the essentials of the experiment rather well, i.e. the longer arrival times of HD/D2 for more
deeply buried D2O layers, the decline in signal intensity, as well as the broadening of the
peaks. All three are a direct consequence of the increased diffusion length through the ice
with increased D2O layer depth. One could argue that our simple model is unable to
reproduce the exact kinetics observed in the experimental desorption profiles of HD and D 2.
For instance, in the latter case, see panel (a) in Figure 7, an almost constant contribution to
the desorption traces appears to be superimposed to the peaks. This contribution to the
recorded signal has little or no equivalent in the simulated curves and could be attributed to
isotope exchange during background dosing. However, more experiments are needed to
fully assess this problem.

Discussion
Experiment
As seen in Figures 3 and 4, the formation and subsequent desorption of H2, HD, and D2 is
directly and indirectly attributed to the electron-induced dissociation of H2O and D2O when
layered water ices are excited by electrons. The mechanism is rather complex and even
though electron irradiation of ASW has been thoroughly investigated some details remain to
be clarified44. Therefore, for the sake of simplicity, we highlight the three key processes of
the mechanism involved:

Excitation

H2O + e-  H2O*

(1)

Dissociation

H2O*  H + OH

(2a)

H2 formation

H2O* + H2O  2OH + H2

(2b)

H2O + H  OH + H2

(3)

Reaction (1) is electronic excitation of H2O by direct interaction with the primary and/or
secondary electrons. This electronic excitation can be efficiently transferred to the
neighbouring hydrogen-bonded molecules (H2O* + H2O  H2O + H2O*)5, 53, 54, 66. The excited
molecule can then dissociate forming the OH, H and H2 [reactions (2a) and (2b)]. The OH
chemistry is incredibly rich and leads to the formation of HO2 which can also contribute to
the H2 yield thanks to further reactions67,

68.

Molecular hydrogen is also formed via the

abstraction reaction (3). Diffusion of the product H2 through the bulk to the vacuum
interface where it desorbs then follows. Moreover, ionisation by removal of a valence
electron at electron energies above 20eV and core ionisation at high energies, around 540
eV, are relevant (H2O  H2O+ + e-), leading to the formation of charged species such as H2O+
and H3O+ 69, 70 (H2O + H2O+  H3O+ +OH). These cations can recombine with the trapped
electrons and result in excited molecules which further contribute to the H 2 yield (H3O+ + e H3O*  H2O + H)49 in addition to simple H abstraction and dimerisation.

Several previous experimental studies of electron irradiation of ASW have provided
unambiguous evidence for H2 forming at the vacuum interface, and not in the bulk of the
ice1, 2, 53. If this were to be the dominant mechanism responsible for H2 formation, we would
not observe any D2 forming once a sufficiently thick capping layer of H2O is deposited on top
of the D2O layer. This is in clear contrast with our experiments (see Figure 3(c)) which show
D2 desorbing even when the D2O layer is located roughly 11 nm below the vacuum interface
in the H2O/D2O/H2O system (see Table 1). Conversely, the traces reported in Figure 3(c)) are
consistent with H2 and D2 forming in the bulk, diffusing through the ice and finally
desorbing. This interpretation is further strengthened by the simulations in Figure 7. Such
apparent contrast with the previously published literature can be easily addressed as due to
the different energy of the primary electrons employed in this work. In fact, we could argue
that at 100 eV H2 (D2) formation is a surface process following the transportation of the
excitation from the bulk to the vacuum interface. Whereas at higher electron energies
(above 400 eV), the main mechanism responsible for the observed desorption trances

appears to be no longer a surface-specific process, and hence H2 forming in the bulk
becomes the dominant phenomenon.

Moreover, the observed differences in the desorption profiles of Figure 4(b) and 4(c) are
rather noticeable, as the peak maxima are centred at 35 s, 176 s and 460 s for 500 eV, 450
eV, and 400 eV, respectively. However, such large increases between these appearance
times are unlikely to be due just to the different kinetics of the primary electrons travelling
through the ice itself. In fact, the depth where the electrons do most damage for 400, 450
and 500 eV is very close in all the three cases65, and hence the different kinetic energy could
arguably explain the significant change of hundreds of seconds in the appearance of the
desorption peaks as shown in Figure 4. More realistically, the observed trend can be
rationalised in three ways:

(i)

D2 and HD diffusion could be at least partially non-thermal and hence
these species would escape the ice more quickly at higher energies,
although to the best of our knowledge there is little evidence to support
this interpretation;

(ii)

As the irradiation proceeds, the electrons will continuously reduce the
distance between the vacuum interface and the buried D 2O layer via
sputtering (read as desorption) of the upper H2O layers. This means that if
500 eV electrons are associated with a larger cross section for H 2O
electron-promoted desorption than 400 eV electrons, the ice would be
eroded more efficiently at higher energies;

(iii)

Alternatively, given the fact that 500 eV electrons are energetically close to
the ionisation threshold (ca. 538.1 eV) of the core O 1s orbital in
condensed water, a different excitation mechanism might be involved
and/or become more relevant.

Simulation
We report in Figure 8 the non-linear relationship between HD/D2 production peak times and
the depth of the D2O layer as displayed in panels (a) and (b) of Figure 7. The resulting two

data sets are comparable but the MC data shows faster diffusion toward the vacuum
interface and slower diffusion at depth. The simple model used in the MC simulations is
capable of qualitatively describing the experimental trend and captures the dominant
process responsible for it, but these simulations fail in reproducing quantitatively the exact
behaviour that we observe. This means that HD diffusion is the key step that “shapes” the
trend, but that there are other physicochemical processes involved that (a) delay the
appearance of HD for thin H2O caps, and (b) accelerate the release of HD for thicker H2O
caps. The nature of these processes is unclear and will be subject further investigation in the
development of more sophisticated simulations.

Having established the scaling factor to convert from the number of random steps to
appearance time as we reported in the results section, we also attempted to include the
effects of erosion caused by the electrons as the electron beam is continuously irradiating a
point on the ice film during a typical experiment. Each electron was assigned a separate
randomly-selected delay time (between 0 and 600 seconds) and the degree of ice erosion
that will have occurred before a particular electron penetrates the ice is calculated. This
calculation is based on the known electron flux and on the interpolated erosion rates
previously measured in this laboratory (0.085 ML s1 for 400 eV electrons, 0.102 ML s1 for
450 eV electrons, and 0.12 ML s1 for 500 eV electrons1, 46-50). The HD and D2 appearance
times are now a function of the (delay) time within the 10 minutes irradiation interval at
which a particular electron initially interacted with the ice (due to the greater degree of
erosion at later times), and of the diffusion of the product hydrogen molecule to the
surface. While the penetration depth of the 500 eV electrons is deeper than for the 450 eV
electrons, which in turn is deeper than for the 400 eV electrons, the thickness of the
effective H2O cap layer is reduced due to erosion. This effect consequently causes the HD
and D2 peaks due to the 500 eV electrons to appear at earlier times as compared to the
450 eV electrons (which again are earlier than the 400 eV electrons, which cause the least
erosion). The simulations do not quantitatively reproduce the effect seen in the
experiments, but at least mimic the (counterintuitive) trend observed, namely that the
faster and deeper penetrating electrons are responsible for the earlier HD/D 2 peaks.

Astrophysical Implications
Non-thermal processing is a key mechanism for increasing chemical complexity in
astrophysical ices. This work also suggests that it has an additional role in promoting the
formation of the simplest of all molecules;

(1) Radiolytic electron-induced chemistry, promoted by ionising photons and cosmic
rays, is an efficient mechanism for returning H2 (and its isotopologues) to the gas
phase from H2O ices. Whether this is true for other molecular solids commonly
found in the interstellar medium will necessarily require further work. Such a process
will necessarily impact on the gas phase chemistry of evolving objects and this
warrants further investigation especially its potential impact on H2 isotopologue
abundances.

In addition, this work may point to a simple approach to understanding physics and
chemistry involving icy solids;

(2) The experiments and simulations reported herein point to a relatively simple tworegion model for chemistry in icy grains. First, there is the selvedge, or near-surface
region, from which desorbing species can escape with minimal inelastic scattering
from the atoms and molecules in this region. Diffusion plays little or no role in this
region. Below selvedge, we have the bulk solid in which diffusion is the key physical
process. Direct desorption, even moderated by inelastic scattering is impossible and
volatiles produced by electronic excitation and subsequent reactions must diffuse
through the bulk medium to escape. Further experiments at lower temperature and
additional simulations are required to more fully develop our selvedge-bulk model.

Conclusions
EIC in layered ASW systems comprising of H2O and D2O leads to the production of hydrogen
isotopologues (H2, HD, and D2) which we have investigated as a function of electron energy

and penetration depth. Maxima in the production rate of HD and D2 and a minimum in that
of H2 are observed to move to longer times as the D2O probe layer is buried further within
the ASW film. In addition, these features broaden with D2O depth as a consequence of the
diffusion of the primary atomic and secondary molecular species. A similar trend is observed
in these peaks when changing the electron energy, from 400 eV to 450 eV, up to 500 eV, for
an ASW film with a D2O inter-layer at a fixed depth.

Simulations using the CASINO code indicate that the electrons used can penetrate to the
D2O inter-layer and represent a preliminary view of the physics occurring in this system.
More detailed Monte Carlo modelling of hydrogen isotopologue production shows the
longer arrival times of HD/D2 for more deeply buried D2O layers. The decline in the signal
intensity, as well as the broadening of the deepest peak production as a result of the
increased diffusion length through the ice are consistent with the experimental
observations supporting the idea that the detected molecular species are formed within the
bulk.
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Figures

Figure 1: Schematic diagram of the layered ASW thin film on the stainless steel substrate.

Figure 2: The calculated fraction of the relative electron flux (I/I0) versus depth for electrons
incident on the ASW at different energies in the 200 to 1000 eV range.

Figure 3: The depth dependence of the yields of (a) H2, (b) HD, and (c) D2 molecules
produced from thin films of ASW layered as H2O/D2O/H2O for samples; S1 (black), S2 (red),
S3 (blue), S4 (green) and S5 (magenta) (see Table 1). All samples were irradiated with 450
eV electrons. The experiment started a time zero, but the electron gun started emitting
electrons at 180 sec. For clarity, data from S2 to S5 in panel (a) were shifted vertically by
5.0×10-11, 7.0×10-11, 1.5×10-10, and 1.7×10-10 molecules cm-2 s-1, respectively. The dashed
vertical lines refer to the time of the reduction in H2 signal and peak production of HD and
D 2.

Figure 4: The energy dependence of the yields of (a) H2, (b) HD, and (c) D2 molecules
produced from thin films of ice ASW layered as H2O/D2O/H2O for samples; S6 (black), S3
(red), and S7 (blue) irradiated with 400, 450, and 500 eV electrons, respectively. The
experiment started a time zero, but the electron gun started emitting electrons at 180 sec.
For clarity, the data for samples S3 and S7 in panel (a) were shifted vertically by 7.1×10-12
and 1.2×10-10 molecules cm-2 s-1, respectively. The dashed vertical lines refer to the time of
the reduction in H2 signal and peak production of HD and D2 according to the colour.

Figure 5: Calculation of the electron trajectories as a function of the penetration depth using
the CASINO code and layered icy models of ASW at 450 eV. In each model, the D 2O layer
(0.2 nm) was sandwiched between the base and cap layers arranged at the same conditions
of samples S1 (black), S2 (red), S3 (blue), S4 (green) and S5 (magenta) in Table 1. The curves
are normalized by the CASINO software by the number of primary electrons simulated71.
The final four samples were vertically shifted by 2.3×10-4, 4.3×10-4, 8.0×10-4 and 1.1×10-3,
respectively.

Figure 6: Calculation of the electron trajectories as a function in the electron energy in the
range from 300 to 1000 eV using the CASINO code and model layered ASW film with
H2O/D2O/H2O thicknesses of 60/0.2/5.4 nm, respectively.

Figure 7: The depth dependence of the yields of HD: (a) produced from thin films of ASW
layered as H2O/D2O/H2O for samples when the experiment started a time zero but the
electron gun started emitting electrons at 180 sec.; S1 (black), S2 (red), S3 (blue), S4 (green)
and S5 (magenta) (Table 1) and (b) the results from MC simulation at the same conditions of
samples from S1 to S5. All films were exposed to 450 eV electrons.

Figure 8: Appearance time of desorption peaks for HD and D2 and MC simulation
production/desorption of HD peak maxima as a function of the depth of the D2O layer in
thin H2O/D2O/H2O ices when irradiated at 450 eV electrons.

Tables

Table 1: Layered ASW films of total thickness 44.7 nm (corresponding to a total exposure of
363 L) deposited in UHV on a stainless steel substrate at 108 K. *Samples from S1 to S5
having different layer thicknesses were used to investigate depth-dependence of the H2, HD
and D2 desorption when irradiated with 450 eV electrons for 10 minutes. Samples S6, S3 and
S7 having the same layer thicknesses were used in the studies of the energy dependence of
the H2, HD and D2 desorption when they were irradiated with 400, 450, 500 eV electrons.

Sample*
S1

S2

S3

S4

S5

S6

S7

Base H2O layer

D2O layer

Cap H2O layer

44.5±2.2 nm

0.2±0.01 nm

0.0 nm

(361±18 L)

(1.8±0.1 L)

(0.0 L)

41.9± 2.1 nm

0.2±0.01 nm

2.6±0.1 nm

(340±17 L)

(1.8±0.1 L)

(20±1.0 L)

39.1±2.0 nm

0.2±0.01 nm

5.4±0.3 nm

(318±16 L)

(1.8±0.1 L)

(43±2.2 L)

36.3±1.8 nm

0.2±0.01 nm

8.2±0.4 nm

(295±14 L)

(1.8±0.1 L)

(66±3.3 L)

33.6±1.7 nm

0.2±0.01 nm

11.0±0.6 nm

(272±13 L)

(1.8±0.1 L)

(89±4.5 L)

0.2±0.01 nm

5.4±0.3 nm

(318±15 L)

(1.8±0.1 L)

(43±2.2 L)

39.1±2.0 nm

0.2±0.01 nm

5.4±0.3 nm

(318±16 L)

(1.8±0.1 L)

(43±2.2 L)

39.1±2.0 nm

