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ABSTRACT

Context. Many interstellar molecules are thought to form on dust grains. In particular, hydrogenation is one of the major mechanisms
of the formation of mantle ice. To date it is not clear if H atoms can penetrate the bulk of the ice mantle or if it only has chemical
activity on the accessible surface of grains.
Aims. We wish to study the efficiency of atoms deposited on the outer surface of the amorphous solid water to penetrate into the ice
bulk.
Methods. NO molecules react with O and H atoms. They are easily detected by infrared (IR) spectroscopy. These two properties make
this molecule an ideal chemical tracer for the penetration of O and H atoms through water ice. In our experiments we first deposited
a NO undercoat and covered this layer (at 40 K) with a variable amount of water ice. Then, we exposed this undercoat to D (10 K)
or O (40 K) atoms, and we followed the NO consumption and the products that appeared via IR signatures, and we finally analyzed
the desorption of all species through a temperature-programmed desorption technique. We experimentally characterize the accessible
surface of the ice and provide a model to interpret quantitatively our measurements.
Results. Water ice limits the destruction of tracer NO molecules. The thicker the ice, the more NO remains unreacted. H and O atoms
lead to the same amount of NO consumption, pointing out that access to reactants for these two different atoms is identical. We discuss
different possible scenarios of NO localization (in and/or on the ice) and determine how this affects our observables (IR data and
desorption profiles).
Conclusions. In our experimental conditions, it is not possible to measure any atom penetration through the bulk of the ice. The
surface diffusion followed by reaction with NO or by self-reaction (i.e., H + H −→ H2) is faster than bulk diffusion. We propose lower
limit values for penetration barriers. Therefore the building of astrophysical ice mantles should be mostly driven by surface reactivity.

Key words. ISM: molecules – molecular processes – astrochemistry – diffusion – atomic processes – solid state: volatile

1. Introduction

The formation of certain molecules (such as H2, H2O or CO2)
in different astrophysical environments is possible thanks to the
catalytic effect of dust grains (e.g., Anders et al. 1974; Pirronello
et al. 1999; Cazaux et al. 2010, and references therein). In dense
clouds, where the UV photons flux is rapidly attenuated, atoms
and molecules accumulate on dust grains and react to form
increasingly complex molecules (Caselli & Ceccarelli 2012).
The diffusion of the lightest species, in particular hydrogen and
oxygen atoms, is often considered as the trigger of chemical
reactions that are at the base of the growth of these molecular
mantles and differ in composition from the gaseous phase. It was
shown very early (Tielens & Hagen 1982) that grain chemistry
was mainly limited by diffusion (Cuppen et al. 2017). Experi-
mentally it has been demonstrated that H, O, and N atoms can
effectively diffuse on the surface of iced grains at low tempera-
ture (∼10 K; Matar et al. 2008; Watanabe et al. 2010; Hama et al.
2012; Minissale et al. 2013a, 2016; Congiu et al. 2014; Wakelam
et al. 2017).

This type of catalysis dominated by surface diffusion is very
effective. The synthesis of methanol from the CO-hydrogenation

is an emblematic example, since this molecule is abundantly
produced and detected (e.g., Kristensen et al. 2010; Ceccarelli
et al. 2017) despite the reaction barriers (Hiraoka et al. 2002;
Hidaka et al. 2007; Rimola et al. 2014). It is not yet well under-
stood if once the molecular mantle is built as a consequence of
surface reactions, this mantle can evolve because of reactions
in its interior. It is known for example that UV penetrates many
molecular layers (e.g., 1 µm at 163 nm, Orzechowska et al. 2007)
creating radicals in the inner layers of the mantle leading to
chemical recomposition. It is therefore necessary to understand
what is the diffusion in the bulk. Several studies have focused
on the experimental determination of bulk diffusion rates of
molecules such as NH3, CO, and CO2 (Mispelaer et al. 2013;
Lauck et al. 2015; He et al. 2017; Cooke et al. 2018; Ghesquière
et al. 2018) on relevant astrophysical ice, but little is known
about the bulk diffusion of atoms. However, it is very impor-
tant to determine if and how the diffusion of atoms takes place
in ice, since some increase of the mobility may be expected for
atoms, especially H. An efficient diffusion in bulk can indeed
allow a rich chemistry in the ice of dense clouds thus favoring the
dynamic and temporal evolution of the ice in its whole thickness.
A lack of bulk mobility, in the absence of subsequent processing,
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causes the ice composition to be governed by the surface dif-
fusion and the composition of the accreted gas until the ice is
heated or processed.

Water ice is the main compound of astrophysical ices
(Boogert et al. 2015), but it is a multiform matrix. In astrophys-
ical environments, water ice can be crystalline or amorphous,
referred to as amorphous solid water (ASW), but in dense clouds
water iced is thought to be amorphous because some energy
processes must take place before it crystallizes (Papoular 2005;
Palumbo 2006). Furthermore amorphous ice can be porous or
compact: if it is deposited at low temperature (<70 K), it is
porous (Stevenson et al. 1999), but it can be recompacted by ionic
or UV irradiation (Palumbo et al. 2010) or by simple chemical
activity such as hydrogen recombination (Accolla et al. 2011).
Finally, if the ice forms directly on the dust grains, it is amor-
phous and compact (Oba et al. 2009; Accolla et al. 2013). Of
course, the diffusion rates of species in the bulk of ice depend
on the ice morphology (amorphous or crystalline) and its degree
of porosity.

The reactivity of atoms with another compound inserted in
the ice (used as a chemical tracer) can be used to experimentally
measure atomic diffusion on/in the water ice. If the reaction is
barrier-free, the disappearance of the reactive species allows us
to infer the access of the atoms to the reactants, and hence their
mobility. This is the method we used in Matar et al. (2008) using
O2 consumption as a marker for surface diffusion of D. If we
now deposit water ice on top of a reactive partner, by examin-
ing the consumption and formation of species according to the
thickness of the water ice deposited on top of it, we must be able
to deduce the penetration of atoms into the ice. In the present
case we use NO, which has no reaction barrier with H (Congiu
et al. 2012) and O (Minissale et al. 2014b) and is detectable in the
IR, contrary to O2. However this approach presents certain con-
straints from an experimental point of view. Compact water ice
(amorphous or crystalline) can only grow at sample temperatures
above 100 K. Such temperatures are sufficiently high to induce
immediate desorption of the “marker”, the reactive compound
NO. We are therefore limited by the desorption temperature of
the chemical marker (i.e., ∼40 K for NO). This temperature does
not allow for the formation of compact ice. The amorphous and
porous water ice is what can be studied by this method.

There is a general consensus that water ice in dark clouds
is mainly amorphous, but the nature of its porosity degree still
remains poorly known (Öberg et al. 2009, 2011; Accolla et al.
2013). For this reason we decided to perform a first experimental
study of volumetric diffusion rates of H and O atoms on porous
ASW.

Strictly speaking, diffusion on porous ice is both a surface
diffusion and a bulk diffusion. Figure 1 depicts this situation.
There is surface diffusion on the accessible surface of the pores
of the ice, which can be located “inside the ice” and therefore
this surface diffusion allows the ice to be swept within its vol-
ume by the diffusive atoms. This scenario is sometimes called
percolation. Bulk diffusion may occur, but refers to the cross-
ing of a compact/closed ice layer. In particular, if closed pores
are present, the atoms must penetrate through the wall of the
pores before possibly continuing the surface diffusion on the
inner surface of the closed pore.

For the rest of the article we call “surface diffusion” the dif-
fusion on both inner and outer surfaces. Thus, the atoms can
penetrate in the depth of the ice through surface diffusion, which
may appear misleading. This is because of the complex structure
of the ice that we used. The bulk diffusion corresponds to the
diffusion that requires crossing a water layer.

Fig. 1. Schematic drawing of the porous amorphous ice grown on top of
a NO layer deposited on a gold surface. The outer surface (in green) is
the surface directly accessible from the gas phase (with a normal inci-
dence). The inner surface (in blue) is the surface accessible via surface
diffusion. Bulk diffusion is required to access closed pores (dark blue).
The reactive layer can be accessed via surface diffusion (both inner and
outer surfaces) along the cracks or pores. This case is represented in
light red. Part of the reactive layer that required bulk diffusion is drawn
in dark red.

Fig. 2. Schematic top view of the Venus setup and the FT-RAIRS
facility.

Our article is organized as follows: the following section
describes the experimental setup and ice characterization. In
Sect. 3 we presents the experimental results. In Sect. 4, we pro-
pose a model of rate equations that simulates our experiments.
In the last section, we discuss the main conclusions and astro-
physical implications of this study.

2. Experimental methods

2.1. Experimental setup

The experiments were conducted with the VENUS setup located
at LERMA-Cergy lab in Cergy-Pontoise, France. It consists of
an ultra high vacuum (UHV) main chamber with a base pres-
sure of 10−10 mbar. A golden mirror, placed at the center of
UHV chamber, is held at temperatures between 8 and 400 K.
The temperature is controlled by a calibrated silicon-diode sen-
sor clamped on the sample holder. Atomic species are directed
toward the sample through three diaphragms located a double
vacuum chamber to ensure a good differential pumping and
keep the pressure in the main chamber very low (less than 5×
10−10 mbar, during multibeams exposure). The scheme of the
setup is shown in Fig. 2.
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usion regimes in our experimental conditions (Hama et al.
2012; Senevirathne et al. 2017; Congiu et al. 2014).

Fig. 3. Scheme of the experimental protocol. Panel a: deposition of
1 mL of NO at 40 K. Panel b: deposition of X mL of H2O at 40 K.
Panel c: cool down at 10 K in the case of D-exposure experiments.
Panel d: deposition of D atoms at 10 K or of O atoms at 40 K, recording
continuously IR spectra. Panel e: TPD profiles of the species of interest.

Adsorbates and products were probed in situ through a
Fourier Transform Reflection Absorption Infrared Spectrometer
(FT-RAIRS), and a quadrupole mass spectrometer (QMS) used
for measuring the beams fluxes and beams compositions and
for performing the temperature-programmed desorption (TPD)
experiments.

All the experiments were performed following these steps:
(a) NO deposition. One monolayer (mL = 1015 molecules cm−2)

of NO on gold sample held at 40 K.
(b) H2O deposition. X mL of H2O on top of NO ice at 40 K

(X = 0, 2, 3, 6, and 10 mL).
(c) Sample temperature. Cool down to 10 K in the case of

D atoms study. The surface is kept at 40 K for O study.
(d) Beam exposure. NO-H2O ice are exposed to a D- or O-atom

beam. RAIRS spectra recorded during exposure.
(e) TPD performed after D or O exposure.
This protocol is schematized in Fig. 3.

Deuterium is used in place of hydrogen to increase the
signal-to-noise ratio (S/N). In the case of D atoms exposure,
we held at 10 K after the same procedure of ice formation at
40 K. The ice is not supposed to change upon cooling, but can
change the morphology if heated. During the O atoms exposure,
NO-H2O ice is held at 40 K to enhance O2 desorption and
prevent an efficient formation of O3 (Minissale et al. 2014a).
These temperatures are chosen so that the diffusion of atoms
is fast enough and their desorption is negligible. Both D and O
should be in the thermal diffusion regimes in our experimental

conditions (Hama et al. 2012; Senevirathne et al. 2017; Congiu
et al. 2014).

Atomic species, D and O atoms, were generated by disso-
ciating D2 and O2 molecules in a quartz tube placed within
a Surfatron cavity, which can deliver a maximum microwave
power of 200 W at 2.45 GHz. Atoms and undissociated
molecules were cooled and instantaneously thermalized upon
surface impact with the walls of the quartz tube. Deuterium
and oxygen beams were free of electronic excited atoms (Congiu
et al. 2009; Minissale et al. 2015). The dissociation efficiency of
D2 and O2 was τ= 50± 5%, where τ represents the percentage
of dissociated molecules. The value τ defines the atom/molecule
ratio in the beam. For example if τ is 0.5, every ten molecules
we have ten atoms and five undissociated molecules.

We calibrated the molecular beam as described in Amiaud
et al. (2007) and Noble et al. (2012). The first monolayer
of NO was reached after an exposure time of about 15 min,
which give a flux of φNO = (1.0± 0.3)× 1012 molecules cm−2s−1.
The D2 and O2 molecular fluxes were φD2,O2 = (1.05± 0.3)×
1012 molecules cm−2 s−1 while D and O atoms fluxes were
φD,O = (2.1± 0.3)× 1012 atoms cm−2 s−1.

Adsorbates and products were probed continuously through
FT-RAIRS during atoms exposure. TPD was performed after D
or O atoms exposure and the sample was heated up to 250 or
190 K, respectively. Those temperatures allow the desorption of
NO-H2O ice and of newly formed molecules (ND2OD and N2O
in the case of D, and NO2 in the case of O).

We use the mL unit, which corresponds to
1015 molecules cm−2 exposed to the surface. For a typical
solid substrate, like crystalline water ice, it also corresponds
to the number of adsorption sites (NAS). But in the case of a
reactive species, like O atoms, exposing 1 mL does not mean
that one layer of O atoms is deposited, since O atoms diffuse
and react quickly. If only O2 is formed (like in the case of
exposure on a nonreactive surface held at 30 K), and if the
desorption (thermally or chemically induced) is neglected, it
would lead to 50% of occupancy of the surface binding sites
by O2 molecules, because two O atoms are recombining into
one O2 molecule. Moreover, in the case of light species, such as
H, H2, D, the sticking coefficient is far to be unity (Chaabouni
et al. 2012), so the exposed dose does not correspond to the
number of molecules adsorbed on the surface. Finally, when the
surface is porous or in presence of clusters, the NAS can greatly
vary, and in general, even if the sticking coefficient is unity,
1mL of deposition is not sufficient to cover the full accessible
surface, and therefore the saturation of the surface can occur
after few mL of exposure.

2.2. Evaluation of the number of adsorption sites with the
water ice thickness

Water ice deposited at 40 K is porous (Stevenson et al. 1999).
The presence of cavity and pores on the surface increases the
NAS and thus the effective surface. We studied how the effec-
tive surface seen by the atoms evolves as a function of water
ice layer. We used a standard King and Wells method (King &
Wells 1972) by depositing D2 as a function of water ice thick-
ness. We monitor the partial pressure of D2 in the chamber while
a D2 beam is sent to the surface held at 10 K. Typical mea-
sured curves can be seen in Fig. 3 of Amiaud et al. (2007).
For each ice substrate there is a specific saturation time that
scales to the NAS. The method does not measure directly the
NAS since the D2 saturation of compact ASW occurs at 0.4 mL
(of exposure) at 10 K, which corresponds to an occupancy of
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Fig. 4. Number of adsorption sites expressed in mL as a function of
water ice thickness, derived from a King and Wells method. The initial
surface is a compact ASW of 15 mL thickness grown at 110 K covered
with the addition of extra layers of porous water.

∼15% of the surface sites taking into account the sticking coef-
ficient (Amiaud et al. 2007). However, the assumption that the
saturation time of D2 scales to the NAS is quantitatively ver-
ified with one experimental direct measurement at 5 mL of
overlayers of H2O, using N2 and CO as direct probes (Nguyen
et al. 2018).

The results are shown in Fig. 4. Without addition of amor-
phous porous water, the surface is considered as planar. The
initial surface is a compact ASW of 15 mL thickness grown at
110 K. It is by definition equal to 1 mL. With the addition of extra
layers of porous water, the saturation time increases, which cor-
responds to an increase of the NAS. The effective surface reaches
1.6 for 11 mL of extra water ice deposited at 40 K. In order to
take into account the evolution of NAS in the model presented
in Sect. 4, we fitted the experimental results with the following
exponential law

NAS = 1.67 − 0.67 · e− H2O
4.43 . (1)

We stress that this is an empirical law and it is far from being
a general law to describe the evolution of NAS as a function of
water ice thickness. It is only valid in our specific experimental
conditions.

3. Experimental results

3.1. Oxygenation of NO ices

The diffusion of oxygen in ASW is studied using nitric oxide as a
reactive marker. Oxygenation of NO can occur through NO reac-
tions with the three oxygen allotropes Ox (O, O2, and O3). Solid
state reactions generally have two limiting factors, the reagent
diffusion barrier and the reaction barrier. As the NO + O reac-
tion is barrier-free, it represents a system suitable for the study of
O diffusion. We note that the presence of atomic oxygen on a sur-
face easily leads to the formation of diatomic oxygen and ozone
therefore, reactions NO + O2 and NO + O3 could occur in solid
phase and would make the interpretation of experimental results
more difficult. To avoid this problem, the presence of diatomic
oxygen and ozone can be limited by performing experiments at
a sample temperature of 40 K. At this temperature, O2 is effi-
caciously released in the gas phase and, therefore, O3 cannot be
effectively formed in the solid phase (Minissale et al. 2014a).

Figure 5 shows typical IR spectra obtained by exposing 1 mL
of NO held at 40 K to O atoms. The red spectrum is taken before

Fig. 5. Infrared spectra obtained by exposing to 1 mL of NO held at
40 K to different amount of O atoms: 0, 0.2, 0.4, 0.8, and 2.0 mL. The
red curve does not present any IR signature since it has been considered
as the reference spectrum. Curves are offset for clarity.

O-atom exposure. This curve does not present any IR signature
since it has been taken as reference spectrum. The other spec-
tra are taken after 0.2, 0.4, 0.8, and 2.0 mL of O-atom exposure,
respectively. We can assign three main signatures: the NO dimer
at 1770 cm−1 and the NO2 at 1605 and 1315 cm−1. From the
decreasing of NO peak as a function of O-atom exposure, we
evaluate the kinetics of NO consumption. Similarly, by integrat-
ing the increasing of NO2 signatures, we evaluate the formation
rate of NO2.

The kinetics of NO consumption and NO2 formation are
shown in Fig. 6 as a function of O-atom exposure for different
thickness of H2O ice (0, 2, 3, 6, and 10 mL). Each curve shows
a decrease of the reagent (NO, top panel) correlated with an
increase of one of the product (NO2, bottom panel). As expected
for a barrierless reaction the kinetics reach a steady-state plateau
after an exposure about equal to one mL, which corresponds to
a perfect stochastic reaction.

As evident from experimental data in Fig. 6, the level of the
steady state of NO consumption (or NO2 formation) depends on
the thickness of water ice. When no water ice is deposited on
top of NO, 1 mL of oxygen atoms is able to react with all the
NO previously grown (∼1 mL). Two mL of porous water ice
are able to prevent a complete consumption of NO ice since less
than 0.7 mL are consumed. For 10 mL of water ice, only 0.1 mL
of NO reacts with O atoms. We note that once the steady-state
plateau is reached, there is no measurable slower increase within
our experimental uncertainties

As explained in the experimental procedure, the NO ice
deposit is followed by a H2O deposit on the NO ice. However,
because of the porous structure of the water ice and diffusion,
NO molecules may be present in an “uncovered” adsorption site
after water ice deposition.

The following two populations of NO can therefore be
considered:

– covered NO, accessible only by pure bulk diffusion of
O atoms (hereinafter NOb)

– uncovered NO, present on the surface or in the pores of water
and accessible by surface diffusion of O atoms (hereinafter
NOs).

In the NOs population, there are two different subcategories,
which could be called “outer surface”, and “inner accessible sur-
face”. They are depicted in green and blue, respectively, in Fig. 1.
The first category corresponds to NO located on the outer sur-
face, and thus can interact directly with the gas. Even though
water ice is deposited on top of the NO layer, we cannot neglect
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Fig. 6. Kinetics of NO consumption and NO2 formation obtained by
integrating IR peaks of NO and NO2 as a function of O-atom fluence
for five different thickness of water ices (0, 2, 3, 6, and 10 mL) held at
40 K.

the possibility for NO to diffuse during the ice building at 40 K.
The second category of NOs corresponds to NO located in a
pore, and it requires surface diffusion of O (or D) to react. How-
ever NO molecules organize themselves as dimers (Minissale
et al. 2013b, 2014b; Ioppolo et al. 2014), so their mobility should
be strongly reduced compared to any other molecules of similar
range of volatility (such as CO). Figure 1, for the sake of sim-
plicity, shows only the case in which NO dimers are unable to
diffuse, which is an oversimplification. However, the important
point here is the following: do O or D have to cross a water layer
to react with NO (i.e., need bulk diffusion)?

The details of TPD profiles can help to discuss these pos-
sible locations: outer surface, inner surface, or bulk. In Fig. 7
panel a presents the TPD traces of mass 30 (in red) and mass 46
(in green) after the oxidation of NO without a water overlayer.
As we have shown in Minissale et al. (2013c), TPD desorption
curves of NO2 ices are characterized by two peaks at masses 30
and 46 (with a constant ratio m46/m30∼ 13%) at around 125 K.
We stress that only the presence of both mass 30 and 46 repre-
sents the desorption of NO2. In panels b and c we can see three
peaks at mass 30, named A, B, and C for the sake of clarity.
The peak A at 125 K is related to the desorption of surface NO2
since both masses 30 and 46 are present. Peak B at 148 K has
no mass 46 components and it is therefore due to the desorption
of NO. It is indeed the NO unreacted that is released during the
rearrangement of the ASW, prior to the crystallization. This peak
corresponds to NOb in water bulk (or inaccessible pores). Peak
C shows masses 30 and 46 and it corresponds to the release of
NO2 trapped in the pores of the water. The origin of this peak
can be either NOb or NOs trapped during the reconstruction of
the ice during the TPD. On panel d we plot the shape of the water
desorption. It shows a two-peaks- desorption. The first peak cor-
responds to desorption of ASW. The ASW desorption is reduced
when the crystallization occurs. The second peak corresponds
to desorption of crystalline water (Smith et al. 1997). We can
see that the NO desorption (peak B) occurs during the ASW
desorption, whereas the NO2 desorption exactly matches with
the water crystallization. This is known as the so-called volcano
effect (May et al. 2013); when the water crystal is expanding,
it expels all the impurities, which are NO2 in our present case.
From panels a to d in Fig. 7, we note a decrease of the peak at A;
it is no longer visible in panel d, meaning that all NO2 is formed
from NO trapped inside the ice.

We now return to the different scenarios of NO reactivity
depending on their initial location. NO2 desorbing from peak

Fig. 7. Curves of TPD at mass 30 and 46 after O-exposure of NO/H2O
ice for different thickness of water ices held at 40 K. Panel a: 0 mL.
Panel b: 3 mL. Panel c: 6 mL. Panel d: 10 mL.

A comes from the surface or from an open pore. The C peak
indicates an origin within the volume, in bulk, or in open pores.
We can clearly see the change in the balance from peak A to C,
corresponding to more and more NO that reacted in the pores or
in the bulk. The increase of the B peak corresponds to the unre-
acted NO, which perfectly matches the plateau values observed
in the IR spectra. The TPD traces show that the thicker the
ice, the higher the proportion of reaction inside the pores. This
was not certain before the study. It is possible to have imag-
ined that the NO film would remain at the surface because it is
completely repelled by water growth (water molecules imping-
ing with the kinetic energy of room temperature) or segregated
forming islands. Moreover, it seems that NO diffusion during
the growth of water ice over layer is not efficient. This could
be owing to the ability of NO to form dimers (Minissale et al.
2014b) that may have a low diffusion rate.

3.2. Deuteration of NO ices

In this section we describe experimental results of deuteration of
NO. As studied by Congiu et al. (2012), the deuteration of NO
brings to the formation of deuterated hydroxilamine (ND2OD)
via the three subsequent D-atom additions to nitrogen monox-
ide. Side reactions may lead to some N2O formation. The first
step (NO consumption) is barrierless. In this case, we exposed
NO ices held at 10 K to different amount of D atoms (up to
2.1 mL). We studied three different chemical kinetics by vary-
ing the amount of water ice deposited on top of NO, i.e., 0,
3, and 6 mL of porous water ice. As in the case of NO + O
ice, we can easily follow the kinetics of NO consumption by
looking to the decrease of IR band at 1770 cm−1. Unlike the
NO + O case, we cannot follow the kinetics of reaction prod-
ucts (ND2OD) since their IR signatures are hidden by the noise.
Nevertheless by performing TPD experiments, we checked the
presence of deuterated hydroxilamine after each experiment. NO
kinetics is shown in Fig. 8; NO consumption reaches a plateau
after a D-fluence of ∼1 mL in the case of bare NO. This could
be explained by a cover effect of NO by the newly formed
hydroxilamine: at very beginning of experiments, NO can react
efficiently with D through Eley-Rideal mechanism; once hydrox-
ilamine starts to form on the surface, it can partially cover NO,
and D atoms have to diffuse to react with it. This means that
surface density of D atoms increases and facilitates D2 forma-
tion through D + D reaction. Somehow hydroxilamine could play
the same role of water ice preventing a full NO consumption.
The role of water ice is clearly visible for the experimental data
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Fig. 8. Comparison between model (solid lines) and experimental data
(dots). Experimental data are obtained by integrating IR peak of NO
following to different fluences of D atoms for three different thickness
of water ices (0, 3, and 6 mL) deposited on top of NO held at 40 K.
Simulated curves are obtained by using the α0 law for a deuterium bulk
diffusion of 280 K.

plotted in Fig. 8. When 3 mL of H2O are deposited, 0.3 mL of
NO are consumed, while only 0.1 mL of NO reacts when 6 mL
of H2O are deposited on top of it.

If we now compare the amount of NO unreacted (in mL) for
the O and D experiments, we find that it is 0.67± 0.09 mL (for
D) and 0.74± 0.04 mL (for O) for the case of 3 mL of water
overlayer and 0.88± 0.07 and 0.89± 0.02 mL for 6 mL of water.
This amount is equal within our experimental error bars. We can
conclude at this stage that the accessibility to NO for O atoms
and D atoms seems to be identical.

4. Model and discussion

The model used to fit our experimental data is very similar to
that described in Minissale et al. (2013c, 2015). In the case of
NO oxygenation we follow the density of six chemical species:
O-surface atoms (Os), coming exclusively from the beam and
diffusing only on the surface; O-bulk atoms (Ob), reacting and
diffusing only in the ice bulk; NO-surface molecules (NOs),
deposited on the surface and reacting only with Os; NO-bulk
molecules (NOb), deposited on the surface and reacting only
with Ob; NO2 formed via NOs + Os or NOb + Ob; and finally O2,
coming both from the beam and formed by solid-state reactions.
Each differential equation is composed of different terms:

– positive terms contribute to the increase of species amount,
i.e., a molecule (or atom) arrives from the gas phase or it is
formed on the surface;

– negative terms indicate a decrease of species amount, i.e., a
molecule (or atom) is consumed on the surface or it desorbs
and returns to the gas phase.

The terms involving the Eley-Rideal (ER; gas-surface reactions)
and Langmuir-Hinshelwood (LH) mechanisms (reaction induced
by surface diffusion) are independent. For this reason we can
determine the amount of a species formed (or consumed) via the
ER or the LH mechanism. Below we show the set of differential
equations built to simulate NO consumption and NO2 formation:

O′s(mL) = φO(1 − 2Os − O2) − φO2 Os − 4kOs,Dif Os Os

− kOs,Dif Os O2 − φO NOs − kOs,Dif Os NOs

+ kObDif (Ob − Os) − Os DesOs , (2)
O′b(mL) = −kOb,Dif (Ob − Os) − kOb,Dif Ob NOb, (3)
O′2(mL) = φO2 (1 − Os) − φO O2 + φO Os

+ 2kOs,Dif Os Os − kOs,Dif Os O2 − O2 DesO2 , (4)

NO′s(mL) = −φO NOs − kOs,Dif Os NOs − NOs DesNOs , (5)
NO′b(mL) = −kOb,Dif Ob NOb, (6)
NO′2(mL) = φO NOs + kOs,Dif Os NOs + kObDif Ob NOb. (7)

Os, Ob, O2, NOs, NOb, and NO2 are the densities (expressed
in fractions of mL) of the different species, φO is the flux of
O atoms, and φO2 is the nondissociated fraction of O2 defined in
Sect. 2. We define

DesOs = ν e
−EOs ,des

T ,with EOs,des = 1400 K (8)

DesO2 = ν e
−EO2 ,des

T ,with EO2,des = 1100 K (9)

DesNO = ν e
−ENO,des

T ,with ENO,des = 1300 K (10)

kOs,Dif = ν e
−EOs ,dif

T ,with EOs,dif = 750 K (11)

kOb,Dif = ν e
−EOb ,dif

T ,with EOb,dif a free parameter, (12)

where T is the sample temperature and ν= 1012s−1 is the trial
frequency for attempting a new event; DesOs,O2,NO are the des-
orption probabilities of Os, O2, and NO, respectively; kOs,dif
and kOb,dif are the thermal diffusion probability of O atoms on
surface (s) and in the bulk (b). We point out that for the dif-
fusion probability we only consider a pure thermal diffusion
barrier since quantum effects are negligible at high temperatures
(>30 K). We stress that the only free parameters are EOb,dif and
the initial amounts of NOs and NOb.

As described before water ice is deposited on top of NO
molecules. Depending on the amount of water ice deposited,
NO molecules can be accessible by bulk (NOb) or surface (NOs)
paths. We use a single parameter, called α, to take into account
the initial amount of NOb (α) and NOs (1-α) molecules.

The main difficulty of the analysis lies is the fact that we do
not know the amount of NO initially present in the bulk (NOb).
The consumption of NO can occur via surface reactions of NOs
or via diffusion through the ice. We have a unique observable
NO, but two competing and potentially compensating pathways.
Actually we can obtain the same level of consumption if we
increase both α and bulk diffusion. In other words, more NO
can be initially covered if the bulk diffusion is more efficient.
Therefore, we need to explore the whole domain of bulk diffu-
sion and initial α coefficient to simulate the full kinetic of NO
consumption.

Let us first focus on the possible values of α (NOb). The
amounts of NOb and NOs are related by the obvious closure rela-
tion NO = NOb + NOs. Because NO = 1 (1 mL of NO is initially
deposited) in all our experiments, NOs = (1-α). At the present
stage, we ignore the dependency of αwith the thickness of ASW.
By definition α= 0 when there is no water deposition. We can
suppose that α is monotonically increasing with the water ice
layers (WIL) and that α cannot be larger than the WIL. Here we
suppose that at least one water molecule is required to occupy
one adsorption site. The value α tends toward 1 when the ASW
thickness tends to infinity.

Moreover we know that the NO + O reaction is a barrierless
reaction and so all the NO accessible via surface paths should
react. This means that the amount of NOs (i.e., 1-α) cannot be
greater than the amount of NO reacted. This hypothesis is rein-
forced by the fact that in all our experiments, we reach a plateau,
indicating that all the possible reactants have been consumed.
In Fig. 9 we plot in blue dots the amount of NO unreacted as a
function of WILs deposited on top of the NO layer. The possible
values of α are represented by the colored zone. The values of
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Fig. 9. Colored zone: possible values of NO located inside the bulk of
ice (NOb =α) as a function of the WIL thickness. Blue points: measured
amounts of unreacted NO. Blue, red, and green lines represent three
possible parametrized repartitions of initially covered NO molecules

α, whatever is the WIL are comprised of between 0 for WIL = 0
and 1 for WIL =∞. Moreover, taking into account the previous
remark that NOs (i.e., 1-α) cannot be greater than the amount of
NO reacted, therefore α is necessarily greater than the unreacted
NO. In other words, the contribution of bulk diffusion cannot
be negative. So the α domain is restricted to the portion of the
Fig. 9 above the experimental values (α0). To materialize the
inferior limit of the possible α, we took an exponential satura-
tion law α(WIL) = 1 − e−

WIL
P1 where P1 is the fitting parameters.

The curve α1(WIL) is represented in blue in Fig. 9 and it corre-
sponds to the situation of a low number of NO initially present in
the bulk, α2 (red dotted curve) to an intermediate number of ini-
tial NOb, and α3 (green dashed curve) represents the case where
NO molecules are perfectly covered with water ice, and therefore
the reactivity can only proceed through bulk diffusion. The three
laws are given by

α1(WIL) = 1 − e−
WIL
3.447 , (13)

α2(WIL) = 1 − e−
WIL
2.247 , (14)

α3(WIL) = 1 − e−
WIL
0.515 . (15)

We stress that these are empiric laws that have been defined
to explore the space parameter of the possible α values as we can
see in Fig. 9.

Figure 10 presents typical comparison of our model and the
experiments. We use the kinetic of the NO consumption (and
NO2 formation) for different O fluences. We can very satisfacto-
rily reproduce our experimental data using the α0 values, which
are indeed the values of α equal to the unreacted NO obtained
from the plateaus observed in IR spectra. In this case, the best fit
is obtained for any value of bulk diffusion greater than 950 K as
can be seen on the right panel of the Fig. 10. This value is to be
compared with the value of surface diffusion taken as 750 K. It
corresponds to a ratio of ∼150 of the two diffusion rates.

Other scenarios of initial covering of NO are tested using
different αx laws. We can see on the χ2 graph that there exists a
minimum for which it is possible to compensate an initial cover-
age with a lower diffusion barrier. These minima have higher
absolute values with the increase of the initial NO coverage
(from 1 to 3), and logically show values with lower and lower
diffusion barriers, in line with what is expected. The values of
χ2 are higher but, taking into account that the α0 has the best
possible absolute values of χ2 because it is made from the right
plateau values, it is not a strong reason to reject these possibil-
ities of initial coverage. We can for example argue that our αx

laws are not exactly representative of the initial coverages and
that another repartition would probably get a lower, and there-
fore better, minimal value of χ2. However, on the right side of
Fig. 10 we can see that the best fits correspond to unrealistic sit-
uations. In particular, the values predicted at high fluences are
always decreasing and therefore there is no plateau, as observed
in experimental data. Therefore, the best solution is the case
of α0, which corresponds the scenario of the minimum of NO
initially covered with the water ice, and thus to a slow bulk dif-
fusion, which needs to be at least two order of magnitude slower
than the surface diffusion.

We also built a similar model to simulate the NO + D kinet-
ics. We considered eight species NOs, NOb, Ds, Db, D2, NOD,
NDOD, and N2OD. The desorption energy of D and D2 was
fixed to 600 K and the diffusion energy for Ds to 210 K (Wakelam
et al. 2017). Even in this case we considered three laws for α and
different values of bulk diffusion. We obtained results similar to
the case of NO oxygenation. The best fit, shown in Fig. 8, has
been found for the α0 law, (NOs = NOreacted) and the minimum
value of bulk diffusion is EDbdif = 280 K. In this case, the ratio of
surface diffusion rates to bulk diffusion rates is larger than 1000.

In both cases, NO oxygenation and deuteration, the chem-
istry seems to be driven by surface reactions (including the
pores). Lowering the value of Ebdif to values closer to Esdif
induces a faster kinetics, that would slowly consumed the
NOb, which is not observed experimentally. A good agree-
ment between experimental and simulation results can be found
using

Ebulk−diffusion

Esurface−diffusion
≥ 1.3.

5. Astrophysical implications and conclusions

In this work, we present an experimental comparison of the bulk
diffusion (i.e., the crossing of a compact/closed ice layer) and
surface diffusion (including in the pores) of oxygen and deu-
terium that can occur in conditions mimicking the interstellar
ices. In particular we evaluated the ratio of surface to bulk dif-
fusion, where the surface diffusion is the diffusion occurring on
the top surface and on the surface of the (open) pores. Potentially
surface diffusion can take place in the closed pores too, but it can
be neglected as a first approximation since it has to be triggered
by bulk diffusion.

We use NO as a chemical tracer. Under O or D exposure,
NO is rapidly consumed, down to a plateau indicating that NO
can no longer be reached by atoms in our experimental condi-
tions. To mimic the initial fast consumption and the following
plateau, only a bulk diffusion (through water ice) two orders of
magnitude slower than surface diffusion for O and three orders
of magnitude for D can fit our data. We found a lower limit
for bulk diffusion of 950 and 280 K for O and D, respectively,
and a Ediff bulk/Ediff surf ≥ 1.3 in both cases. We stress that we did
not perform experiments using H atom. Since the diffusion of
H could be different from D, the conclusion regarding D atoms
could not be totally valid for H atoms. In the interstellar medium,
the existence of ice mantle is ubiquitous as soon as visual extinc-
tion reaches a value of 3. This corresponds to regions where
density raises to ∼103−4 mol cm−3. In these conditions, one layer
of the mantle takes about 1000 yr to build up for a total of 105 yr
to reach a 100-layer thick mantle. After this point, most of the gas
species should already have accreted on grains, with few notable
exceptions such as H, He, H2, and some of close related species
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Fig. 10. Left panel: χ2 values comparing model and data for different α laws as a function of bulk diffusion energy. The value α0 corresponds to
the exact experimental values of unreacted species. Right panel: comparison between model (lines) and experimental data (dots). Experimental
data are obtained by integrating IR peaks of NO and NO2 as a function of O-atom fluence for five different thickness of water ices (0, 2, 3, 6, and
10 mL) held at 40 K. Simulated curves are obtained by using three laws for the α parameter (α1, α2, and α3) and measured experimental values (α0)
for the best case corresponding to the minimum χ2 of left panel. For α0 any choice of diffusion parameter greater than 950 K gives similar results.

such as H+
3 and N2H+. This is why interstellar ices enter a sec-

ond stage of their chemical evolution, whose duration depends
on the mass of the to-be-born star, before ongoing processes
linked to the more energetic next phases of star formation. Dur-
ing the growth of the mantle, one H atom lands on grains every
∼2 ×104 s (see Fig. 8 of Congiu et al. 2014). It can completely
scan the surface of a grain (radius ' 0.1 µm) in about 103 s.
In the case of D atoms, the lower limit of the bulk diffusion
(280 K) corresponds to a life time on the surface of ∼1 s at
10 K (τ= k−1

Db,Dif). It means that H atoms can scan the surface
before penetrating the bulk of the ice, but it could penetrate
the ice before the arrival of another H atom. This implies that
the H diffusion through the bulk of the ice cannot be fully
ruled out with our lower limit of H bulk diffusion. Only a
factor of more than 106 between the surface and bulk diffu-
sion rates would prevent bulk penetration, the latter being too
slow to compete with the H accretion of the gas phase, and
its subsequent transformation into H2. However, since the sur-
face diffusion rate is still at least 1000 times faster than the
bulk diffusion, any surface reactant with a concentration greater
than a thousandth would statistically react with the H atoms.
In other words, H could penetrate deeper in the ice mantle
only if very few reactants are present on the outer surface of
grains. Thus, we conclude that the surface hydrogenation, in
our experiments as well as in the interstellar medium, is dom-
inant over bulk diffusion, which cannot be totally excluded only
on the basis of a direct extrapolation of our experiments. In
such considerations, we neglect isotopic effects that are proba-
bly important but hard to take into account since both surface
and bulk diffusions should be affected. For O atoms, crossing
the first water bulk layer should take ∼1029 s, which means that
it is not possible (within the frame of the classical formalism
we use).

However, we point out our values are lower limits for the bulk
diffusion barriers as shown by the flat shape of the χ2 curve of
Fig. 10. The present experiments do not show directly whether H
diffusion through the ice bulk can reduce the lifetime of radicals
formed inside the volume of the ice mantle during UV irradia-
tion or during other energetic processes. The presence of radicals
during the initial building of the ice mantle is probably excluded

thanks to the high mobility of H atoms at any temperature
(Senevirathne et al. 2017). Our experiments show that the only
very first layers of the mantle are reacting and models consid-
ering that surface reactions rule the ice building (e.g., Vasyunin
et al. 2017) seem thus coherent with our laboratory experiments.
Hydrogenation or oxidation experiments (Hiraoka et al. 2002;
Watanabe et al. 2004; Fuchs et al. 2009; Jing et al. 2011; Ward &
Price 2011) have used similar or greater atomic fluxes. This
means in a first approximation that the surface to bulk diffusion
efficiency is the same or greater. Actually, the higher the flux, the
higher the self reactivity, the lower the possibility to penetrate
inside the molecular substrate. With the present study, we can
understand why, by construction, laboratory experiments favor
surface instead of bulk reactivity. However, we provide a lower
limit confirming that surface diffusion of H is an order of mag-
nitude faster than bulk diffusion through the ice, even though it
certainly changes with the type of molecular layer used.

Finally some works suggest the existence of an efficient ice
segregation mechanism of both interstellar (Öberg et al. 2011;
Allodi et al. 2014) and cometary ices (Dello Russo et al. 2011;
McKay et al. 2018). Nevertheless ice segregation is still an open
question in astrochemistry (Boogert et al. 2015). The possible
H atoms migration inside the bulk can strongly change the chem-
ical composition in the whole ice thickness, but simple thermal
differentiation could also be the reason for the observed segre-
gation. This aspect could now be tested thanks to Monte Carlo
simulations (Cazaux et al. 2010; Cuppen et al. 2017) using our
boundary limits of bulk diffusion barriers.
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