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ABSTRACT

Context. Sticking of H and D atoms on interstellar dust grains is the first step in molecular hydrogen formation, which is a key reaction
in the interstellar medium. Isotopic properties of the sticking can have an incidence on the observed HD molecule.
Aims. After studying the sticking coefficients of H2 and D2 molecules on amorphous silicate surfaces experimentally and theoretically,
we extrapolate the results to the sticking coefficient of atoms and propose a formulae that gives the sticking coefficients of H and D
on both silicates and icy dust grains.
Methods. In our experiments, we used the King and Wells method for measuring the sticking coefficients of H2 and D2 molecules on a
silicate surface held at 10 K. It consists of measuring with a QMS (quadrupole mass spectrometer) the signals of H2 and D2 molecules
reflected by the surface during the exposure of the sample to the molecular beam at a temperature ranging from 20 K to 340 K.
We tested the efficiency of a physical model, developed previously for sticking on water-ice surfaces. We applied this model to our
experimental results for the sticking coefficients of H2 and D2 molecules on a silicate surface and estimated the sticking coefficient of
atoms by a single measurement of atomic recombination and propose an extrapolation.
Results. Sticking of H, D, HD, H2, and D2 on silicates grains behaves the same as on icy dust grains. The sticking decreases with
the gas temperature, and is dependent on the mass of the impactor. The sticking coefficient for both surfaces and impactors can
be modeled by an analytical formulae S (T ) = S 0(1 + βT/T0)/(1 + T/T0)β, which describes both the experiments and the thermal
distribution expected in an astrophysical context. The parameters S 0 and T0 are summarized in a table.
Conclusions. Previous estimates for the sticking coefficient of H atoms are close to the new estimation; however, we find that, when
isotopic effects are taken into account, the sticking coefficient variations can be as much as a factor of 2 at T = 100 K.
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1. Introduction

In the interstellar medium (ISM), the dust to gas ratio averages
0.01 in mass (Hollenbach & Salpeter 1970). The dust size distri-
bution follows the law proposed by Mathis et al. (1977), which
is a power law in nature. In dense clouds, dust is made of grains
(covered with icy mantles) having an average size of 0.1 μm
(Hollenbach et al. 2009). In diffuse clouds, bare dust grains com-
posed of silicates and/or carbonaceous materials have a size dis-
tribution ranging from the smallest 1 nm to 10 nm grains (aro-
matic hydrocarbon PAHs and amorphous carbons) up to ∼1 μm
sized grains (amorphous silicates) (Mathis et al. 1977; Draine
& Lee 1984; Jones 2001). In diffuse regions, grains are known
to act as catalysts, helping the production of molecules enriched
in hydrogen, such as H2, H2O, H2CO, or CH3OH, therefore the
sticking of atoms and molecules is the first step in understanding
the chemistry that occurs on the surface of grains. The sticking
coefficient S is the probability that a species coming from the
gas phase stays on the grain long enough to be bound at a site on
the surface.

The sticking coefficient depends primarily on the gas temper-
ature and less on the grain temperature. Nevertheless, the latter
is a key parameter of the subsequent chemistry because the den-
sity of reactants on the grains depends not only on S , but also on
the desorption rate of species (once the species have stuck). If

the desorption rate is higher than the accretion rate, the species
remain in the gas phase, otherwise they condensate on the grain.

The temperature of the gas affects the velocity of the species
(varying as

√
T ), and changes the incoming flux by the same

factor. In addition, the temperature of the gas also influences the
sticking coefficient itself. The sticking process is mostly gov-
erned by the ability of a gas species to lose its kinetic energy
and become trapped on the surface. Therefore, a high adsorp-
tion energy and/or a good momentum transfer will increase the
sticking efficiency. The sticking of gas species on a cold sur-
face can be divided into two categories: the light particles (H,
H2, D, D2, HD, He) and the heavier molecules or atoms. The
light particles, with mass <4 a.u. in comparison to the mass of
atoms and molecules composing the grains (C, O, Si, or H2O),
have a small binding energy linked to their weak polarizability.
The sticking of heavy elements benefits both from good binding
energy momentum transfer and higher adsorption energy, and it
is usually assumed that the sticking is close to unity. As proof,
experimental studies have shown that the sticking probability of
N2, O2, CO, CH4, and H2O is higher than 90% (Kimmel et al.
2001; Fuchs et al. 2006; Acharyya et al. 2007).

The sticking of light molecules and atoms is raising numer-
ous questions and has already been the subject of extensive re-
search. A critical problem is the sticking of H atoms, as further
hydrogenation of the surface is believed to be a key process for
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gas grain interaction. The chemical nature of dust grains in the
ISM has not been characterized well, but astronomical data show
that they are principally composed of silicate and carbonaceous
material. In diffuse (low density) clouds, the dust grains are bare,
but in dark (dense) clouds the grains are covered with an icy
mantle, mainly composed of amorphous solid water with added
CO, CO2, methanol, and other molecules (Gibb et al. 2000;
Greenberg 2002). Since the formation of H2 molecules (in the
ISM) from H atoms is assumed to be preceded by the sticking of
hydrogen atoms on dust grains, many theoretical studies devoted
to this topic have been developed (Hollenbach & Salpeter 1971;
Burke & Hollenbach 1983; Leitch-Devlin & Williams 1985). We
cite in particular Buch & Zhang’s article (1991), which included
the following new elements with respect to the previous stud-
ies: (1) detailed modeling of surface structure of amorphous ice,
including surface roughness and disorder; (2) a detailed descrip-
tion of intermolecular interactions, including nonsphericity of
water molecules. They numerically evaluate the sticking of hy-
drogen atoms on the cluster of water molecules using molecu-
lar dynamical simulations. They proposed the simple formulae:
S = (kBT/E0 + 1)−2, where E0/kB = 102 K for H atoms and
200 K for D atoms. Al-Halabi et al. (2002) have also calculated
the sticking probability of hydrogen atoms to the basal plane
(0001) of hexagonal crystalline ice (Ih) surface using classical
trajectory calculations and the same H-H2O interacting poten-
tial. These theoretical studies show in both cases that the stick-
ing probability of hydrogen atoms decreases with an increasing
incident energy Ei of atomic hydrogen. A theoretical study of
Cuppen et al. (2010) dedicated to H2 formation on graphitic dust
grains in warm conditions complements this work. Modelers
have sometimes assumed that the sticking is

√
10/T , obtaining

therefore a constant formation rate for H2 molecules (Le Petit
2002; Le Petit et al. 2006).

Recently, Matar et al. (2010) have presented an experimen-
tal study and a model for the sticking of molecular hydrogen
on nonporous amorphous solid water ice held at 10 K. They
studied the variation in the sticking coefficient of D2 and H2
molecules as a function of the impinging molecular beam tem-
perature. A theoretical model was developed based upon three
assumptions: i) the amorphous structure can be considered as
a sum of independent cells, where globally no preferential di-
rection exists; ii) a cell-dependent critical velocity exists below
which the atoms or molecules are sticking independently of the
interaction details; iii) a probability law specifies the distribution
of cell critical velocities. Following this approach, the follow-
ing analytical formulae (1) gives the thermal sticking coefficient
S (T ) of a gas at temperature T and provides two physical param-
eters S 0 and T0 to describe the sticking process of the hydrogen
species on the grain surface:

S (T ) = S 0
(1 + β T/T0)
(1 + T/T0)β

· (1)

The parameter S 0 represents the sticking coefficient of parti-
cles at zero temperature (S 0 depends on the characteristics of
the projectile and the surface in an unspecified way), while the
parameter T0 verifies kBT0 =

1
2 mc2

0, where m is the mass of the
impinging particle, and c0 the mean value of the critical veloc-
ities previously mentioned. Under mild assumptions (light im-
pinging particles), c0 not only depends on the different elec-
tronic structures of the projectile and the surface but also on
the surface temperature. The linear mass dependence of T0 is
a critical prediction of the model that can be verified using ex-
perimental data obtained with isotopic projectiles. Finally the
β parameter reflects the geometry of the incident beam. The

value β = 2.5 corresponds to the velocity distribution of a free
gas at thermal equilibrium, whereas the value β = 2.22 cor-
responds to the velocity distribution of the effusive collimated
beam of our experimental setup (Matar et al. 2010).

In this paper, we present the experimental results for the vari-
ation in the sticking coefficient of H2 and D2 on a silicate surface
held at 10 K as a function of gas temperature, and we discuss the
efficiency of the physical model developed by Matar et al. (2010)
to fit the experimental data. In Sect. 2, we briefly describe the ex-
perimental setup and procedures. In Sect. 3, we present the ex-
perimental results and those obtained with the model. In Sect. 4,
we analyze and discuss the obtained results, and offer conclu-
sions in Sect. 5.

2. Experimental methods

2.1. Experimental procedures

The experiments were performed using the FORMOLISM
(FORmation of MOLecules in the ISM) setup. It is briefly de-
scribed here and more details are given in Matar et al. (2010);
Lemaire et al. (2010). The apparatus consists of an ultra-high
vacuum (UHV) stainless steel chamber with a base pressure
lower than 1 × 10−10 mbar. In its center, we find the sample
holder, which is thermally connected to a cold finger of an
Arscryo D210 closed-cycle He cryostat, which can be cooled
down to 5.5 K. The temperature is measured in the range of
5.5–350 K with a calibrated silicon diode clamped to the sample
and connected to a Lakeshore 336 controller. The temperature
is controlled to ±0.2 K with an accuracy of ±1 K. The sam-
ple holder is made of a 1 cm diameter copper bloc. Its optically
polished and gold-coated surface is covered with an amorphous
olivine type silicate film, whose general chemical formula is:
(Fex,Mg1−x)2SiO4, where 0 < x < 1. The silicate sample is pro-
vided by Dr D’Hendecourt’s group (IAS Orsay) and prepared
by the thermal evaporation of San Carlos olivine (Djouadi et al.
2005). Its exact chemical composition is unknown but its amor-
phous structure, checked by infrared spectroscopy, is character-
ized by a broad absorption feature around 950 cm−1. From the
deposition time, the silicate thickness is estimated as ∼100 nm
fully covering the gold surface.

The surface of our silicate sample is believed to be compact
rather than porous, because it shows the same behavior as the
surface of nonporous amorphous solid water (np-ASW) ice film
grown at 120 K. Such a film has a restricted effective surface
area available for adsorption in comparison to a porous amor-
phous solid water (p-ASW) ice film prepared at 10 K. The sur-
face behavior of our silicate was observed from temperature-
programmed desorption (TPD) experiments in our laboratory,
which showed similar saturation coverage of these species (CO,
O2, H2O, and D2) on both silicate and np-ASW water-ice sur-
faces held at 10 K using the same amount of flux. On the other
hand, according to Amiaud et al. (2007) and Fillion et al. (2009),
results for amorphous water ices, the molecular saturation of the
compact np-ASW ice surface occurs close to 0.5 ML exposure
of D2 at 10 K (1 ML = 1015 molecules cm−2), corresponding to
a few seconds D2 deposition time, whereas p-ASW ice surface
with a wide distribution of adsorption sites requires longer expo-
sure times and a higher saturation dose of D2 (about 4 ML). The
compact structure of our silicate sample has also been confirmed
by the King and Wells experiments (described in the next later
section), which indicate a gradual saturation of the silicate sur-
face after ∼100 s irradiation of D2 at 10 K as in the case of the
np-ASW ice film (Matar et al. 2010, Fig. 3) for the same amount
of D2 flux ∼9 × 1012 molecules cm−2 s−1 (Lemaire et al. 2010).
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Fig. 1. Normalized D2 QMS signals monitored in the vacuum chamber
during the irradiation of the silicate sample held at 10 K for several D2

beam temperatures ranging from 20 K to 340 K.

The hydrogen and deuterium molecules are introduced into
the UHV chamber via a triple differentially pumped molecular
beam line aimed at the sample holder at an incidence angle of
62◦. The gas flows through an aluminum accommodator, con-
nected to an Arscryo D202, closed-cycle He cryostat. The gas is
cooled down to a controlled temperature T before entering the
UHV chamber. It is therefore possible to vary the gas tempera-
ture from 20 K to 350 K. A valve located between the second
and the third stages of the beam line (separated by a 3 mm di-
aphragm) is used to create an effusive beam. At the entrance of
the main chamber, also separated from the third stage by a 3 mm
aperture, a flag is used either to intercept the beam, in order to
estimate the background pressure characterizing the beam, or to
allow the species in gas phase to directly reach the surface of
the sample holder. An analytical quadrupole mass spectrometer
(QMS) Hiden 3F is located above the sample holder and is used
to measure the signals of hydrogen species (H2, D2) diffused by
the surface during the molecular exposure of the silicate sample.

2.2. Sticking coefficient measurements

All our sticking coefficient measurements for D2 and H2 on a
silicate surface held at 10 K were performed using the beam re-
flectivity King & Wells (1972) technique. It consists of measur-
ing with the QMS the background partial pressure of D2 (or H2)
molecules in the main chamber during the exposure of the cold
surface to the D2 or H2 beam. This experiment is repeated at
several beam temperatures ranging from 20 K to 340 K in or-
der to study the variation in the sticking coefficient of hydrogen
species on the silicate surface as a function of the temperature
of the impinging molecules. Figure 1 shows the D2 normalized
signals as a function of the exposure time for different D2 beam
temperatures, ranging from 20 K to 340 K.

In these experiments, exposure begins at t = 0 when the
D2 beam is directed at the surface in the main chamber. At this
time the surface is considered to be free of D2 molecules. All
exposure experiments last about 500 s until saturation of the sur-
face by D2 molecules. As shown in Fig. 1, during the first 100 s
of D2 exposure, we observe a linear decrease in all D2 signals
and then a rapid rise that reaches the same plateau at about 300 s.
Then after further irradiation, the signals start to rise because of
the decrease in the sticking coefficient. This rise is obviously
due to molecules that begin to desorb from the surface because
of their short residence, which approaches to the time between
two arrivals of impinging molecules (Amiaud et al. 2007). The
plateau that starts at 300 s corresponds to the steady-state regime
where the number of sticking molecules becomes equal to that
of desorbing ones.

With a silicate surface at a higher temperature (36 K) and
a beam temperature of 50 K, it has been shown (Lemaire et al.
2010, Fig. 3) that a steady state is immediately reached as soon
as the beam is aimed at the surface because of the low residence
time of the molecules at high surface temperatures.

The apparent sticking coefficient is defined from the normal-
ized curves of Fig. 1 as the ratio between the amount of D2 that
is stuck on the surface and the total incoming D2 molecules.
From Fig. 1 we can deduce the absolute sticking coefficient S (T )
of D2 molecules at t = 0 when the surface of the silicate is
free from D2. As shown in Fig. 1, the absolute sticking of D2
decreases when the beam temperature increases from 20 K to
340 K. This behavior has been previously observed on the np-
ASW ice by Matar et al. (2010), and it has been explained by
the fact that molecules coming from the gas phase at higher
beam temperature (and then higher initial kinetic energy) cannot
be thermalized efficiently with the cold surface as their excess
energy liberated during the collision is not completely trans-
ferred to the surface. The thermalization of the newly formed
hydrogen molecules to the surface temperature, instead of their
prompt desorption into the gas phase, has been discussed by
Hornekær et al. (2003) and Congiu et al. (2009) respectively
for HD and D2 molecules formed by atomic recombination on
porous-ASW ices and by Perets et al. (2007) for H2 formed on
amorphous bare silicates.

At almost every beam temperature (except 20 K), the de-
crease in the signals during the first 100 s of D2 irradiation cor-
responds to an increase in the sticking coefficient of D2 on the
cold silicate surface. This effect is probably induced by the in-
creasing number of D2 adsorbed molecules on the surface that
help the thermalization of impinging molecules until some grad-
ual saturation after ∼100 s irradiation (Govers et al. 1980). In the
case of an impinging gas at very low beam temperature (20 K),
the sticking coefficient of D2 molecules is already at its max-
imum and then remains constant during the first 100 s of the
irradiation phase.

3. Results

The top panel of Fig. 2 shows the experimentally found sticking
coefficients of H2 and D2 as a function of the molecular beam
temperature and the fits obtained from analytical formulae (1).
As it shows, the fits to our data are quite satisfactory, especially
for the H2 and D2 beam temperatures above 50 K where the
sticking coefficient of D2 is higher than for H2. The two physical
parameters S 0 and T0 for the sticking coefficients, obtained for
these fits on silicate surfaces, are S 0(H2) = 0.95, T0(H2) = 56 K
for H2 molecules and S 0(D2) = 0.82; T0(D2) = 112 K for
D2 molecules. The parameters S 0(H2) and S 0(D2) satisfy the
gas-temperature dependence relation: T0(D2) = 2 × T0(H2) as
in the case of the np-ASW ice (Matar et al. 2010), where the
factor 2 is the mass ratio between D2 and H2 molecules.

To test the validity of the mass dependence of the model
(independently of any explicit formulae), we applied the scal-
ing law (or renormalization-dilation transformation) given by
Eq. (2) (Matar et al. 2010, Eq. (12)).

S H2 (T/2) =
S 0(H2)
S 0(D2)

S D2 (T ). (2)

The linear mass dependence of the parameter T0 for isotopic
molecules implies that the sticking curves for different isotopic
species are related by a rescaling on both the S -axis (by the ra-
tio of S 0) and on the T -axis (by the mass ratio). Equation (2)
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Fig. 2. Top panel: variation in the experimental sticking coefficient for
D2 (•) and H2 (◦) molecules on the silicate surface held at 10 K as a
function of the beam temperature, ranging from 20 K to 340 K. The ab-
solute uncertainties are equal to ±0.06; fits for D2 and H2 molecules
with solid lines, obtained with formulae (1) using β (62◦) = 2.22.
Bottom panel: test of the model using the scaling law of Eq. (2).
(◦) H2 data as above, (•) D2 data transformed according to Eq. (2).

specifies this rescaling. Assuming a numerical value of the ratio
S 0(D2)/S 0(H2) and taking the experimental values for S D2 (T )
into account, Eq. (2) allows us to predict new values for the
sticking coefficient SH2 . The latter can be compared with already
known experimental values of SH2 : the correlation is presented
in the bottom panel of Fig. 2 for a fitted ratio S 0(D2)/S 0(H2) =
0.86. The new data correlates well with the experimental ones
especially for the range of gas temperatures T > 45 K. We
observe that the ratio S 0(D2)/S 0(H2) = 0.86 is slightly lower
than what is obtained for np-ASW ice S 0(D2)/S 0(H2) = 1.10
(Matar et al. 2010). The value for np-ASW ice is very reli-
able S 0(D2)/S 0(H2) = 1.10 ± 0.03, while the uncertainty is
higher in the case of silicate S 0(D2)/S 0(H2) = 0.86 ± 0.05.
Nevertheless, this is sufficient to say that in the case of np-
ASW ice S 0(D2)/S 0(H2) ≥ 1, whereas in the case of silicates
S 0(D2)/S 0(H2) ≤ 0.91.

This numerical analysis is accurate enough to prove unam-
biguously (assuming that the data are not biased) that (a) the
ratios r = S 0(D2)/S 0(H2) for np-ASW ice and silicates are dif-
ferent, and (b) the isotopic effects r − 1 between H2 and D2 have
opposite signs for np-ASW ice and silicate surfaces. The struc-
ture and the chemical nature of the surface(s) (ice or silicate) are
certainly involved in these results, but no simple enlightening ar-
gument justifies the strength and the sign of r − 1. The sticking
probabilities at very low gas temperature involve purely quan-
tum effects that are not easily predicted. We can merely argue
that there is no reason to obtain the same value of r− 1 when the
structure and the chemical nature of the surface are modified.

We can conclude from these results that the transformation
law applies to the silicate surface at 10 K and that the isotopic
effect between D2 and H2 is explained well by factor 2 corre-
sponding to the mass ratio between D2 and H2 molecules. This

confirms that the mass is the most important physical parame-
ter that governs the sticking of light species, regardless of the
amorphous surface being studied.

4. Analysis and discussion

4.1. The molecular case

As observed in both panels of Fig. 2, the model reproduces ef-
ficiently the experimental data for the sticking coefficient of D2
and H2 on the silicate substrate held at 10 K and especially for
beam temperatures higher than 40 K. The experimental stick-
ing coefficients values of D2 and H2 measured on the silicate
surface held at 10 K for an impinging gas at T = 300 K are:
S (D2) = 0.34 ± 0.06 and S (H2) = 0.19 ± 0.06. These results
are slightly lower than those of Matar et al. (2010) on the np-
ASW ice for the same molecular beam temperature (S (D2) =
0.42 ± 0.06 and S (H2) = 0.28 ± 0.06). The same behavior is,
of course, observed for the sticking coefficient values from the
model, particularly for D2 molecules, where S (D2) = 0.32 on
the silicate and S (D2) = 0.43 on the np-ASW ice (Matar et al.
2010). The mass ratio of the gas phase species and the solid sub-
strate is higher in the case of silicates than in the case of wa-
ter, therefore the transferred momentum energy is expected to
be lower. This is reinforced by the fact that the rigidity (bind-
ing energy of the solid network) is also greater in the case of a
silicate substrate. As the sticking coefficient reflects the ability
of the impactor to lose a fraction of its initial kinetic energy, a
lower sticking coefficient in the case of silicates appears to be
reasonable. Using this model and related formulae (1), we also
extrapolated the sticking parameters S 0 and T0 for molecules.
The different values of S 0 and T0 for molecules are summarized
in Table 1. The values for HD are obtained using the temperature
relation proportionality, T0(HD) = (3/2) × T0(H2), which is de-
duced from the equivalent mass relation proportionality between
HD and H2 molecules. The value of S 0(HD) was estimated by
an average between S 0(H2) and S 0(D2).

4.2. The atomic case

The situation for (H and D) atoms is very different from
molecules on both theoretical and experimental levels because
few calculations are available and atomic detections are difficult.

4.2.1. The experimental situation

Experimental studies for the interaction between H or D with sil-
icate surfaces exist in the literature (Pirronello et al. 1997; Perets
et al. 2007; Vidali et al. 2007, 2009), but no experimental esti-
mates for the sticking are indicated. In addition, the assumption
of no isotopic effects is usually made.

The sticking of hydrogen atoms is by far harder to solve ex-
perimentally, because (a) atoms that are stuck can react and form
molecules, this process leads to some difficulties for unbiased
measurements within our experimental setup, (b) at the same
time it is also known that the already adsorbed molecules play a
role in the sticking and the dynamic recombination (Schutte et al.
1976; Govers et al. 1980; Govers 2005; Lemaire et al. 2010).
Consequently, the sticking coefficient of hydrogen atoms can-
not be directly measured as for molecules (H2 and D2). It can
be roughly extrapolated (at least for D) from the recombination
efficiency (the probability that two atoms form a molecule).

This extrapolation was derived from our measurements us-
ing the same conditions as in Amiaud et al. (2007) on ASW ice,
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Table 1. Sticking parameters S 0 and T0 for H2, D2, H, D, and HD on
np-ASW ice (Matar et al. 2010) and on silicate surfaces held at 10 K.

Substrates Species S 0 T0 (K) References

H 1 52 1
np-ASW ice D 1 104 1

H2 0.76 87 2
D2 0.80 174 2
HD 0.83 130.5 Prediction

H 1 25 Extrapolation
Silicate D 1 50 Extrapolation

H2 0.95 56 This study
D2 0.82 112 This study
HD 0.87 84 Prediction

References. (1) Buch & Zhang (1991); (2) Matar et al. (2010).

but in the present case, they were done on a silicate substrate
held at 10 K and for an atomic beam at 300 K. This proce-
dure leads to the confidence interval S (D) = 0.18 ± 0.08. The
lower value S (D) = 0.10 corresponds to the recombination frac-
tion of D atoms at the beginning of the irradiation of the sur-
face with the atomic D-beam, and the upper one S (D) = 0.26 is
deduced from the recombination fraction of D atoms when the
surface is covered with the nondissociated D2 molecules coming
from the atomic beam. The experimental recombination fraction
of D atoms on this silicate are not directly measured from our
D2 signal, monitored with the QMS during the exposure of the
surface to a D atomic beam. However, we should subtract the
contribution of the nondissociated part of D2 molecules that are
still present in the beam during the discharge (On) and which
represents about 35% of the total molecules (Off). Then, using
the signal of D2, resulting from the contribution of the D atomic
fraction (65%), we can estimate the recombination efficiency of
D atoms on a silicate surface held at 10 K. This physical mag-
nitude is defined as the fraction of the adsorbed hydrogen atoms
coming out as molecules (Govers 2005; Vidali et al. 2007), and it
corresponds to the ratio of the total number of D atoms forming
D2 molecules during the irradiation phase to the total number of
D atoms that impinge on the surface. Thus, the total amount of
D atoms exposed on the surface is estimated from the dissociated
fraction of D2 molecules present on the surface at the steady state
conditions (Perets & Biham 2006; Amiaud et al. 2007; Vidali
et al. 2009). Moreover, for low D-atom coverage, the sticking
coefficient of D atoms is assimilated into the recombination ef-
ficiency if two D atoms coming from the gas phase thermally
accommodate on the surface of the silicate at 10 K. They can
then diffuse, thanks to their mobility at this surface temperature
(Matar et al. 2008), recombine, and form D2 molecules by the
Langmuir-Hinshelwood (L-H) mechanism. The increasing ad-
sorbed fraction of the nondissociated D2 molecules until satura-
tion, during the exposure of the silicate surface to the D atomic
beam enhances the sticking coefficient of D atoms and increases
the recombination efficiency of atoms on the surface (Govers
et al. 1980; Amiaud et al. 2007).

4.2.2. The theoretical situation

Except for the simulations of Burke & Hollenbach (1983), no
theoretical values of the sticking coefficient for H atoms on
silicate surfaces are available. Moreover, we suspect an omis-
sion to the gas temperature of their coefficient because of the
discrepancy between their prediction for the sticking coeffi-
cient on water ice (held at 10 K) and the one obtained by

Buch & Zhang (1991). For example, assuming a gas tempera-
ture T = 100 K, Burke & Hollenbach (1983) predict a stick-
ing coefficient S = 0.7, while Buch & Zhang (1991) predict
S = 0.4. As mentioned by Buch & Zhang (1991), the nov-
elty of their simulations was to consider the amorphous nature
of the surface (including surface roughness and disorder) and a
detailed description of intermolecular interactions. No simula-
tion that takes these important physical conditions into account
is currently available in the case of silicate surfaces.

4.2.3. Modeling the atomic sticking coefficients

The parameters S 0(H) and S 0(D) can be roughly assumed to be
unity as in the fits of atomic data by Buch & Zhang (1991) on
amorphous water ice (Matar et al. 2010). Moreover, the param-
eter T0(H) can be obtained from the mass dependence T0(D) =
2 × T0(H). Thus, only the parameter T0(D) needs to be deduced
from experiments to have access to all atomic parameters for H
and D.

We therefore assume that the ratio T0(D2)/T0(D) � 1.67 ob-
tained in the case of ASW ice (Matar et al. 2010) is roughly
unchanged in the case of silicate surfaces. Using our value of
T0(D2), we first deduce T0(D), then we find S (D) � 0.26 for
T = 300 K with our model. This result corresponds precisely to
the upper value of S (D) mentioned previously. The rough value
T0(D2)/T0(D) � 1.67 leads to the required order of magnitude
for S (D) at T = 300 K, indicating therefore that the model works
well even in the case of an extrapolation to atomic particles.
Unfortunately, our assumption about the ratio T0(D2)/T0(D) for
amorphous water ice and silicates is only a rough approxima-
tion. This ratio is expected to be at least weakly dependent on
the microphysics, and its value can be different for water ice and
silicate substrates. Consequently, the value of T0(D) cannot be
certified.

We thus assume in the sequel that the value of the stick-
ing coefficient of D atoms for an atomic beam at 300 K is
S (D) = 0.18 ± 0.08 (average of our experimental estimates).
We can therefore notice that for an impinging D or D2 gas at
room temperature (T = 300 K), S (D) < S (D2) on a cold-silicate
surface. This result has been already anticipated on ASW ice
substrate and explained by an increase in the elastic scattering of
the D atoms relative to D2 (Hornekær et al. 2003).

Assuming S 0(D) = 1 and knowing S (D) from the experi-
ments, we can invert Eq. (1) to obtain T0(D). We deduce the aver-
age value of the parameter T0 for D atoms: T0(D) = (50±20) K.
In this case, the ratio T0(D2)/T0(D) on silicates is equal to 2.2
and is slightly higher than that on ASW ice. Once this param-
eter T0(D) is known, the parameter T0(H) is then derived from
T0(H) = (1/2) × T0(D). The result is T0(H) = (25 ± 10) K.

Using the previous parameters S 0(D), T0(D), S 0(H), T0(H)
and assuming the gas phase at thermal equilibrium (β = 2.5 in
formulae (1)), we can plot the sticking curves S D(T ) and S H(T )
for D and H atoms on the silicate surface held at 10 K. This
is shown in Fig. 3 where three formulaes used in some mod-
els to describe the sticking of hydrogen atoms on grain surfaces
are also represented:

√
10/T formulae (Le Petit 2002; Le Petit

et al. 2006), (T/102 + 1)−2 formulae (Buch & Zhang 1991;
Andersson & Wannier 1993), and (T 2 ×1.0×10−4+1)−1 formu-
lae (Le Bourlot 2002). These results have the expected decrease
with some noticeable difference, but the curve (T/102+ 1)−2 of-
fers the better match. In the case of the

√
10/T formulae, the

match with our new estimation is rather good for T < 50 K, and
for higher gas temperature, the sticking coefficient seems to be
overestimated.
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Fig. 3. Sticking coefficients on a silicate surface held at 10 K obtained
from the model. Thick black line for D atoms and thin black line for
H atoms with T0(D) = 50 K and T0(H) = 25 K, respectively, and
β = 2.5 (β-value for a gas phase at thermal equilibrium). Blue dashed
line obtained from

√
10/T formulae (a) (Le Petit et al. 2006), blue

short-dashed line obtained from (T/102 + 1)−2 formulae (b) (Buch &
Zhang 1991; Andersson & Wannier 1993), blue dotted line obtained
from (T 2 × 1.0 × 10−4 + 1)−1 formulae (c) (Le Bourlot 2002) and red
dashed line (d) from Burke & Hollenbach (1983)’s theoretical simula-
tions.

In comparison, Fig. 3 also shows the trapping fraction curve
of H atoms on a silicate surface held at 10 K, estimated from
Burke & Hollenbach’s theoretical simulations (1983, Fig. 5).
The trapping fraction of gas particles upon solid surfaces is de-
fined by Burke & Hollenbach (1983) as the ratio of the flux of
gas particles trapped on the surface by the flux of gas particles
of number density n. One can see that their results do not match
our estimations and other predictions (over the complete range
of gas temperatures). This is certainly due to their model for sil-
icate surfaces.

The formulae S = (kBT/E0 + 1)−2 used by Buch & Zhang
(1991) for the sticking of H atoms on amorphous water ice can
match our results on silicate surfaces if we substitute the en-
ergetic parameter E0/kB = 102 K obtained by Buch & Zhang
(1991) (for water ice) by the new parameter E0/kB = 80 K.
Nevertheless, none of these simplified formulae deal with the
isotopic effect between D and H atoms. More importantly, the
ratio between S (D) and S (H) is higher than 1.5 for gas tem-
peratures T > 50 K and increases up to 2 at about 300 K (see
Fig. 3). Furthermore, the sticking curve S (HD) estimated from
our formulae (1) with the parameters of Table 1 exhibits the fol-
lowing properties: (a) for T > 40 K, S (HD) is slightly higher
than S (D), (b) the ratio S (HD)/S (D) starts to be greater than 1.5
for T > 200 K.

Even if the absolute value of T0(H) = (25 ± 10) K can be
discussed, the isotopic effect based on our measurements and on
independent calculations has been demonstrated. When taking
T0(H) = (35 ± 10) K (corresponding to our upper value when
T0(D2)/T0(D) = 1.67) instead of T0(H) = (25 ± 10) K (value
used here), the sticking coefficient values of H atoms increased
slightly except for zero gas temperature. Consequently, the iso-
topic effect between H and D atoms prevails because the ratio
between S (D) and S (H) is higher than 1.2 for gas temperatures
T > 50 K and reaches ∼1.6 at around 300 K. In contrast, if we
consider for example that S 0(D) = 0.8 instead of unity and that
the accommodation of D atoms is less efficient on silicates at
zero temperature, the sticking coefficient value of D atoms de-
creases notably for gas temperatures T < 300 K, making the
isotopic effect between D and H atoms less significant than pre-
viously noted.

5. Conclusions

We have experimentally studied the molecular gas temperature
dependence of the sticking coefficient of H2 and D2 molecules
on silicate grain surfaces held at 10 K. These results were well
fitted with the model developed in our previous paper, giving the
sticking coefficient S (T ) of molecules on amorphous water ice.
Using formulae (1), we were able to provide the sticking parame-
ters S 0 and T0 for D2 and H2. Using an experimental benchmark,
we proposed values for D, H, and HD species on silicate inter-
stellar grains. Finally, we proposed a complete set of parameters
both for amorphous solid water ices and for amorphous silicates,
which can be implemented easily in astrochemical models. We
suggest that the difference in the measured sticking coefficients
has important consequences on the estimations of isotopic frac-
tionation.

Acknowledgements. The authors acknowledge the financial support from the
ANR (Agence Nationale de la Recherche, contract 07-BLAN-0129), the Conseil
Régional d’Île de France (SESAME contract I-07-597R), and the Conseil
Général du Val d’Oise as well as from the European Community FP7-ITN-
Marie-Curie Programme (LASSIE project, grant agreement #238258), and the
French National PCMI program funded by the CNRS.

References
Acharyya, K., Fuchs, G. W., Fraser, H. J., van Dishoeck, E. F., & Linnartz, H.

2007, A&A, 466, 1005
Al-Halabi, A., Kleyn, A. W., van Dishoeck, E. F., & Kroes, G. J. 2002, J. Phys.

Chem. B, 106, 6515
Amiaud, L., Dulieu, F., Fillion, J., Momeni, A., & Lemaire, J. L. 2007, J. Chem.

Phys., 127, 144709
Andersson, B.-G., & Wannier, P. G. 1993, ApJ, 402, 585
Buch, V., & Zhang, Q. 1991, ApJ, 379, 647
Burke, J. R., & Hollenbach, D. J. 1983, ApJ, 265, 223
Congiu, E., Matar, E., Kristensen, L. E., Dulieu, F., & Lemaire, J. L. 2009,

MNRAS, 397, L96
Cuppen, H. M., Kristensen, L. E., & Gavardi, E. 2010, MNRAS, 406, L11
Djouadi, Z., D’Hendecourt, L., Leroux, H., et al. 2005, A&A, 440, 179
Draine, B. T., & Lee, H. M. 1984, ApJ, 285, 89
Fillion, J.-H., Amiaud, L., Congiu, E., et al. 2009, Phys. Chem. Chem. Phys., 11,

4396
Fuchs, G. W., Acharyya, K., Bisschop, S. E., et al. 2006, Faraday Discussions,

133, 331
Gibb, E. L., Whittet, D. C. B., Schutte, W. A., et al. 2000, ApJ, 536, 347
Govers, T. 2005, ArXiv Physics e-prints
Govers, T. R., Mattera, L., & Scoles, G. 1980, J. Chem. Phys., 72, 5446
Greenberg, J. M. 2002, Surf. Sci., 500, 793
Hollenbach, D., & Salpeter, E. E. 1970, J. Chem. Phys., 53, 79
Hollenbach, D., & Salpeter, E. E. 1971, ApJ, 163, 155
Hollenbach, D., Kaufman, M. J., Bergin, E. A., & Melnick, G. J. 2009, ApJ, 690,

1497
Hornekær, L., Baurichter, A., Petrunin, V. V., Field, D., & Luntz, A. C. 2003,

Science, 302, 1943
Jones, A. P. 2001, Phil. Trans. R. Soc. Lond. A, 359, 1961
Kimmel, G. A., Stevenson, K. P., Dohnálek, Z., Smith, R. S., & Kay, B. D. 2001,

J. Chem. Phys., 114, 5284
King, D., & Wells, M. G. 1972, Surf. Sci., 29, 454
Le Bourlot, J. 2002, Meudon PDR Code, http://pdr.obspm.fr/
PDRCode-trac/browser/branches/1.5.1/src/PXDR_PROFIL.f90

Le Petit, F. 2002, Ph.D. Thesis
Le Petit, F., Nehmé, C., Le Bourlot, J., & Roueff, E. 2006, ApJS, 164, 506
Leitch-Devlin, M. A., & Williams, D. A. 1985, MNRAS, 213, 295
Lemaire, J. L., Vidali, G., Baouche, S., et al. 2010, ApJ, 725, L156
Matar, E., Congiu, E., Dulieu, F., Momeni, A., & Lemaire, J. L. 2008, A&A,

492, L17
Matar, E., Bergeron, H., Dulieu, F., et al. 2010, J. Chem. Phys., 133, 104507
Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217, 425
Perets, H. B., & Biham, O. 2006, MNRAS, 365, 801
Perets, H. B., Lederhendler, A., Biham, O., et al. 2007, ApJ, 661, L163
Pirronello, V., Liu, C., Shen, L., & Vidali, G. 1997, ApJ, 475, L69
Schutte, A., Bassi, D., Tommasini, F., et al. 1976, J. Chem. Phys., 64, 4135
Vidali, G., Pirronello, V., Li, L., et al. 2007, J. Phys. Chem. A, 111, 12611
Vidali, G., Li, L., Roser, J. E., & Badman, R. 2009, Adv. Space Res., 43, 1291

A128, page 6 of 6

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201117409&pdf_id=3
http://pdr.obspm.fr/PDRCode-trac/browser/branches/1.5.1/src/PXDR_PROFIL.f90
http://pdr.obspm.fr/PDRCode-trac/browser/branches/1.5.1/src/PXDR_PROFIL.f90

	Introduction
	Experimental methods
	Experimental procedures
	Sticking coefficient measurements

	Results
	Analysis and discussion
	The molecular case
	The atomic case
	The experimental situation
	The theoretical situation
	Modeling the atomic sticking coefficients


	Conclusions
	References

