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Abstract. Molecular hydrogen is the most abundant molecule in the Universe and dominates
the mass budget of the gas, particularly in regions of star formation. Hs is also an important
chemical intermediate in the formation of larger species and can be an important gas coolant
when the medium lacks metals. Because of the inefficiency of gas-phase reactions to form Ha,
this molecule is generally thought to form on grain surfaces. Observations of Hy in a wide
variety of objects showed that this molecule could form efficiently over a wide range of physi-
cal conditions. To understand the mechanism responsible for such an efficient formation, we
developed a model for molecular hydrogen formation on grain surfaces. This model considers
the interaction between atom and surface as beeing either weak (Van der Waals interaction—
physisorption) or strong (covalent bound—chemisorption), as well as the mobility of the atom
on a surface due to

quantum mechanical diffusion and thermal hopping. This model solves the time-dependent
kinetic rate equation for the formation of molecular hydrogen and its deuterated forms. Our
results have been benchmarked with laboratory experiments on silicates, carbonaceous and
graphitic surfaces. This comparison allowed us to derive some characteristics of the considered
surfaces. An extension of our model to astrophysical conditions gives an estimate of Hy formation
efficiency for a wide range of physical conditions. One of our main results is the efficient formation
of molecular hydrogen for gas and grain temperatures up to several hundreds of kelvins. We also
compared our predictions to observations in astrophysical objects such as photodissociation
regions (PDRs). The addition of deuterium in our model for the formation of HD and Dy
molecules is also discussed.
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1. Introduction
1.1. Hy Observations in Astrophysical Environments

Molecular hydrogen is the most abundant molecule in the Universe and it constitutes
the primary ingredient for astrochemistry. Ho has been observed in a variety of galactic
and extragalactic environments under varied physical conditions. The question of its
formation is therefore of prime importance to understand the chemistry and the physics
of astrophysical objects. In the Interstellar Medium (ISM), the formation of Hs through
gas-phase reactions is not efficient enough to explain its observed abundance in the Milky
Way. Presently, in the ISM, Hs forms on dust-grain surfaces and this process dominates
gas-phase production by several orders of magnitude (Gould & Salpeter 1963).

Molecular hydrogen can be observed at mid- and near-infrared wavelengths in emis-
sion, but also in the far UV in emission and in absorption. A plethora of astrophysical
observations testify that Hs is present in environments with very different physical con-
ditions.
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In diffuse interstellar clouds, with typical physical conditions of density n(H)=50 cm =3,
gas temperature of ~ 100 K, and dust temperature of 15 K, the FUV absorption lines of
Hs have been observed (Spitzer & Jenkins 1975, with Copernicus; Gry et al. 2002, with
FUSE). These detections showed that Hy formation is very efficient with a rate of 1-3
x107 17 cm3 s~ (Jura 1974; Hollenbach, Werner, & Salpeter 1971).

When molecular clouds are irradiated by nearby stars, the molecules in the region
closest to the source are photodissociated. These regions are called photodissociation
regions (PDRs), and are that part of the molecular cloud where photons dominate
the thermal and chemical balance of the gas. In these regions, the physical condi-
tions represent a wide range of gas and grain temperatures (100 K < T4, < 1000 K;
10 K < Tyrain < 100 K). Habart et al. (2004) derive an Hy formation rate in the range
3x1077 to 1.5 x 10716 cm3s~! for the PDRs associated with Orion Bar, NGC 2023,
5140, IC 63 and Oph W.

Jets, outflows and shocks in the surroundings of star-forming regions exhibit other sets
of physical conditions where Hs is detected. Many low-mass protostars drive C-shocks
into their environment (velocity < 40-50 km s—1). Molecular hydrogen is not dissociated
in these shocks and in the warm postshock gas is collisionally excited and radiates mainly
in the v=1-0 ro-vibrational transitions. Hy emission is also observed associated with fast
dissociative J-type shocks (velocity > 40-50 kms~!), where the medium in the shock front
is hot (TgaS ~ 10° K), highly ionized, and Hj is collisionally dissociated. Nevertheless, Hy
molecules are efficiently reformed on grain surfaces in the postshock region, where the
gas is cooler (Tyrgin ~ 75 K and Tyes < 2000 K; Hollenbach & McKee 1989; Neufeld &
Dalgarno 1989).

Supernovae remnants also exhibit Hy emission lines. In the region where the ejecta of
the supernova remnant collides with a nearby molecular cloud, excited Hs is detected.
In IC443, Hy is seen in a slow shock (C-shock with v ~ 30 kms~! and n ~ 10* cm~3;
Rho et al. 2001). In the Crab nebula, a younger supernova, Hs is seen in emission in the
complex and highly ionised filamentary structure of the nebula. Hy has been observed in
the core of the filaments, where it can be self-shielded enough to survive to the high UV
flux (Graham et al. 1990). The physical conditions at which Hy has been observed are
Tgrain ~ 50 K (Davidson & Fesen 1985), Tgqs < 7000 K (Rudy et al. 1994), and a dust
to mass ratio five to ten times higher than the normal ISM value (Sankrit et al. 1998).
According to Graham et al. (1990), molecular hydrogen was formed after the explosion
of the Supernova, when the density in the filaments was higher, and survived in the
filamentary self shielded environments.

According to some observations discussed above, it appears that molecular hydrogen
can be formed under almost all circumstances. Ho can form on cold and warm grain
surfaces, with various gas temperatures. Even when destroyed in shocked regions, it
will reform again in the post-shock regions. Near strong UV or X-ray radiation fields,
molecular hydrogen may even find some protected place to form and survive. The wide
variety of these environments raises a key question in astronomy. How does molecular
hydrogen form in the Universe? Which physical and chemical processes can explain the
presence of this molecule in such a wide range of physical parameters?

2. H; Formation on Grain Surfaces

Many studies have aimed at understanding how molecular hydrogen could form on
grain surfaces. Theoretically, Hollenbach & Salpeter (1970) developed a quantum me-
chanical model to calculate the mobility of the atoms on a grain surface. Because the
interaction between atoms and grains involved in their calculations were weak, they found
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that Hy formed only at low grain temperatures. To modify this result—in conflict with a
variety of observations—they took the presence of lattice defects with enhanced binding
into account (Hollenbach & Salpeter 1971). With this assumption, they could predict a
very efficient Hy formation for grain temperature < 50 K. In recent studies (Chang, Cup-
pen & Herbst 2005), various types of inhomogeneous and mixed surfaces are considered,
allowing an efficient Hy formation until grain temperatures of ~ 25 K.

Experimentally, Temperature Program Desorption (TPD) experiments at low temper-
atures revealed the weak interactions, also called physisorption, between the atoms and
some surfaces of astrophysical interest. Pirronello et al. (1997a, 1997b, 1999) studied the
formation of HD on olivine and carbonaceous surfaces at a range of surface temperatures
between 5 and 25 K. These results allowed an estimate of the energy of physisorption
of the atoms and molecules on the surface. Recent TPD experiments at high tempera-
tures, performed by Zecho et al. (2002) on graphite, showed another type of interaction
between the atoms and the surface. This interaction, also called chemisorption, is strong
and allows the formation of Hy at grain temperatures of hundreds of Kelvins.

Physisorbed atoms are weakly bound to the surface and are mobile at low grain temper-
atures (Ghio et al. 1980), whereas chemisorbed atoms are strongly bound to the surface
and become mobile only at grain temperatures of a few hundred K (Barlow & Silk 1976;
Aronowitch & Chang 1980; Klose 1992; Fromherz et al. 1993; Que et al. 1997; Jeloaica
& Sidis 1999; Sha & Jackson 2002; Cazaux & Tielens 2002, 2004). By considering these
two types of interactions between the atoms and the surface, Hy can possibly form for a
wide range of temperatures.

2.1. Model of Hy Formation

We consider in our model two different interactions between the atoms and the surface, as
shown in Figure 1. The formation of molecules at low surface temperatures involves atoms
bound to the surface with a Van der Waals interaction, typically called physisorption (of
the order of few meV), whereas formation of molecules at high surface temperature
involves atoms strongly bound to the surface with an interaction called chemisorption
(of the order of several eV). Therefore, these two ways of binding the atoms on a surface
insure that molecules can form for a wide range of surface temperature. Another point
considered in our model is the fact that atoms move on the surface by tunneling and
thermal diffusion. This is essential for a comprehension of the formation of molecules at
low grain temperatures where tunneling can dominate.

In order to characterise the surfaces that have been studied in the laboratory, we devel-
oped a rate equation model to follow the population of the physisorbed and chemisorbed
H and D atoms, as well as the molecules. This model, benchmarked by experimental data,
is used to derive the characteristics of the different surfaces. In our study, we considered
in detail the experiments of Pirronello et al. (1997a, 1997b, 1999) made on carbonaceous
and olivine surfaces at low temperatures. These TPD experiments consist of two steps:
(1) in the first step the surface is set at a fixed temperature Ty, and is irradiated by H
and D atoms during a time ¢;,,; (2) in a second step, the irradiation is stopped and the
temperature of the surface is increased with a constant rate (3 =1 Ks™!).

The measurements, reported Figure 2, show the desorption peaks of HD molecules
depending on the irradiation time. At high coverage (¢;-, > 33 s for olivine), the peaks
do not seem to shift at higher temperature with lower irradiation time. This phenomenon
is called first-order desorption. When the coverage is high, the atoms find each other easily
on the surface and form molecules. These molecules evaporate once an adequate surface
temperature is reached and the binding energy of molecules on the surfaces is easily
determined in this case (EO is the binding energy of the molecules). At lower coverage,
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Figure 1. Two main points considered in our model. Left: The interaction between an atom and
a surface can be either weak (physisorption) or strong (chemisorption). Right: The atoms move
on the surface by tunneling and thermal diffusion. The mobility (in s™') to go from a physisorbed
to a chemisorbed site is calculated here. Note the difference of mobility by tunneling between
an H and a D atom due to the mass difference.

on the other hand, the atoms are far away from each other and need to scout the surface
to associate with other atoms. The less the coverage, the more the atoms need higher
mobility, and therefore higher grain temperatures to encounter another atom. This is
called second-order desorption and is characterised by a shift of the desorption peaks to
higher temperature with lower irradiation time. In this case, the binding energy of the
atoms with the surface (E,;,s, physisorption energy) can be determined, as well as an
upper limit to the size of the barrier between two physisorbed sites (ap)).

Another set of measurements performed during these TPD experiments is reported in
Figure 3. These measurements represent the total HD formation efficiency during the
entire experiments (irradiation + warming up). Therefore, the Y axis represents the per-
centage of the atoms sent on the surface that formed HD. These measurements are in
fact a great tool to probe the existence of chemisorbed sites. Indeed, as reported in Fig-
ure 3, a model considering only physisorbed sites cannot reproduce the measurements.
Inclusion of chemisorption sites explains the lower efficiency of HD formation because
there is a leak of atoms from physisorbed sites to chemisorbed sites. Because these mea-
surements are performed at low temperatures, the leak of the atoms from physisorbed
to chemisorbed sites is governed by tunneling, and a constraint on the barrier between
physisorbed and chemisorbed sites can therefore be determined. The rate of trapping
in chemisorbed sites depends on the product of the width times the square root of the
height of the barrier between physisorption and chemisorption (a,.v/E,, where a,. is the
width of the barrier between physisorbed and chemisorbed sites and E, its height). The
structure of the surfaces considered here can have a physisorption-chemisorption barrier
varying from a very high and thin barrier (Sha & Jackson 2002 and see discussion) to a
very broad and low barrier (Parneix & Brechignac 1998). Because of these uncertainties,
we consider two possible types of barrier, which we call type 1 and type 2, and assume
that a realistic surface is intermediate between them.

An extension of our rate-equation model to steady state conditions is reported in
Figure 4. The most important result of our model is that Hy can form on carbonaceous
and olivine dust grains for a large range of grain temperatures. This result is fundamen-
tal in order to explain the presence of Hy molecules in almost all circumstances. The
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Figure 2. Temperature Program Desorption experiments from Pirronello et al (1997a,b, 1999).
Left: The points represent the experiment performed on olivine surface for an irradition time of
480, 330 and 120 s (top left; from top to bottom), 33, 15, 6 and 4 s (bottom left; from top to
bottom), benchmarked by our model (solid lines). Right: same experiment but on carbonaceous
surfaces for an irradiation time of 192, 96, 48 and 24 s, benchmarked by our model (solid lines).

efficiencies of Hy formation on olivine and carbonaceous grains are somewhat different
but show the same behaviour. Our results show that Hy formation efficiency is extremely
sensitive to the physisorption-chemisorption barrier. Also, as discussed in previous work
(Cazaux & Tielens 2004), this efficiency varies strongly with the temperature of the
grains. When Ty, is very low (< 10 K), a fraction of the newly formed molecules
does not spontaneously desorb or evaporate, and therefore saturates the grain surface.
The formation of molecules is then suppressed since the incoming atoms cannot stick to
the grain. At higher grain temperatures (< 20-25 K), the efficiency is extremely high,
and is due to the association of physisorbed atoms. Because molecules have a lower
surface binding energy than physisorbed atoms, the atoms stay on the grain and asso-
ciate to form molecules, while molecules evaporate, bringing the efficiency of formation
to 100 %. At higher Tjpyin, the physisorbed atoms also start to evaporate, and the for-
mation of molecules is due to the association of physisorbed and chemisorbed atoms.
Then, at high temperatures (Tyram > 300 K), molecules form through the association
of chemisorbed atoms. The differences of formation efficiency between the two types of
grains depends strongly on how the atoms can chemisorb. In type 1 grains, the barrier
between physisorption and chemisorption is high, preventing the atoms from becom-
ing chemisorbed. Therefore, formation of molecules becomes inefficient at temperatures
higher than ~ 20 K, when the formation of molecules also involves chemisorbed atoms. In
type 2 grains, on the other hand, the barrier between physisorbed and chemisorbed sites
is low, and the atoms can easily become chemisorbed, allowing a more efficient formation
of molecules for a large range of temperatures (Typq:m ~ 1000 K).
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Figure 3. Total HD formation efficiency during the entire experiment (irradiation + warming
up). Note that a model which doesn’t take into account chemisorption cannot reproduce these
measurements. Left: percentage of the atoms sent on olivine surface that form HD during the
entire experiment (as a fonction of the irradiation time). Right: same but on carbonaceous
surfaces.
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Figure 4. H; formation efficiency on olivine (left) and carbonaceous surfaces (right) and for
type 1 (dashed lines) and type 2 (solid lines) grains.

2.2. Formation Rate

In astrophysical environments, the overall Hy formation rate is written as:
1
R;(Hp) = §n(H)an9mm05(T)eH2 (2.1)

where n(H) is the number density of H atoms, vy the thermal velocity calculated as

8T’ITLIZT and ep, the formation efficiency of Ho. We assume that the sticking coeflicient,

S(T), decreases with Tyes and Tyraimm as (1 + 0.4 x \/(Tgas + Tgmm)/loo)’1 (Burke &
Hollenbach 1983). It is important to remember that R;(Hsz) is the overall rate of Hy
formation in units of cm ™2 s~!, whereas R, the rate coefficient of H, formation, commonly
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used in the literature, is in units of cm®s~!. These two rates are linked by the expression
R;(Hy) = R x n x n(H), where n is the abundance of H atoms in all forms. The Hy
formation rate can be indirectly measured in some astrophysical objects. In the next
section we report the case of PDRs and their associate Hy formation rate, in order to
establish a comparison with our model. In the last section, we investigate the addition
of deuterium in our model. We now concentrate only on carbonaceous grain surfaces, for
which more studies have been dedicated to understand the nature of the barrier against
chemisorption (Zecho et al. 2002; Sha & Jackson 2002; Klose et al. 1992; Aronowitz &
Chang 1980, 1985; Parneix & Brechignac 1998).

3. Photodissociation Regions

The formation of Hy has been observed in different PDRs at different physical condi-
tions, as discussed by Habart et al. (2004). The grain and gas temperatures, as well as the
densities and UV fluxes in these environments vary strongly from one PDR to another.
For the PDRs associated with the Orion Bar, NGC 2023, S140, IC 63 and Oph W, these
authors derived an Hy formation rate in the range 3x107!7 to 1.5x10716 c¢m? s~ 1.

In Figure 5, we compare our model with the Hy formation rate derived for 5 PDRs
(ISO observations; Habart et al. 2004) and a diffuse cloud (FUSE observations; Gry et al.
2002). In our model, we consider a grain size distribution as discribed in Weingartner &
Draine (2001), which accounts for PAHs, small grains and big grains (grains with size from
5A t00.8 pum). We calculate the Hy formation rate for three different gas temperatures
Tyas =100 K, 300 K and 600 K, and a sticking coefficient decreasing with Tys and Ty ain
(Burke & Hollenbach 1983). Our results show that grains with a low barrier between
physisorbed and chemisorbed sites can better explain the high Hs formation rate derived
by Habart et al. (2004). Indeed, one needs to consider that the H atoms can “easily”
cross the barrier against chemisorption in order to form Hs in such an efficient way at
high grain temperatures (Tyraim > 30 K).

4. Addition of Deuterium to our Model

We reconsider our model of Hy formation on grain surfaces, and include deuterium.
We can therefore predict the formation efficiency of Hy, HD and D5 on grain surfaces.
As previously, the two different types of grains have some impact on the formation effi-
ciency of molecules. The height and width of a barrier can segregate the H atoms from
the D atoms because of their mass differences. Indeed, a very high and narrow barrier
would be more easily crossed through tunneling by H atoms, whereas a low barrier, which
favours mobility through thermal hopping, would not exhibit strong differences between
the species. Figure 6 presents this result for the two types of grains, for a D/H of 2 x 10~°
and three different H fluxes n(H) = 10 atoms cm ™3 (dashed lines), n(H) = 100 atoms cm 3
(solid lines) and n(H)=10% atoms cm ™3 (dotted lines). A striking result is the enhanced
D, formation for a very narrow range of grain temperatures, while Hy and HD form
efficiently for a much broader range. Also, the formation of Dy is more important on
type 1 grains than type 2. In the case of a high and narrow barrier against chemisorption
(type 1 grains) H atoms can chemisorb easily by the tunneling effect, whereas D atoms
stay physisorbed. In the case of a low and broad barrier against chemisorption
(type 2 grains), tunneling is much less efficient and consequently less H atoms popu-
late the chemisorbed sites, reducing the differences between H and D atoms. Therefore
the formation of Dy, which occurs through the association of two physisorbed D atoms
is enhanced when the physisorbed sites are mostly occupied by D atoms. In this case,

https://doi.org/10.1017/51743921306007344 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921306007344

332 Cazaux et al.

T T T T T T T T T T T T 9
1015 |- o
T '
| T e s
:'ulu 10 | .I_Il 5140 e P . _-"“"--.‘“_ -
k= E ?I Rt uH““‘““mT.}.’Bei_ 3
51 - 1 T s Ry g- _-.:
B L] \ T
o chambaleon = -
“ L i\ NGC 2023 Orion Bar
10-47 | \ 1
E \ Type 1 1
ln—lh i | i i i ] L L L 1 i I L 1 I i i
<0 40 BO BO 100

Grain temperature

Figure 5. Comparison of our model with the Hy formation rate derived for 5 PDRs (ISO
observations, Habart et al. 2004) and a diffuse cloud (FUSE observations, Gry et al. 2002).
Three different gas temperature are considerated here. Solid lines: Tgqs =100 K, dashed lines:
Tgas =300 K and dotted lines: T4qs =600 K. The three higher curves correspond to our predic-
tions with type 2 grains, and the three lower for type 1 grains. Note the discrepancy between
the predicted and the observed formation rate for the Chamaleon point. Chamaleon is a diffuse
cloud and the PAHs or very small grains could be less abundant, implying a lower Hy formation
rate.

type 1 grains which jail their H atoms in chemisorbed sites and let the D atoms free to
recombine in physisorbed sites, are more efficient to produce Ds.

Gas-phase chemistry has been included in our grain-surface model in order to study
the formation of Hs and its deuterated forms in diffuse clouds. A study by Le Petit et al.
(2002) concentrates on the H/Hy and D/HD fronts in the cloud, using the PDR model
of Le Bourlot et al. (1993). Because this model concentrates on the gas-phase chemistry,
but does not follow the evolution of the populations of the different species on the grains,
we reexamine the importance of the gas-phase and grain surface chemistry and follow
the population of the different species on the grain as well as in the gas phase. The Hs
formation rate derived from observations of diffuse clouds is ~ 3 x 10717 ¢cm?® 57!, as
discussed by Jura (1974). In order to scale our model to these observations, we adapt
the mean cross section for collisions between grains and atoms as %a ~ 10721 cm?.
Then, we calculate the populations and formation rates of H, HD and Dy until the

system reaches steady state for each step towards larger Av.
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Figure 6. Hy, HD and D formation efficiencies on carbonaceous grain surfaces, as a function
of grain temperature, for different densities n(H). Dotted lines: n(H) =10 atoms cm™?, solid
lines n(H) =100 atoms cm™® and dashed lines n(H)=1000 atoms cm™. We consider in our
calculation a gas temperature of 100 K and a D/H ratio is set as 2 x 107°. Left: Efficiencies
for type 1 grains, when the characteristics of the surface are such that the barrier between
physisorption and chemisorption is very high and narrow. Right: Efficiencies for type 2 grains,
when the characteristics of the surface are such that the barrier between physisorption and
chemisorption is low and broad.

We consider clouds with a density of 10-10* atoms cm ™2, a gas temperature of 50 K
and we choose a grain temperature ~15 K. We predict the H1, Hy, HD and Dy column
densities as a function of the extinction for type 1 grains in order to estimate the highest
Dy column density that could be observed (see Fig. 7). Our results show that Ds should
be observable in dense environments (n(H) >10% atomscm™3). Also, if the density of
the medium is known and D, is observed, a constraint on the grain structure could be
derived. Indeed, for a type of grain considered, Dy formation is more or less enhanced
and therefore observations of Dy could constrain which type of grains are present in the
observed environment. Therefore, Do molecules could be a good probe of grain structure.
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our model, we assume a UV field of x =1, a D/H ratio of 2 x 107° and a gas temperature of

50 K.
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Discussion

TAapPE: What happens with the formation enegy of Hy in your model? Is it possible
to include, phenomenologically, a free parameter to account for this energy and fit the
experiments?

CAzAUX: We do not take into account, in our model, the energy of the newly formed
molecules. In order to account for this energy when we fit the experiments, we need to
include a parameter (that we call u) which is the amount of molecules spontaneously
released from the surface when formed. This corresponds to about 60-70% of the newly
formed molecules.

PAPADOPOULOS: Is the Hy formation rate of 1.5 x 10716 to be believed for Hy formation
in PDR-type of conditions? This is 5 times higher than the canonical value of 3 x 10717
em3s™1,

CAzAuUX: The Hy formation rate was estimated using the Hs line intensity ratios as
a diagnostic. Habart et al. (2004) used the ratio of the 0-0 S(3) to the 1-0 S(1) line,
which increases strongly with R;. (Steady state PDR models were used to examine the
sensitivity of different Hy line ratios to the Hy formation rate R;.) Then for each PDR,
from comparison of PDR model results with ISO and ground-based data of the vibrational
ground (0-0 S(3)) and excited state (1-0 S(1)) lines of Hy a value of Ry was estimated.

BAURICHTER: I have a comment on the modelling of your type 1 grain surfaces. The
calculations of Sha & Jackson you are referring to show a barrier of 0.2 eV with respect
to a hydrogen atom at infinite distance to the surfaces and not in a 0.05 eV physisorption
well as you assumed.

CazAUX: I misunderstood the calculations of Sha et al. (2002) in this case, and this
should be corrected. Our problem is that by reproducing the experiments on carbona-
ceous and olivine surfaces, we determined a value for the width times the square root
of the height of the barrier between physisorption and chemisorption. In this case, the
barrier calculated by Sha et al. (2002) has too large a value. This problem needs further
investigation.
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