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H� formation on grain surfaces

Originally published as:
Cazaux, S. & Tielens, A. G. G. M.

THE ASTROPHYSICALJOURNAL, IN PRESS

THE most abundant interstellar molecule, H�, is generally thought to form by recombi-
nation of H atoms on grain surfaces. On surfaces, hydrogen atoms can be physisorbed

and chemisorbed and their mobility can be governed by quantum mechanical tunneling or
thermal hopping. We have developed a model for molecular hydrogen formation on surfaces.
This model solves the time dependent kinetic rate equation for atomic and molecular hydro-
gen and their isotopes, taking the presence of physisorbed and chemisorbed sites as well as
quantum mechanical diffusion and thermal hopping into account. The results show that the
time evolution of this system is mainly governed by the binding energies and barriers against
migration of the adsorbed species.
We have compared the results of our model with experiments on the formation of HD on
silicate and carbonaceous surfaces under irradiation by atomic H and D beams at low and
at high temperatures. This comparison shows that including both isotopes, both physisorbed
and chemisorbed wells, and both quantum mechanical tunneling and thermal hopping is es-
sential for a correct interpretation of the experiments. This comparison allows us to derive the
characteristics of these surfaces. For the two surfaces we consider, we determine the binding
energy of H atoms and H� molecules as well as the barrier against diffusion for the H atoms
to move from a site to another. We conclude that molecular hydrogen formation is efficient
until a quite high (� 500K) temperatures. At low temperatures, recombination between mo-
bile physisorbed atoms and trapped chemisorbed atoms dominates. At higher temperatures,
chemisorbed atoms become mobile and this then drives molecular hydrogen formation.
We have extended our model to astrophysically relevant conditions. The results show
that molecular hydrogen formation proceeds with near unity efficiency at low temperatures
(T�20K). While the efficiency drops, molecular hydrogen formation in the ISM can be very
efficient even at high temperatures, depending on the physical characteristics of the surface.
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2.1 Introduction

Molecular hydrogen is the most abundant molecule in the universe and dominates the mass
budget of the gas, particularly in regions of star formation. Because of its abundance, molec-
ular hydrogen plays a key role in the formation of other molecular species. Ion-molecule
reactions involving molecular hydrogen followed by dissociative recombination is a key in-
termediary step in the chemical route towards many simple abundant interstellar species.
Molecular hydrogen is the dominant collision partner in dense clouds and hence regulates the
excitation and therefore the cooling of the gas. Molecular hydrogen can also be an impor-
tant coolant, particularly in regions of warm gas. In low metallicity systems, including the
early universe, where other coolants are of little importance, H� cooling directly controls the
energy balance and hence influences the thermal support and the star formation process.

While difficult to observe, H� has been detected in a wide variety of objects, including
the general diffuse interstellar medium, dark clouds, reflection nebulae, HII regions, plan-
etary nebulae, regions of low-mass and high-mass star formation, supernova remnants, and
galactic nuclei. Molecular hydrogen was first detected in the interstellar medium through its
FUV absorption lines in the Lyman-Werner system in sight–lines traversing diffuse interstel-
lar clouds (Carruthers 1970; Spitzer and Jenkins 1975; Savage et al. 1977). These studies
revealed a rapid conversion of atomic hydrogen into molecular hydrogen for clouds with col-
umn densities in excess of some���� H-nuclei. Subsequently, molecular hydrogen was also
detected through ro-vibrational emission lines in the near–infrared in many regions (cf., Shull
and Beckwith 1982). The emission may be due to FUV pumping in the Lyman–Werner bands
caused by the strong radiation field of a nearby hot star – generally in a reflection nebula, HII
region, or planetary nebula setting. The electronically excited species will fluoresce in the
FUV, which leaves the molecule highly vibrationally excited in the ground electronic state.
The subsequent radiative cascade gives rise then to the observed IR emission. Alternatively,
the IR line emission may follow collisional excitation in a warm gas – often caused by the
passage of a strong shock. The observed H� line spectra provide direct information on the
physical conditions of the emitting gas (Black and van Dishoeck 1987; Draine and Bertoldi
1996; Draine and Roberge 1982; Chernoff et al. 1982).

The problem of H� formation has been extensively studied for many decades. Pioneering
studies were already performed in the early 60’s by Gould and Salpeter (1963), which proved
the inefficiency of H� formation in the gas phase. After this first study, a wealth of theories
to understand the recombination of H� on grain surfaces emerged. Hollenbach and Salpeter
(1970) were the first to develop a quantum mechanical model to determine the surface mo-
bility and recombination of atomic hydrogen on grain surfaces. In 1971, the same authors
calculated the recombination efficiency of two H atoms on a surface, considering the grain
not as a perfect substrate, but as an irregular one with lattice defects. Goodman (1978) re-
considered H� formation on surfaces by calculating quantum tunneling and thermal hopping
on graphite grains. Kose (1992) determined with a pertubational approach, the energy of
chemisorption of a H atom on the cluster model of a graphite surface, and its implications for
the surface mobility of these species. Several authors determined the energies of the bonds
between H atoms and different surfaces (eg. Aronowitz & Chang 1980; Aronowitz & Chang
1984; Que et al. 1997; Oura et al. 1999). Additionally, several models to understand the
chemistry occurring on grain surfaces have been developed (eg. Allen & Robinson 1977;
Tielens & Hagen 1982; d’Hendecourt et al. 1985; Brown 1990; Hasegawa et al. 1992; Ruffle
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& Herbst 2000; Green et al. 2001; Keane & Tielens 2004). All these studies may lead to
a better understanding of the chemistry occurring in the interstellar medium, as well as the
high efficiency of the H� formation on grain surfaces.

Experimentally, a large number of studies have been devoted to the formation of molec-
ular hydrogen under astrophysically relevant conditions. Initially they focused on the for-
mation of H� on icy surfaces (Govers et al. 1980; Lee 1972). However, the process of H�

formation in an astrophysical context is most relevant in relatively unshielded environments
where grains are not expected or observed to have ice mantles. Recently, systematic ex-
perimental studies on molecular hydrogen (actually HD) formation have been reported for
silicate and graphitic surfaces by Pirronello and co-workers (Katz et al. 1999; Pirronello et
al. 1997a, 1997b, 1999). These surfaces are very relevant for H� formation in the diffuse
interstellar medium. These experiments provide for the first time an extensive set of data to
benchmark existing theories. Katz et al. (1999) developed a model to reproduce these exper-
imental data, which considered physisorbed H atoms only and limited the atom movement to
thermal diffusion. The extension of their model to astrophysically relevant conditions shows
that H� molecules only form at low temperatures (below 15 K for olivine grains and below
20 K for amorphous carbon grains) which contradicts the observations of PDRs where H� is
efficiently formed at temperatures up to 100 K (Duley & Williams 1984; Tielens & Hollen-
bach 1985a, 1985b). The analysis by Katz et al. (1999) made some simplifying assumptions
which make such strong conclusions suspect. First, these authors considered only atomic
H recombining while the experiments focused on the recombination of H and D atoms to
form HD. Second, Katz et al. (1999) only allowed for physisorption while realistic surfaces
contain physisorbed as well as chemisorbed sites (Langmuir 1918; Zangwill 1988; Jeloaica
& Sidis 1999; Meijer, Farebrother & Clary 2002 ; Sha & Jackson 2002). One of the major,
but unheralded, conclusions from this analysis has been that despite its low binding energy
and low mass, atomic H cannot tunnel on these surfaces. This bold conclusion has lead to a
flurry of activity in the field of surface chemistry within astronomy. Now, tunneling is a direct
consequence of the wave character of matter and, therefore, is deeply embedded in quantum
mechanics. It is worthwhile therefore to reconsider the interpretation of these experiments
with a model which takes into account quantum mechanical tunneling and thermal hopping,
the presence of H and D atoms as well as physisorbed and chemisorbed sites.

This paper is divided into three sections. In the first part, we develop a model for the
interaction between an atom and a surface, considering the atoms as being either physisorbed
or chemisorbed on the grain. Quantum mechanical as well as thermal diffusion between the
adsorption sites is examined. In the second part, we apply our model to the experimental data
obtained by Pirronello et al. (1997a, 1997b, 1999) and Katz et al. (1999) and determine the
physical parameters that control H� formation on carbonaceous and olivine surfaces. In the
third part, we compare our model to previous models and discuss the formation of H� and D�
on olivine and carbonaceous surfaces. Finally we will apply the model to the problem of H�

formation in the ISM (Cazaux & Tielens 2002, Chapter 3 in this thesis).

2.2 Model

In the elegant experiments performed by Pirronello et al. (1997a, 1997b,1999), a sample sur-
face, either olivine or amorphous carbon, was irradiated by two neutral atomic beams (one
H; one D), at a fixed temperature and for a given period of time. The sample was then heated
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to measure the rate of HD desorption as a function of temperature, resulting in so-called TPD
curves (Temperature Program Desorption). In this way, confusion by only partially dissoci-
ated or already recombined hydrogen could be avoided and hopefully HD formation is suf-
ficiently similar to allow straightforward determination of the kinetic parameters involved in
H� formation. The results showed second order kinetics in the formation of HD; that is, upon
raising the temperature HD is formed after diffusion of either H or D. The reaction product
is then released into the gas phase. Moreover, the observed strong temperature dependence
of the released HD was taken to imply that H diffusion is thermally driven rather than due to
quantum mechanical tunneling. It is clear that the surface mobility of H and D atoms plays a
key role in the surface recombination process. The model we develop in this paper is geared
towards explaining the different physical processes occurring in this experiment.

2.2.1 H and D surface mobilities

A gas atom approaching a surface will “feel” a weak attraction due to van der Waals forces
at large distances, so-called physisorption. These are due to the mutually induced dipole
moments in the electron shells of the adsorbate and surface atoms. Forces responsible for
chemisorption reflect the overlap between the respective wave-functions of the adsorbate and
the surface and act on much smaller length scales. The interaction potential will thus depend
not only on the distance from the surface - where the adsorbed atom, called adatom, may
encounter physisorbed wells followed by chemisorbed wells - but also on the position on the
surface. For a perfect crystal there will be a regular variation of potential energy across the
surface, with the most favorable sites at the center of the arrays of surface atoms. The topol-
ogy is thus “mountainous” where the peaks are associated with the locations of the atoms,
the valleys represent the physisorbed (at high “altitudes”) and chemisorbed (deepest) wells.
All of these valleys are separated by saddle points (eg., activation barriers). Figures . 4.1-
. 2.3 show schematic cross cuts through this surface topology, while simultaneously defining
some important parameters. The mobility of adatoms is then associated with transfer across
these saddle points and this can occur through thermal hopping at elevated temperatures and
through quantum mechanical tunneling for light species at low temperatures. Thus, an atom
adsorbed on a grain surface can visit several sites before being released to the gas phase
or recombining when it encounters another atom. The binding of H-atoms to surfaces has
been studied in detail because of its importance in catalysis; and reveals the presence of ph-
ysisorbed and chemisorbed sites (Barlow & Silk 1976; Aronowitz & Chang 1980; Aronowitz
& Chang 1984; Leitch-Devlin & Williams 1984; Kreuzer & Gortel 1986; Zangwill 1988;
Fromherz et al. 1993; Que et al. 1997; Oura et al. 1999; Jeloaica & Sidis 1999; Meijer,
Farebrother & Clary 2002 ; Sha & Jackson 2002). Indeed, studies of H adsorption to glasses
date back to Langmuir (1918) and reveal the presence of chemisorbed sites. To understand
the surface mobility of an adatom, we calculate the different probabilities to go from one
site to another. We assume that there are only two different kinds of interaction between the
atoms and the surface: the physisorption and the chemisorption. The physisorption is a weak
interaction due to Van der Waals forces between the adsorbate and the surface (dipole-dipole
interaction). Typical well depth associated with physisorption are of the order of 0.01-0.2eV,
as shown by Vidali et al. (1991) who studied the Van der Waals interaction of several gas-
surface systems (H with LiF and NaCl and H� with LiF, MgO, Ag and Cu). Likewise, Ghio
et al. (1980), measured the physisorption well depth of graphite surfaces as being as 43�0.5
meV. Somewhat larger binding energies can be expected for H physisorbed in defect sites
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(kinks, ledges, corners). In chemisorption, the valence electrons are involved in the chemical
binding of the adsorbate to the surface atoms. Typical binding energies are of the order of 1
eV (see ref. above). The binding energy can also be influenced by the presence of adsorbates,
which can either lead to strengthening or weakening of the surface bond. It is thus evident
that assessment of adsorption energies can become exceedingly complicated. Fortunately,
much of this complexity is largely irrelevant for the description of the kinetics of hydrogen
formation on surfaces at low temperatures and the experiments can be well modeled with two
distinct types of sites, physisorbed and chemisorbed sites, and the diffusion between them.

An adatom will follow a random walk from one site to another. Starting in a physisorbed
site, an atom can either cross a barrier to go to another physisorbed site, or it can cross
a different barrier with different energy and width to enter a chemisorbed site. In order
to calculate the probabilities to cross these different barriers, we first have to determine the
corresponding transmission coefficients. Here, we define the different barriers which separate
two sites. Between a physisorbed and a chemisorbed site, the barrier is defined by the energy
����� � ���� for an atom�, and the width of the barrier	 (see Fig. 4.1). Between two
physisorbed sites,������� is the energy of the barrier for an atom�, and
 its width (see
Fig. 2.2). Finally, between two chemisorbed sites,����� � ��� is the energy of the barrier
for an atom�, and
 its width (see Fig. 2.3).

a, width of the barrier

Chemisorbed site

E, energy

d, distance 
to the surface

Physisorbed site

c
E E EpchemE E

atom k

atom k

physs(K) (K)

Figure 2.1–.Barrier between a physisorbed site and a chemisorbed site for an atom,�, bound to
the surface. When an atom crosses this barrier, it moves perpendicularly to the surface. The atoms
we consider can either be hydrogen or deuterium. Their energies are different because D atoms are
more tightly bound to the chemisorbed and physisorbed sites than H atoms due to zero point energy
difference.�� is the energy of the saddle point.

Different transmission coefficients have to be calculated for H and D atoms, considering
that these species are not bound to the surface with the same energy (adsorption energies and
mass are different for H and for D). The equations below are the general expressions for the
different transmission coefficients, with� the energy of the adatom and� its mass (Messiah
1961). In the following expression, we will call� the width of the barrier, �� the energy of
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E, energy

Physisorbed sites

X, Distance along the Surface

A, width of the barrier

atom k

Esp
Ep(k)Ephys

Figure 2.2–.Barrier between two physisorbed sites for an atom,�, bound to the surface.� is the
width of the barrier,����� � ��� its energy and��� the energy of the saddle point. When an atom
crosses this barrier, it travels along the surface.

E, energy

X, Surface

Chemisorbed sites

A, width of the barrier

atom k

E sc E chem E (K)c

Figure 2.3–.Barrier between two chemisorbed sites for an atom,�, bound to the surface.� is the
width of the barrier,����� the energy and��� is the energy of the saddle point. When an atom crosses
this barrier, it travels along the surface.

the barrier between site� and site�, � the energy of the barrier between two� sites, and �
the energy of the barrier between two� sites. Expressions for these energies are summarized
in Table 2.1.
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The transmission coefficient,��� , from site� to site� by tunneling is given by:
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To obtain the different probabilities to go from a site to another site, we need to integrate over
the range of energies available to the adatom.
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where T is the temperature of the system.
Once all these different probabilities are calculated, we can determine the mobility of the

different populations. In order to do this, we need to multiply the probabilities obtained above
by the frequency factor for each population. This factor is defined by:

�� 	

�
� ��� ���

���
(2.4)

where�� is the surface number density of sites on the grain,� the mass of the species,
and�� the energy of the site where the species is bound (this can be���� or �����, see
Fig. 4.1). Finally, we obtain 8 different rates according to the nature of the species (H or D),
and from which site to which other site the species will travel. Thus, defining� �� and�

�

�� as
the mobility (in number of hops per second) of a H and a D atom moving from a site� to a
site�, or, in other terms, as the diffusion rate for H atom and D from� to � we have:

��� 	 ����� (2.5)

�
�

�� 	 �
�

��
�

�� (2.6)

where�� and�
�

� are the frequency factors of H and D atoms in site� and� �� and�
�

�� are the
probabilities for H and D atoms to go from site� to site�.

The mobility of an adatom is the combination of 2 physical processes: tunneling and
thermal diffusion. For both atoms, tunneling dominates at the lowest temperatures while
thermal diffusion becomes important at the highest temperatures. In Fig. 2.4, we illustrate
the mobility of H and D atoms for typical parameters. Because of their mass differences, the
mobility due to tunneling is much higher for H atoms than for D atoms. Consequently, for H
atoms mobility, tunneling dominates thermal diffusion until higher temperatures than for D
atoms mobility.
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Table 2.1–.Transmission coefficients to go from site� to site�.
T�� � � �� �
T ������� ������� � 

T�� ��������� ��������� � 

T� ������� �������� ����������� 	
T� �������� ������� ����������� 	
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Figure 2.4–.Mobility, in s��, of H and D atoms moving from a physisorbed site to a chemisorbed
site. The adopted barrier has a width of 3Å, and an energy of 380K. The solid lines represent the
mobility due to tunneling and the dashed lines the mobility due to thermal diffusion.

2.2.2 Surface coverage

We model the population of H and D in the chemisorbed and physisorbed sites, and the
population of the created molecules H�, D� and HD. We assume that these molecules are
physisorbed in a well with depth��. We also assume that a fraction����� of these molecules
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are promptly released upon formation while a fraction� stays on the surface, where� is
treated as a free parameter. The incoming fluxes of H and D atoms follow Langmuir kinetics:
incoming H or D atoms, which arrive on top of atoms or molecules already bound to the
surface, don’t bind to the surface and are ejected. Let H� , H� , D� , D� , H�, HD and D� be
the surface coverage (in monolayers), and��� , ��� , ��� , ��� , ��� , ��� and��� be the
desorption rate of these species. The desorption rate for a population� is:

�� 	 �� ���


�

��
��

�
(2.7)

where�� is the frequency factor of species�, perpendicular to the surface, and� � the desorp-
tion energy of species�. These energies can be calculated with the following expressions:

�� 	 �� �
�

�
��� (2.8)

where�� is the energy of the site where the species is bound:����� for a chemisorbed atom;
���� for a physisorbed atom and�� for a molecule. The frequency,� �, has been defined
above, and the second term on the right hand side reflects the zero point energy.

We can now write the set of rate equations.
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These two equations describe the population of H and D atoms in physisorbed sites, when
a flux F of H and D atoms is sent on the surface.��� and�

�

�� are the diffusion rate of H
and D atoms to go from a site� to a site�. The first term is the rate of incoming atoms
which are staying on the surface, the second term the rate of atoms going to chemisorbed
sites, the third, fourth and fifth terms the recombination of the physisorbed atoms with other
physisorbed atoms, the sixth and seventh terms the recombination of physisorbed atoms with
atoms coming from chemisorbed sites, the ninth term the atoms coming from chemisorbed
sites into free physisorbed sites and the last term the evaporation rate of the physisorbed
atoms.
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These two equations describe the population of H and D atoms in chemisorbed sites. The
first term represents atoms coming from physisorbed sites into empty chemisorbed sites, the
second term, chemisorbed atoms going into physisorbed sites, the third and fourth terms, the
recombination of chemisorbed atoms with atoms coming from physisorbed sites, the fifth,
sixth and seventh terms, the recombination of chemisorbed atoms with other chemisorbed
atoms, and the last term the evaporation rate of chemisorbed atoms.

��� 	 ������
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These last three equations describe the population of H�, D�, and HD. In these expressions,
the term in brackets describes the total formation rate of these species and the factor� ac-
counts then for the fraction remaining on the surface after formation. The last term is the
evaporation rate of the considered molecules.

We have to integrate this set of rate equations in order to calculate the evolution of each
population during the experiment. In the first step of the experiment, the sample is irradiated
with a flux�� during a time�� at a temperature��. In the second step, irradiation is turned
off and the sample is heated linearly at a rate� (K s��). �� is an effective flux described by
Vidali et al. (1998),� is approximately 0.6 K s��, and�� is between 5 and 7 K.

� ��� 	 �� � ��� 	 �� � � � � �� (2.16)

� ��� 	 � � ��� 	 �� � ���� ��� � � �� (2.17)

The surface coverage of the different populations in the two steps of the experiment has to
be calculated to determine the desorption rate of HD, which can be compared to the curves
obtained experimentally. The expression for the HD desorption rate is given by:

��� 	 ��� �������� � �
�
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�

����� � ������

��
�

����� � ������� � �
�

������� � ����� (2.18)

This expression shows first order and second order desorption. The first order, which is the
last term of the equation 2.18, contains two contributions: HD molecules formed during
irradiation and desorbing once temperature is high enough and HD molecules formed during
warm-up but trapped in their site and desorbing (first-order kinetics: HD molecules whose
evaporation is solely controlled by temperature). The second order, which is the sum of all
the other terms, is due to HD molecules which evaporate immediately after being formed
(second-order kinetics: HD molecules whose evaporation is controlled by the kinetics of the
recombination and the evaporation processes).
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2.2.3 Method

The set of 7 rate equations has to be integrated in order to calculate the different populations
during the 2 different steps of the experiments (eqs. [2.16] and [2.17]). To calculate the
different populations in the irradiation phase, we need to determine the mobility of the H
and D atoms on the surface as a function of temperature. Adopting values for the various
energies involved, we calculate the mobilities of the different species at� �, with the help of
Romberg integration (c.f., section 2.1). Once these mobilities are known, we integrate the 7
differential equations (eq. 2.9-2.15 ) using a Runge-Kutta method with adaptative step-size
control, named Odeint (subroutine package from Numerical Recipies 1992), to determine the
different populations for several irradiation times,��.

The second step of the experiment is the calculation of the HD desorption rate as a func-
tion of temperature, after an irradiation time��. The populations calculated in the first step of
the experiment, for an irradiation time��, are the initial conditions for the second step of the
experiment. Using the mobilities calculated as a function of temperature, we integrate the set
of 7 rate equations with Odeint. Simultaneously, we can calculate the desorption rate of HD
(eq. 2.18) and compare the results to the experimental data.

We have 8 free parameters in this model calculation:	, 
, ����, �����, ��, ��, ��

and� which are assumed to be independent of the flux or temperature. These parameters will
be determined by comparison to the experiments. Some typical values of these parameters
are reported table 2.2. Chemisorption energies are typically of the order of 1 eV (�10 000
K) (Aronowitz & Chang 1980; Aronowitz & Chang 1984; Leitch-Devlin & Williams 1984;
Zangwill 1988; Fromherz et al. 1993). Physisorption energies of H on various surfaces, on
the other hand are much less, typically several hundred K (Kreuzer et al. 1986, Parneix &
Brechignac 1998). The width of the barriers between a physisorbed and a chemisorbed site
is�2.5Å (Barlow & Silk 1976, Fromherz et al. 1993). The width of the barrier between two
physisorbed sites, which is consider identical to the one between two chemisorbed sites is
about fewÅ (Jaycock & Parfitt 1981). The energy of the saddle point is typically half of the
binding energy (Jaycock & Parfitt 1981, Aronowitz & Chang 1984, Kose 1992). Various the-
oretical studies have been performed to estimate the part of the newly formed H� molecules
which evaporate immediately. Depending on the level of sophistication, these estimates range
from�=0 (all the molecules desorb) to� near 1 (Tielens and Allamandola 1987).

Table 2.2–.Typical physical characteristics of silicate and carbonaceous surfaces
Surface 	 
 ���� ����� �� �� ��� �� �

Å Å K K K K K K
Silicate �2.5 �2 400 10000 100 100 �����

� 300 �0
carbonaceous �2.5 �2 780 14000 100 100 �����

� 400 �0

2.3 Experiments and results

In order to determine the different parameters describing the physical-chemical characteris-
tics of olivine and carbonaceous surfaces, we chose to reproduce the measurements of the
experiment performed by Pirronello et al. (1997a, 1997b and 1999). The substrates used in
this experiment are an olivine slab (consisting of a mixture of Fe�SiO� and Mg�SiO�) and
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an amorphous carbon sample. The experiment is composed of two steps as we described
before (eqs. [2.16] and [2.17]): the irradiation and the warming up. The experimental re-
sults are reproduced in figures 2.5 and 2.7. Upon warming up, the desorption rate shows
a distinct peak in the temperature range 10-12 K for olivine and 18-20 K for carbonaceous
surfaces. The exact location of this peak is a function of the exposure time; i.e., the surface
coverage of H and D at the end of deposition. With increasing exposure time, the shift to
lower temperature reflects the importance of second order kinetics. That is, for low surface
coverage (low irradiation timescales), few molecules are formed during irradiation. Most of
the evaporating HD is formed through recombination of migrating atoms during the warming
up process. For long irradiation timescales, on the other hand, most of the deposited H and D
recombine during irradiation, reflecting the much higher surface concentration of reactants.
The resulting HD (and H� and D�) remain physisorbed to the surface until the temperature
is sufficient for evaporation. This difference in temperature behaviour with irradiation time
reflects thus the temperature dependence of the mobility of recombining surface species. Fi-
nally, we note that molecular hydrogen formation for a carbonaceous surface shows similar
characteristics to that for olivine surfaces, except that the TPD curves are shifted to slightly
higher temperatures.

2.3.1 olivine sample

The measurements performed by Pirronello et al. (1997a and 1997b), are analysed in this
section. Measurements during irradiation have not been performed, but measurements during
warm up for 6 different irradiation times are available (Fig. 2.5). The measurements during
warm up show that the peaks of desorption rate shift as a function of the exposure time. In
the measurements we are considering in this section, the shift is observed to occur at low
coverages (i.e. for irradiation times less than 33 seconds, see Fig. 2.5, bottom). At higher
coverages, first order predominates and no shift is observed (Fig. 2.5, top). This implies that
the HD formation rate changes rapidly for short irradiation times and then levels off. This
rapid formation of HD during irradiation requires that reaction between physisorbed atoms
dominates HD formation, as only the dynamics of highly mobile physisorbed atoms keep the
timescales as short as required. In this section, we also report the total HD recombination
efficiency measured both during irradiation and warming up for different irradiation times
(Fig. 2.6; Pirronello et al. 1997a). The HD recombination efficiency is measured as follows:
r=( �+ �)/ �� where � corresponds to the HD signal during adsorption, � to the HD signal
during warm up and �� the amount of H atoms sent into the chamber.
All these measurements are used to benchmark our model and to asses some olivine surface
characteristics relevant for the understanding of HD, H� and D� formation on olivine surfaces.

Processes

The TPD curves reported in Fig. 2.5 are of prime importance to constrain our model and
understand which physical processes are involved in HD formation on olivine surface. The
collision of 2 physisorbed atoms to form HD is the only physical process able to reproduce
the HD measurements. This process can reproduce the observed shift of the TPD peak to
lower temperature with increasing irradiation time (Fig. 2.5) and therefore some constraints
on the considered grain surface can be established. Because the observed HD is due to the
recombination of two physisorbed atoms, we can only constrain the parameters defining the
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Figure 2.5–.Measured HD thermal desorption rates from an olivine slab exposed to D and H at 6 K
for (top to bottom) 8, 5.5 and 2 minutes(a) and 0.55, 0.25, 0.1 and 0.07 minutes (b) (from Pirronello et
al. 1997b). Solid lines: results obtained with our model.

barrier between two physisorbed sites. However, the measurements of the total HD desorp-
tion, reported in fig 2.6, provide some contraints on the barrier between physisorbed and
chemisorbed sites.

Parameters

There are 8 parameters in the model we developed. Some of them can be well determined
from the experiments (i.e.,
, ��, ���� � �� and�). The others do not influence the re-
sults very much and can only be constrained. The TPD experiments can be used to determine
the values for��, the binding energy of HD, H� and D�, ���� � ��, the barrier against
diffusion from a physisorbed site to another physisorbed site, and
, the width of the barrier
between two physisorbed sites. After long irradiation times, first order kinetics dominates
the peak position in the TPD experiment (i.e., evaporation of HD formed during irradiation).
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Figure 2.6–.Total HD recombination efficiency during irradiation and warming up measured by Pir-
ronello et al. 1997a (squares). The left panel shows the total HD recombination efficiency calculated

for three different values of�
�

������������

��
which describes the barrier between physisorbed and

chemisorbed sites: if equal to 14.5: best fit to the measurements; if equal to 16 (the barrier is higher):
solid line above the measurements; if equal to 13.5 (barrier lower): solid line below the measurements.
The dashed line represent our model with a physisorption energy of 400 K which is too low to enable
the recombination of the atoms before evaporation. In the right panel, the calculated HD recombination
efficiency (solid line; HD desorption during irradiation and warm up) is compared to the measurements
(squared). The dot-dashed line represents the calculated HD desorption during warm up (the integral of
the TPD curves) and the dashed line, the calculated HD desorption during irradiation.

The observed peak position of 11.3 K corresponds then to� �=320 K. For short irradiation
times, second order kinetics dominates and this can then be used to constrain� ��� � ��.
The observed peak position shifts to higher temperatures can be reproduced with our model
for ���� � ��=340 K. The size of the barrier for diffusion from a physisorbed to another
physisorbed site,
, influences the importance of quantum tunneling relative to thermal diffu-
sion. As Katz et al. (1999) already showed with a classical model, tunneling is not important
in this experiment, and the observed second order shift is a result of thermal diffusion on the
surface. This behaviour provides a good constraint to the width of the barrier between two
physisorbed sites,
. For small
, tunneling dominates thermal diffusion over the full tem-
perature range of the experiment and hence no sharp turn on of the second order kinetics will
occur in the TPD experiments. Extensive modeling performed by varying the width between
two physisorbed sites resulted in
 �5Å. Concerning the barriers between physisorbed and
chemisorbed sites, some constraints can be derived from the results presented in Fig. 2.6.

If the barrier between physisorbed and chemisorbed sites is too small, the incoming
atoms are quickly trapped in the chemisorbed sites, the number of atoms in the physisorbed
sites which can recombine decreases, and the HD recombination efficiency will be too
low compared to the data. In the opposite limit, if the barrier between physisorbed and
chemisorbed sites is too large, the HD recombination efficiency is too high compare to the
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data (see Fig. 2.6 left panel). Extensive modeling performed by varying the parameters de-
scribing the barrier between physisorbed and chemisorbed sites establishes a relation be-
tween the width and the height of the barrier between physisorbed and chemisorbed sites as

	
�

������������
��

�14.4�0.2. However, neither the energy nor the width of the barrier can
be determined separately.

The measurements of the total HD desorption, reported in Fig. 2.6, also provide a con-
straint on the energy of physisorption. Because we already have some constraints on the
barrier between two physisorbed sites, which controls HD recombination, Fig. 2.6 shows that
the energy of physisorption has to be large enough to enable the recombination of the atoms
before they evaporate. Indeed, if the energy of physisorption is too low the atoms evaporate,
at low exposure, before recombining and the shape of the curve of total HD desorption cannot
be reproduced. This is illustrated by the dashed line in Fig. 2.6 where the total HD desorption
is calculated for an energy of physisorption, E���, of 400 K. With increasing physisorption
energy, the HD recombination efficiency curve increases at low coverage until the coverage
is high enough that HD formation process dominates over evaporation of the atoms. Further
increase of the physisorption energy does not affect the efficiency curves any further. In this
way, we determine that the physisorption energy has to exceed 400 K.

The strength of the first order peak relative to the second order peak is controlled by the
parameter� (the fraction of newly formed molecular hydrogen remaining on the surface) and
is determined from the TPD curves as� �0.3.

2.3.2 Amorphous carbon sample

The measurements reported in this section have been performed by Pirronello et al. (1999).
As for olivine, the TPD curves for 4 different irradiation times are available (Fig. 2.7). Some
meaurements of the HD desorption during warm up only (integral of the TPD curves) are also
reported (Fig. 2.8).

Processes

In this section, we use the measurements of HD desorption from carbonaceous surfaces to
constrain our model. The desorption curves are clearly the sum of two peaks: the first or-
der desorption peak, visible only at high coverage, is located at 18 K, and the second order
desorption, which becomes more and more dominant for decreasing coverages. For an irra-
diation time of 192 secondes the TPD curve shows the contribution of the first and second
order desorption peaks. At lower coverage, the contribution of the first order peak fades away,
and second order desorption dominates. These changes occur for irradiation times between
192 secondes and 24 seconds. This implies that HD formation during irradiation increases
rapidly between these two values. During the warm up, as in the olivine case, the desorption
peak shifts to higher temperatures when coverage decreases. To reproduce the HD desorp-
tion measurements with our model, the main physical process involved in HD formation is
the encountering of 2 physisorbed atoms.

Parameters

Because the processes of HD formation during irradiation and during warming up –two ph-
ysisorbed atoms recombining– is the same as for olivine, the determination of the charac-
teristics of carbonaceous surface can be treated similarly. The first order desorption peak,
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Figure 2.7–.Measured HD thermal desorption rates from an amorphous carbon slab exposed to D
and H at�7 K for (top to bottom) 192, 96, 48 and 24 secondes (from Pirronello et al. 1999). Solid
lines: results obtained with our model.

located at 18 K, implies the value��=520 K and the second order desorption peak implies
���� ���=540 K. The width of the barrier between two physisorbed sites has been deter-
mined as
 �3.5Å and the parameter� is larger than for olivine (�=0.4). Fig. 2.8 reports
some measurements performed by Pirronello et al. (1999) of the HD recombination efficiency
during warm up only. These measurements, as in the case of olivine, constrain the barrier be-
tween physisorbed and chemisorbed sites. To obtain the best fit, we constrain this barrier as

	
�

������������
��

�14.0�0.2. Finally, as shown in Fig. 2.8, the physisorption energy,� ���,
has to exceed 700 K.
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Figure 2.8–.The HD recombination efficiency during thermal desorption is shown as a function of
exposure time. The measurements are done by Pirronello et al. (1999; squares). The solid lines
represent the HD recombination efficiency calculated with our model for a barrier between physisorbed

and chemisorbed sites as�
�

������������

��
= 15.5, 14 and 13.5 (from top to bottom). The dashed lines

represent our model with a physisorption energy of 700 K which is too low to enable the recombination
of the atoms before evaporation.

2.3.3 Chemisorption and molecular hydrogen formation at high temperatures

High temperature TPD experiments

HD desorption has been measured in these two experiments at low temperatures. At higher
temperatures, the physisorbed atoms desorb, leaving only the chemisorbed atoms to form
the different molecules. A second desorption peak appears at high temperatures; the exact
location depending on the barrier between two chemisorbed sites. Katz et al. (1999) claimed
that atoms could be only weakly adsorbed to the surface because no HD desorption was
observed at temperatures higher than�18 K for olivine and�25 K for carbon. The fact
that no desorption occurs at these temperatures does, however, not exclude chemisorption.
Indeed, much higher temperatures are required to enable HD formation from chemisorbed
atoms and to observe the second peak of HD desorption.

Recently, Zecho et al. (2002) performed similar TPD experiments on graphite surfaces
at high temperatures (see Fig. 2.9). This experiment studied the adsorption of either H or
D atoms on the (0001) surface of graphite. After admission of these atoms on the surface
at a temperature of 150 K, TPD measurements were performed by increasing the surface
temperature by 1 K/s until 700 K was reached. The TPD experiments reveal a complex
desorption pattern characteristic of a number of different chemisorbed sites with different
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binding energies. Such complex adsorption behaviour is well known for other surfaces and is
connected to the detailed structure of the surface and the mutual interaction of the adsorbates
(Burke & Madix 1990, Christman 1991). It is beyond the scope of this paper to model these
interactions in detail. For astrochemistry, the presence of chemisorbed sites with binding
energies�1 eV is of importance because it allows H� formation in the ISM even at high
temperatures (Cazaux & Tielens 2002, Chapter 3 in this thesis). The detailed (and small)
variations of this binding energy with surface coverage is of much lesser concern. Here, we
will focus therefore on modeling the dominant H� (D�) peak at 445 (490) K, which is present
even at the lowest fluences.

Figure 2.9–.Thermal desorption spectra measured after admitting D atoms (a) and H atoms (b) to
clean HOPG surfaces at 150 K. The H and D atoms exposures are given in units of monolayers (with
1 ML= 3.8�10��. The sticking coefficient as a function of the coverage is represented in the small
windows. From Zecho et al. (2002).

We have applied our model to H� formation on carbonaceous surfaces at high tempera-
ture. We limit ourselves to low surface coverages where saturation is not a problem. We start
the calculation by adsorbing H (or D) in the chemisorbed sites at a coverage indicated by the
exposure and the appropriate sticking coefficient as reported by Zecho et al. (2002; see also
below). This then automatically assures that we reproduce the measured H� (D�) yields, since
H or D atom evaporation is unimportant. Our model studies show that these measurements
constrain the barrier between two chemisorbed sites to� 15000K. However, the peak shift
with coverage in our results reflect the second order process dominating H� (D�) formation.
Curiously, the TPD experiments seem to show first order kinetics. As emphasized by Zecho
et al. (2002), likely, this reflects the increased mobility of one of the H-atoms (or D-atoms)
after thermal promotion into a physisorbed layer. Because evaporation from such a layer is
very rapid at these high temperatures, one would expect this process to be highly inefficient.
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Possibly, a lateral interaction between the two H-atoms (or D-atoms) ensures reaction, al-
though the precise nature is not well understood (Zecho et al. 2002). It is beyond the scope
of our study to include this in our model but we note that potential energy surface calculation
provide some support for such a reaction and desorption mechanism. It is clear that the depth
of the chemisorbed well is only approximate. Nevertheless, the presence of chemisorbed sites
with a binding energy in excess of 15000K is well established on carbonaceous surfaces.

The difference between H� and D� reflects the difference of the activation barrier of H
and D. This difference is not solely due to the difference of the zero point energy between
H and D atoms, which is of the order of only 300K (see Fig. 2.10, left panel). To obtain
the observed isotope shift in the TPD curves of 40K at low coverages, the difference of
energy in the H and D activation barrier through diffusion has to be�900K. In principle, if
quantum mechanical tunneling dominates the mobility, the different TPD behaviour of H�

and D� might also reflect the difference in mass. We have performed extensive calculations
to explore this option. However, because tunneling is not very temperature sensitive, the
TPD curves become very broad when tunneling dominates (eg. for small barrier width) and
show a shallow rise and decline. Such model cannot explain the observed TPD curves. Thus,
we conclude that D has a slightly higher chemisorption binding energy (900K), than H on a
graphitic surface.

D

H

2

H2

2D

2

Figure 2.10–.Calculated TPD curve of H� (solid line) and D� (dashed line) at high temperatures and
low coverages: from top to bottom, 0.6, 0.3 and 0.1 ML. In the left panel, the activation barrier for H
and D atoms diffusion differ only by the zero point energy difference between H and D. In the right
panel, the activation barrier for H and D atoms differs by� 900 K, resulting in a shift between the TPD
curves of these two isotopes of 40 K.

The characteristics of the chemisorbed sites

Anticipating the astrophysical discussion in section 4.4, we realize that the height of the
barrier between the physisorbed and the chemisorbed sites is of extreme importance. Un-
fortunately, the existing experiments do not fully constrain this. At low temperatures, diffu-
sion from physisorbed to chemisorbed sites is controlled by quantum mechanical diffusion.
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Hence, by reproducing the experimental data, we cannot determine the width and the height

of the barrier separately, but we can constrain their product as:	
�

������������
��

= 14.4�0.2
for olivine and 14.0�0.2 for carbonaceous surfaces (cf. section 3.1.2 and 3.2.2). At high
temperatures, on the other hand, diffusion is thermally controlled and only the barrier height
becomes important. Hence, we consider several different barriers by varying their width, and
consequently their height. Figure 2.11 illustrates three different possible barriers between
physisorbed and chemisorbed sites with widths varying from 2Å to 4Å and the height ad-
justed accordingly; eg; if the width is small, the height is large, and conversely. In this, the
barrier between the physisorbed and the chemisorbed site has to exceed the barrier between
two physisorbed sites. Otherwise, the low temperature TPD experiments are adversely af-
fected. That is, the physisorbed H will quickly drop into the chemisorbed sites before they
can recombine with other physisorbed atoms and hence in that case we cannot reproduce the
experiments of Pirronello et al. (1997; 1999). For carbonaceous surfaces that implies that the
width of the barrier cannot be larger than 3Å (eg., a physisorbed diffusion barrier of 560 K).
For olivine surfaces, widths as large as 4Å can be allowed because the physisorbed diffusion
barrier is only 340 K.

As emphasized above, the low temperature experiments cannot decide between the dif-

ferent energy surfaces shown in Figure 2.11 as long as	

�
������������

��
is 14.4�0.2 for

olivine and 14.0�0.2 for carbonaceous surfaces. Upon irradiation at low surface T, these
different models produce TPD curves which agree both at low temperatures – where ph-
ysisorbed recombination dominates – and at high temperatures where the chemisorbed atoms
recombine. However, we realize that a set of experiments where the surfaces are irradiated
at different increasing temperatures (where physisorbed recombination is of no importance)
can be an effective probe of the detailed energy barriers (Figure 2.11). This is illustrated
for the two barriers on carbonaceous surfaces in Figure 2.12. Both of these energy barriers
agree with the low temperature TPD results. However, upon irradiation at higher tempera-
tures, the model with the higher barrier will show a substantial increase in H� released during
TPD. Essentially, in both models the chemisorbed sites are populated through tunneling at
low T. Upon raising the irradiation temperature, thermal hopping increases in importance rel-
ative to tunneling and, eventually, thermal hopping will dominate. For model 2 this occurs
around 20 K, while for model 1 this happens above 40 K. Hence, comparison of the results
of a set of TPD experiments at different irradiation temperatures will allow a more accurate
determination of the surface migration barriers.

The model calculations reported in figure 2.12 illustrate, once more, the second order
kinetics of the H� process; eg., the peak of the H� desorption in the TPD experiments is very
coverage dependent. This second order behaviour is particularly pronounced for the narrow
but high barrier irradiated at low temperatures where the coverage of the chemisorbed sites
becomes very small. In the model calculations reported in section 2.3.3, we have ignored
this aspect of sticking by adopting the measured values for the sticking coefficient in set-
ting the initial chemisorbed coverage. Here, we actually evaluate the migration of H-atoms
from physisorbed to chemisorbed sites at the irradiation temperature. Thus, not surprisingly,
our model predicts that the sticking coefficient is a strong function of temperature when the
barrier between physisorbed and chemisorbed sites is high. In that respect, we note that the
coverage as a function of irradiation, calculated for the 3Å barrier (model 2), is actually in
very good agreement with the experimental measurements.
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Figure 2.11–.The three different barriers have been fixed by�
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��
= 14.4 for olivine

and 14.0 for carbonaceous surfaces. For barrier 1, the width is 2Å and the height is for olivine (car-
bonaceous) 1260 K (1200), for barrier 2, the width is 3Å and the height 560 K (530 K) and for barrier
3, the width is 4Å and 310 K (300 K).

Using density functional theory (DFT), Jeloaica & Sidis (1999) have calculated a barrier
width of 1.5Å and a height of�2000K, between a physisorbed and a chemisorbed site for
H on a relaxed graphitic (0001) surface. Sha et al. (2002) have also studied the interaction of
an H atom with graphite (0001) surface. Results from this study reveal a weak physisorption
well of about 0.01 eV (�120 K), located roughly at 4̊A above the surface. The chemisorbed
sites are located at 1.5̊A above the surface with a well of 0.67 eV (�7800 K). Therefore,
in this study, the width of the barrier between physisorbed and chemisorbed sites is of the
order of 2.5Å with a height of�2000 K. The uncertainties on these calculated barriers are
obviously very large. Indeed, DFT calculations can predict accurately the chemisorption
potential wells but systematically underestimate Van der Waals interactions. It is clear that a
proper characterisation of H� formation at high temperatures will require further experiments
and a better theoretical understanding of the reaction mechanism.

2.4 Discussion
The different parameters, derived with our model for olivine and carbonaceous surfaces are
summarized table 2.3. For olivine, H� formation measurements at high temperatures do not
yet exist. However, all surfaces are expected to have chemisorbed sites that bind H tightly
(Zangwill 1988, Christman 1991). We emphasize that measurements of H� formation up
to a few hundred Kelvins are necessary for a complete understanding of the grain surfaces
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Figure 2.12–.TPD calculations for different irradiation temperature, and considering 2 different bar-
riers between physisorbed and chemisorbed sites (cf. figure 2.11). Surface characteristics are defined as

�

�
������������

��
=14.0�0.2 with�= 2Å for model 1 and�= 3Å for model 2. Irradiation temperatures

are 5 K (top left and right), 40 K (bottom left) and 150 K (bottom right).

characteristics, and to model in detail the recombination of molecules from low to high tem-
peratures.

Table 2.3–.Parameters of the olivine and the carbonaceous surfaces derived from the measurements

Surface 
 ����-�� ���� �� � ����� 	

�
������������

��

Å K K K K
olivine �5 340 �450 320 0.3 30000 14.4�0.2
carbonaceous �3.5 540 �800 520 0.4 30000 14.0����

2.4.1 Formation of the different isotopes.

In this section, we present and discuss the TPD curves calculated for H� and D� formation
at low temperatures. Fig. 2.13 and 2.14 show the desorption curves of the different isotopes



2.4. Discussion 49

as the temperature of the surface is increased. The H atoms, as expected because of their
high mobility, fall in the chemisorbed sites much more efficiently than the D atoms. The
difference in concentration of the atoms in the physisorbed and chemisorbed sites results in
different isotope formation rates. Consequently, the TPD curves for the isotopes are very
different from one to another:
1) The TPD curve for H� desorption (see Fig. 2.13) differ for olivine and carbonaceous sur-
faces. For olivine, desorption is only second order at low temperatures. At low irradiation
time, incoming H and D atoms are mostly populating the physisorbed sites, and the resulting
H� TPD curve is similar to the HD ones. For carbonaceous surfaces, desorption is a combi-
nation of first and second order desorption at low temperatures. In this case, the contribution
of H� formed during irradiation is important at higher coverage, as for HD. The ratio between
first and second order evolves very rapidly with coverage time because the population of ph-
ysisorbed H atoms increases slowly (and therefore second order desorption increases slowly
with coverage), and H� formed during irradiation increases very rapidly with coverage (and
therefore the second order desorption increases rapidly with coverage)

(a) (b)

Figure 2.13–.Calculated TPD curve of H� on olivine (left) and amorphous carbon (right) at low
temperatures. Exposure is from top to bottom 2, 1.5 and 1 minute.

2) The TPD curve for D� desorption (see Fig. 2.14) are completely different. Most of the
D atoms, because of their mass, stay in the physisorbed sites. Therefore, the D atoms populate
the chemisorbed sites very slowly and the process to form D� is through the encountering of
two physisorbed D atoms. For olivine, only second order is important at low temperatures,
whereas for carbonaceous surfaces the desorption is a combination of first and second order
desorption.

2.4.2 Comparison to previous models

In a previous study, Katz et al. (1999) analysed the Pirronello et al. (1997a, 1997b and 1999)
experiments for molecular hydrogen formation, using physisorbed sites and considering H
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(a) (b)

Figure 2.14–.Calculated TPD curve of D� on olivine (left) and amorphous carbon (right) at low
temperatures. Exposure is from top to bottom 2, 1.5 and 1 minute.

atoms only. Given the experimental results and these assumptions, they were forced to con-
clude that H diffuses slowly at low T and, therefore, that quantum mechanical tunneling is
unimportant. In our analysis, we take both physisorbed and chemisorbed sites into account,
consider adsorption of H and D, and follow the formation of HD. H and D can be bonded on
surfaces both in chemisorbed and physisorbed sites (Barlow & Silk 1976; Zangwill 1983), as
already demonstrated by Langmuir (1918). Supporting the Katz et al. analysis, quantum me-
chanical tunneling between physisorbed sites is slow on these surfaces because the width of
these barriers is very large. Nevertheless, quantum tunneling is important at low temperature
to populate the chemisorbed sites.

Obviously, the Katz et al. model has fewer free parameters, both because they neglected
deuterium and because they ignored chemisorption. As our model shows, both are necessary
for a proper understanding of the mechanisms by which HD (and H� and D�) are formed
on surfaces at all temperatures. Katz et al. (1999) predict a negligible amount of HD des-
orbing during irradiation (at 6 K). Because this model considers only thermal diffusion, HD
recombination during irradiation is negligible compared to the amount of HD recombining at
higher temperature. This is in direct contradiction with the results presented by Pirronnello
et al. (1997a, 1999) where a significant amount of HD recombines during irradiation (at 6 K,
around 1/5 of the total amount of HD formed desorbs during irradiation in the case of olivine,
and 1/6 in the case of amorphous carbon). We emphasize that our model reproduces the
experimental measurements of Pirronello et al. (1997a, 1997b) well (cf. Fig. 2.6). The two
models also differ in their prediction for HD formation at high temperatures. Whereas Katz et
al. (1999) conclude that H� molecules only form at low temperatures (below 15 K for olivine
grains and below 20 K for amorphous carbon grains), our model predicts HD formation at
high temperatures (up to several hundred K). Indeed, one characteristic for any model includ-
ing chemisorbed sites is the rapid formation of HD at high temperatures when chemisorbed
H and D become mobile. The two models differ also considerably in their predictions for H�
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formation under astrophysically relevant conditions particularly at higher temperatures (cf.,
Cazaux & Tielens 2002, Chapter 3 in this thesis).

2.4.3 Astrophysical application

The H� recombination efficiency on grain surfaces for a wide range of grain temperatures
has been calculated adapting the characteristics of the olivine and carbonaceous surfaces we
determined here. By reproducing the experiments described in this paper, our model provides
some constraints on the different surfaces.

The H� recombination efficiency can be derived for a wide range of grain temperatures
from our model. As detailed in Cazaux & Tielens (2002; and chapter 3 in this thesis), we
extend our model to steady state conditions and consider only H atoms accreting onto the sur-
face and recombining to H�. Because of the uncertainties in determining the barrier between
physisorption and chemisorption, we report the H� recombination efficiency in Fig. 10 for
three different types of barriers, as discussed in section 3.3.2 and as represented in Fig. 2.11.

A small barrier width of 2̊A implies a height of 1260 K for olivine and 1200 K for
graphite. In this case, the barrier is so high that the physisorbed atoms rather evaporate
than get trapped in the chemisorbed sites. Therefore, the chemisorbed sites are almost not
populated, and the recombination efficiency is negligible for a grain temperature higher than
15-20 K. This is the case studied previously by Katz et al. (1999), where H� formation is
only due to the recombination of physisorbed H atoms diffusing on the grain surface.

For a larger barrier width of 3̊A, which implies a height of 560 K for olivine and 530
K for graphite, the recombination efficiency becomes higher at intermediate grain tempera-
tures. Indeed, the physisorbed atoms can populate the chemisorbed sites more easily, and can
recombine to form H� at high temperatures.

Finally, for a wide barrier of 4̊A, the height of the barrier is 315 K for olivine (on graphitic
surfaces such wide barriers are inconstitent with the low temperature TPD experiments; cf.,
section 2.3.3). Physisorbed atoms can be rapidly trapped in chemisorbed sites and constitute
a reservoir of available atoms even at high temperatures. Therefore, the recombination effi-
ciency remains high at intermediate and high temperatures. This case is detailed in a previous
paper

If we adopt the (uncertain) values for the barrier between the physisorbed and
chemisorbed sites on graphite surfaces calculated by Sha et al. (2002;	 	 ��� Å), the recom-
bination efficiency for carbonaceous surfaces is about 0.4 for temperatures above	 30 K.
On the other hand, if we adopt the (equally uncertain) theoretical values of Jeloaica & Sidis
(1999,	 	 1.5 Å) who calculated the interaction of a H atom with a graphite (0001) basal
surface, this efficiency would be much less (�0.001). It is clear that further experimental
studies are required to settle this issue (cf., section 2.3.3).

Once the surface parameters are set, the general expression for the recombination effi-
ciency can be written, as discussed in Cazaux & Tielens 2002, chapter 3 in this thesis:

!�� 	

�
��

����

� � �
���

��

���

" (2.19)

This contains three terms (in the brackets) which dominate different temperatures regimes,
and by a correction factor (") which is important only when the temperature of the grain is
too high to enable the chemisorbed atoms to stay on the surface. The first term of this expres-
sion, ��

��	�
is important at low temperatures. It represents the amount of H� forming on the
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Figure 2.15–.Recombination efficiency on interstellar grain surfaces as a function of grain temper-

ature. The barrier between physisorbed and chemisorbed sites has been fixed by�

�
������������

��
=

14.4�0.2 for olivine and 14.0�0.2 for carbonaceous surfaces. The recombination efficiency is calcu-
lated for 3 different barriers on olivine surface and for 2 different barriers on carbonaceous surface (see
Fig. 2.11).

grain when the temperature is too low to enable the evaporation of newly formed molecules.
The grain becomes therefore quickly saturated with molecules, and the incoming atoms can-
not populate the physisorbed sites. Further H adsorption is likely possible in physisorbed
sites associated with this “sea” of H� covering the grain surface. At present, the experiments
provide no information on this and we have not included it in our model. Nevertheless, we
consider it likely that H recombination stays efficient even at the lowest temperatures. The
second term of this expression, equal to 1, dominates at higher grain temperatures. The newly
formed molecules can evaporate and the physisorbed atoms are recombining among them-
selves. This range of temperature (around 5-20 K) is extremely efficient and all the incoming
H atoms leave the grain as H�. The third term of this general expression,

�	�
���

, controls the
recombination efficiency when the grain temperature is so high that physisorbed H atoms
evaporate. Then, evaporation competes with hopping of physisorbed H into chemisorbed
sites. At very high temperatures, the correction factor" shuts down the recombination effi-
ciency when chemisorbed H atoms start to evaporate at high temperatures (at�800 K in our
case).

Here, we have developed the H� formation efficiency using a rate equation formalism, in
which the rate at which products are formed scales with the surface coverage of the parent
species. However, this method will fail, for interstellar grain surface chemistry, when the sur-
face coverage drops below one parent specie per interstellar grain. In that case – the diffusion
limit where transport to the surface is the limiting factor – the reaction rate depends on the
probability that the next accreting species is the required reaction partner. This rate should
then be evaluated using probability theory. For H� formation in the ISM, the rate equation
formalism is a valid approach since, at low fluences, chemisorbed H is involved in the H�

formation process, and the surface coverage of chemisorbed H is high. At high fluences and
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lower T, however, H� formation is due to recombination of physisorbed H essentially because
the physisorbed surface coverage is high. Conversely, this imply that a typical 1000Å inter-
stellar grain would have more than 1 H atom per grain and the rate equation formalism is
justified. Note also that we are here only interested in the H� formation in regions which are
largely atomic. In that case, the abundance of atomic H is orders of magnitude larger than that
of other reactive species (eg., atomic O or C). Under those conditions, H� formation on grain
surfaces is equally well described by the rate equation formalism than by a Monte Carlo or
probabilistic approach (Tielens & Charnley 1997). However, this is not true for the formation
of other species and for those a Monte Carlo approach (Tielens and Hagen 1982; Keane et
al. 2004), a master equation approach (Stantcheva, Shematovich, & Herbst 2002), a moment
equation approach (Lipshtat & Biham 2003) or a stochastic approach (Charnley 1998 and
2001) has to be used. These different approaches have been compared and discussed by Rae
et al. (2003) and Herbst & Shematovich (2003).

2.5 Conclusions
In this paper, we have developed a model for the formation of molecular hydrogen and applied
it to the experiments performed by Pirronello et al. (1997a, 1997b, 1999) and Zecho et al.
(2002). This model describes the grain surface in terms of two different types of wells, and the
mobility of the atoms as a combination of tunneling effect and thermal diffusion. The atoms
can be strongly bound to the surface, (i.e. chemisorbed), or weakly bound to the surface,
(i.e. physisorbed). They can move from one site to another one through thermal hopping or
quantum mechanical tunneling according to their mass and the temperature of the grain.

Our study reveals that both types of binding sites and both tunneling and thermal diffu-
sion are essential for a correct description of molecular hydrogen formation. We derive the
important characteristics of olivine and amorphous carbon grain surfaces, which control HD
(and H� and D�) formation by modeling low temperature and high temperature laboratory
experiments. Several parameters describing the characteristics of the surface cannot be deter-
mined by an analysis of the available experiments. Generally, this merely reflects that these
characteristics are not important for describing the recombination of H and D atoms on a sur-
face. One exception is the characteristics of the barrier between physisorbed and chemisorbed
sites. In the experiments, diffusion between these sites is dominated by quantum mechanical

tunneling and is therefore sensitive to	
�

������������
��

but the width,	, and energy differ-
ence,���� � ��, cannot be determined separately from these experiments. Extrapolating
these results to astrophysically relevant conditions (eg. H� formation at high temperatures)
requires however a value for���� � �� because under these conditions thermal hopping
dominates the mobility. Further experiments are required to settle this issue.

An extension of our model to H� formation in astrophysically relevant conditions is pre-
sented here and detailed in Cazaux & Tielens (2002; chapter 3 in this thesis) where H� for-
mation rate has been calculated adopting the characteristics of the surface of the grains we
determined here. Our results show that H� formation can persist to high temperatures since
chemisorbed atoms can stay on the surface, move quantum mechanically and recombine,
until several hundred kelvin.
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