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Molecular Hydrogen Formation on Low-Temperature Surfaces in Temperature

Programmed Desorption Experimentd

I. Introduction

Few are the studies of the formation of molecular hydrogen
on low-temperature surfaces. One of the pioneering experiments

G. Vidali,* V. Pirronello,® L. Li, ¥ J. Roser} G. Manico,® E. Congiu,*% H. Mehl,"
A. Lederhendler,” H. B. Perets? J. R. Brucato,’ and O. Biham*:"

Physics Department, Syracuse Weisity, Syracuse, New York 13244, uhmisitadi Catania, DMFCI,

95125 Catania, Sicily, Italy, NASA Ames, Mail Stop 245-6, Moffett Field, California 94035, Racah Institute of
Physics, The Hebrew Umérsity, Jerusalem 91904, Israel, Faculty of Physics, Weizmann Institute of Science,
Rehaot 76100, Israel, and INAF-Osseatorio Astronomico di Capodimonte, Napoli, Italy

Receied: July 31, 2007; In Final Form: October 13, 2007

The study of the formation of molecular hydrogen on low-temperature surfaces is of interest both because it
enables the exploration of elementary steps in the heterogeneous catalysis of a simple molecule and because
of its applications in astrochemistry. Here, we report results of experiments of molecular hydrogen formation
on amorphous silicate surfaces using temperature-programmed desorption (TPD). In these experiments, beams
of H and D atoms are irradiated on the surface of an amorphous silicate sample. The desorption rate of HD
molecules is monitored using a mass spectrometer during a subsequent TPD run. The results are analyzed
using rate equations, and the energy barriers of the processes leading to molecular hydrogen formation are
obtained from the TPD data. We show that a model based on a single isotope provides the correct results for
the activation energies for diffusion and desorption of H atoms. These results are used in order to evaluate
the formation rate of KHlon dust grains under the actual conditions present in interstellar clouds. It is found
that, under typical conditions in diffuse interstellar clouds, amorphous silicate grains are efficient catalysts of
H, formation when the grain temperatures are between 9 and 14 K. This temperature window is within the
typical range of grain temperatures in diffuse clouds. It is thus concluded that amorphous silicates are good
candidates to be efficient catalysts of férmation in diffuse clouds.

Molecular hydrogen (b), the most abundant molecule in the
Universe, influences the chemical makeup of the Coéfharsd
is instrumental in the formation of stars by contributing to the
cooling during the gravitational collapse of molecular clouds.

was done in the 1970§ by the group of Giacinto Scole.s., Who The challenge of explaining the formation of molecular hydro-
measyred the scattering, sticking, and energy deposition Ofgen in space begins with the realization that the stabilization of
atomic and molecular hydrogen beams on the surface of ¢ nagcent molecule in the bonding of two (neutral) hydrogen
bolometers (semiconductor thin films) at liquid helium tempera- 4y a1oms involves the forbidden transition to the ground state.
ture:2 It was found that both the sticking coefficient and the Three-body gas-phase interactions are too rare to contribute
hydrogen recombination rate depend on the coverageofi  gjgnificantly to H formation in cold cloudsbut may take place
the target _surface. It was also shown that the heat relea_sed Mn other environments such as interstellar shocks. Under
the formation of molecular hydrogen causes the desorption of .., qitions observed in interstellar clouds, other gas-phase routes
hydrogen molecules that have been pre-adsorbed on the surfacetsuch as H+ e— H- + hv, H- + H — H, + e: or less
Thus, a molecule just formed is immediately ejected from the frequently, H+ H* — H H+,+ H— H, + H*) do r,10t make
surface. These experiments offered a rare view of the interactionerlough I-,l,to counterbala[ncé the known destruction rate due to
of hydrogen atoms and molecules in the physical adsorption UV photons?
regime and a connection with processes in interstellar space. In the 1960’5, Salpeter and collaborators proposed a model
Howev_er, the sample temperature 6f8 (K) was well below ... in which H, formation occurs on the surfaces of interstellar dust
that of interstellar dust grains, the coverage of the sample with grains®~° These grains are formed in the envelopes of massive
g;\c;rp:étrz(r)ilzeggleﬁh;\;a;s cr(‘)lggi'tisr?g rtr?; d":?t I(;%/ﬁecru;iv?g ngaifrl:"g late-stars and in novae and supernova explosions. They are made
o : ) . of carbonaceous materials and of silicates. Their sizes exhibit a
quantitative _understgndlng of actual gaiist grain processes broad power-law like distribution between 1 and 100 ¥¥mi2
In astrophysical environments. Observations of scattered, absorbed, and emitted starlight and
laboratory work show that, in the interstellar medium (ISM),
silicate grains are amorphous and mostly of composition
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on grain surfaces must be efficient. More specifically, the  We first studied the formation of hydrogen deuteride on a
processes of hydrogen sticking, migration, and bond formation telluric polycrystalline sample of olivin&.?1 This was followed
on the grains must convert at leasB80% of the adsorbed by studies of HD formation on amorphous carbon and amor-
hydrogen atoms into molecular form. phous water ic@2282%Water ice is known [together with other
With some exception}15chemical models that look at the condensables, such as carbon dioxide {C€arbon monoxide
chemical evolution of an interstellar cloud have largely ignored (CO), and CHOH] to coat grains in molecular clouds, under
or underplayed the coupling of gas and dust. However, conditions of high density, low temperature (106 K), and in
observations, experiments, and calculations are pointing to thethe absence of UV radiation. The high density is important for
fact that the formation of key ISM molecules [such ag H €ffective mantle formation, while the low temperature is
formaldehyde (HCO), and methanol (C#DH)] takes place on essential in order to avoid mantle evaporation. Thus, shielding
dust grains, as gas-phase reactions are too slow in thesds required both from UV radiation (which causes photodisso-
particular case¥ 19 As far as molecular formation is concerned, Ciation) and from thermal heating sources, namely, stars and
there is a great need to know the basic mechanisms of reactiorprotostars. Other groups studied the formation of molecular
(Langmuir-Hinshelwood, Eley-Rideal, or hot atom), charac-  hydrogen on amorphous water ice surfd€ess well as the
teristic energies for various processes (diffusion and desorption),desorption of H from these surface¥:33
and kinetic parameters of dust-catalyzed reactions so they can Measurements of the kinetic energy of hydrogen molecules
be used in models of interstellar chemistry. emerging from amorphous water ice show that the molecules
It is within this framework that in the late 1990s we began a have nearly thermal energigs® The rovibrational states of
series of investigations on the formation of molecular hydrogen €xcitation of the just-formed molecules leaving the surface were
on analogues of dust graif%:22 These experiments, inspired  also studied using graphite sampt$!For a review of recent
by Scoles’ work, were aimed at combining tools of surface experimental work on the formation of molecules on astro-
science, chemical physics, and low-temperature physics in orderphysically relevant surfaces see ref 35.
to recreate the environmental conditions of the interstellar space The picture that emerges from the experimental studies on
and overcome some of the limitations of prior experiments, such H, formation is the following. Molecular hydrogen formation
as high fluxes of H, too low sample temperatures, and not takes place via the LangmuiHinshelwood mechanism, at least
adequately characterized materials (for a review of early in the range of surface temperatures (during irradiation) that
experiments, see ref 23). In practice, the experiments have towas sampled (516 K). The results of our TPD experiments
be done at low background pressure, low sample temperaturesyere analyzed using rate equation modéts? In this analysis,
and low fluxes of atoms impinging on the samples. The first the parameters of the rate equations were fitted to the experi-
two requirements are relatively easily achieved. Even taking mental TPD curves. These parameters include the energy
special care to obtain fluxes of low energy (26800 K) barriers for atomic hydrogen diffusion and desorption and the
hydrogen atoms, it is not possible to either produce or detect energy barrier for molecular hydrogen desorption. By using the
as low fluxes of atoms as appear in the ISM. Thus, carefully values of the parameters that fit best the experimental results,
designed theoretical and computational tools need to be usedhe efficiency of hydrogen recombination on the polycrystalline
to simulate the actual processes occurring is the ISM using theolivine, amorphous carbon, and water ice surfaces was calculated
results of the experiments. for interstellar conditions. By varying the temperature and flux
The formation of molecular hydrogen on surfaces has beenover the astrophysically relevant range, the domain in which
explored at length in the past, but most of the work has been there is non-negligible recombination efficiency was identified.
on characterized surfaces of metals and semiconductors and af was found that the recombination efficiency is highly
much higher surface temperatures and fluxes (or coverages) thatemperature dependent. For each of the samples, there is a
in the regime we are interested in. On low-temperature surfaces,harrow window of high efficiency along the temperature axis,
efficient recombination can occur only if the mobility of which slowly shifts to higher temperatures as the flux is
hydrogen is high. There are situations when this does not haveincreased. Contrary to expectations, for astrophysically relevant
to be verified, as in the EleyRideal and hot atom mechanisms, fluxes, the formation of blon polycrystalline olivine occurs in
in which H atoms from the gas phase directly interact with the a temperature range which is too low and too narrow for making
target hydrogen atoms or move on the surface at superthermalmolecular hydrogen but in very selected environments. On other
energy. Such mechanisms have been shown to be working insurfaces, such as amorphous carbon and amorphous water ice,
the interaction of H with H-plated metét?> silicon?® and efficient molecular hydrogen formation occurs on a wider
graphité” surfaces. Although there are certain interstellar sample temperature range, which is within the typical range of
environments where these mechanisms enter into play, thegrain temperatures in diffuse and dense cloifd®
diffuse cloud environment, where the coverage of H atoms on  Since silicates make up a significant fraction of the interstellar
a grain at any given time is very low, is not one of them. Thus, dust, and given our results that pointed at a less than optimal
we expect that the H atoms in our experiments will experience efficiency of polycrystalline olivine in catalyzing the formation
physical adsorption forces, and the dominant mechanism of of molecular hydrogen, we decided to revisit the formation of
reaction is expected to be the Langmtkitinshelwood reaction.  H, on such a class of materials. Although crystalline silicates
In the experiments, the sample is exposed to well-collimated are observed in circumstellar envelopes, in the ISM, silicates
beams of hydrogen (H) and deuterium (D) atoms. The produc- are mostly amorphous. We thus studied the formation of
tion of HD molecules occurring on the surface of a dust grain molecular hydrogen on amorphous silicate samples,, (Fe
analogue is measured both during the irradiation with the beamsMgi—,).SiOs, X = 0.5, produced by laser ablation (with
and during a subsequent temperature programmed desorptionwavelength of 266 nm) of a mixed MgO, FeO, and Stérget
(TPD) experiment. In order to disentangle the process of in an oxygen atmosphere (10 mbar). The optical and stoichio-
diffusion from the one of desorption, additional experiments metric characterization of the samples produced with this
are carried out in which molecular species are irradiated on the technique is given elsewhetf&éMeasurements of the amorphous
sample and then are induced to desorb. silicate samples by scanning electron microscope show rough
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surfaces with droplets of different sizes. However, unlike the e E 000 s T AR T T B S
amorphous water ice, no indications of porosity were observed. .2
A brief report on the formation of molecular hydrogen on an z
amorphous sample of composition {BEIgos).SiO, at low
irradiation temperature (around 5 K) appears in ref 41.

In this paper, we present data on the formation of HD at a
higher irradiation temperature (10 K) which is at the lower edge
of the range of the dust temperature in the ISM. We describe
in detail the methodology for analyzing the results of the TPD ]
experiments. We show that the results, based on measurement < 3000
of HD formation, are applicable for the evaluation of the H -8 I
formation rate in interstellar clouds. Results from surfaces of
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The paper is organized as follows: In section II, we present % 11 12 13 14 15 16 17 18 19 20 21 22 23 24
a review of the experimental methods. TPD results for HD Temperature (K)

formation on an amorphous silicate surface are given in sectionFigure 1. TPD curves of HD desorption after irradiation-HD atoms
Ill. The rate equation model is presented in section IV and is (circles) and HD moleculesq) on the_ amorphous silicate sample at
used in section V for the analysis of the experimental results. surface temperature of 5.6 K. The fit of the TPD curve fortHD

Applications to interstellar chemistry are considered in section radiation, obtained using the rate equations, is also shown (solid line).
pp y The temperature ramf(t) during the TPD stage is shown in the inset.

VI.
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Il. Review of Experimental Methods Z Lol I
= % 240
The apparatus consists of two atomic/molecular beam lines = gool A B30 .
aimed at a target located in a ultrahigh vacuum (UHV) chamber. 5 ¥ . Ego
The triple differentially pumped beam lines each have a radio £ %[ ol %G1 il
frequency (RF) dissociation source; typical dissociation rates 'g 600} e i Sl lntil=alin e
are in the 75-90% range and are measured when the beams = 5,,| btk Al

enter the sample chamber. The atoms can be cooled by passin(g

them through a short aluminum nozzle connected to a liquid & 400

nitrogen reservoir via copper braids. The flu¥gsandFp, of g 300}

H and D atoms, respectively, are both estimated to be equal to'g a0l |0

Fo = 102 (atoms cm? s™1).28 ) A
The detector, located in the main UHV chamber, is a é 100 gl

differentially pumped quadrupole mass spectrometer that can bkl | LAl ) N T
y pumped q P P 06775 14 16 18 20 22 24 26 28 30 32 34 36

Temperature (K)

be rotated around the sample; it is used to measure the signals S

proportional to the number of particles in the beams and of the ) A
molecules evolving from the surface either during the irradiation '(:C'ﬁglr:si-a-rcg?_'B”ngegzg';(gesr?rt%téog rﬁg‘f”‘}gﬁg'iﬁ'&gﬂigﬁ"}: at
phasg or_durin_g the thermal desorption. The sample is mpumedsurface temperature of 10 K. The fit of thz TPD curve for—l-HpD

on a liquid-helium cooled sample holder with thermal shields. jagiation, obtained using the rate equations, is also shown (solid line).
The sample can be rotated around its axis. A heater in the backThe temperature ranif(t) during the TPD stage is shown in the inset.
of the sample can heat it to 400 K for cleaning.

A typical experiment proceeds as follows. During the baking =" |40l
of the apparatus and prior to each series of data taking, the'g oL
sample temperature is takent@00 K. After cooldown, when = 1400 & LE*.i =
the desired sample temperature is reached, the sample is expose 5 fiio fi
to two converging beams of H and D (prior the pumping down,
laser beams are shone through the beam lines to make sure the™= 1000}
point at the same spot on the sample). Using two isotopes is ~
essential in order to ensure that the fraction of undissociated &
molecules and the background pressure gfwil not affect 600
our measurements. During the irradiation phase of the experi-
ment, as well as the subsequent TPD phase, the detector
monitors the increase of HD partial pressure due to HD
formation on and release from the surface. After irradiation time
of to (), the beams are turned off, and the sample temperature 05 — 13 TR R 0 5 3430
is raised, either by shutting off the flow of liquid helium or by Tem eratbure (K)
increasing the power to the heater. The sample temperature P
versus time, T(t), is measured by an irergold/chromel Figure 3. TPD traces obtained after_irra(_jia_tion'with HD molec_ules at
thermocouple and a calibrated silicon diode placed in Contactasample temperature of 10 K. The irradiation times are 30 (triangles),

. . . 60 (x), 120 (circles), and 240 (squares) seconds.
with the sample. The temperature curves are nonlinear but highly
reproducible. To account for this nonlinearity, the TPD curves steep in the beginning and gradually decreases. The temperature
in Figures 4 show the instantaneous HD desorption rate curves for the experiments analyzed in this paper are shown in
versus temperature rather than versus time. The heating rate ighe insets in Figures 1 and 2. The typical irradiation times are
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Figure 4. TPD traces obtained after irradiation with-HD atoms at
a sample temperature of 10 K. The irradiation times are 30 (triangles),
60 (x), 120 (circles), and 240 (squares) seconds.
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1-2 min (although, the actual time the sample is exposed to
the beam is half that, since the beams are chopped with a
mechanical selector of 50% duty cycle). The typical coverages,
assuming a sticking coefficient of 1 are of the order of a few
percents of a layer.

During the experiment, it is checked that after a thermal
desorption there is no readsorption of HD on the surface. Also,
in the experiments done at the lowest sample temperature
during irradiation (such as 5.6 K), care is taken to make sure
that the sample remains in this low temperature long enough to
reach thermal equilibration (as judged by the repeatability and
quality of the results). Further details can be found in other
publications??

Ill. Experimental Results

Here, we report TPD results for HD desorption from
amorphous silicates of composition (F&gi1—x)>SiO4, where
x = 0.5, after irradiation by H+ D beams at a sample
temperature of 10 K. Three specimen were used, yielding
comparable results. These results complement and extend thos
reported in ref 41, where we analyzed TPD results for irradiation
of H and D (hereafter H+ D) at a low sample temperature
(~5 K) and in which the exposure was varied. In these

S
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TABLE 1: Parameters for Molecular Hydrogen Formation:
The Diffusion and Desorption Barriers of H Atoms, the
Desorption Barriers of HD Molecules, and the Density of
Adsorption Sites

Ediff Edes

Edes s
. H H HD )
material (meV) (meV) (meV) (sites cnT?)
amorphous silicate 35 44 35,53,75  x710*

The experiments with HD irradiation provide direct informa-
tion on the energy barriers for the desorption of HD molecules.
Combining the two sets of experiments, we find that there are
three types of adsorption sites for molecules: shallow, medium,
and deep. When HD molecules are irradiated at 5.6 K, they
reside in the shallow and medium depth sites; when the
molecules are irradiated at 10 K, they mostly reside in the
medium and deep sites. This indicates that during irradiation at
10 K the HD molecules have sufficient mobility to hop from
the shallow sites to deeper sites before they desorb. The
similarity between the TPD curves obtained with HD ane-H
D irradiations indicates that molecules just formed on the surface
quickly thermalize with the surface temperature and occupy the
same adsorption sites as those molecules deposited from the
gas phasé!

In Figure 3, we present several TPD traces obtained after
irradiation with HD molecules at a sample temperature of 10
K. The irradiation times are 30 (triangles), 60)( 120 (circles),
and 240 (squares) s. In all cases, the main peak is at 22 K, as
expected for irradiation with molecules, leading to first-order
kinetics. The high-temperature peak appears arour331K
for all exposures.

In Figure 4, we present several TPD traces obtained after
irradiation with H+ D atoms at a sample temperature of 10 K.
The irradiation times are 30 (triangles), 6R)( 120 (circles),
and 240 (squares) s. The location of the peak is clearly the same
for all exposures, indicating a first-order kinetics. This peak
temperature (around 23 K) is only slighly higher than the 22 K
peak obtained for HD irradiation. However, the peak obtained
for H + D irradiation exhibits a broader high-temperature wing,
fhich merges with the second peak. The first-order feature of
the H+ D peak for irradiation at 10 K may indicate that some
of the molecules are formed during irradiation or at early stages
of the TPD run and quickly equilibrate with the surface.

experiments, we find tha_t most of the molecules that form on powever, the broad high-temperature wing may indicate that
the surface come off during the TPD; therefore, we focus our some other molecules are formed at later stages of the TPD
analygis on this aspect of the experiment. In a separate set ofun. In this case, the high-temperature peak (which is difficult
experiments, beams of HD molecules were irradiated on the g resolve) may exhibit a combination of first- and second-order
same surface. ) _ features. The experimental data was analyzed using the rate
In Figure 1, we show a typical TPD trace of HD desorption, equation models described below. The results for the energy

taken after irradiating the sample, while at 5.6 K, with HD  parriers for diffusion and desorption are summarized in
molecules &) and with H and D atoms (circles). Both curves Tgple 1.

exhibit a strong peak at about-1%6 K and a lower but broad

peak (or a shoulder) around 21 K. The broad peaks reflect the
fact that the surface is disordered. For comparison, a TPD trace
taken from a polycrystalline olivine sample is much narrower
and has a maximum at a lower temperattire.

In Figure 2, we present the desorption rates of HD after
irradiation with HD moleculesx) and H+ D atoms (circles)
at a sample temperature ofL0 K. These TPD traces exhibit
two peaks. The main peak coincides with the high-temperature
peak of Figure 1. In addition, there is a smaller peak or a
shoulder at~31—-32 K, which does not appear in Figure 1.
However, it turns out that the TPD curve of Figure 1 was
recorded only up to 24 K. Therefore, we cannot reject the
possibility that a third peak, around-3B82 K also appears under
the conditions of Figure 1.

IV. Rate Equation Model

Consider an experiment in which beams of H and D atoms
are irradiated on a surface. Atoms that stick to the surface hop
as random walkers. The hopping atoms may either encounter
each other and form ;{HD, and B molecules, or desorb from
the surface in atomic form. As the sample temperature is raised,
both the hopping and the desorption rates quickly increase. The
fluxes of H and D are denoted Wy andfp, respectively [in
units of monolayer (ML)s™Y]. These fluxes are related to the
beam intensities bfy; = Fu/s andfp = Fp/s, wheres (cm~2) is
the density of adsorption sites on the surface.

The process of molecular hydrogen formation is described
by a rate equation model, which includes three surface reactions,
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namely, H+ H — Hy, H+ D — HD, and D+ D — D,. The 1
surface coverages of adsorbed H and D atoms are denoted by
ny (ML) and np (ML), respectively. Similarly, the coverages Zos
of the adsorbed Kl D,, and HD molecules are denoted hy,, 5
np, and nyp (ML). The time derivatives of the coverages of 5
adsorbed atoms are given by the rate equations £ 0.6
=]
dnH 2 .?9) 0.4
e fi = Wany — 2a3n,” — (8 + ap)nynp é
=9}
dng , 202
e fo = Wpnp — 2a5ny" — (a4 T ap)nyn, - (1)
13 16 22 24
The time derivatives of the coverages of adsorbed molecules Temperature (K)
are given by Figure 5. Simulated TPD curves of HD production and desorption
obtained from egs 1, following irradiation by # D atoms at 5.6 K
dnH2 ) and heating at a constant rate of 0.5 K/s. In this figure, it is assumed
— =ayny" — Wy ny that HD molecules desorb upon formation. Four choices of parameters
dt 22 are shown: the parameters of H and D are identical and are given by
Table 1 (solid line); the desorption energy barrier of D is raised by 4.0
anZ ) meV (dashed-dotted line); both the desorption and diffusion energy
T: apny” — WDznDz barriers of D are raised by 4.0 meV (circles); the desorption and
diffusion energy barriers of both H and D are raised by 4.0 meV (dashed
line). The results indicate that the higher binding energy of D atoms
dnyp - + W 2 has little effect on the TPD curves. The peak heights are normalized
dt (@ + ap)nynp — WepNyp @) to 1, to make it easier to compare the peak locations.

The first term on the right-hand side of eq 1 represents the of H and those of D atoms on a graphite surface. In this case,

incoming flux. For simplicity, we ignore the Langmuir rejection. measurements show that the laterally averaged binding energy

The second term in eq 1 represents the desorption of H and Don the basal plane of graphite, in the ground state level is 31.6

atoms from the surface, while the second term in eq 2 representameV for H atoms, and it is 3.8 meV higher for D atofishe

the desorption of molecules. The desorption coefficients are isotopic difference in the energy barriers for diffusion is
expected to be, at most, as large as the difference in the energy

W, = v exp(—E%k,T) (3) barriers for desorption.
Here, we examine the effect of increasing the energy barriers
wherev is the attempt rate (standardly taken to bé?19?), for D diffusion and desorption, keeping those of H atoms

ES*is the energy barrier for desorption of species X, where X unchanged. In Figure 5, we present the TPD curves obtained
= H, D, Hp, HD, or D,, andT (K) is the surface temperature. from the rate equation model, following irradiation at 5.6 K
The third and fourth terms in eq 1 and the first term in eq 2 and heating at a constant rate of 0.5 K/s. Four curves are
account for the formation of 51HD, and 3 molecules, where ~ shown: the TPD results obtained when the parameters of H
and D are identical and given by Table 1 (solid line); the energy

a, = v expES"/kgT) (4) barrier for desorption of D atoms is raised by 4.0 meV (dashed-
dotted line); the energy barriers for desorption and diffusion of
D atoms are raised by 4.0 meV (circles); and the energy barriers
adsorption sites on the surface, alﬁiﬂ‘f is the energy barrier for desorption gnd diffusjon of botr_l H and D are raised.by 4.0
for hopping. Here, we assume that there is no energy barrier eV (dgshed Ilne). W.e find that raising the energy barnerg for
for the formation of hydrogen molecules on the surface, namely, désorption (and diffusion) of D atoms gives rise to only a slight

two hydrogen atoms that encounter each other form a molecule Shift of the peak to a higher temperature. We conclude that the
The desorption rat& (ML s~1) of molecular species X iBx TPD curves are mainly determined by the isotope that interacts

= Wyny. In particular, the rate of HD desorption is given by rr'lore.\{veakly with the §urface. It is thus gppropriate to use a
simplified model which includes only one isotope. The energy

Ruo = WipNio (5) barriers obtained should be interpreted as the barriers for H
atoms.

To simplify the analysis and reduce the number of fitting  In the models, we assume a given density of adsorption sites
parameters, it is desireable to use a model which includes onlyon the surface. In terms of the adsorption of H atoms, all of the
one isotope of hydrogen. Here, we examine the effect of the adsorption sites are assumed to be identical, where the energy
isotopic difference on the TPD results. Because of its higher barrier for H diffusion isEﬂ'ff and the barrier for desorption is
mass, the zero point energy for adsorbed D atoms is lower thanEﬂes. This assumption is justified by the fact that such a simple
that for H atoms. As a result, the energy barriers for diffusion model provides good fits to the TPD curves obtained after H
and desorption of D atoms are expected to be higher than thoseD irradiation. If there is a distribution of diffusion energy
for H atoms. The evaluation of the difference in the activation barriers, the hydrogen atoms are expected to be trapped most
energies between the H and the D isotopes requires detailedof the time in the deep adsorption sites. Thus, the diffusion-
knowledge of the atomsurface potentials. Such potentials are induced recombination is expected to be dominated by the
not available for the amorphous surfaces of interest here.deepest wells. This means that the parameters obtained from
However, one can obtain a rough idea about the isotope effectfitting the TPD curves to the rate equation model characterize
by considering the difference between the activation energiesthe upper edge of the distribution of energy barriers. A more

is the hopping rate of atoms of species=XH, D between
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complete model that provides a connection between the rough-to the right as the irradiation time is reduced, suggesting second-
ness and the distribution of energy barriers for H diffusion and order kinetics. We should note that a somewhat similar behavior
desorption was studied in ref 44. was found in TPD experiments in which,Dnolecules were

As for the adsorption of hydrogen molecules, we assume thatirradiated on amorphous water i#&33In that case, the second-
the adsorption sites may differ from each other. The energy order like behavior was interpreted as a result of the saturation
barriers for desorption of HD molecules can be obtained directly of the deepest adsorption sites. However, in our experiments,
from the TPD curves that follow HD irradiation. These curves, the coverage of hydrogen atoms on the surface is very low.
obtained for different surface temperatures during irradiation, Therefore, it is unlikely that saturation effects play a significant
reveal a total of three peaks, indicating that there are three typesrole.
of adsorption sites. In general, we assume that the adsorption This observation indicates that the molecules are formed
sites are divided intd types according to the binding energies during the heating and not during the irradiation stage. Thus,
of trapped HD molecules. Ignoring the isotopic differences for the adsorbed hydrogen atoms are immobile during irradiation
molecules, the energy barrier for desorption of Holecules at 5.6 K. This means that tunneling alone is not sufficient in
from an adsorption site of typieis EX%j), wherej = 1, ..., J. order to provide significant mobility to the adsorbed hydrogen
The parametex; represents the fraction of the molecules that atoms, and their mobility is dominated by thermal activation.
are trapped in sites of tygeupon formation or adsorption and A similar conclusion was reached from analysis of data from
S 4 = 1. Let nw,(j) (ML) be the coverage of Hmolecules polycrystalline olivine3®

that are trapped in adsorption sites of typeherej = 1, ...,J. Assuming that the Langmuir rejection mechanism applies,
The rate equation model takes the f8Pm hydrogen atoms that are deposited on top of already adsorbed
atoms are rejected. This provides a prediction for the coverage
ny ="f, (1—ny) — Wyn, — 2a,n,° (6a) of adsorbed atoms after irradiation tigeTaking the Langmuir

rejection into account, the coverage is giverity

Ny, () = wauny’ — Wy ()ny, () (6b)
TR T B ulty) = 1 — exp(-f,t) ©)
wherej = 1, ...,J. The first term on the right-hand side of eq
6a represents the incoming flux in the Langmuir kinetics. In  In the experiment, the coverage after irradiation can be
this scheme, H atoms deposited on top of H atoms already onevaluated using the total yield of HD molecules in each TPD
the surface are rejected. There are indications that adsorbed Hrun. The total yields for irradiation at 5.6 K and several exposure
molecules do not lead to Langmuir rejection of H atchihe times were evaluated and fitted according to eq 9. It was found
parametefy represents an effective flux (in units of MY, that the flux of incoming atoms i = 7.0 x 107* (in ML
namely, it already includes the possibility of a temperature- S ). Since the beam intensiti€ andFp are known, one can
dependent sticking coefficient. The second term in eq 6a use the relationéx = Fx/s, where X= H, D, to obtain the
represents the desorption of H atoms from the surface. The thirddensity of adsorption sites. It was found that the density of
term in eq 6a accounts for the depletion of the H atoms on the adsorption sites on the amorphous silicate sampte=s7 x
surface due to diffusion-mediated recombination inte H 10 (sites cm?).
molecules. Equation 6b accounts for the population of molecules  The experimental results were fitted using the rate equation
on the surface. The first term on the right-hand side representsmodel described above. The parameters for the diffusion and
the formation of H molecules that become adsorbed in a site desorption of hydrogen atoms and molecules on the amorphous
of typej. The second term in eq 6b describes the desorption of Silicate surface were obtained. These include the energy barrier

H, molecules from sites of typg where Eﬂ'“ = 35 (meV) for the diffusion of H atoms and the barrier
E%*= 44 (meV) for their desorption. The value obtained for
W, () =» exp[—Eﬂiij)/kB'ﬂ @ the energy barrier for desorption should be considered only as
a lower bound, because the TPD results are insensitive to
is the H desorption coefficient. The Hproduction rateRi, variations inEY as long as it is higher than the reported
(ML s7Y) is given by: value. The desorption energy barriers of HD molecules adsorbed

in shallow (lower temperature peak) and deep (higher temper-
J o ature peak) sites are given I&/;{1) = 35 andE;{2) = 53
Re,= 3 W 0 0) ®  (mev).
= The rate equation model is integrated using a Runge Kutta
e stepper. For any given choice of the parameters, one obtains a
To analyze the diffusion of Himolecules, one needs to Use & get of TPD curves for the different irradiation times used in the
more complete modék This model "’}g'?des additional param- oy heriments. The actual time dependence of the temperature,
eters, namely, the energy parrleﬁé (i) for hopping of H T(t), recorded during the experiment is taken into account as
molecules out of sites of type aS_"‘_’eil as the partial densities  fo|lows. The rate equations (eq 6) are integrated numerically
§ (cm™) of such sites. It is difficult to extract, from the sing a Runge Kutta stepper. The rate constants for diffusion
expgr_lmental dgta, unique values for all of these parameters withgnq desorption (given by egs 3, 4, and 7), which depend on the
sufficient confidence. temperature, are adjusted during the integration according to
the experimentally recorded temperature cuig), Thus, the
simulation fully reflects the physical conditions during the
In ref 41, we presented a series of TPD traces obtained afterexperiment.
irradiation of H and D atoms on an amorphous silicate sample In the first step, the barrierE,‘fES(j), j =1, .., for the
at low surface temperatures (5.6 K). Each trace exhibits a largedesorption of molecules are obtained using the results of the
peak at a lower temperature and a small peak at a higherexperiments in which HD molecules are irradiated on the
temperature. The location of the low-temperature peak shifts surface. To obtain better fits of the peak shape, suitable Gaussian

V. Analysis of the Experimental Results
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distributions of energy barriers around these two values can be (a) 1
incorporated (see Figures 1 and 2 in ref 41). However, even 0.9
with these Gaussian distributions, it is difficult to fit the leading 0.8
edge of the TPD curves. This may indicate that the distribution § :
of the energy barriers is nonsymmetric and exhibits a broader '35 0.7
tail on the lower side. 506
A wide range of energies can be expected for a morphologi- § o5
cally heterogeneous surface. For example, in a calculation of =
H adsorption energies and diffusion barriers on a water cluster £04
simulating the surface of amorphous water ice, Buch and co- £03
workers obtained Gaussian distribution for these enef§i€s. 3
. . : L . & 0.2
Using a single value of each barrier, one obtains fits which
consist of rather narrow peaks. Their locations coincide with 01
the experimental peaks but they do not capture the tails. S o 7o 11 293 37 15 T5 7 s
The results of the H+ D experiments (circles in Figure 1) Temperature (K)
are fitted using the rate equation model (solid line) with the (b)
activation energies specified above. The weights of the molec- 10°
ular adsorption sites are chosen to/he= 0.6 andu,; = 0.4.
These values reflect the total relative yields of desorbed HD 10~
molecules in the two peaks. The results ofHD irradiation at
10 K, shown in Figure 2, were also fitted using the rate equation o 1072
model. The activation energieg’," andE™ are the same as &
above. However, in this case, it is found that the molecular %10‘3
adsorption sites indexed by= 1 are too shallow to trap %
molecular hydrogen when the irradiation is done at 10 K. To & 107
account for this fact, we impose; = 0. The TPD curve is 5
fitted with Eﬂ"zs(Z) = 53 (as above) anEﬁ,is(B) = 75 (meV). 107
The weights argi; = 0.5 anduz = 0.5. B
10
VI. Discussion and Applications
The processes of molecular hydrogen formation on amor- 6 7 8 9 10 11 12 13 14 15 16 17 18

I T ture (K
phous silicate surfaces at low temperatures are based on emperature (K)

physisorption forces. The activation energies that we obtained Figure 6. (a) Calculated recombinatio_n_ efficiency and surface coverage

show that these values are higher than expected for other(2) Of hvdrogen on the amorphous silicate sample vs surface temper-
. L . ature, under steady-state conditions. A temperature window of high

physisorption interactions that have been measured between theiciency is found. Within this window, the surface coverage is reduced

H and the surface of single crystdfsThis is probably due to from a full monolayer to about 16 ML.

the more complex chemical and morphological composition of

the amorphous silicate samples. Using the parameters obtaine@orresponds to gas density of 100 (atoms $ngas temperature

from the experiments, we now calculate the recombination of 100 K, and a density of % 104 adsorption sites per chon

efficiency of hydrogen on amorphous silicate surfaces under the grain surface. A window of high recombination efficiency

interstellar conditions. The recombination efficiency is defined is found between 9 and 14 K, compared with-B K for

as the fraction of the adsorbed hydrogen atoms which come polycrystalline silicate under similar conditions. The surface

out as molecules, naméfy coverage of H atoms decreases dramatically within the efficiency
window, from nearly full monolayerte® K to about 10“ ML
RH2 at 14 K. This is due to the fact that as the temperature increases,
n= (f. /2 (10) the surface mobility of H atoms is enhanced, and their residence

time before recombination is reduced.
In general, the high efficiency window for hydrogen recom-

Under steady-state conditions, the recombinationRajgML YRR
bination is bounded from below B

s 1) is given byRy, = ayny?, where
M= e [~(Wy + ) + JW, + )2 + Bayfy] (12) Tou(f) = B (12)
42 ot (v — Infy)
Within the assumptions of this model, the binding energies
Eﬁ,‘fof H> molecules to the surface do not affect the rate of H

and from above by

formation. They only determine the residence time of H opdes _ pdiff
molecules on the grain and thus affect the steady-state coverage Tor(f) = H H (13)
of H, molecules on the surface. 9 kg(Inv — Inf)

In Figure 6a,b, we present the recombination efficiency and
the coverage of H atoms, respectively, versus surface temper-These bounds are obtained by solving eq 6a under steady-state
ature for an amorphous silicate sample under flufqof 5.2 conditions for recombination efficiency of 50%. Thus, inside
x 1079 (ML s™). This flux is within the typical range for diffuse  the window, the efficiency is higher than 50%, while outside,
interstellar clouds, where bare amorphous silicate grains areit is lower than 50%. The recombination efficiency declines
expected to play a crucial role in,Hormation. This flux sharply near these bounds. The width of the high efficiency
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window is proportional to the differenc&r’®— ES", between
the diffusion and the desorption energy barriers of H atoms.
The location of this window exhibits a logarithmic dependence
on the fluxfy and slowly shifts to higher temperatures fas
increases.

At temperatures higher thaf,g,, atoms desorb from the

Vidali et al.

P(Ny) = Fy [P(Ny — 1) = P(N)] + Wi [(Ny +
DP(Ny + 1) = NyP(NYT + Ag[(Ny + 2)(Ny, +
1)P(NH + 2) - NH(NH - 1)P(NH)] (16)

whereNy = 0, 1, 2, ...,NJ® (the master equation must be
truncated in order to keep the number of equations finite). The

surface before they have sufficient time to encounter each other first term on the right-hand side of eq 16 describes the effect of

At temperatures lower tham, diffusion is suppressed, and

the incoming flux. The probabilitf?(Ny) increases when a H

the surface is saturated by immobile H atoms. As a result, the atom is adsorbed by a grain that already Nas— 1 adsorbed
Langmuir-Hinshelwood mechanism is no longer efficient. H atoms and decreases when it is adsorbed on a grainNuith
Saturation of the surface with immobile H atoms might render atoms. The second term accounts for the desorption process.
the Eley-Rideal mechanism more efficient in producing some The third term describes the recombination process. The
recombination. Our results thus indicate that the recombination 'ecombination rate is proportional to the number of pairs of H
efficiency of hydrogen on amorphous silicates is high in a atoms on the grain, nameljy(Ny — 1)/2. Therefore, the H
temperature range, which is relevant to interstellar clouds. Production rate per grain can be expressed in terms of the first
Therefore, amorphous silicates seem to be good candidates fofwo moments of(Ny), according to

interstellar grain components on which hydrogen recombines

[ = Ay (NSO N 17
with high efficiency. Rg‘z An(INy HD) (17)
To apply the results of the experiments tg tdrmation in where
the ISM, consider for simplicity a spherical grain of radius N
The cross section of such grainds= #r2, and the number of K K
adsorption sites on its surface$s= 4xr?s. We denote byNy N = NZO Ny"P(Ny) (18)
=

the number of H atoms adsorbed on such grain. Its time
dependence is given by The master equation can be simulated either by direct

numerical integration or by a stochastic implementation via

Ny = Fuo — WiNy — AN, (14) Monte Carlo (MC) method®5" A significant advantage of the
direct integration over the MC approach is that the equations
) _ L _gas gas can be easily coupled to the rate equations of gas-phase
The incoming flux density is given by = ni"uw, whereng chemistry. However, the number of coupled equations increases

(cm™9) is the density of H atoms in the gas phase ands exponentially with the number of reactive species, making direct
their average velocity. The paramefer = a./Sis the sweeping  iniegration infeasible for complex reaction networks of multiple
rate, which is approximately the inverse of the time it takes for specie$859 To solve this problem, two approaches have been
a H atom to visit nearly all of the adsorption sites on the grain proposed: the multiplane metf¥d! and the moment equa-
surface (for a more precise evaluation of the sweeping rate, seg;jgng62-64
refs 51 and 52). The multiplane methdd is based on breaking the network
The production rate of fHimolecules on a single grain is given  into a set of maximal fully connected subnetworks (maximal
by cliques). It involves an approximation, in which the correlations
between pairs of species that react with each other are
maintained, while the correlations between nonreacting pairs
are neglecteé! The result is a set of lower dimensional master
) ) equations, one for each clique, with suitable couplings between
Under given flux and surface temperature, for grains that are them. For sparse networks, the cliques are typically small and
large enough to hold many H atoms, eq 6 provides a good mqstly consist of two or three nodes. This method thus enables

description of the recombination process. However, in the limit ine simulation of large networks much beyond the point where
of small grains and low fluxNy may be reduced to order unity e master equation becomes infeasible.

or less. Under these conditions, eq 6 become unsuitable, because The moment equations include one equation for the popula-

itignores the discrete nature of the population of adsorbed atomstjon sjze of each reactive species (represented by a first moment)

and its fluctuations. and one equation for each reaction rate (represented by a second
To account for the reaction rates on small grains, a modified moment). These equations are obtained by taking the time

set of rate equations was introduced and applied to a variety of derivative of each moment and using the master equation to

chemical reaction$>54In these equations, the rate coefficients express the time derivatives of the probabilifiés the resulting

are modified in a semiempirical way taking into account the equations, the time derivative of each moment can be expressed

effect of the finite grain size on the recombination process. The as a linear combination of first-, second-, and third-order

RE, = ANy? (15)

modified rate equations take into account correctly the length
scales involved in the recombination process on small gkins.

However, they still involve only the average values and ignore
fluctuations, thus, providing only approximate results for the
reaction rates on small grains.

To account correctly for the effects of fluctuations on the

moments. To close the set of moment equations, one must
express the third-order moments in terms of first- and second-
order moments. This is achieved by the incorporation of a
suitable truncation scheme of the master equéfoff. The
moment equations provide the most efficient incorporation of
stochastic grain chemistry, including hydrogen recombination

recombination rate on small grainS, simulations using the masterand other surface reactions, into models of interstellar Chemistry.

equation are required. The dynamical variables of the master

equation are the probabilitie¥Ny) of having a population of
Ny hydrogen atoms on the grain. In the case of hydrogen
recombination, the master equation takes the f&fn

VII. Summary

We have reported the results of experiments on molecular
hydrogen formation on amorphous silicate surfaces, using
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temperature-programmed desorption. In these experiments,

J. Phys. Chem. A, Vol. 111, No. 49, 20012619

(25) Eilmsteiner, G.; Walkner, W.; Winkler, ASurf. Sci 1996 352

beams of H and D atoms were irradiated on the surface of an263:

amorphous silicate sample. The desorption rate of HD molecules
was monitored using a mass spectrometer during a subsequen
TPD run. The results were analyzed using rate equations. It wa
shown that a model based on a single isotope provides the

(26) Khan, A. R.; Takeo, A.; Ueno, S.; Inanaga, S.; Yamauchi, T.; Narita,
\f.; Tsurumaki, H.; Namiki, A.Surf. Sci 2007, 601, 1635.

s (27) Zecho, T.; Guttler, A.; Sha, X.; Lemoine, D.; Jackson, B.; Kuppers,

J. Chem. Phys. Let002 366, 188.
(28) Roser, J. E.; Manicds.; Pirronello, V.; Vidali, G.Astrophys. J

correct results for the activation energies for diffusion and 2002 581, 276.

desorption of H atoms. The barriggs", EX*S andELS, as well

(29) Roser, J. E.; Swords, S.; Vidali, G.; Mahjd8.; Pirronello, V.

as the density of adsorption sites on the surface, were obtainedAstrophys. J2003 596, L55.

The results were used in order to evaluate the formation rate

(30) Hornekaer, L.; Baurichter, A.; Petrunin, V. V.; Field, D.; Luntz,

of Hy on dust grains under the actual conditions present in A. C. Science2003 302 1943.

interstellar clouds. It was found that under typical conditions

(31) Hornekaer, L.; Baurichter, A.; Petrunin, V. V.; Luntz, A. C.; Kay,

in diffuse interstellar clouds, amorphous silicate grains are B- D.; Al-Halabi, A. J. Chem. Phys200§ 122 124701.

efficient catalysts of Hformation when the grain temperatures
are between 9 and 14 K. This temperature window is within
the typical range of grain temperatures in diffuse clouds. It was
thus concluded that amorphous silicates are efficient catalysts
of H, formation in diffuse clouds. The recently developed
computational methodologies for the evaluation of reaction rates

on interstellar grains were briefly reviewed.
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