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ABSTRACT

The formation of H, in the interstellar medium (ISM) involves complex processes, some
of which are still not understood. In cold regions, it is assumed that H, formation follows
Langmuir kinetics, i.e. the immediate desorption of incoming atoms or molecules on a surface
already saturated with molecules. Our experiments address this issue by studying the forma-
tion of H, on a dust surface dosed with molecules prior to atomic exposure. We simulate ISM
conditions at Tgu < 10K and T'gs ~ 90K and use a synthesized amorphous silicate. By
coupling laser detection to thermal desorption spectroscopy, we confirm that hydrogen recom-
bination is promptly enhanced. We interpret this as a result of enhanced atomic diffusion (both
hopping thermal and quantum mechanical tunnelling). Moreover, since H, formation is the
most exothermic chemical reaction per unit mass, we elucidate its importance as a non-thermal
desorption mechanism. We apply these results to dense ISM regions where H, formation and
its induced desorption are curbed by a declining atomic gas-phase abundance. We further
propose this as a pathway to deuterium fractionation in pre-stellar cores. More importantly,
we show that dust remains an active catalyst even in the coldest ISM.

Key words: astrochemistry — molecular processes — methods: laboratory — ISM: atoms —
ISM: molecules.

1 INTRODUCTION following steps:

H, is the most abundant molecule in the Universe and a signifi- H+ g:H—>H:ig:H~H-H:g—H +g )

cant fraction of its baryonic mass. H, formation initiates the chem-
istry of interstellar clouds, controlling their ionization and ther-
mal balance, eventually enabling star formation (Dalgarno 1999).
The production rate of H; is crucial in the early Universe where
cooling through H; lines can provide the conditions allowing the
formation of the first stars. Experimental work enriched models
have constrained H, production in the gas phase during this epoch
(Kreckel et al. 2010).

At a redshift of z ~ 1.5, Norman & Spaans (1997) estimated that
H, formation in the gas phase and H, formation on grain surfaces
become equally important. For z < 1, grain surface reactions are
enhanced compared to the associative detachment of hydrogen (H +
H™ — H; + e7) at higher redshifts (Cazaux & Spaans 2004). The
recombination of H, on a dust grain surface (g) happens in the

The first step is the sticking or thermalization of an atom on
the grain surface, :H’. This is followed by diffusion on the grain
allowing atoms to encounter each other and bond. The newly formed
molecule leaves the grain internally excited. In the first step, a
hydrogen atom can bind to a grain surface via physisorption or
chemisorption, depending on its incoming kinetic energy. In our
case we examine physisorption which occurs when the attractive
forces are due to mutually induced dipole moments in the electron
shells of H and surface atoms (a van der Waals type interaction).
In chemisorption, a covalent bond is formed when the atom and
the surface wavefunctions overlap. At Tqu > 1000 K hydrogen
atoms recombine thanks to chemisorption as the high T, provides
sufficient energy for atoms to populate chemisorbed sites. None the
less, recent theoretical work (Goumans & Bromley 2011) seems to
indicate that chemisorption on a silicate could be barrierless even

at low T gys.
Gould & Salpeter (1963) pioneered a study on hydrogen ph-
*E-mail: lisseth.gavilan@obspm.fr. ysisorption on grains which showed that the recombination of ph-
tPresent address: Physics Department, Syracuse University, Syracuse, NY ysisorbed atoms on an ice surface is efficient between 7 g, = 10 and
13244, USA. 20 K. Since there is observational evidence that molecular hydrogen
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is pervasive at wider temperature ranges, hydrogen formation had to
involve H atoms bound to dislocations and impurities (Hollenbach
& Salpeter 1971), which also included non-thermal diffusion by
tunnelling, increasing the recombination efficiency to Ty = S0 K.
Modelling work (Cazaux & Tielens 2004) stressed that the mobility
of atoms can be governed by a combination of quantum mechanical
tunnelling and thermal hopping. The latter causes recombination to
persist up to T4, = 500 K. Such theoretical studies have been done
on pristine dust surfaces, such as graphite. Langmuir (1918) argued
that incoming atoms, arriving on top of atoms or molecules already
bound to the surface, do not bind and are ejected. This may suggest
a decline in formation efficiency on colder dust, as its surface is
saturated with molecules implying an immediate ejection of incom-
ing atoms. Our experimental study addresses this long-unresolved
question.

The first experimental studies on hydrogen formation on astro-
physical analogues were done on icy surfaces (Lee 1972; Govers,
Mattera & Scoles 1980) and more recently using H and D atoms on
amorphous ice at 7 = 8 K (Horneker et al. 2003; Roser et al. 2003).
Bare surfaces have also been used to study the formation of H,
isotopologues, initially using HD on crystalline silicates (Pirronello
et al. 1997b,a) and then on amorphous carbonaceous surfaces be-
tween 5 and 20K (Katz et al. 1999; Pirronello et al. 1999) and
amorphous silicates (Perets et al. 2005; Vidali et al. 2007). All these
have employed temperature programmed desorption (TPD). Laser-
induced resonance-enhanced multiphoton ionization (REMPI) tech-
niques have been used to detect excited H, and HD on a highly
oriented pyrolytic graphite (HOPG) surface between 74,5 = 15 and
50K (Perry & Price 2003; Creighan, Perry & Price 2006; Islam,
Latimer & Price 2007; Latimer, Islam & Price 2008). These studies
mapped the nascent rovibrational distribution of HD up to v'" =7,
J'" ="1. The internal excitation of a newly formed H, molecule is
used in its detection via REMPI, effectively discerning nascent H,
from other sources. More recently, REMPI has also been used to
study D, on an amorphous silicate at 5.5 < T4, < 70K (Lemaire
et al. 2010), showing the involvement of competing formation
mechanisms.

The partition of the released energy in the formation of molec-
ular hydrogen (4.48 eV) has important consequences in the overall
thermal balance of a cloud in the interstellar medium (ISM), as the
gained internal energy of the molecule is reradiated in the infrared
(IR). Duley & Williams (1993) first suggested that the exoergicity
of this reaction could impart energy to the grain surface, inducing
evaporation. A study by Garrod, Wakelam & Herbst (2007) focused
on the non-thermal desorption of product species from dust grains
due to exothermic surface reactions. This model proposed that non-
thermal desorption could prevent the complete freeze-out of gas
species in dark clouds and make up for the gas-phase abundances
of molecules (e.g. methanol) unaccounted by thermal desorption
alone. Other typical non-thermal desorption mechanisms included
in chemical models are cosmic-ray-induced desorption (Hasegawa
& Herbst 1993) and direct photodesorption (Willacy & Millar 1998).
As for experiments, examples of non-thermal desorption studies in-
clude the photodesorption of CO ices (Oberg et al. 2007) and the
low-energy electron irradiation on H,O ice films (Brown et al.
1982).

In these experiments, we study the physisorption and recombi-
nation of deuterium atoms by simulating ISM conditions such as
Tyt = 5.5 and 10K and T'g,s = 90 K. Our aim is to quantify the ef-
fect of D, recombination enhancement and non-thermal desorption
due to recombination on an amorphous silicate surface previously
covered with fixed doses of D, molecules.
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Figure 1. Scheme of one model experiment. The QMS signal is shown in
blue, REMPI in black and the temperature of the surface in red. Interval (a)
corresponds to the Dy irradiation dose, (b) to the D atomic irradiation dose,
(c) to the TPD and (d) to the measurement of the beam dissociation rate.
The REMPI signal is the shot-by-shot laser pulse integrated area, and the
noise is removed by a Haar wavelet algorithm.

2 EXPERIMENTS

For these experiments, we employ the ultra-high vacuum (UHV)
Formation of Molecules in the ISM (FORMOLISM) set-up. This ap-
paratus consists of an UHV stainless steel chamber (< 107! mbar).
At its centre, a sample holder is thermally connected to the cold
finger extension of a closed-cycle He cryostat. The sample temper-
ature can be varied in the 5.5-350 K range and can be controlled
to +0.2 K with an accuracy of £1 K.

The sample consists of an amorphous olivine-type silicate film
whose chemical formula is (Fe,, Mg _y,)2 SiO4, where 0 < x <
1. It was provided by Dr D’Hendecourt (Institute d’ Astrophysique
Spatiale, Orsay) and prepared by electron beam evaporation of San
Carlos olivine (Djouadi et al. 2005) on to a gold-coated substrate. Its
exact chemical composition is unknown, but its amorphous struc-
ture, verified by IR spectroscopy, is characterized by a broad ab-
sorption feature around 950 cm~!. Its thickness is estimated to be
100 nm, fully covering the gold surface.

A quadrupole mass spectrometer (QMS) is used for the detec-
tion of the products entering the main chamber and desorbing from
the sample. During a TPD, two peaks are visible, as seen on in-
terval (c) of Fig. 1. The first peak corresponds to the desorption
from the sample surface and the second peak corresponds to the
desorption from the sample support. The second peak is removed
by extrapolating the trailing edge of the surface desorption peak
obtained at minimum irradiation. At this irradiation, the contribu-
tion from the holder desorption is minimal, and the first peak is
unaffected.

The atomic jet is prepared in a microwave cavity and is col-
limated through a triply differentially pumped line. The beam is
connected by a bent teflon tube to a thick aluminum cone-shaped
nozzle attached to a closed-cycle He cryostat. In this way, we ensure
that no light or excited molecules created in the plasma reach the
surface. We checked that no excited molecules are detected in the
beam, either at room temperature or at 50 K. The experimentally
estimated D, beam flux is 9 x 10'2 molecules cm~2 s~!, measured
with a pressure gauge as the residual pressure of the jet enters the
main chamber. The D, dissociation rate of the microwave discharge
is checked regularly during the experiments (typically 70 per cent),
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measured by the QMS crossing the beam as the discharge is turned
on and off. During the irradiation phase, the sample is exposed to a
flux of 1.35 x 10" D-atoms cm~2s~! (Amiaud et al. 2007; Accolla
et al. 2011). For REMPI measurements, the QMS is moved above
the sample to avoid perturbing the electric field in the time-of-flight
(TOF) spectrometer. The background pressure during both depo-
sition and TPD experiments is measured in this remote position.
TPDs are performed using a 10 Kmin~! linear heating ramp, and
the D,, HD and H, signals are recorded.

To measure the rovibrational excitation of the molecules leaving
the surface, we used REMPI coupled with TOF mass spectroscopy.
An ultraviolet (UV) laser beam is tuned to ionize and selectively
detect a given rovibrational state via two-photon absorption through
a virtual state followed by ionization: (24+1) REMPIL. In this way,
we sample the population of D, formed in the v’ =4, J” = 2
rovibrationally excited state of the ground state. This transition
has been chosen for its suitable Franck— Condon factor (Fantz &
Waunderlich 2004). A tunable dye laser pumped with the second
harmonic of an Nd:YAG laser (2J/20 Hz) followed by frequency
mixing gives 222.6 nm photons with 200-300 wJ pulse~!. The laser
beam is focused 4 mm away from the centre of the surface. At
the exit of the main chamber, the shot-by-shot laser pulse inte-
grated power appears rather stable (7 per cent) over a few hours.
The REMPI-TOF signal is recorded and integrated using a digital
oscilloscope.

An ancillary set-up is composed of a hot molecular hydrogen
lamp and a TOF spectrometer with characteristics very similar to
the one in the main apparatus (Malmasson 1994). The source pro-
vides rovibrationally excited states (Schermann et al. 1994) by dis-
sociating hydrogen on a 2900-K tungsten filament followed by re-
combination and thermalization on the cooled walls. The laser light
is diverted to this set-up for wavelength adjustment and REMPI
signal intensity calibration. The gas flux and the UV laser power
are permanently recorded.

We devised a series of experiments aimed to understand the effect
of D, pre-coverage on D, recombination. We begin each experiment
by irradiating the silicate surface with a dose of D, molecules as
soon as the surface is cooled down to 5.5 or 10K. These doses
consist of letting the D, gas irradiate the surface for a total time
ranging from 30 to 600s at T4, = 5.5K, from 30 to 300s at
Tast = 10K and a single irradiation of 120s at T4, = 16K,
where the maximum irradiation time is limited by a faster surface
saturation. The main valve, controlling the admission of D, into the
main chamber from the jet, is closed and after a short evaporation
wait (letting the QMS signal return to zero) we begin irradiation
with D atoms, followed by a TPD to 90 K. Additional TPDs were
done separately to calibrate each dose of D, molecules on the bare
silicate and to characterize the new binding sites available for D,
recombination.

The analysis of the QMS signal (all D, molecules in the gas
phase in the chamber, in all quantum states) and the REMPI-TOF
signal (only nascent, excited D, molecules) was done at specific
intervals, shown in Fig. 1. The REMPI signal has an approximate
quadratic dependence on the number of photons (laser power) and
a linear dependence on the flux of D atoms. The original signal
was carefully normalized by fluctuations on both parameters, given
by equation (1), which shows that the REMPI (2+1) process has
an ion yield approximately given by (Demtroder 1991; Pozgainer,
Windholz & Winkler 1994)

Oion Iion

N; = CNOUthIZ 2

ex ’
Uionlion +A
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where N is the ground state number density and C is the instru-
mental ion detection efficiency. ooy, and oy, are the cross-sections
for the two-photon excitation process and the ionization process,
respectively. I.x and [;,, are the photon flux densities for excita-
tion (221 nm) radiation and ionization (which in our case is also
221 nm). A is the spontaneous fluorescence decay rate from the
excited state. Typical cross-sections for two-photon processes are
1073 to 1073 cm* W~!. The laser beam is pulsed every 50 ms
for 10ns, and we record the integrated signal of each pulse. This
is the main drawback of the REMPI-TOF detector since it only
probes about one in every five million newly formed molecules. We
corrected the REMPI-TOF data using a power law to account for
its non-linear dependence with laser power. We strongly smoothed
the signal to visualize its positive fluctuations over the noise. An-
other source of noise is due to the random desorption of excited
molecules. Consequently, the REMPI signal has a larger error bar
(~10 per cent) than the QMS signal (~2 per cent).

3 RESULTS

3.1 Irradiation with deuterium molecules

The surface coverage with D, molecules is limited by the saturation
fluence, the maximum number of particles that can be stuck on the
surface at a given temperature. The QMS signal has a sharp rise
when the surface reaches steady-state coverage (see Fig. 2). At this
point, D, molecules will elastically collide with the surface because
of the very low binding energies, returning immediately to the gas
phase. This happens at a fluence of 2 x 10'> molecules cm~2 (after
2505) at Taue = 5.5K and a fluence of 5 x 10'* molecules cm >
(after 70 s) at Tqye = 10K. Although we are exposing with a few
monolayers (a maximum of five exposed monolayer (ML) at 5.5K
and 2.5 exposed ML at 10K) only a fraction of the silicate is
covered with molecules due to the lowered sticking coefficient of
D, molecules on the surface. The actually stuck doses correspond
to a sub-monolayer coverage according to their integrated TPD
profiles.

We characterize the surface coverage of each dose by means of a
TPD experiment (Fig. 3, left-hand panel), which characterizes the
distribution of adsorption energies of molecules on the surface. The
thermal desorption profile can be described by the Polanyi—Wigner
equation of the desorption rate, r,

r = _d7N = AN"eFas/kBT) 3)
dr

which defines the adsorption energy E,qs, also known as the activa-

tion barrier for desorption. A is the pre-exponential factor describing

the desorption efficiency, N is the number of adsorbed molecules

on the surface, n is the order of the desorption kinetics, kg is the

Boltzmann constant and 7 is the temperature of the surface.

The maximum desorption signal will be given when

_d7N — AN" (—Eaas/kT)
= e )
dr B
is set to 0. Here B denotes the temperature heating ramp of
0.16 Ks~!. In the case of molecular adsorption, we assume first-
order desorption kinetics or n = 1, and rearrange equation (4) to
obtain
Eq — é (=Eaas/k To)

5 = —¢ ; (5)
kT B
where T is the temperature at which the desorption maximum
occurs. At this peak, the temperature is independent of the initial
coverage.
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Figure 2. QMS signal (mass 4 a.m.u.) during D, irradiation of the silicate sample at Tque = 5.5 K (left) has a discontinuity after 250 s irradiation and after
70s at Tqust = 10K (right). These discontinuities show the surface saturation. The drop-off signals on the right-hand side show the termination of irradiation.
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Figure 3. TPD profiles for D, (mass of 4 a.m.u.) obtained with the QMS on a silicate sample at Ty = 5.5 K (top) and T'gust = 10 K (bottom). Left: after pure
D; irradiation. Centre: after irradiation for 1200 s with D atoms on top of D,. Right: after irradiation for 1200 s with D atoms on top of a clean surface. The
initial molecular dose irradiation times are listed in each inset. Arrows show TPD peaks after D irradiation on D, doses converging at the lower energy edge

of the pre-coverage TPDs (see Section 3.2).

At Tgyse = 5.5K the TPD profile peaks shift towards lower ad-
sorption energies as the molecular exposure is increased. Although
this is characteristic of a second-order desorption, in this case it is
due to other effects, since molecular desorption obeys first-order
kinetics. As soon as the first molecules encounter the surface they
preferentially adsorb on the enhanced binding sites either directly
or after migrating on the surface. As the coverage is increased,
lower binding energy sites get populated. We explain this phe-
nomenon by considering that D, molecules arrive at the surface
with certain thermal energy. Following the collision, the molecule
either scatters back into the gas phase (elastically or inelastically)
or is trapped in the region close to the surface. If the latter hap-

pens, Harris & Kasemo (1981) proposed that a particle performs a
random walk on the surface during which energy is continuously
exchanged between the various degrees of freedom of the system.
On the other hand, the Langmuir-Hinshelwood mechanism shows
that migration on surface can happen via thermal diffusion. The
particle hops parallel to the surface to other sites until it arrives
on a site deep enough where it cannot diffuse out from, effec-
tively thermalizing. Both mechanisms explain why particles seem
to preferentially land on deeper adsorption sites: it is the last step of
diffusion on the surface. Alternatively, a shift in the TPD traces can
also be produced by the interaction between molecules (Kolasinski
2008). At both surface temperatures the deuterium molecules are
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unable to form a multilayer of D,, given that the desorption rate
is as high as 0.37MLs~! for the surface at 5.5K (Schlichting &
Menzel 1993).

Solutions of equation (5) give the peak desorption energy
range for D, molecules. Assuming a desorption efficiency factor
A = 10"5s7!, given by the fundamental vibration frequency of a
molecule on the surface, the desorption energies at the TPD peaks
range from 32 to 46 meV, from larger to smaller dose at 5.5 K. At
10K the corresponding desorption peak energies range from 39 to
46 meV. We also note a 1-K shift in the trailing (high-temperature)
edge of the TPD profiles for doses at 10 K compared to doses at
5.5K. A single measurement at 16 K confirms this shift, due to a
higher thermal diffusion rate allowed by the hotter surface. Lemaire
etal. (2010) showed that two mechanisms compete in the formation
of molecules on dust at different surface temperatures. Recombina-
tion at higher surface temperature is likely due to the Harris—Kasemo
mechanism, which allows the non-thermal diffusion of particles on
the surface. At higher surface temperature, this diffusion will be
further enhanced, as the atoms will take on the energy from some
of the enhanced vibrational modes of the surface. This increases the
length of the random walk and thus the possibility of being trapped
in even more energetic binding sites. We think a similar mechanism
is at play when molecules populate a surface at higher temperature.

3.2 Irradiation with deuterium atoms

Following irradiation with atoms on the pre-covered surfaces (Fig. 3,
centre), the TPD peaks for D, converge around 32-33 meV for
experiments at 5.5K and around 4142 meV for experiments at
10 K. We note a shift in the trailing TPD edge of about 3K at a
surface at 10 K, due to the combined effect of enhanced atomic and
molecular diffusion compared to the surface at 5.5 K.

Following irradiation with atoms on a clean surface (Fig. 3, right-
hand panel), the TPD peak is centred at 33 meV at 5.5K and at
44meV at 10K. Thus, the resulting TPD profiles after 1200 s of
atomic irradiation on the pre-dosed surfaces are more affected by
the atomic irradiation for 1200 s than by the molecular population
(doses < 6005s).

H, formation on cold ISM dust grains 2965

Irradiation with atoms on a pre-dosed surface leads to TPD pro-
files peaking around the same desorption temperature (see arrow
at 13K in Fig. 3b). This temperature corresponds to the TPD
peak of the largest molecular pre-coverage dose, e.g. the peak is
at 13 K for irradiation of 600 s at 5.5 K too (Fig. 3a). This is because
recombination-induced desorption preferentially targets the lower
energy edge of the D, pre-adsorbed doses, as seen on Fig. 6. This
effect is more prominent for larger pre-adsorbed D, doses, and it is
optimized for the dose before saturation.

3.3 D, formation enhancement

We process the QMS signal (D, in all quantum states) and the
REMPI signal (newly formed, excited D,) during interval (b) (see
Fig. 1) corresponding to the irradiation of the D, pre-covered surface
with D atoms. In this interval recombination happens promptly
and we detect an REMPI signal as soon as atomic exposure starts.
Conversely, we did not detect REMPI signals above the background
level during the heating activated phase (the TPD).

Fig. 4 shows the QMS signal (gas-phase D) during interval (b),
at Tgmple = 5.5 and 10K after different D, pre-coverage doses.
The QMS signal during atomic irradiation is the net result of (i)
Nb, ..n» the undissociated fraction of the deuterium beam that is
reflected from the surface, (ii) Np, .. the ejected D, pre-coverage
dose and (iii) Np,+, the newly formed D, molecules desorbing from
the surface either excited or after being thermalized on the surface.

For the clean surface (no D, pre-coverage), the adsorbed D,
molecules due to the undissociated beam fraction increases the
sticking coefficient of D atoms and causes them to recombine more
efficiently (Govers et al. 1980; Amiaud et al. 2007). For the pre-
covered surfaces at 5.5 K, the maximum prompt recombination en-
hancement occurs for the 180s and higher D, doses, up to 40 £
5 per cent after 50s, obtained by comparing to the QMS signal
during atomic irradiation on a clean surface. From Fig. 4 we also
note that at 10 K the maximum enhancement is about 25 4+ 5 per
cent after 50s.

Each QMS curve reaches a steady state that corresponds to the
attainment of a steady detection in the gas phase due to a maximum
recombination rate which will be balanced by the surface ejection
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Table 1. Fitted parameters for hyperbolic fits of [QMS signal (1) =
Py t/(Py + 1)] describing the QMS signal time evolution during irradiation
with D atoms after D, doses.

Dz on Tdust =55K (9) Pl P2 D2 on Tdust = 10K (q) Pl PZ

0 2555 46.7 0 2525 183
30 2480 18.4

60 2435 8.2 60 2540 122
180 2490 2.9 120 2575 8.7
300 2430 2.7 300 2560 3.1
600 2480 3.4

of newly formed D, and the undissociated deuterium beam that
elastically collides with the surface. The QMS signal time evolution
curves are fitted by a hyperbolic function and the fitted parameters
are given on Table 1. The fit to the rising QMS signal is given as

Pt
P+t

where P is proportional to Np,, . and P, is proportional to
1/(Np,*, Np, 4.)- Since Np,, . <K Np,+, the inverse of the ver-
tical asymptote parameter, P,, is proportional to the recombination
rate. The QMS curves have a higher steady-state level at Ty, =
10K than at 5.5K (2500 versus 2400 4 50 counts™! on average),
and this can be explained by a shorter residence time causing an
overall lower sticking coefficient.

For both surface temperatures we note that the QMS curves reach
the steady-state level more rapidly for larger D, doses. This faster
rise depends on the decreasing sticking coefficient of the exposed
D, beam fraction on larger pre-adsorbed doses of D,. It is also a
function of the newly formed D, molecules and the recombination-
induced desorbed pre-covered D, molecules. However, comparing
Fig. 4, D, signals during D irradiation after D, doses, to Fig. 2, D,
signals during D, irradiation on a clean surface, we note that the
QMS signal rises faster when we irradiate with atoms. The QMS
signal rise is then dominated by the newly formed D, and the ejected
D, from the pre-coverage and less influenced by the decreasing
sticking of undissociated D, from the beam. We use REMPI as a

No, (1) = ©)

complementary detector since it is difficult to determine if the faster
rise to the steady state is due to the newly formed D, from the QMS
curves alone.

While the amount of particles detected due to D, recombina-
tion depends on the constant incoming D-atom flux, the amount
of ejected pre-coverage depends on the molecular dose that was
previously adsorbed (less than a D, monolayer for the maximum
dose). Since recombination is an exothermic reaction, towards the
end of irradiation with D atoms, the pre-coverage will be completely
ejected (as it will be shown from the TPD analysis below), and the
instantaneous coverage will be similar for all experiments. We in-
deed see a convergence of the QMS curves for all initial doses at
a fluence ~10'6 atoms cm~2 or 700 s of D-atom irradiation at 5.5 K
and after 500 s at 10K (Fig. 4).

The time evolution of the REMPI signals show the abundance
of newly formed D, molecules detected in the selectively ionized
rovibrational level v/ = 2, J” = 4. At Tq« = 5.5K, there is a
significant difference for curves that follow a dose of pre-adsorbed
D, compared to the curve that corresponds to a clean surface (Fig. 5,
left-hand panel). It occurs from the very start of atomic irradiation (at
50s) and can be as large as 40 & 10 per cent compared to the REMPI
curve following no dose, and 30 £ 10 per cent at 10 K. However,
after about 1000 s of irradiation with atoms at 5.5 K and after 500 s
at 10K, we see that there is a tendency for the curves to converge to
the curve with no pre-dosing of D,. This confirms the trend in the
QMS signals, assuming that the atomic irradiation has cleaned up
the entire surface from the initial doses via recombination-induced
desorption.

The REMPI curves for all doses show a rapid increase to a max-
imum signal level at a fluence of ~ 5 x 10" moleculescm™ at
5.5K, reaching steady state. The REMPI curves at T4, = 10K
show a formation enhancement which begins to vanish rapidly at a
fluence of ~2 x 10" molecules cm™2. We also note that the time
to reach the steady state seems to be longer for the REMPI curves
than for the QMS curves. This is due to the fact that the QMS rise is
coupled to the decreasing sticking coefficient due to the presence of
other (non-nascent) D, molecules. Thus, the REMPI-TOF detector
allows us to confirm that formation is enhanced at higher molecular
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Figure 5. REMPI-TOF signal of excited D, * due to recombination on the silicate surface as a function of irradiation of D atoms on top of a surface pre-dosed
with D (see inset for the doses used). At left, data are for a surface at 7 = 5.5 K; at right, for a surface at 7 = 10 K. The coloured bands are the respective
error bars for the lowest and largest REMPI signals at each sample temperature. The lower bands are the error margins for D»* on a clean surface.
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pre-coverage. Furthermore, it allows us to disentangle the D, forma-
tion signal in two components: the prompt recombination-induced
desorption and the undissociated fraction of the incident beam. This
would not be possible with the QMS alone.

3.4 Comparison to previous works

We contrast these results with previous experiments on D, recombi-
nation on an icy surface (Congiu et al. 2009). Atoms were irradiated
on ice multilayers which were either porous or non-porous. The re-
combination signal monitored by a QMS showed a rapid increase
(transient phase) followed by a decrease to 1/5 of the original signal.
This was interpreted as the thermalization of newly formed D, on
the pores of the rough ice surface. Roser et al. (2003) and Horneker
et al. (2003) also found evidence that nascent HD is thermalized on
porous water ice.

The non-porous amorphous solid water (np-ASW) surface has
been compared to the silicate surface via temperature programmed
desorption (TPD) experiments. These showed similar saturation
coverages of CO, O, H,O and D, on both silicate and np-ASW
water ice surfaces held at 10K using the same flux (Chaabouni
et al. 2012). The experiments on D irradiation on ASW (Congiu
et al. 2009) were done using a QMS for which the ionizing electron
energy is set to 15.2 eV. This would allow the detection of molecules
in a vibrationally excited state v > 2. However, unlike that work,
here we do not observe a transient behaviour of the recombination
signal for the D, covered silicate, but instead a rapid increase to a
steady-state level. This could be a consequence of the dominance of
the non-thermal desorption rate due to recombination exoergicity.
This difference could also be due to the lower signal by the smaller
populations of rovibrationally excited particles at v’ > 2, compared
to the optimally selected rovibrational state detected via REMPI or
due to deeper surface chemical and morphological differences that
are undetected by the TPD.

4 ANALYSIS

4.1 Model of D, formation

The REMPI-TOF detector enables us to distinguish the enhanced
formation signal (excited D, at v = 4, J” = 2) on a molecule
pre-covered silicate. We attribute this to the enhanced diffusion of
incoming atoms. This confirms the high mobility of atoms at low
temperatures (Horneker et al. 2003). Hydrogen atoms that arrive
at the silicate surface can diffuse either via thermal hopping or
quantum mechanical tunnelling (Cazaux & Tielens 2004).

The TPD analysis of the D, pre-coverage doses deposited at 10 K
shows that at this temperature D, molecules can populate adsorption
sites up to a range of 27-57 meV depending on the dose. The first
dose of 30s of D, is distributed on physisorption sites, peaking at
46 meV and extending to 57 meV, leaving empty physisorption sites
between 27 and 46 meV (AE.4s ~ 19 meV). The 60-s dose leaves
unoccupied physisorption sites between 27 and 43 meV (AE,qs ~
16 meV). D, molecules are adsorbed by first occupying the more
energetic sites at lower coverage. The adsorption energies for D, are
found using equation (5), where the TPD peak is used to calculate
the desorption energy independent of the initial coverage. The lower
and upper limits on the adsorption energies were estimated by fitting
the TPD profiles with the direct inversion method (Amiaud 2006).

Thermal diffusion occurs via the Langmuir—Hinshelwood mech-
anism and is related to the depth of the physisorption well of the
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initial adatom. For H, molecules on an amorphous surface the dif-
fusion energy can be ~60 per cent of the molecular binding energy
and ~50 per cent for atoms (Perets et al. 2007). The available sites
following the smallest molecular pre-coverage dose have E,4 <
46 meV. The diffusion barrier for incoming molecules would then
be Egirr < 28 meV, following this dose. Following larger doses, the
available sites are restricted to the lower energy sites for incoming
molecules, and so the diffusion energies are lowered.

For D atoms, the thermal diffusion barrier (assuming Eg;s
(Dy ~ 50 per cent of Eys (D) is reduced as the pre-coverage
dose increases. We estimate Egy > 14 meV for all doses (calcu-
lated from the smallest adsorption energy of D, from the largest
dose TPD). Egir < 23 meV following the smallest molecular dose
and <20 meV towards the largest dose. Vidali et al. (2009) showed
that there is an extensive range of recombination yields for differ-
ent silicates due to morphology. He, Frank & Vidali (2011) found
lower and more sharply distributed desorption energies from a sin-
gle crystal versus an amorphous film. Therefore, we expect a large
range of diffusion energies. Perets et al. (2007) used rate equations
to calculate the diffusion energies and obtained unique values on an
amorphous silicate: Eqr (H) ~ 35 meV, Egs (H) ~ 44 meV and E
(Hz) ~ 53 meV. These are higher than those estimated here. Perets
et al. (2005) calculated between 41 and 55meV for H atoms on
ASW. Matar et al. (2008) derived a single diffusion activation bar-
rier at 22 meV for D atoms on ASW, while Watanabe et al. (2010)
derived 18 meV for H atoms on ASW, and up to 50 meV for deep
sites, confirming our current results.

While for thermal diffusion the diffusion energy is related to the
depth of the physisorption barrier, quantum tunnelling is a function
of the difference between the binding energies of two physisorbed
sites. Cazaux et al. (2011) show that the diffusion rate for an atom
to go from one physisorbed site to another physisorbed site (Rpp)
can be written as

R,, = v, ex —Ew (7
pp = Vp €XP kel )’

where vj, is the oscillation factor of the atoms in the physisorbed site,
taken as v, = 10'?s~!. The diffusion rate by tunnelling increases
as AE,,, the barrier between two physisorption sites, is lowered.
Diffusion by tunnelling increases due to the progressive occupation
of shallower sites by larger pre-coverage doses.

At 10K, the maximum barrier for molecular diffusion is low-
ered from AE. ~ 19meV for the lowest dose to AE., ~
12meV for the highest dose. For atoms, the barrier is then low-
ered from AE,4 ~ 9 to 6 meV. At 5.5 K, the physisorption barrier
for atoms is reduced from AE,4 ~ 15 to 7meV. These enhance-
ments (33 per cent at 10K and 47 per cent at 5.5K) correspond
to those detected using REMPI (see Section 3.3). The molecu-
lar pre-coverage thus enhances tunnelling as the atoms can ac-
cess a subset of lower physisorption wells (as the energy level
matching between sites is enhanced) compared to the average
population.

4.2 Molecular ejection: D, feedback

We analyse the recombination-induced desorption of the pre-
adsorbed D, by comparing the TPD profiles after each D, dose
and after atomic irradiation on each D, dose (Fig. 3, left-hand
and centre panels). For this comparison it is necessary to con-
sider the TPD profile due to the irradiation of D atoms on a clean
surface for 1200 s (Fig. 3, right-hand panel). This TPD is due to
both the newly formed D, and D, from the undissociated beam.
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induced desorption on D> molecules adsorbed on the less energetic sites. The largest recombination-induced desorption corresponds to the 120-s D dose.

Thus, in order to compare the recombination-induced desorption
of any D, stuck on the surface we sum the TPD due to 1200s
of D, on a clean silicate to the TPD due solely to each molecu-
lar dose. The resulting TPD for each dose would be obtained if
we assumed no reactivity (no exothermic desorptions) between the
recombined D, and the pre-coverage doses, in which case both
contributions may be stacked and desorbed as one large TPD. We
compare these constructed TPDs to the experimentally obtained
ones (Fig. 3, centre). These later TPDs are experimentally ob-
tained by irradiating with D atoms for 1200 s on each pre-covered
dose.

We find specific molecular doses that maximize recombination-
induced desorption: 300s D, at 5.5K and 120s D, at 10K (see
Fig. 6). This is due to the competition between enhanced diffusion
on the lower energy binding sites after pre-covering the surface
with D, molecules and the lower residence time that results from
lower binding energies. Thus, at specific doses, recombination is
maximized over the decreasing sticking coefficient. We propose
that at the maximum coverage (surface saturation), atoms will dif-
fuse more easily, but a large fraction will leave the surface before
encountering another atom. At this pre-coverage, the decreased
sticking will dominate over recombination. Fig. 6 also shows that
the net recombination-induced desorption is targeted to the less
energetically bound populations, i.e. the 4.48 eV released in each
recombination will desorb more molecules that are less energeti-
cally adsorbed, as expected.

We further calculate the desorption of all possible molecular
D, that could be stuck on the surface from the beginning of the
molecular dosing. This includes the initial molecular dose, the con-
tribution of the undissociated beam and the nascent thermalized D,
after 1200 s of irradiation with D atoms. We do this by comparing
the total area (the number of absorbed molecules) under all TPD
profiles (calculated and experimentally obtained). These results are
shown in Fig. 7. We fit these trends with a polynomial, showing
the specific D, pre-coverages that maximize desorption: 200s or
1.5 x 10" moleculescm™2 at Tgq = 5.5K and 400s or 3.2 x
10" moleculescm™2 at T4, = 10K. These doses correspond to
the dominance of the recombination-induced desorption over the
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Figure 7. Per cent of the net molecular coverage on the surface (from the
beginning of each experiment) ejected by D, recombination on the silicate
dust surface at Tqye = 5.5 and 10K after irradiation with D atoms for
1200 s. This molecular coverage (solid-phase D) includes the pre-coverage
D; dose, the newly formed D, * molecules that thermalize and D, from the
undissociated beam that sticks on the surface.

thermalization rate. The desorption after ~10° s or an exposed D-
fluence of 2 x 10'¢ atoms cm~2 ranges from 25 to 65 per cent of
all D, sticking on the surface in this interval at 5.5 K and from 2 to
70 per cent at 10 K.

Garrod et al. (2007) estimated the branching fraction of desorp-
tion due to exothermic reactions by using the Rice—Ramsperger—
Kessel (RKK) theory (Holbrook 1996). This theory for unimolecu-
lar gas reactions treats the surface-molecule bond as an additional
molecular vibrational mode. Here, the probability of non-desorption
(i.e. that there is a surface bond with energy greater than the
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exothermic energy release) is given by

ED s—1
P=(1- , 8
( Ereac) ©

where Ep is the desorption energy (binding energy to the silicate)
of the product molecule (pre-adsorbed D, in our case), E., is the
energy of formation released in the reaction and s is the number
of vibrational modes in the molecule/surface-bond system. For di-
atomic species s = 2. The fraction of desorbed products is then
given by
aP 9

f= [ Tap’ ©))
where a is a parameter usually taken as 1, and since Ep is usually
less than Eeye, P ~ 1 and f ~ a. Garrod et al. (2007) took a =
0, 0.01, 0.03 and 0.1, or a maximum desorption fraction of 10 per
cent per exothermic reaction. Our experiments show that an approx-
imation like RKK for recombination-induced desorption does not
account for effects like time-dependent surface coverage and the
non-linearity of recombination enhancements. We note that we use
a similar order of magnitude flux for atoms as for molecules. In the
ISM, the gas-phase abundances of D atoms are much lower than the
gas abundances of D, molecules (Kristensen et al. 2011), so our net
recombination/desorption effect will have to be scaled down.

An upper limit of 1 eV into translation energy was obtained from
the QMS temporal widths of the H, and HD signals on a HOPG sur-
face (Creighan et al. 2006). Combining this upper limit on the trans-
lational energy with the internal energy of the maximum (v, J')
populated levels observed in that experiment, it was suggested that
an upper limit of approximately 40 per cent of the binding energy re-
leased upon the formation of H, (and HD) goes into internal (0.8 e V)
and translational (1 eV) excitation of the detected molecules, with
the remainder (2.7 eV) of the energy flowing into the HOPG surface.
The energy partition of recombined D, on an amorphous silicate
surface may differ, but these values can be compared as hydrogen
isotopologues are electronically equivalent. However, it is possible
that molecular hydrogen formed by diffusion on shallow wells will
most likely desorb with large internal energy, while molecular hy-
drogen formed on deeper wells may thermalize and impart most of
its energy to the grain.

5 ASTROPHYSICAL IMPLICATIONS

Our experiments elucidate the parameters involved in the acceler-
ated recombination of deuterium and the ensuing ejection of D,
molecules from a pre-adsorbed molecular dose. This scenario is
common in low-temperature ISM environments where dust will
develop icy mantles as molecules condense on its surface. The
enhanced gas feedback mechanism due to recombination-induced
desorption is proposed as an important surface reaction leading to
the increasing abundance of D, in these regions.

Deuterium chemistry plays a pivotal role in cold ISM environ-
ments like dense molecular core nuclei. Deuterium fractionation
in dense cores is the isotopic enhancement of deuterium over hy-
drogen, seen in about 25 deuterated molecules (Millar 2003). Al-
though the deuterium reservoir is provided by HD, towards denser
regions, D, can become a significant deuterium reservoir (Roueff
et al. 2005). In hot cores, deuterium fractionation has been pro-
posed as a result of the evaporation of deuterium-rich molecules
from icy grain mantles by the new star. However, recombination-
induced desorption can be a non-trivial evaporation mechanism of
D, during the pre-stellar core (PSC) phase, consequently reduc-
ing the gas abundance in the protostellar, activated heating, phase.
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PSCs are typically cold (<10K) and have number densities >10*
H, molecules cm™ (e.g. Ward-Thompson et al. 1994; Crapsi et al.
2005). It was previously thought that low temperatures in PSCs do
not allow significant evaporation to occur. It has been shown that
in these regions recombination-induced desorption can dominate
over non-thermal desorption processes such as cosmic rays and
photodesorption (Garrod et al. 2007).

The abundance of molecular hydrogen and isotopologues on
dust grains in the dense ISM regions has been recently estimated
(Kristensen et al. 2011). This work is based on experiments on a
porous ASW ice surface (10 ML) at 10 K (comparable to a processed
thicker mantle in the ISM). Since their model assumes thermody-
namical equilibrium at each step (a stationary approach), and allows
only one molecule per adsorption site, the population is given in the
Fermi—Dirac formalism. At n(H;) = 10° cm™3, the average abun-
dance in a PSC deuteration zone, they estimate the ratio of D, to H,
on the surface to be ~30 times greater than in the gas phase, imply-
ing an atomic fractionation 60 times larger than in the gas phase.
The ratio of HD/H, remains almost constant both in the solid and
gas phase. This amounts to a greater D/H abundance in the solid
phase due to the higher zero-point energy of D, (2.6 meV greater
than HD), making it more strongly bounded. Since the deuterium
solid—gas phase ratio is greater than other isotopologues, the molec-
ular coverage effect on recombination and recombination-induced
desorption will be more targeted to D atoms than other hydrogen iso-
topes. This allows deuterium atoms to preferentially recombine and
mine the solid D, reservoir on the ice mantles over other isotopes.

Our experimental results on enhanced formation also imply an ac-
celerated depletion of the atomic hydrogen reservoir towards denser
ISM regions. We could reinterpret the results obtained on deuterium
recombination on np-ASW (Congiu et al. 2009) where it is argued
that the thermalization of newly formed D, molecules explains
the non-detection of D, in dark clouds. Instead, we argue that the
formation enhancement caused by the pre-adsorbed or frozen D,
molecules on dust will deplete the atomic reservoir, and if the den-
sity of atoms is reduced, recombination will not be detectable. This
supports the theory put forward by Islam et al. (2010). In this work, a
chemical model is used to predict environments where a signature of
the H, formation process can be detected. Dark clouds are not suit-
able since the atomic reservoir is too low for viable rovibrationally
excited H, detection via IR fluorescence. Instead, environments
which contain X-ray sources, with adequate electron densities to
dissociate hydrogen molecules, would supply sufficient H atoms
that can then recombine. The coupled effect of an enhanced forma-
tion rate and pre-adsorbed molecular ejection will result in larger
molecular gas-phase abundances and a depleted atomic reservoir.
This has important consequences in deuterium fractionation and the
eventual retardation of molecular freeze-out on dust grains, an im-
portant condition in pre-protostellar core collapse (Flower, Pineau
Des Foréts & Walmsley 2005).

6 CONCLUSIONS

Previous theoretical work examining molecular hydrogen formation
on pristine dust surfaces has assumed that a molecule-saturated
surface halts recombination due to short atomic residence times. We
find instead a positive correlation between D, sub-monolayer doses
on an amorphous silicate surface and D, formation, which can be up
to 35 £ 10 per cent at T4, = 5.5 K. Furthermore, the non-thermal
desorption due to D, recombination can lead to gas-phase feedback
of up to a D, monolayer (approximately 10'> molecules cm~2).
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We employ an REMPI (2+1) quantum selective detector and a
QMS detector during irradiation with atoms. The prompt recombi-
nation enhancement is confirmed by both instruments up to 1000s
of irradiation with atoms. We interpret this as the time when all
molecular pre-coverage doses are completely ejected by the D,
recombination-induced desorption. A complete TPD analysis pro-
vides the coverage profile before and after irradiation with D atoms
on the D, dosed surface showing that recombination-induced des-
orption is enhanced by molecular doses below surface saturation.
Finally, we show that molecule-covered dust grains remain active
catalysts, enhancing recombination which desorbs condensates effi-
ciently. The cycle of D, ejection due to enhanced D, recombination
on cold silicates is a highly energetic process that can affect the
chemical balance of the ISM prior to star formation.
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