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ABSTRACT
The results of experiments on the formation of mole ular hydrogen on low density and high density
amorphous i e surfa es are analyzed using a rate equation model. The a tivation energy barriers for
the relevant diusion and desorption pro esses are obtained. The more porous morphology of the
low density i e gives rise to a broader spe trum of energy barriers ompared to the high density i e.
Inserting these parameters into the rate equation model under steady state onditions, we evaluate
the produ tion rate of mole ular hydrogen on i e- oated interstellar dust grains.
Subje t headings: dust ISM; abundan es  ISM; mole ules  mole ular pro esses
tunneling between adsorption sites, would provide H
INTRODUCTION
with su ient mobility to guarantee e ient
The formation of mole ular hydrogen in the interstellar adatoms
H formation even at 10 K (Hollenba h & Salpeter 1970;
medium (ISM) is a pro ess of fundamental importan e in Hollenba
& Salpeter 1971; Hollenba h et al. 1971).
astrophysi s be ause H helps the initial ooling of louds The steadyh state
produ tion rate of mole ular hydrogen,
during gravitational ollapse and enters, either in neutral
or ionized form, most rea tion s hemes that make other R ( m s ) was expressed by
mole ules (Duley & Williams 1984; Williams 1998). It
1
was re ognized long ago that H annot form in the
R = n v σγn ,
(1)
2
gas phase e iently enough to a ount for its observed
abundan e (Gould & Salpeter 1963). It was proposed where n ( m ) and v ( m s ) are the number denthat mole ular hydrogen formation takes pla e on dust sity
speed of H atoms in the gas phase, respe grains that a t as atalysts allowing the protomole ule tively,andσ the
(
m
average ross-se tional area of a
to qui kly release the 4.5 eV of ex ess energy in a time grain and n ( )mis the
)
is
the
density of dust grains.
omparable to the vibration period of the highly vibra- The parameter γ is the franumber
tion of H atoms striking the
tionally ex ited state in whi h it is formed.
that eventually form a mole ule, namely γ = ξη,
The pro ess of H formation on grains an be broken grain
probability that an H adatom on the surwhere
up into a few steps as follows. An H atom approa hing fa e willη isretheombine
another H atom to form H .
the surfa e of a grain has a probability ξ to be ome The probability ξ forwith
an
H
to be ome adsorbed on
adsorbed. The adsorbed H atom (adatom) resides on the a grain surfa e overed by atom
an
i
e
has been alsurfa e for an average time t (residen e time) before ulated by Bu h and Zhang (1991)mantle
and
Masuda
al.
it desorbs. In the Langmuir-Hinshelwood me hanism, (1998). They found that ξ depends on the surfa eettemthe adsorbed H atoms qui kly equilibrate with the perature and on the energy of the irradiation beam. For
surfa e and diuse on the surfa e of the grain either by a surfa e at 10 K and beam temperature of 350 K, Mathermal a tivation or tunneling. Furthermore, atoms suda
that are deposited on top of already adsorbed atoms are 0.5. et al. (1998) obtained a sti king oe ient around
reje ted. When two adsorbed H atoms en ounter ea h
me hanisms, whi h were shown to operother, an H mole ule may form with a ertain prob- ateAlternative
in
sele
ted
on well hara terized rysability (Williams 1968; Hollenba h & Salpeter 1970; talline surfa es, experiments
are
the
Eley-Rideal
me hanism and the
Hollenba h & Salpeter 1971; Hollenba h et al. 1971; hot-atom me hanism. In the Eley-Rideal
me hanism,
Smolu howski 1981;
Aronowitz & Chang 1985; an atom from the gas phase impinges on another
Duley & Williams 1986; Pirronello & Averna 1988; whi h is already adsorbed, and rea ts with it beforeatom,
beSandford & Allamandolla 1993; Takahashi et al. 1999; oming thermally a ommodated with the surfa e. This
Farebrother et al. 2000).
hanism has been veried experimentally for D atoms
The sti king probability of H atoms on dust grains me
on
a
Cu surfa e (Rettner & Auerba h 1996). In the
was al ulated using semi- lassi al methods. Quantum hot-atom
hanism (Harris & Kasemo 1981), an atom
me hani al al ulations of the mobility of H atoms lands on themesurfa
moves from site to site at superon a poly rystalline water i e surfa e, showed that thermal speed untile and
it rea ts with another atom (before
1.

2

2

H2

−3

−1

2

H H

H2

−3

H

H

g

−1

2

g

−3

2

2

H

2

2
it thermally a ommodates with the surfa e). In this
ase, the atom might fail to give up all of its in oming
kineti energy, or it might use some of the energy gained
in be oming onned to the surfa e to move a ross it at
super-thermal energy. The two me hanisms an be distinguished experimentally by measuring the ross-se tion
for the rea tion or the energy arried away from the justformed mole ule (Ze ho et al. 2002). The kineti energy,
as well as the vibrational and rotational states of the desorbed mole ule, are expe ted to depend on the surfa e
me hanism through whi h it was formed.
In the last few years, we have ondu ted a series of
experiments to study the formation of mole ular hydrogen on dust grain analogues under onditions relevant to
astrophysi al environments (Pirronello et al. 1997a;
Pirronello et al. 1997b;
Pirronello et al. 1999;
Roser et al. 2002; Roser et al. 2003). The experiments used well ollimated beams of hydrogen and
deuterium atoms. The produ tion of HD that o urs
on the surfa e of a dust grain analogue was measured
both during the irradiation with the beams and during a
subsequent temperature programmed desorption (TPD)
experiment. In this ase, the temperature of the sample
is raised qui kly to either desorb parti les (atoms and
mole ules) that got trapped on the surfa e or to enhan e
their diusion and subsequent rea tion and/or desorption. In order to disentangle the pro ess of diusion
from the one of desorption, separate experiments were
arried out in whi h mole ular spe ies were irradiated
on the sample and then were indu ed to desorb.
In an earlier set of experiments, the formation of mole ular hydrogen was studied on samples of poly rystalline olivine and amorphous arbon (Pirronello et al. 1997a; Pirronello et al. 1997b;
Pirronello et al. 1999) and the results were analyzed using rate equation models (Katz et al. 1999;
Cazaux & Tielens 2002; Cazaux & Tielens 2004). In
this analysis the parameters of the rate equations were
tted to the experimental TPD urves. These parameters are the a tivation energy barriers for atomi hydrogen diusion and desorption, the barrier for mole ular
hydrogen desorption and the fra tion of mole ules that
desorb upon re ombination. Using the values of the parameters that t best the experimental results, the eien y of hydrogen re ombination on the poly rystalline
olivine and amorphous arbon surfa es was al ulated for
interstellar onditions. By varying the temperature and
ux over the astrophysi ally relevant range, the domain
in whi h there is non-negligible re ombination e ien y
was identied. It was found that the re ombination ef ien y is highly temperature dependent. For ea h of
the two samples there is a narrow window of high eien y along the temperature axis, whi h shifts to higher
temperatures as the ux is in reased. For the astrophysi ally relevant ux range the high e ien y temperature
range for poly rystalline olivine was found to be between
7 − 9K, while for amorphous arbon it is between 12 − 16
K.
More re ently, these studies were extended to dierent
forms of water i e, namely high density i e (HDI) and low
density i e (LDI) (Mani o et al. 2001; Roser et al. 2002;
Hornekaer et al.2003). In these experiments it was seen
that the type of amorphous i e ae ts both the kineti s
of mole ular hydrogen formation and its e ien y. We

then arried out a detailed analysis of the new data using a rate equation model in order to obtain useful physi al parameters for the modeling of hemistry in dense
interstellar louds. Spe i ally, the parameters of the
rate equation model are tted to the experimental TPD
urves. These parameters are the a tivation energy barriers for diusion and desorption of hydrogen atoms and
hydrogen mole ules as well as the population ratios of
dierent types of adsorption sites for mole ular hydrogen. Using the values of the parameters that t best the
experimental results, the e ien y of hydrogen re ombination on the amorphous i e surfa es is obtained for
values of the hydrogen ux and the surfa e temperature
pertinent to a range of interstellar onditions.
The paper is organized as follows. In Se tions 2 and
3 we des ribe the experiments to be analyzed and their
results. The rate equation models are introdu ed in Se .
4. Subsequent analysis and results are presented in Se .
5, followed by a dis ussion in Se . 6 and a summary in
Se . 7.
2.

REVIEW OF EXPERIMENTAL METHODS

The experimental apparatus and measurement te hniques were most re ently des ribed in Vidali et al.
(2004). Here we give a brief outline. The apparatus onsists of an ultra-high va uum (UHV) hamber pumped
by a ryopump and a turbo-mole ular pump (operating
pressure in the low 10 Torr range). The sample is
pla ed in the enter of the UHV hamber and is mounted
on a rotatable UHV ompatible liquid helium ontinuous
ow ryostat. By varying the ow of liquid helium and
by using a heater lo ated behind the sample, it is possible to hange the temperature of the sample over a wide
range. In the thermal desorption experiments, the temperature is raised qui kly from around 10 K to about
30 K. Higher temperatures are obtained at slower rates,
as when the sample temperature is raised to ∼ 90 K to
hange the stru ture of the i e (see below) or to desorb the i e layers. The temperature is measured by an
iron-gold/ hromel thermo ouple and a alibrated sili on
diode pla ed in onta t with the sample.
Atoms are sent to the surfa e of the sample via two
triple dierentially pumped atomi beam lines aimed at
this surfa e. Ea h has a radio-frequen y avity in whi h
the mole ules are disso iated, optionally ooled to ∼ 200
K by passing the atoms through a old hannel, and then
inje ted into the line. Disso iation rates are typi ally in
the 75 to 90% range, and are onstant throughout a run.
Estimated uxes are as low as 10 (atoms m s )
(Roser et al. 2002).
The experiment is done in two phases. First, beams
of H and D atoms are sent onto the surfa e, at a onstant irradiation rate F , for a given period of time t
(from tens of se onds to tens of minutes) while the surfa e temperature is maintained at a onstant value T .
At this time any HD formed and released is dete ted by
a quadrupole mass spe trometer mounted on a rotatable
ange in the main UHV hamber. In the se ond phase,
starting at t (the TPD phase), the irradiation is stopped
and the sample temperature is qui kly ramped at a rate
b (∼ 0.6 K/se on average), and the HD signal is measured. The time dependen e of the surfa e temperature,
T (t), during typi al TPD experiments is shown in Fig.
1, and is approximated by a pie ewise-linear t. In the
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ideal ase in whi h the heating rate is nearly onstant,
the time dependen e of the ux and surfa e temperature
an be approximated by
F (t) = F ;
T (t) = T :
0 ≤ t < t (2)
F (t) = 0;
T (t) = T + b(t − t ) :
t≥t .
(3)
The HDI sample is prepared by dire tly depositing a
measured quantity of water vapor via a stainless steel
apillary pla ed in the proximity of the sample (a polished opper disk). Before deposition, the water undergoes repeated y les of freezing and thawing to remove
trapped gases. The sample is held at 10 K or lower during deposition and the deposition rate is 8 layers/se , for
a total thi kness of the order of 1200 layers. This method
of preparing the i e sample should produ e a high density
i e, or HDI (Jenniskens & Blake 1994). The other phase,
namely the low density amorphous i e or LDI, an be obtained from HDI by heating it. This transformation is
gradual but irreversible and o urs over a broad temperature range starting from about 38 K. In our experiments,
LDI is prepared by gradually heating the HDI to 90 K
and holding the temperature at that value for at least 5
minutes. Then the sample is ooled down to 10 K. In
the experiments analyzed here, the LDI sample was kept
at a temperature between 9 and 11 K during the irradiation phase. During the TPD phase, are was exer ised
so that the sample didn't rea h a temperature lose to or
higher than 38 K (Roser et al. 2002; Vidali et al. 2004).
Low and high density amorphous i e were shown to have
similar hara teristi s and stru ture as interstellar i e
mantles (Mayer & Pletzer 1986; Jenniskens et al. 1995).
The amorphous i e stru ture, whi h ontains many
pores with diameters ranging between 15-20 Å, an
adsorb H mole ules, that an diuse into i e mi ropores where they an be trapped (Mayer & Pletzer 1986;
Langel et al. 1994).
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3.

EXPERIMENTAL RESULTS

Irradiations with beams of H and D ("H+D" thereafter) were done both on LDI and HDI in order to explore the formation pro esses of HD mole ules on these
amorphous i e surfa es. In a separate set of experiments,
beams of HD and D mole ules were irradiated on the i e
surfa es. The latter experiments do not involve formation of mole ules. However, they allow us to isolate and
better analyze some of the parameters relevant to the
mole ular formation pro esses explored dire tly in the
former experiments. They also support our hypothesis
that mole ules that onsist of dierent hydrogen isotopes
behave quite similarly (although not exa tly the same)
as HD mole ules and all of them ould be treated by the
same general rate equation model.
Using the methods des ribed in the previous Se tion,
the following experiments were arried out. The H+D irradiation runs were performed with dierent irradiation
times (2, 4, 8, 12 and 18 minutes on LDI; 6, 8 and 18
minutes on HDI). The surfa e temperatures during irradiation were T ≃ 9.5 K in the LDI experiments and
T ≃ 14.5 K in the HDI experiments. In the experiments with mole ular beams the irradiation time was of
4 minutes. The surfa e temperatures during irradiation
of HD and D on LDI were T ≃ 9 K and T ≃ 10 K,
2

0

0

2

0

0

3
respe tively. In Table 1 we present a list of the experimental runs analyzed in this paper. During the TPD
runs, the sample temperature is monitored as a fun tion
of time. The time dependen e of the sample temperature
during typi al temperature ramps is shown in Fig. 1 for
LDI (solid line) and HDI (dashed line). The temperature ramps deviate from linearity but they are highly
reprodu ible. The symbols show the experimental measurements and the lines are pie ewise-linear ts. For the
LDI experiments a good t is obtained with two linear
segments, with an average heating rate of b ≃ 0.6 K/se
over the whole ramp. For the HDI experiments a good t
is obtained with three linear segments, with an average
heating rate of b ≃ 0.13 K/se . Although the temperature ramps deviate from linearity, most of the stru ture of the TPD peaks takes pla e within a temperature
range in whi h it is linear to a very good approximation.
The analysis of the data is done using these temperature
ramps, thus any possible ee t of the deviation from linearity is taken into a ount. Su h deviations are found
to be minor.
The desorption rates of mole ules vs. surfa e temperature during the TPD runs are shown in Figs. 2-7. In
Fig. 2 we present the desorption rate of HD mole ules
after irradiation by HD and H+D on LDI. In both ases
the TPD urves are broad. In the ase of HD irradiation, three peaks an be identied in the TPD urve.
For H+D irradiation there are only two peaks. Interestingly, they oin ide on the temperature axis with two of
the three peaks obtained for HD irradiation. In Fig. 3
we show the desorption rate of HD mole ules after irradiation by H+D on LDI for several irradiation times
between 2 minutes and 18 minutes. As in Fig. 2, all
these TPD urves exhibit two peaks. The position of the
high temperature peak is found to be independent of the
irradiation time, indi ating that this peak exhibits rst
order kineti s. The low temperature peak shifts to the
right as the irradiation time de reases, thus, this peak
exhibits se ond order kineti s. Fig. 4 shows the desorption rate of D mole ules after D+D and D irradiation
on LDI. These TPD urves are also broad, and are qualitatively similar to those of HD desorption, shown in Fig.
2.
In Fig. 5 we show the desorption rate of HD mole ules
after irradiation by HD and H+D on HDI. Here the TPD
urves are narrower and in lude only one peak. In Fig. 6
we show the desorption rate of HD mole ules after irradiation by H+D on HDI for three irradiation times. The
peak shifts to the right as the irradiation time de reases,
namely, it exhibits se ond order desorption. Fig. 7 shows
the desorption rate of D mole ules after D irradiation
on HDI. A single peak is observed, qualitatively similar
to the one shown in Fig. 5 for HD.
In the experiments in whi h beams of H+D atoms were
irradiated on LDI and HDI samples, most of the HD
mole ules dete ted were formed during the heat pulse.
Only a small fra tion of them were formed during the
irradiation pro ess (Roser et al. 2002). This indi ates
that at least under our experimental onditions, promptrea tion me hanisms (Duley & Williams 1986) or fast
tunneling (Hollenba h et al. 1971) do not play a major
role in the formation of mole ules.
2

2

2
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4
THE RATE EQUATION MODELS

4.

In the TPD urves studied here most of the adsorbed
hydrogen is released well before a temperature of 40 K is
rea hed. We thus on lude that the hydrogen atoms on
the surfa e are trapped in physisorption potential wells
and are only weakly adsorbed. The me hanism for the
formation of H (as well as HD and D ) is assumed to be
the Langmuir-Hinshelwood (LH) s heme. In this s heme,
the rate of formation of mole ular hydrogen is diusion
limited. This assumption is justied by the Langmuirlike behavior observed in the desorption urves.
The analysis of thermal programmed desorption experiments usually starts with the Polanyi-Wigner expression
for the desorption rate R(t):
R(t) = νN (t) exp(−E /k T ),
(4)
where N is the overage of rea tants on the surfa e, β
is the order of desorption, ν is the attempt frequen y,
E is the ee tive a tivation energy for the dominant reombination and desorption pro ess and T = T (t) is the
sample temperature. In the TPD experiment, rst order
(β = 1) desorption urves R(t) exhibit asymmetri peaks
with a sharp drop-o on the high temperature side. The
position of the peak is insensitive to the initial overage,
determined by the irradiation time. Se ond order desorption urves (β = 2) exhibit symmetri peak shapes.
These peaks shift toward lower temperatures as the initial
overage is in reased (Chan et al. 1978). An important
assumption is that all a tivation energy barriers are overage independent. This assumption may not apply at
high overage. However, at the low overages obtained in
the experiments analyzed here (up to ∼ 1% of a layer),
it is a reasonable assumption.
We introdu e two models for des ribing the TPD
urves: a simplied model whi h su eeds in des ribing
the main hara teristi s of the TPD urves and a more
omplete model whi h des ribes them using a more general and a urate view.
2

2

β

d

B

d

The Simple Model

4.1.

Consider an experiment in whi h a ux of H atoms
is irradiated on the surfa e. H atoms that sti k to the
surfa e hop as random walkers. The hopping atoms may
either en ounter ea h other and form H mole ules, or
desorb from the surfa e. As the sample temperature is
raised, both the hopping and desorption rates qui kly
in rease. In the models used here, there is no distin tion
between the H and D atoms, namely the same diusion
and desorption barriers are used for both isotopes.
In the models we assume a given density of adsorption
sites on the surfa e. Ea h site an adsorb either an H
atom or an H mole ule. In terms of the adsorption of H
atoms, all the adsorption sites are assumed to be idential, where the energy barrier for H diusion is E and
the barrier for desorption is E . As for the adsorption
of H mole ules, we assume that the adsorption sites may
dier from ea h other. In parti ular, we assume that the
population of adsorption sites is divided into J types,
where a fra tion µP of the sites belong to type j, where
j = 1, . . . , J , and
µ = 1. The energy barrier for desorption of H mole ules from an adsorption site of type
j is E (j).
2

2

des
H

2

j

j

des
H2

2

j

diff
H

This model is motivated by the TPD urves obtained
after irradiation by HD and D mole ules on LDI, shown
in Figs. 2 and 4, respe tively. These TPD urves are
broad and an be divided into three peaks. We interpret
this feature as an indi ation that there are three types
of adsorption sites for mole ules, whi h dier from ea h
other in the energy barriers for desorption.
Let N [in monolayers (M L)℄ be the overage of H
atoms on the surfa e, namely the fra tion of adsorption
sites that are o upied by H atoms. Similarly, let N (j)
(also in M L) be the overage of H mole ules that are
trapped in adsorption sites of type j, where j = 1, . . . , J .
Clearly, this overage is limited by the number of sites
of type j and therefore N (j) ≤ µ . Sin e we assume
that ea h site an host only one atom or one mole ule,
the overage annot ex eed a monolayer, and thus N +
P
N (j) ≤ 1.
Our analysis shows that for LDI one needs three types
of mole ular adsorption sites, namely J = 3, while for
HDI good ts are obtained with J = 1. For the ase of
LDI we thus obtain the following set of rate equations
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H2

ṄH



= F 1 − NH −

3
X

N

j=1

H2 (j)

(5)
Ṅ (1) = µ αN − W (1)N (1)
(6)
Ṅ (2) = µ αN − W (2)N (2)
(7)
Ṅ (3) = µ αN − W (3)N (3)
(8)
The rst term on the right hand side of Eq. (5) represents the in oming ux in the Langmuir kineti s. In
this s heme H atoms deposited on top of H atoms or H
mole ules already on the surfa e are reje ted. F represents an ee tive ux (in units of M L/se ), namely it
already in ludes the possibility of a temperature dependent sti king oe ient. In pra ti e we nd that for the
onditions studied here the Langmuir reje tion term is
negligible and it is thus ignored in the simulations. The
se ond term in Eq. (5) represents the desorption of H
atoms from the surfa e. The desorption oe ient is
W = ν exp(−E /k T )
(9)
where ν is the attempt rate (standardly taken to be 10
is the a tivation energy barrier for desorption
s ), E
of an H atom and T is the temperature. The third term
in Eq. (5) a ounts for the depletion of the H population
on the surfa e due to diusion-mediated re ombination
into H mole ules, where
α = ν exp(−E /k T )
(10)
is the hopping rate of H atoms on the surfa e and E
is the a tivation energy barrier for H diusion. Here we
assume that there is no barrier for re ombination. If su h
a barrier is onsidered, it an be introdu ed as dis ussed
in Pirronello et al. (1997b, 1999).
Eqs. (6)-(8) des ribe the population of mole ules on
the surfa e. The rst term on the right hand side of ea h
of these three equations represents the formation of H
mole ules that be ome adsorbed in a site of type j = 1,
−

WH NH − 2αNH2
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2 or 3. The se ond term in Eqs. (6)-(8) des ribes the
desorption of H mole ules from sites of type j, where
W (j) = ν exp(−E (j)/k T ),
(11)
is the H desorption oe ient and E (j) is the a tivation energy barrier for H desorption from an adsorption
site of type j. The H produ tion rate R is given by:
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3
X

WH2 (j)NH2 (j).

j=1

(12)

This model an be onsidered as a generalization of the
Polanyi-Wigner model [see Eq. (4)℄. It gives rise to a
wider range of appli ability, ompared to Eq. (4). In
parti ular, it des ribes both rst order and se ond order desorption kineti s (or a ombination) for dierent
regimes of temperature and ux (Biham et al. 1998).
Experiments that involve irradiation by mole ules are
useful sin e they enable an independent evaluation of the
parameters of mole ular adsorption on the surfa e. Consider the ase where a ux of H mole ules is irradiated
on the surfa e. In this ase Eq. (5) is no longer relevant.
The H mole ules on the surfa e are distributed between
the dierent types of adsorption sites, in proportion to
the population ratios µ . Ea h one of Eqs. (6)-(8) an
now be treated as independent and solved analyti ally.
The TPD urve onsists of three rst order peaks, at temperatures determined by the desorption barriers E (j),
j = 1, 2, 3. The sizes of these peaks are determined by
the population ratios µ . Given a TPD urve, the energy
barriers E (j) an be obtained from the temperatures
T
(j) of the orresponding peaks. Solving for the maximal desorption rate by taking its derivative with respe t
to the temperature we obtain
2

2

j

des
H2

j

des
H2

max

#
"
des
des
bEH
(j)
−EH
(j)
2
2
.
= ν exp
kB Tmax (j)2
kB Tmax (j)

(13)

In general, the parameters µ , j = 1, . . . , J an be obtained by tting the TPD urve as a sum of J Gaussians.
Ea h of the µ 's is obtained as the ratio between the area
below the orresponding Gaussian and the total area below the TPD urve. In the ase of HDI su h pro edure
is not needed be ause the TPD urve an be tted with
a single type of mole ular adsorption site.
j

j

4.2.

The Complete Model

The simple model presented above provides good ts
to the results of the experiments in whi h H+D, HD and
D were irradiated on HDI (Figs. 5-7). In this ase it was
assumed that there is only a single type of mole ular adsorption site. In experiments on LDI, where several types
of mole ular adsorption sites are assumed, the tting of
the TPD urves an be improved by using a more omplete model. In this model the H mole ules are allowed
to diuse between the dierent types of adsorption sites.
For the ase of LDI (J=3), the omplete model takes the
form
2

2

N˙H

= F 1 − NH −

3
X
j=1



NH2 (j)

(14)

− WH NH − 2αNH2
ṄH2 (1) = µ1 αNH 2 − αH2 (1)NH2 (1)

(15)

3
X

αH2 (j)NH2 (j))

3
X

αH2 (j)NH2 (j))

(16)

ṄH2 (3) = µ3 αNH 2 − αH2 (3)NH2 (3)
3
X
αH2 (j)NH2 (j)).
− WH2 (3)NH2 (3) + µ3

(17)

−

WH2 (1)NH2 (1) + µ1

j=1

ṄH2 (2) = µ2 αNH 2 − αH2 (2)NH2 (2)
−

WH2 (2)NH2 (2) + µ2

j=1

j=1

The rst equation is identi al to the orresponding one
in the simple model, namely Eq. (5). The rst and third
terms on the right hand side of Eqs. (15)-(17) are the
same as those that appear in Eqs. (6)-(8) of the simple
model. The se ond and fourth terms des ribe the diusion of H mole ules between adsorption sites of dierent
types, where α (j) = ν exp (−E /k T ) and E is
the a tivation energy for hopping of an H mole ule out
of a site of type j. The se ond terms a ount for the
hopping of mole ules out of adsorption sites of type j,
while the fourth terms a ount for their re-distribution
between adsorption sites of the three dierent types.
2

H2

diff
H2

diff
H2

B
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5.

ANALYSIS OF EXPERIMENTAL RESULTS

In this Se tion we use the rate equation models to t
the experimental results, and thus obtain the parameters
that des ribe the diusion and desorption of hydrogen
atoms and mole ules on i e surfa es. We use a ombination of analyti al and numeri al tools. In parti ular,
the numeri al integration of the rate equation models
is done using the Runge-Kutta stepper. The result of
the integration is a set of TPD urves that are a fun tion of the hosen set of parameters, some of whi h an
be determined analyti ally from the experimental TPD
urves. The data obtained from ea h TPD run in ludes
the time dependen e of the ux F (t) and temperature
T (t). The temperature T (t) is measured dire tly via
a thermo ouple. The ux F (t) (M L/se ) is estimated
as des ribed elsewhere (Vidali et al. 1998). An approximate value for F (t), in the required units of M L/se ,
an be obtained by integrating the TPD spe tra, generating the total yield of the various experiments. The ux
is then obtained from the exponential t indi ated by
Langmuir kineti s. It is important to stress that this is a
lower bound value for the ux, and this value is rea hed
only if there is no desorption of H atoms during the TPD
runs. In the analysis we assume that ea h of the energy
barriers E (j), j = 1, 2, 3, represents a Gaussian distribution of energy barriers entered around it. Although
the Gaussian distribution provides mu h better ts, the
important features of the urves depend only on the parameters mentioned above. The Gaussian distribution is
inserted into the equations by ee tively splitting ea h
des
H2
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of the Eqs. (15)-(17) into about ten equations, ea h with
a dierent energy barrier for H desorption a ording to
the Gaussian distribution around its entral value.
2

5.1.

Analysis of Experiments with Irradiation of
Mole ules

The TPD urves obtained after irradiation of HD and
D on HDI are narrow and exhibit a single peak (Figs. 5
and 7). In ontrast, the TPD urves obtained after irradiation of those mole ules on LDI are broad and three
distin t peaks an be identied in them (Figs. 2 and
4). Sin e no surfa e rea tions take pla e in these experiments, these peaks are of rst order kineti s. Thus, one
an use Eq. (13) to obtain the a tivation energy E (j)
for the desorption of H atoms that are trapped in an adsorption site of type j from the surfa e. This al ulation
is done in the ontext of the simple model.
Using the omplete model in the ase of LDI, with
j = 1, 2, 3, does not hange the positions of the three
peaks. The omplete model allows diusion of mole ules
between dierent types of adsorption sites. As a result,
there is a ow of mole ules from the relatively shallow adsorption sites towards the deeper ones. Thus, the relative
sizes of the three sub-populations of mole ules adsorbed
on LDI be ome temperature dependent.
The tting urves for the HDI experiments with HD
and D are shown in Figs. 5-7. Some un ertainty exists in the value of the energy barrier for HD desorption
from HDI. The value E (1) = 68.7 meV was obtained
from the experiments in whi h the irradiation times were
relatively short (Fig. 5). The experiments in whi h the
irradiation time was long give rise to the somewhat lower
value of E (1) = 65.5 meV (Fig 6). Additional un ertainty arises due to the hoi e of the hoi e of the attempt
frequen y ν . A deviation by an order of magnitude in its
value would modify the resulting energy barriers by 3-4
meV.
In the ase of LDI, where three types of adsorption
sites an be identied, the situation is more ompli ated.
The energy barriers for desorption of H mole ules from
these three types of adsorption sites are obtained from
Eq. (13). The population ratios µ , j = 1, 2, 3 are obtained from tting the TPD urves using the rate equations. These TPD urves are tted very well using the
omplete rate equation model (Figs. 2 and 4). Within
this paremetrization, a simplifying assumption used here
is that the hopping rate α (j) out of an adsorption site
of type j is linearly proportional to the desorption rate
W (j) from the same site. The experimental data is
best tted when the ratio between these two barriers is
around 1, namely α (j) = W (j). Assuming the same
attempt frequen y for the two pro esses this indi ates
that E = E . This is an unusual result, sin e typially the barriers for desorption are higher than the barriers for diusion. However, it may indi ate that in the
porous LDI the dominant diusion pro ess is, in fa t,
desorption and re-adsorption on the surfa e within the
pores. Note that the energy barriers for desorption of
mole ules are obtained dire tly using Eq. (13), thus the
tting pro ess is needed only for the diusion barrier. An
additional parameter is the width of the narrow Gaussian
distribution of the energy barriers for ea h of the three
types of adsorption sites. The energy barriers for desorption of mole ules from the dierent types of adsorption
2
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2

2
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H2

H2

diff
H2

des
H2

H2

sites and the population ratios of these sites are presented
in Tables 2 and 3, respe tively.
5.2.

Analysis of Experiments with Irradiation of Atoms

In the experiments with irradiation of H and D atoms
(H+D for brevity) or of D atoms only (D+D), the adsorbed atoms diuse on the surfa e and re ombine. The
experimental TPD urves for the HD and D mole ules
an be tted using either the simple or the omplete rate
equation models. The parameters that hara terize the
behavior of hydrogen mole ules on the surfa e, namely
the desorption barriers E (j) and the population ratios
µ , are available from the experiments with mole ular irradiation. Thus, the only tting parameters that remain
are the energy barriers for diusion and desorption of
hydrogen atoms, namely E and E . In Figs. 2 and
3 one observes that the two peaks in the TPD urves obtained after irradiation with H+D on LDI oin ide with
the two higher peaks obtained after irradiation with HD
mole ules. Similarly, the peak obtained after irradiation
of H+D on HDI oin ides with the peak obtained after irradiation of HD mole ules (Fig. 5). The lo ation
of this peak is determined by the desorption barriers of
HD mole ules, no matter whether these mole ules were
deposited or formed on the surfa e.
In Fig. 3 we present ve TPD urves for H+D irradiation on LDI, for dierent irradiation times. In ea h
urve one an identify two peaks. The lo ation of the
high temperature peak is independent of the irradiation
time. This is an indi ation of rst order kineti s, namely
that the mole ules desorbed at this stage were formed
at a lower temperature. They remained on the surfa e
until the temperature be ame su iently high for them
to desorb. The low temperature peak in ea h urve in
Fig. 3 shifts slightly to the right as the irradiation time
is redu ed. This is a feature of se ond order kineti s,
indi ating that within this peak the mole ules were desorbed upon formation. Our interpretation is that these
mole ules were formed in shallow adsorption sites and
thus easily desorbed at the temperature in whi h they
re ombined. These shallow adsorption sites an be identied with those that orrespond to the leftmost among
the three peaks in the mole ular irradiation experiment
shown in Fig. 2. The fa t that the same set of parameters an t all the urves in Fig. 3, obtained for dierent
irradiation times, as well as all the other experiments on
LDI, provides very strong eviden e in favor of our models. Similarly, a single set of parameter provides very
good ts to all the experiments on HDI. These parameters are presented in Tables 2 and 3.
2
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5.3.

des
H

Impli ations to Interstellar Chemistry

Using the parameters obtained from the experiments
we now al ulate the re ombination e ien y of H
mole ules on i e surfa es under interstellar onditions.
The re ombination e ien y is dened as the fra tion of
hydrogen atoms adsorbed on the surfa e whi h ome out
as mole ules. In Fig. 8 we present the re ombination
e ien y of H mole ules vs. surfa e temperature for
LDI under ux of 0.73·10 ML s . This ux is within
the typi al range for both diuse and dense interstellar
louds. This parti ular value orresponds to a density of
H atoms in the gas phase of 10 (atoms m ), gas tem2
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perature of 100 K and 5 × 10 adsorption sites per m
on the surfa e (Biham et al. 2001).
A window of high e ien y is found between 11-16K.
At higher temperatures atoms desorb from the surfa e
before they have su ient time to en ounter ea h other.
At lower temperatures diusion is suppressed while the
Langmuir reje tion leads to saturation of the surfa e with
immobile H atoms and re ombination is suppressed. At
these low temperatures, the steady-state overage is high
and the rate equation model may not apply. As already suggested in Pirronello et al. (1999), me hanisms
su h as Eley-Rideal or diusion by tunneling, whi h are
not taken into a ount in the model, may be ome signi ant in this regime. Nevertheless, we an spe ulate
that if the Langmuir reje tion remains signi ant even
at higher overage, the trend in re ombination e ien y
shown should remain qualitatively orre t. Lu kily, su h
low temperatures are rarely of astrophysi al interest. At
high temperature atoms desorb from the surfa e before
they have su ient time to re ombine, thus inhibiting
hydrogen re ombination at high temperature. For both
high and low density i e the al ulated asymptoti values of overage are very low and well within the regimes
of experimentation and subsequent numeri al simulation.
Consequently, the relevan e of the model is justied. Our
results indi ate that re ombination e ien y of hydrogen
on both HDI and LDI is high in the temperature range
of ≃14-20 K whi h is relevant to the interstellar louds.
Therefore these i e surfa es seem to be good andidates
for interstellar grain omponents on whi h hydrogen may
re ombine with high e ien y.
2
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6.

DISCUSSION

One of the important features demonstrated by these
experiments is the relevan e of the surfa e morphology
to the re ombination rate of H mole ules. Surfa es of
amorphous i e are di ult to model due to the pau ity
of morphologi al information on either a tual ISM i e
oated grains or their laboratory analogues. This dif ulty gives rise to some un ertainty about the role of
quantum ee ts. In prin iple, quantum tunneling of
H atoms on the surfa e should be onsidered. However, these experiments, mu h like earlier experiments
on amorphous arbon and poly rystalline olivine samples (Pirronello et al. 1997b), indi ate that the mobility
of the hydrogen atoms is very low at low temperatures.
Thus, the ee t of tunneling appears to be small. Cazaux
and Tielens showed that quantum ee ts might be important at high overage. However, at the low overages
of H atoms on interstellar grains, tunneling ee ts are
expe ted to be very small as an be seen in Fig. 6b in
Ref. (Cazaux & Tielens 2004), obtained for low irradiation (exposure) times.
The ee t of the i e morphology is best seen in the
dieren e between the types of adsorption sites and
their depth. The more porous stru ture of the LDI
is ree ted in the broad distribution of the a tivation energies for desorption from dierent adsorption
sites whi h spans the range between 40 to 60 meV
(Jenniskens et al. 1995). In omparison, the energy barriers for desorption from HDI exhibit a narrow distribution around 68.7 meV. The energy barriers for diffusion of H atoms on the i e surfa es are found to be
higher than those obtained earlier for more smooth sur2
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fa es su h as the poly rystalline olivine analyzed by Katz
et al. (1999). Thus, the mobility of H atoms on the highly
amorphous i e is relatively low, in qualitative agreement
with the ndings of Smolu howski (1983). The energy
barriers for diusion and desorption of H atoms and
mole ules on amorphous i e were al ulated using a detailed model of the amorphous i e stru ture and the intera tions at the atomi s ale (Bu h & Czerminski 1991;
Bu h & Zhang 1991; Hixson et al. 1992). The energy
barriers for H desorption were found to be distributed
between 26 to 57 meV, while the barriers for diusion
were found to be between 13 to 47 meV. Our results for
LDI are in good agreement with these al ulations, while
for HDI our barriers are somewhat higher (see Tables 2
and 3). For H mole ules they nd a distribution of
a tivation energy barriers for desorption in the range between 400 and 1200 K, namely 33 meV - 133 meV. Our
three barriers for the desorption of HD mole ules are in
the range of 46 - 61 meV, namely around the enter of the
al ulated distribution. Thus, our model aptures the effe ts of the amorphous i e stru ture and intera tions, in
agreement with detailed al ulations at the atomi s ale.
In the experiments we use a ombination of the H and
D isotopes. In most ases the produ tion rate of HD is
measured, omplemented by some measurements of D
formation. Experiments measuring H formation are dif ult to arry out. This is due to the existen e of ba kground H whi h is the most abundant residual gas in the
well baked ultra-high va uum hamber. Even the small
per entage of undisso iated mole ules that are sent with
the atomi beam an inuen e the results. The use of
hydrogen isotopes enables us to perform measurements
with mu h more a ura y, and obtain the important
physi al parameters. The extrapolation of our results to
pro esses that involve only H and H is non-trivial. However, the experiments in whi h the formation of HD and
D were analyzed, enable us to examine the isotopi differen es. The analysis shows that variations between the
energy barriers involved in the HD and D produ tion
pro esses do exist. Nonetheless, the two pro esses are
qualitatively similar and the only dieren e is in a small
in rement in the energy barriers of the D -formation proess in omparison to the HD. We thus on lude that the
energy barriers we obtain provide a good approximation
to those involved in the produ tion of H on i e surfa es.
Previous rate equation models, used in analysis of hydrogen re ombination on arbon and
olivine (Katz et al. 1999; Cazaux & Tielens 2002;
Cazaux & Tielens 2004), assumed that a signi ant
fra tion (denoted by 1 − µ) of the hydrogen mole ules,
desorb from the surfa e upon formation (note that µ in
these three papers had a dierent meaning than in the
present paper). The rest of the mole ules (namely, a
fra tion µ of them) remain on the surfa e and desorb
thermally at a later stage. The origin of the parameter
µ remained un lear, but it was ne essary in order to t
the data.
The model used in the present paper provides a physi al motivation for the parameter µ, based on a dierent interpretation of the fa t that part of the mole ules
qui kly desorb. It is based on the broad distribution of
the energy barriers for desorption of hydrogen mole ules
whi h exhibits three types of adsorption sites. A ording
to this model the re ombined mole ules equilibrate with
2
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the surfa e and reside in adsorption sites until thermal
desorption takes pla e. Mole ules formed in the most
shallow adsorption sites desorb qui kly be ause by the
time they are formed, the surfa e temperature is already
high enough to a tivate their thermal desorption. The
fra tion, µ of the shallow adsorption sites among all the
mole ular adsorption sites is obtained from the experiments in whi h mole ules are irradiated.
As mentioned above, in the models used here it is assumed that hydrogen mole ules do not desorb immediately upon formation. Instead, they stay trapped in the
adsorption sites or diuse between them until thermal
desorption takes pla e. Consequently, one needs to onsider me hanisms for the dissipation of the ex ess energy a quired from the re ombination pro ess in order
to prevent prompt desorption. Although lassi al mole ular dynami s simulations for H formation on amorphous i e performed by Takahashi et al. (1999) give a
large average kineti energy (≃530 meV) to the desorbing mole ules, both Roser et. al. (2003) and independently Hornekaer et al. (2003) showed experimentally
that this kineti energy is mu h smaller (≃3 meV), in
agreement with our assumption that the ex ess energy is
dissipated elsewhere. There are various me hanisms for
e ient heat transfer from the mole ule to the surfa e.
One possible me hanism may be due to the very irregular stru ture of the sample surfa es. Both LDI and HDI
surfa es are disordered. Even if mole ules are promptly
released upon formation, they do not ne essarily go dire tly into the va uum but they might undergo a multiple series of ollisions in whi h part of their energy is
released to the solid. These multiple hits might lead to
a subsequent re-adsorption of the mole ule on the i e
surfa e. Su h a me hanism was already identied for H
and D atoms impinging on an amorphous i e parti le
(Bu h & Zhang 1991).
The experiments done by our group as well as by
Hornekaer et al. have explored several types of i e morphology. The experiments analyzed here were done on
amorphous i e of more than 1000 ML, where we have
used two dierent i es, LDI and HDI (both amorphous
and porous). The experiments by Hornekaer et. al.
(Hornekaer et al.2003) were done on i e that was prepared using the same pro edure used by our group to
produ e the HDI, with 2000 ML thi kness. Their atom
beam uxes were ∼ 10 (atoms m se ), namely
about one order of magnitude higher than the uxes
used in our experiments. The range of exposure times
was omparable. Hornekaer et al. investigated the kineti s of HD formation and measured the e ien y of
re ombination and the energeti s of the mole ules released from the i e layer after formation. The e ien y
values they obtained are lose to those obtained by our
group on amorphous i e. The energy distribution of
mole ules formed showed that at least in porous amorphous i e, mole ules are thermalized by ollisions with
the walls of pores (where they are formed) before they
emerge into the gas phase. Hornekaer et al. performed
TPD experiments in whi h they irradiated H and D
atoms either simultaneously or sequentially after waiting a delay time interval before dosing the other isotope.
On porous i e the results they obtained are onsistent
with a re ombination o urring qui kly after atom dosing due to a high mobility of the adsorbed atoms even
1

2
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at temperature as low as 8 K. This high mobility was
attributed either to quantum me hani al diusion or to
the so alled hot atom me hanism, where thermal a tivation is not likely to play a signi ant role at this
temperature. This on lusion is sensible in light of the
high overages of H and D atoms irradiated in their experiments, whi h required the adsorbed atoms to diuse
only short distan es before en ountering ea h other. As
already suggested by Pirronello et al. (2004a,b) and
Vidali et al. (2005), the hot atom me hanism may
be able to provide the required mobility. In this ase
H and D atoms retain a good fra tion of their gas
phase kineti energy during the a ommodation pro ess
(Bu h & Zhang 1991; Takahashi & Uehara 2001). This
enables them to travel on the i e surfa e and inside its
pores for several tens of Angstroms exploring several
adsorption sites and re ombining upon en ountering already adsorbed atoms. However, in our experiments, beause of the low overage, the number of sites explored
by the hot atom is not large enough to en ounter an adsorbed atom and rea t with it with signi ant probability (Vidali et al. 2005). Thus, there is no ontradi tion
between the interpretations that mole ular hydrogen formation is dominated by the hot atom me hanism at high
overage and by thermally a tivated mobility of the adsorbed H atoms at low overage.
In addition, Hornekaer et al. studied non-porous i e
with only 20 ML. In this paper we have not analyzed
su h non-porous samples and therefore annot provide
any omparison in this ase. On the other hand, we
have used LDI for whi h Hornekaer et al. (2003) do not
provide analogous results that enable a omparison. Our
results and analysis show that on LDI the re ombination
of H atoms is thermally a tivated, and it is not e ient
at low temperatures.
In their analysis, Cazaux and Tielens (2004) onsidered a rate equation model with a single energy barrier
for mole ular desorption from arbon and olivine surfa es. In their model hemisorption sites play a role
in the re ombination pro ess of hydrogen mole ules and
ea h hydrogen isotope is treated dierently. Although
hemisorption sites might play a role in the re ombination pro ess, these sites do not seem to play an important
role, at least not at the onditions explored in our experiments (low temperatures and low overage as expe ted
for interstellar dense loud environments). However, the
analysis of Cazaux and Tielens may provide a lue on
H formation in photon dominated regions. We have
not treated ea h atomi isotope dierently but instead
we used dierent ee tive averaged values for the experiments involving H and D atoms and those involving only
D atoms. Consequently obtained a model that requires
fewer tting parameters.
2

7.

SUMMARY

Experimental results on the formation of mole ular hydrogen on amorphous i e under onditions relevant to interstellar louds were analyzed using rate equation models. By analyzing the results of TPD experiments and
tting them to rate equation models, the essential parameters of the pro ess of mole ular hydrogen formation
on i e surfa es were obtained. These parameters in lude
the a tivation energy barriers for diusion and desorption of hydrogen atoms and mole ules on the i e sur-

fa e. While we identify only one type of adsorption site
for hydrogen atoms, three types of adsorption sites are
found for mole ules on LDI, with dierent a tivation energies. The parameters that determine what fra tion of
the mole ular adsorption sites belong to ea h type are
also found. Our model enables a unied des ription of
several rst and se ond order pro esses that involve irradiation by either hydrogen atoms or mole ules, all within
the framework of a single model.
The rate equation model allows us to extrapolate the
produ tion rate of hydrogen mole ules from laboratory
onditions to astrophysi al onditions. It thus provides
a quantitative evaluation of the e ien y of various
i e surfa es as atalysts in the produ tion of hydrogen

9
mole ules in interstellar louds. It is found that the produ tion e ien y strongly depends on the surfa e temperature. Both types of i e samples studied here exhibit
high e ien y within a range of surfa e temperatures
whi h is relevant to dense mole ular louds whi h in lude
i e- oated dust grains.
8.
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Table 1
List of the TPD experiments on low and high density amorphous i e analyzed in this paper.

I e Atoms/Mole ules Irradiation Time
Irradiation
Type
Type
(minutes)
Temperature (K)
LDI H + D atoms
2
≃9.5
LDI H + D atoms
4
≃9.5
LDI H + D atoms
8
≃9.5
LDI H + D atoms
12
≃9.5
LDI H + D atoms
18
≃9.5
HDI H + D atoms
4
≃14.5
HDI H + D atoms
6
≃14.5
HDI H + D atoms
8
≃14.5
HDI H + D atoms
18
≃14.5
LDI
D atoms
4
≃10
LDI HD mole ules
4
≃9
HDI HD mole ules
4
≃15
LDI D2 mole ules
4
≃10
HDI D2 mole ules
4
≃15
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Table 2
diff
The energy barriers obtained by the fitting of the TPD urves for low and high density i e surfa es. EH
des
des
is the barrier for atomi diffusion, EH
is the barrier for atomi desorption and EH2 (j), j = 1, 2, 3 are the
barriers for mole ular desorption from sites of type j .

Material

diff (meV) E des (meV) E des (1)(meV) E des (2)(meV) E des (3)(meV)
Mole ule EH
H
H2
H2
H2
Type
Low Density
HD
44.5
52.3
46.5
52.8
61.2
Ie
D2
41.0
45.5
40.7
53.3
65.5
High Density
HD
55
62
68.7
Ie
D2
72.0

Table 3
The parameters of the population ratio obtained by the fitting of the TPD
density i e surfa es.
mole ules and

σ

µ1 , µ2

and

µ3

urves for low and high

are the population ratios of the different adsorption sites of the

is the standard deviation parameter for the energy barriers's Gaussian distribution

around the

hara teristi s energy barriers for mole ules desorption.

Material

Mole ule
µ1
µ2
µ3
σ (meV)
Type
Low Density
HD
0.2
0.47 ± 0.075 0.33 ± 0.075 0.0045
Ie
D2
0.23 ± 0.05 0.51 ± 0.05
0.26
0.0057
High Density
HD
1
0.006
Ie
D2
1
0.006
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Fig. 1.

The time dependen e of the surfa e temperature during typi al temperature ramps in TPD experiments on LDI (steeper line)
and HDI (less steep line). The symbols show the experimental measurements and the lines are pie ewise linear ts. The irradiation phase
is not shown.
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Fig. 2.

TPD urves of HD desorption after irradiation with HD mole ules (◦) and H+D atoms (+) on low density i e. The irradiation
time is 4 minutes. The solid lines are ts obtained by the omplete rate equations model.
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Fig. 3.

TPD urves of HD desorption after irradiation with H+D atoms on LDI. The irradiation times are 2 (∗), 4 (◦), 6 (2) 12 (+)
and 18 (×) minutes. The solid lines are ts obtained by the omplete rate equation model.
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Fig. 4.

TPD urves of D2 desorption after irradiation with D2 mole ules (◦) and D+D atoms (+) on LDI, tted by the omplete
rate equation model (solid lines). The irradiation time is 4 minutes.
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Fig. 5.

TPD urves of HD desorption after irradiation with HD mole ules (◦) and H+D atoms (+) on high density i e, tted by the
omplete rate equations model (solid lines). Irradiation time is 4 minutes.
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Fig. 6

TPD urves of HD desorption after irradiation with H+D atoms on HDI, tted by the omplete rate equations model (solid
lines). The irradiation times are 6 (△), 8 (2) and 18 (◦).
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TPD urves of D2 desorption after irradiation with D2 mole ules on HDI (◦), tted by the omplete rate equations model
(solid line). The irradiation time is 4 minutes.
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Fig. 8.

Recombination Efficiency

Re ombination e ien y of mole ular hydrogen at steady state on LDI as a fun tion of the temperature T (K), using the
parameters obtained from experimental measurements of HD desorption urves. The uxes of hydrogen atoms is 0.73·10−8 ML s−1 .
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Re ombination e ien y of mole ular hydrogen at steady state on LDI vs. the temperature T (K), using the parameters
obtained from experimental measurements of D2 desorption urves. The ux is the same as in Fig. 8.
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Re ombination e ien y of mole ular hydrogen at steady state on HDI vs. the temperature T (K), using the parameters
obtained from experimental measurements of HD desorption urves. The ux is the same as in Fig. 8.

