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Isotope effects in Eley–Rideal abstraction
of hydrogen from tungsten surfaces: the role
of dissipation

Oihana Galparsoro,*a Raidel Martin-Barrios,*b Paulo Enrique Ibañez-Almaguer, c

Maykel Márquez-Mijares,c José David Cremé, d Yosvany Silva-Solis, d

Jesús Rubayo-Soneira,c Cédric Cresposb and Pascal Larregarayb

Molecular dynamics simulations are performed to investigate the influence of isotope substitutions on

the Eley–Rideal recombination dynamics of hydrogen isotopes from the (100) and (110) surfaces of

tungsten. Dissipation of electrons and phonons is taken into account by, respectively, the local density

friction approximation and the general Langevin oscillator, effective models which have been intensively

used in recent years. As the coupling to surface phonons and electrons might be altered by the mass

combination, the main objective of the paper is to assess the role of dissipation to the surface in the

course of abstraction.

1. Introduction

Despite great advances in surface science in the last 50 years,
understanding elementary heterogeneous reactivity is still a vivid
field. A molecular-level detailed understanding of these processes1

provides relevant insights for catalysis,2–4 the chemistry of the
atmosphere and the interstellar medium,5–7 plasma–wall inter-
action in atmospheric entries,8,9 nuclear fusion,10–12 among others.

Since the nineties, the Eley–Rideal (ER) recombination pro-
cess, in which an atom colliding from the gas-phase (projectile)
directly abstracts a pre-adsorbed atom on a surface (target), has
been extensively studied on metals, both experimentally13–26 and
theoretically.27–44 Most of the studies have focused on the
recombination of hydrogen (and its isotopes). If many theoretical
studies have overlooked possible energy transfer to the surface,
recent works have analyzed dissipation to phonons and/or elec-
tron–hole pair excitations upon hydrogen scattering on clean and
pre-covered surfaces,45–60 using effective models, ab initio mole-
cular dynamics or high-dimensional neural networks.

In the context of nuclear fusion, the interaction of hydrogen
isotopes with tungsten is of great interest as the fusion fuel
consists of D and T atoms. Tungsten is the main candidate for

the armor material of the ITER fusion reactor divertors, which
must control the escape of exhaust gases and impurities from
the reactor and withstand the highest surface heat loads.12

Moreover, the ER mechanism is of great importance in this
regard, as its large exothermicity (approx. 1.75 eV) produces
highly excited molecules, which are important for the produc-
tion of negative ions.61 The present work focuses on the
fundamental aspects of ER reactions, in particular the influ-
ence of energy dissipation upon isotopic substitutions.

Almost one decade ago, the H(D, T) + H(D, T)/W(110, 100) ER
processes were studied via quasi-classical trajectory (QCT)
simulation using density functional theory (DFT) based
potential energy surfaces (PESs)62 within the Born–Oppenhei-
mer approximation. It was observed that for all isotopes, ER
abstraction occurred following a rebound of the projectile off a
tungsten atom. Notably, significant isotope effects were
detected on both W(100) and W(110) planes. When considering
collision energies ranging from 0.1 to 5 eV at normal incidence,
the cross sections followed an order based on the ratios of
projectile mass mp to target mass mt. Specifically, the cross
sections increased with the mp/mt ratios.

Furthermore, two main mechanisms were identified. The
contribution of the sideway mechanism, where the projectile
bounces off a tungsten atom at a similar altitude as the target,
decreased significantly with the mp/mt ratio. As a consequence,
the push-up mechanism, where the projectile bounces off a
tungsten atom at an altitude below that of the target, became
the main recombination mechanism for those isotopic combi-
nations. The final energy partition also depended on the heavy-
light/projectile-target combination. The translational energy of
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the formed molecules increased with the mp/mt ratio at the
expense of the vibrational excitation. However, these conclu-
sions are derived from an approximation that disregards the
energy dissipation of the projectile during its interaction with
the surface. Given that energy dissipation can influence both
the projectile’s dynamics and the behavior of the resulting
molecule, we investigate the interplay between energy dissipa-
tion and isotopic effects upon Eley–Rideal abstraction for this
system.

On the other hand, the effect of energy dissipation was also
studied on both surfaces using the same PESs45,63 for H2 ER
recombination. Dissipation produced variations of the cross
section for H2 recombination which were rationalized as a
reduction in the effective collision energy. In the regions where
the ER cross sections increased (decreased) with energy, elec-
tronic excitation reduced (enhanced) the recombination prob-
ability. Therefore, disregarding the isotopic effect, it was
predicted that energy transfer is governed by electron–hole pair
(ehp) excitations and energy transfer to phonons can safely be
neglected due to the unfavorable mass mismatch between
hydrogen and tungsten. These studies, however, ignored the
random forces in the friction models, which were shown to
influence the details of energy transfers upon atom scattering
on metal surfaces.57

More recently, isotope effects have been investigated for H
scattering off clean fcc metals through experiments and simu-
lations, which were found in very close agreement.56 Inelastic
energy losses were found to be very similar regardless of the
impinging isotope, for all studied metals and different inci-
dence energies ranging from 1 to 3 eV. This was explained by
the compensation of the energy losses to electron and phonon
excitation.

The goal of the present paper is to assess the influence of
energy dissipation to the surface electrons and phonons upon
the ER recombination of hydrogen isotopes on both the (100)
and (110) tungsten surfaces. To achieve this, we employ mole-
cular dynamics simulations that incorporate dissipation chan-
nels using well-established and widely adopted effective
models.45,63 The paper is organised as follows: in the next
section, the employed methodology is presented, then the
results are presented and discussed. Finally, the main conclu-
sions of the work are summarized.

2. Methodology

QCT is performed to simulate the scattering of H isotopes onto
the (110) and (100) reticular planes of tungsten in the zero
coverage limit (single adsorbate). Global DFT-based potential
energy surfaces (PESs) have been previously developed47,49,64

for both surface symmetries, within the framework of the
corrugation reducing procedure (CRP).65,66 These PESs are
six-dimensional as they explicitly consider the motions of the
two hydrogen atoms with respect to a static surface with the
tungsten atoms in their equilibrium position.

The simulations are carried out within three different
models. In the first one, referred to as the Born–Oppenheimer
static surface (BOSS) model, energy dissipation to the surface is
not accounted for. In the second one, coupling to electron–hole
pair excitations is modeled within the local density friction
approximation (LDFA).67,68 The effect of non-adiabaticity on
hydrogen isotopes is introduced through dissipative and ran-
dom forces into the classical equations (Langevin equation) as:

mi€ri ¼ �
@V6Dðfri; rjgÞ

@ri
� ZelðriÞ_ri þ FLðtÞ (1)

where mi is the mass of the considered hydrogen isotope, i. The
first right-hand side term corresponds to the adiabatic force,
derived from the PES, V6D({ri, rj}). Note that the indexes i and j
refer to the recombining atoms. The friction force, proportional
to the atom velocity, depends on the position vector, ri, of the
atom i, through the friction coefficient, Zel(ri). Within the LDFA,
Zel(ri) corresponds to that of the same atom moving in a
homogeneous free electron gas with an electron density equal
to that of the bare surface at the same position ri.

55,67–69 The
random force, FL(t), related to the friction force by the second
fluctuation–dissipation theorem, accounts for electron tem-
perature and is taken here as a Gaussian white noise.68 In the
present calculations, electronic temperature is set at Ts = 300 K.
Details about the specific implementation of the LDFA can be
found in ref. 46 and 47. In the third model, dissipation to
surface phonons is added via a generalized Langevin oscillator
(GLO) model70,71 as implemented in ref. 72. Coupling with the
metal phonons is introduced through a three-dimensional
surface oscillator connected to a thermal bath that accounts
for energy dissipation into the bulk.70–75 This model including
both the dissipation to phonons and electrons is referred to as
the LDFA-GLO model.

Normal scattering is simulated for collision energies sam-
pling the 0.1–5 eV range. The initial in-plane coordinates of the
projectile atom (Xp, Yp) are randomly sampled in a reduced
section of the unit cell (green areas in Fig. 1) taking advantage
of the symmetry. The initial altitude of the projectile is Zp = 7.0 Å,
which corresponds to the asymptotic region of the atom-
substrate interaction potential.

The target is initially located at its adsorption site and has
random initial vibrational phases corresponding to the quan-
tum zero-point energy for each (x, y, z) mode within the
harmonic approximation, as done in previous studies.76,77

The values, displayed in Table 1,78 are in reasonable agreement
with experiments for both studied surfaces. As illustrated as a
red point in Fig. 1, the adsorption site is a 3-fold hollow site for
the (110) surface while it is the bridge site for the (100) surface.
The atom-surface potential energy surface is defined down to
approximately Z = �3.9 Å.

All possible outcomes resulting from the projectile scatter-
ing have been detailed elsewhere.80,81 Here, we focus only on
the Eley–Rideal abstraction process which is assumed to take
place when the formed H2 molecule reaches the initial altitude
of the projectile with a positive center-of-mass velocity towards
the vacuum. It is also checked that the molecule is formed after
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only one rebound of its center-of-mass, following the first
collision of projectile off the surface.

To achieve convergence, 640 000 trajectories were run for the
W(110) plane and 320 000 for the W(100) one, with a maximum
propagation time of 0.5 ps, for each collision energy. All
trajectories are integrated with a Beeman algorithm using a
fixed time step of 10�5 ps, which results in an average energy
conservation in the BOSS simulations better than 1 meV. Since
the ER process is ultra-fast, increasing the integration time
beyond 0.5 ps did not modify the results. All possible isotope
combinations have been considered on both crystallographic
planes. The rotational and vibrational energy of the formed
molecules have been classically averaged.

3. Results and discussion

The ER abstraction cross sections (CSs) for all nine possible
combinations of hydrogen isotopes are displayed in Fig. 2 as a
function of collision energy, for both W(100) and W(110)
symmetries within the framework of the BOSS, LDFA and
LDFA-GLO models. ‘‘Proj-on-Targ’’ refers to ‘‘Proj’’ as the
projectile and ‘‘Targ’’ as the target (‘‘Proj’’ and ‘‘Targ’’ will be

the H, D or T isotopes in the following). Note that H2 CSs (blue
lines in the top panels) are consistent with previous
studies.49,78

Two striking features are extracted from Fig. 2. First, the
inclusion of ehp excitations through LDFA may significantly
affect ER cross sections. In contrast, accounting for energy
dissipation to phonons via the GLO model shows only minor
effects on this magnitude for both tungsten surfaces. As
observed in H2 recombination studies,45 for different isotope
combinations, the inclusion of ehp excitations generally shifts
the maxima of the curves towards higher energies (compare
solid lines corresponding to the BOSS model and dashed lines
corresponding to LDFA results). Consequently, at low incident
energies (Ei o 1 eV), where the curves exhibit steep slopes,
including ehp excitations reduces the predicted CS by up to
approximately 40%.

The second notable feature is that the influence of ehp
excitations depends on the target’s mass, with more pro-
nounced effects when lighter H isotope is the target. This trend
is evident for both crystallographic faces below 1 eV. However,
at higher incident energies, this behavior persists only for
D-on-H and T-on-H interactions on the W(110) surface, and
for H-on-H interactions on W(100). Although the projectile
loses more energy to ehp excitations due to its higher kinetic
energy on average during the reaction, the effect of this energy

Fig. 1 Representations of the (a) W(110) and (b) W(100) surfaces. The
positions of the adsorption sites, respectively, 3-fold hollow and bridge are
highlighted as red circles. Blue circles indicate the positions of the topmost
tungsten atoms. The sampling areas of initial positions (Xp, Yp) of the
projectiles are highlighted in green and the lattice constant a is equal to
3.17 Å.

Table 1 Adsorption energies QA, zero point energies (ZPE) in the x, y, and
z modes, and positions of the adsorption sites (AS) for hydrogen (H),
deuterium (D) and tritium (T)62,79

ZPE (meV) AS (Å)

System QA (eV) x y z X Y Z

H/W(110) 3.06 47 60 71 1.585 0.6503 1.07
D/W(110) 3.06 33 42 50 1.585 0.6503 1.07
T/W(110) 3.06 26 35 42 1.585 0.6503 1.07
H/W(100) 3.09 69 40 67 1.585 0.0 1.107
D/W(100) 3.09 49 28 47 1.585 0.0 1.107
T/W(100) 3.09 40 23 39 1.585 0.0 1.107

Fig. 2 ER cross sections (in Å2) as a function of incidence energy of the
projectile Ei (in eV) for ER recombination on W(100) (left panels) and W(110)
surfaces (right panels) within the BOSS (solid lines), LDFA (dashed lines) and
LDFA-GLO (dotted lines) models. Top, middle and bottom panels corre-
spond respectively to H, D and T projectiles recombining with the three
different isotopes as a target.
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dissipation on the CS does not correlate with the projec-
tile mass.

Nevertheless, the main conclusions from previous work
examining the isotopic effect on ER reactivity on both W
surfaces within the BOSS model62 remain unchanged. Fig. 3
compares the ER cross sections for the nine isotopic combina-
tions on each surface, using both the BOSS and LDFA-GLO
models. On the one hand, all models predict small CS regard-
less of the isotope combination. On the other hand, the cross
sections generally scale with the mass ratio (mp/mt) between the
projectile and the adsorbed atom. However, the inclusion of
energy loss channels to the surface reduces the pronounced
isotope effect at low collision energies (Ei o 1 eV). At higher
energies, the effect is essentially the same across both models.
Consequently, for H2, D2 and T2, the CSs are nearly identical in
the 0.1–5.0 eV range.

However, due to the use of different PESs in the present
study compared to the work of Petuya et al.,62 discrepancies
arise when comparing reactivity on the two tungsten surface
faces. Quasi-classical dynamics performed on the earlier con-
structed FPLEPS PESs predicted higher ER reactivity at the
W(100) crystallographic plane for each isotopic combi-
nation across the entire range of projectile kinetic energies
(0.1–5.0 eV). In contrast, same calculations on the more accu-
rate CRP PESs (with respect to DFT data) predict this behavior
only for intermediate energies (1.0–2.0 eV) and when mp/mt Z 1.
Otherwise, W(110) is predicted to be more reactive. This study
confirms that the differences previously observed for H2 recom-
bination between the two PESs49,78 also apply to other isotopic
combinations. For W(110), the reactivity predicted by the CRP

PES is higher than that of the FPLEPS PES, while for W(100), the
reactivity differs only at high incident energies (Ei 4 3 eV), with
the CRP PES being less reactive at those energies.

To confirm that the reaction dynamics remain unaffected by
the inclusion of energy loss channels in the model, Fig. 4 and 5
display the distributions of (Xp, Yp) in-plane coordinates of the
projectile at the first rebound (opacity maps) within the LDFA-
GLO model for W(100) and W(110), respectively. In the ensuing
discussion, the following color coding is used: blue to denote
H-on-T, red to denote H-on-H, and green to denote T-on-H.

As previously found for the BOSS model,62,64,78 the contribu-
tion to the total ER cross section of collisions where the
projectile bounces on top of the initial position of the target
remains marginal, even with the inclusion of energy dissipation
channels. Therefore, ER recombination occurs after a redirec-
tion of the projectile off a nearby tungsten atom. This is
reflected in the rebound positions of the projectiles, which
are focused near lines connecting the adsorption site with its
closest surrounding surface/subsurface atoms. Within this
scenario, two mechanisms can be distinguished depending

Fig. 3 ER cross sections (in Å2) as a function of incidence energy of the
projectile Ei (in eV) for ER recombination on W(110) (top panels) and W(100)
surfaces (bottom panels) within the BOSS (left panels) and LDFA-GLO
(right panels) models.

Fig. 4 Opacity maps for the W(100) plane: (X, Y) first rebound positions of
the projectiles for the trajectories leading to ER recombination at Ep = 1.0
(left) Ep = 3.0 (middle) and 5.0 eV (right) for T-on-H (up), H-on-H (middle)
and H-on-T (down) within the LDFA-GLO model. Gray circles represent
tungsten atoms of the first (solid line) and second layer (dashed line). The
black disk represents the adsorbed isotope.
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on whether the projectile bounces off a surface or a
subsurface atom.

When comparing different isotopic combinations, it is
observed that the reaction proceeds through higher impact
parameters of the projectile as the mp/mt ratio increases.
Concomitantly, the contribution to the ER cross section stem-
ming from a projectile’s rebound on the closest surface atoms
from the adsorbate decreases with mp/mt. Notably, this con-
tribution completely disappears for H-on-T on both tungsten
surfaces. This trend holds true for both tungsten surfaces and
cross the range of kinetic energies studied. Importantly, this
behavior is not influenced by the inclusion of ehp excitations,
as a comparison of average impact parameters in the BOSS and
LDFA-GLO models (Table 2) shows that the addition of energy
dissipation channels has almost no effect on this measure/
magnitude.

The dynamics of these reactions can be rationalized, as
previously done,62 in terms of two main pathways based on
the projectile’s rebound position Zp: (i) a sideway mechanism

(Zp 4 0.75 Å), where the projectile rebounds at the same altitude
as the target is and (ii) a push-up mechanism (Zp o 0.75), where
the projectile extracts the target from bellow. Fig. 6 shows the
distributions of the projectiles altitude (solid lines) and the
targets altitude (dotted lines) at the moment of the first rebound.
In general, the majority of reactive trajectories proceed via the
push-up mechanism. The highest contribution of the sideway
mechanism is observed for the T-on-H combination on both
surfaces, which exhibits a gradual reduction as the mp/mt ratio
decreases. For T-on-H on the 110 (100) tungsten surface, at 1 eV,
70% (35%) of the reactivity follows the sideway mechanism,
whereas for H-on-T this pathway represents only 18% (8%) of
the CS.

For all isotope combinations, the contribution of ER reac-
tions following a rebound from subsurface atoms increases
with collision energy. On the less compact W(100) surface, a
significant portion of the reactivity occurs after the projectile
rebounds off second-layer atoms. This is because the bridge
position of the adsorbed atom makes the four-fold hollow
position of the second-layer atoms easily accessible to the
projectile. In contrast, on the more compact W(110) surface,
the majority of reactive projectiles rebound off first-layer atoms.

Although the reactivity and the dynamics of these ER
processes do not change significantly with the inclusion of

Fig. 5 Same as Fig. 4 but for W(110).

Table 2 Average impact parameters (Å) for H-on-T, H-on-H and T-on-H
recombinations on W(100) and W(110) at Ei = 1.0, 3.0, and 5.0 eV within
LDFA-GLO (BOSS) model

Ei 1.0 eV 3 eV 5 eV

H-on-T/W(110) 2.04 (1.94) 1.82 (1.88) 1.91 (1.98)
H-on-H/W(110) 2.20 (2.20) 2.00 (2.02) 1.96 (1.97)
T-on-H/W(110) 2.55 (2.58) 2.38 (2.42) 2.25 (2.33)
H-on-T/W(100) 1.57 (1.47) 1.25 (1.35) 1.54 (1.67)
H-on-H/W(100) 1.98 (1.86) 1.53 (1.49) 1.43 (1.47)
T-on-H/W(100) 2.28 (2.29) 1.91 (1.98) 1.83 (1.91)

Fig. 6 Normalized distributions (area values) of the projectile altitude Zp

(solid lines) and target altitude Zt (dotted lines) (in Å) at the projectiles first
rebound of ER abstractions trajectories on W(100) (left panels) and W(110)
(right panels) for various isotopic substitutions (H-on-T in blue, H-on-H in
red, and T-on-H in green) at Ei = 1.0 (upper panels), 3.0 (middle panels) and
5.0 eV (bottom panels) within the LDFA-GLO model.
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energy loss channels to the model, the analysis of the total
energy dissipation during ER reaction in Fig. 7 shows that
substantial amount of energy is transferred to the surface in all
cases studied. At Ei = 0.1 eV approximately 0.45 eV are trans-
ferred from the two recombining atoms to the surface, with this
value increasing steadily to around 1 eV at Ei = 5 eV. When
comparing the two W surfaces, the energy losses are slightly
higher on W(100) than on W(110), likely due to the lower
average rebound altitude of the projectile on W(100) since
higher electronic densities are found beneath the surface.
However, these differences are small, under 0.1 eV. Addition-
ally, energy losses are predicted to be slightly higher when
hydrogen is the projectile, and for a given projectile, energy
losses are marginally larger when the target is heavier.

As previously stated, the energy transfer from the molecule
to the surface can happen via ehp or phonon excitation, whose
contributions to the total energy dissipation is highlighted in
Fig. 7 by squares and triangles, respectively. When the projec-
tile is an H isotope, the majority of energy is lost through e–h
pair excitations (squares in bottom and middle panels for
H-on-T and H-on-H, respectively). In contrast, for T-on-H
(top panels), the total amount of energy transferred to the
surface is similar, but half of the energy loss proceeds through
phonon excitations, that is, it is drained by the GLO model
(triangles). Similar behavior was observed experimentally and

predicted by classical dynamics calculations for H and D
scattering from several fcc (111) metal surfaces.56

As a result, the internal energy of the formed molecules is
lowered when including energy loss channels within the model.
The final average translational, vibrational and rotational ener-
gies of the formed molecules are displayed in Fig. 8, for H-on-T,
H-on-H and T-on-H combinations and both crystallographic
planes within the framework of the BOSS and LDFA-GLO
models. The final modes of motion are energetically excited
as the process is exothermic by about 1.75 eV. In all cases at low
energies (Ei o 1 eV) the translational energy is roughly twice the
vibrational and the rotational energies. Increasing the projec-
tile initial energy results mainly in a higher translational
excitation of the molecules. While the translational energy
roughly quadruples from Ei = 0.1 eV to Ei = 5 eV, the rotational
energy is duplicated and the vibrational energy is duplicated or
triplicated depending on the isotopic combination.

While formed molecules for H-on-T and H-on-H combina-
tions show basically the same energy partitions for each inci-
dence energy of the projectile in both surfaces, in the case of
T-on-H, differences are observed with respect to the former as
well as depending on the surface in which the ER reaction takes
place. The TH molecules formed on W(110) are vibrationally
more excited than on W(100), while on the former surface
formed molecules have in average less translational energy
than on the later surface. Similarly, at high incident energies
(Ei 4 1 eV), translationally more excited molecules form in the
T-on-H combination at the expense of vibrational energy.
Previous work with the FPLEPS PESs also observed lower

Fig. 7 Average total energy losses (circles), average energy losses into
phonons (triangles) and into e–h pair excitations (squares) as a function of
the projectiles collision energy Ei. Results for W(100) (left panels) and
W(110) (right panels) are shown for T-on-H (top panels), H-on-H (middle
panels) and H-on-T (bottom panels) isotope combinations.

Fig. 8 Final average translational hEtrai, rotational hEroti and vibrational
hEvibi energies (in eV) of the formed molecules as a function of Ei (in eV).
Left and right panels correspond to BOSS and LDFA-GLO models. Results
for H-on-T (blue circles), H-on-H (red up-triangles) and T-on-H (green
down-triangles) on both W(100) (solid lines and filled symbols) and W(110)
(dotted lines and open symbols) surfaces are shown.
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vibrational excitation of the formed molecules for the D-on-H
combination.62

The comparison of the partition of average energy within the
BOSS (left panels) and LDFA-GLO (right panels) models reveals
that the energy dissipated into the surface is essentially
removed from the translational energy for all isotope combina-
tions, as previously observed for homonuclear isotope
combination.45,63 Thus, differences in average rotational and
vibrational energies are negligible.

4. Conclusions

The Eley–Rideal recombination of hydrogen isotopes on W(110)
and W(100) has been investigated by molecular dynamics
simulation on DFT-based interpolated potential energy sur-
faces. The influence of the energy losses to the surface has
been analyzed accounting for dissipation to electrons and
phonons employing the local density friction approximation
(LDFA) and the generalized Langevin oscillator (GLO) models,
respectively.

It is observed that energy dissipation to the metallic surfaces
has a very minor effect on the main observables of the reaction
and as a consequence the main conclusions ignoring dissipa-
tion remain.62 The cross-sections for reaction are ordered by
the (mp/mt) ratios, mp and mt being the masses of the projectile
and the target respectively. Eley–Rideal reactions on these
systems involve the rebound of the projectile off a surface or
subsurface atom before abstracting the target, the subsurface
contributions being more important in the case of the less
compact (100) surface. As the mp/mt ratio of the isotopic
combination increases the formed molecules tend to be more
excited translationally at the expense of vibrational energy.

The energy dissipation channels competition depends
mainly on the projectile’s mass. While for the H projectile it
is mainly governed by electron–hole pair excitations, for the
heavier T isotope an identical amount of energy is dissipated to
ehp and phonon excitations. Despite these differences, the total
amount of energy dissipated is very similar for all isotopic
combinations due to a compensation effect between the two
channels. As a consequence, the LDFA-GLO model predicts
molecules with lower average translational energies, while the
average rotational and vibrational energies are basically
unaffected.

Data availability

Data for this article, including results related to the Eley–Rideal
recombination of hydrogen isotopes on tungsten surfaces, are
available at Zenodo at https://doi.org/10.5281/zenodo.13970565.
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19 J. Kammler, T. Lee and J. Küppers, J. Chem. Phys., 1997, 106,
7362–7371.

20 B. Zecho, T. Brandner and J. Küppers, Surf. Sci. Lett., 1998,
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22 J. Wehner and S. Küppers, J. Chem. Phys., 1998, 108,

3353–3359.
23 J. Wehner and S. Küppers, J. Chem. Phys., 1998, 109,

294–300.
24 T. Kammler, S. Wehner and J. Küppers, J. Chem. Phys., 1998,
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77 R. Pétuya, P. Larrégaray, C. Crespos, P. Aruel, H. F. Busnengo

and A. E. Martı́nez, J. Phys. Chem. C, 2015, 112, 3171–3179.
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