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Abstract.

Tungsten (W) and beryllium (Be) have been chosen as plasma facing materials
for the ITER reactor and the main fuel component will be deuterium (D). Due to
plasma-wall interactions, these materials will immediately mix via erosion, transport
and re-deposition. We present the first atomistic study on the effect of D co-implanted
with Be into W, by modelling D plus Be irradiation of W surfaces, at projectile energies
and compositions relevant for the plasma-wall interactions. The D implantation and
Be sticking yields increased with the Be fraction in the system, especially at the lowest
energies, as a Be layer deposited on the surface. Tungsten was sputtered by Be,
although the yield was partially suppressed by the deposited Be-D layer, and the Be
erosion was determined by the balance between the Be concentration at the surface and
projectile energy. Also molecules were sputtered: a large fraction of the D is reflected
as Dy, and purely metallic molecules (Bey, BeW), as well as different Be-D compounds
were sputtered. On the other hand, the D clustered when implanted in or beneath a
pre-deposited Be-W layer.

PACS numbers: 28.52.Av, 28.52.Fa, 31.15.xv
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1. Introduction

ITER aims to be the first experimental fusion reactor reaching ignition [1]. Due to its
design, the plasma conditions (e.g., temperature, particle flux and thermal loads) and
thus the plasma facing material requirements, vary with location in the reactor. Any
plasma-wall interaction driven unexpected effect, such as melting, excessive erosion or
fuel retention, could be the show-stopper for ITER. Tungsten (W) will be used for the
divertor area and the main wall of the reactor will be made of beryllium (Be). Erosion,
transport and subsequent re-deposition may lead to mixing of these materials, calling for
a complete understanding of the interplay between the plasma particles (e.g., deuterium,
D) not only with the pure materials, but also their mixtures. Furthermore, W and Be
may form alloys [2], increasing the complexity of the processes involved.

An extensive experimental work on the W-Be-D interactions can be found in the
literature. For example, W was exposed to Be-seeded D and Dy plasmas [3, 4, 5, 6, 7],
to particularly study the effect of Be on the D retention in W. Also, based on these
experiments, a particle balance model was developed to determine the critical Be
concentration in a plasma at which a Be layer grows instead of being re-eroded [5].
Further, an empirical scaling equation was suggested describing the influence of the
co-deposition conditions (surface temperature, incident particle energy and flux) on the
D retention [8]. However, the computational work is scarce, only consisting of Monte
Carlo simulations on the erosion of W and carbon exposed to Be-seeded D plasmas [9],
a comparison between Binary Collision Approximation [10] and Molecular Dynamics
(MD) simulations on the mixed layer erosion [11] and MD modelling of W-Be mixed
layer formation [12] and Be erosion from Be, W surfaces under D irradiation [13].

In this work, we present a systematic study of W—Be—D interactions at the atomic
scale. The Be-seeded D irradiation of W surfaces was simulated with MD, varying the
Be fraction among the projectiles, as well as the impacting energies. As complementary
cases, different amorphous W-Be mixtures were exposed to pure D irradiation.

MD is a computational method working on the atomistic scale and thus, a
suitable tool to study the material mixing, particle reflection and in general low-
energy irradiation effects in materials, including chemical effects. However, the MD
results cannot always be compared directly to experiments due to different time-scales
(ns in MD vs s in experiments). Due to the short simulation time-scale, MD does
not account for processes such as long-range diffusion, an important mechanism e.g.,
for the D retention in fusion reactors and alloy formation at W—Be interfaces [14, 15].
To overcome this limitation and directly compare the modelling to the experimental
data, our results will be provided to larger-scale computational methods, such as rate
equation theory codes [16] for studying the retention in mixed materials at time-scales
of a plasma discharge, and to codes tracing the impurity transport in a reactor [17]
or erosion-deposition patterns on the walls [18], for a more accurate description of the
plasma-wall interactions.

The article is structured as follows. The simulation methods used in this work,
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including the details of each studied case, are introduced in section 2. The results
and their interpretation are given in the section 3. In 3.1, the results from the
simultaneous D-Be irradiation are presented, including the structure modifications,
projectile implantation characteristics and layer erosion. In 3.2 the main outcome
from the consecutive and non-cumulative irradiation is shown and compared to the
simultaneous irradiation results. In 3.3, the outcome of the present work is compared
to other computational and experimental studies, including the connection to possible
mechanisms suppressing the D bubble formation by Be-seeding of the plasma. Finally,
the main results are summarized.

2. Method

The simulations were performed using the MD code PARCAS [19]. A reactive bond order
potential, modified to include a more accurate description of the W—W interactions was
used to calculate the W—Be—D interactions [20, 21].

The MD simulations were performed in two main steps. First, an initial BCC
structure for pure W was relaxed at 500 K, including the opening of the (100)-oriented W
surface. Further details regarding these relaxations can be found in Ref [22]. Secondly,
the relaxed W surface was irradiated with different D—Be mixtures, choosing randomly
an atom type at a time, with impacting energies ranging from 10 — 150 eV and with Be
fractions among the projectiles ranging from 2 — 66%. We will refer to these simulations
as simultaneous irradiation. Each case consisted of 4000 cumulative, mono-energetic
impacts at normal incidence, using the same energy for either projectile type. At 150 eV,
3000 impacts were simulated. A new projectile impacted every 7 ps: for the first 2 ps
the temperature within 3 Aof the cell boundaries in x and y was cooled towards 500 K.
The time 2 ps was chosen such that most of the high-energy interactions took place
during this time, e.g. 99.99% of the particle reflection for 100 eV impacts in the cells
with 2 — 66% of Be. During the next 5 ps, the whole cell was cooled down to 500 K in
order to remove the energy introduced by the ion. The Berendsen thermostat was used
for the temperature control, with a cooling constant of 7 = 100 fs. Between impacts, the
cell was randomly shifted in the x and y directions, so that each new projectile would
impact on a new surface location and the entire surface will be evenly irradiated. This
led to a flux of ~ 10?® m~2s™!, a fluence of 4 - 10?° m~2and a total simulation time of
28 ns. These initial cells contained 3000 W atoms, held in a volume of 3.1 x 3.1 x 3.7 nm?
and were used for impacting energies of 10 — 50 eV. For irradiation at 100 and 150 eV,
a 3600 or 4800 W atom cell was used, with a cell depth of 4.7 or 5.7 nm, respectively.

In what follows, unless another range is explicitly mentioned, we will refer to the
irradiation < 50 eV as low energy, and to the impacts at > 100 eV as high energy. Low
fraction will be used for projectile compositions with < 10% Be, and high fraction above
it (> 33%Be).

In addition to the simultaneous Be-D impacts, D irradiation of pre-formed W-Be
mixed layers was studied. The substrate for the cumulative D impacts was formed
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depositing Be with 50 eV on W (3000 Be impacts, at normal incidence). A detailed
description of this material mixing is given in [12]. The W—Be mixture was repeatedly
quenched (heated up to 1000 K and cooled down to 500 K) until the system was
energetically stable. Finally, this substrate was exposed to 3000 cumulative D impacts
with energies ranging 10—100 eV. Thus, we will refer to these simulations as consecutive
wrradiation.

Further, non-cumulative D impacts on different amorphous W-Be mixtures were
simulated to obtain more accurate statistics of the D and Be reflection yields. These
simulations are referred as non-cumulative irradiation. The amorphous cells were
created by randomly placing 3000—4800 atoms in a 3.2 x 3.2 x 4.0 nm? cell, at least 2 A
apart, at the desired W:Be ratio; 2:1 (W2Be), 1:1 (WBe) or 1:2 (WBey). To obtain an
energetically stable cell, the W—Be mixtures were repeatedly quenched (heated up to
2000 K, kept at that temperature for 20 ps, cooled down to 500 K at a rate of 0.05 K/
fs and kept at 500 K for 30 ps) until the potential energy remained constant. Finally,
we simulated 10000 non-cumulative D impacts on each of the surfaces with D energies
varying 10 — 200 eV. A more detailed description of these simulations can be found
in [11].

The different set-ups of the simulations (D—Be percentages, their energies and the
substrate compositions) are summarized in Table 1. A more thorough description of the
simulation parameters, such as temperature and pressure control, treatment of sput-
tered and backscattered species, use of the periodic boundary conditions and electronic
stopping, can be found in Ref. [22].

3. Results and discussion

3.1. Simultaneous Be-D irradiation on W

3.1.1. Structure modification by the simultaneous Be-D irradiation The cumulative
Be-seeded D irradiation led to the formation of different morphologies. At the lowest
energies (10 — 30 eV) the Be was deposited on W forming clear W-Be-D interfaces
(Fig. 1, a). In contrast, at higher energies (50 — 150 eV) the Be atoms reached deeper
W layers leading to a larger material mixing (Fig. 1, b). On the other hand, in absence
of a deposited Be layer (low Be fractions), the D was implanted in interstitial positions
of the W lattice. Due to the high flux, the D concentration in W was super-saturated,
forming edge dislocation planes to release the stress in the W matrix (Fig. 1, ¢). Further,
the topmost layers also changed their structure, forming for instance, rough Be-D sur-
faces (Fig. 1, a), dangling Be-D clusters (Fig. 1, d) and amorphous W surfaces (Fig. 1, e).

3.1.2. Implantation during the simultaneous Be-D irradiation The Be reflection yields
(Fig. 2 right) hardly changed with the Be fraction at high energies due to the invariant
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Table 1. Characteristics of the cumulative Molecular Dynamics simulations.
irradiation refers to either cumulative (cum) or non-cumulative (non-cum) impacts,
ion species are the impacting species and their percentages, substrate refers to the
initial cells composition: a- is amorphous, sc- single-crystal and d- pre-deposited.
energies are the impacting energies simulated in each case.

irradiation ion species substrate  energies (eV)
Be(%) D(%)
cum. 2 98 sc-W 10, 30, 50, 100, 150
cum. 10 90 sc-W 10, 30, 50, 100, 150
cum. 33 66 sc-W 10, 30, 50, 100, 150
cum. 66 33 sc-W 10, 30, 50, 100, 150
cum. — 100 d-WBe 10, 30, 50, 100
non-cum. — 100 a-WyBe 10,50, 100, 200
non-cum. — 100 a-WBe 10, 50, 100, 200
non-cum. — 100 a-WBey, 10,50, 100, 200

surface composition. In contrast, at low energies, the Be was deposited on the W
surface. At high Be concentrations, a Be layer was quickly formed on the surface.
The layer growth rate increased during the irradiation due to the higher Be sticking
coefficient on Be than on W, which agrees with other computational studies [9].

On the other hand, the D implantation (Fig. 2 left) increased with the impacting
energy, as also predicted by binary collision approximations (e.g., TRIM [23]). Small
differences arose in the MD reflections yields when varying the ion composition. In
general, D shows a lower reflection yield from Be surfaces than from W [24, 25, 26],
leading to an over all decrease of the yield with increasing the Be concentration if a Be
layer is formed at the surface. In greater detail, a Be-rich layer grew on the surface at
low energies (30 — 50 eV), with a growth rate increasing with the Be fraction. As D
was implanted in a narrow depth range, its concentration in the Be-rich layer saturated
quicker for the lowest layer growth rates, leading to an increase in the D reflection. In
contrast, at high energies the topmost surface composition hardly varied throughout
the irradiation as no Be layer was formed. Also, the large implantation range prevented
any D saturation within the fluence modelled here. Thus, the reflection yields remained
independent from the ion composition. On the other hand, at the lowest energy (10 eV)
the projectiles remained at the surface, the D surface saturation was reached even for
the highest Be concentrations and the D reflection yields converged.
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a)

Figure 1. Examples of different structures formed after the simultaneous Be-D
irradiation. The W atoms are show in light gray, the Be in red and D in dark blue.
The main feature of each structure is highlighted in yellow. a) clear W-Be-D interfaces
at high Be fractions and low irradiation energies (33% Be, 10 eV); b) mixed W-Be-
D layers at high Be fractions and intermediate or high energies (33% Be, 50 eV); ¢)
dislocation planes formed at the lowest Be concentrations (2% Be, 50 eV); d) cluster
formation at the surface at low irradiation energies and intermediate Be-D fractions
(10% Be, 10 eV); e) amorphous W-like surface at high energies (10% Be, 100 eV).

3.1.3. Depth profiles after the simultaneous Be-D irradiation 'The depth profiles of the
irradiated cells also revealed the implantation characteristics described above (3.1.2).

The Be depth profiles (Fig. 3, top), when normalized to the Be fraction, showed the
same shape for all the Be concentrations at high energies. In contrast, at low energies,
a Be layer was deposited on the W surface. The layer growth rate, and thus the Be
profile width, increased with the Be fraction among the projectiles.

Also the D depth profiles (Fig. 3, bottom) showed an invariant trend with respect to
the projectile composition at high energies. However, at low energies, the subsurface D
profile exhibited a tail towards the deposited mixed layer caused by the simultaneous Be
layer growth (Be fraction > 33%). This effect was enhanced by the D being implanted
shallower in the mixed W—Be layer than in pure W or Be. For instance, TRIM [23]
calculations run with the densities and W:Be ratios taken from MD, at 50 eV, result in
implantation depths of 13 + 7 A for the mixed layer and 20 + 11 A for pure W or Be.
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Figure 2. The D (left) and Be (right) reflection yields as a function of the projectiles
energy for different projectile compositions after 4000 Be-D impacts on W surfaces
(simultaneous irradiation). The Be fraction among the projectiles (in %) is given in
the figure key. Note that the yields are scaled according to the projectile composition.

3.1.4. Layer erosion during the simultaneous Be-D irradiation The mixed layers
described above were also eroded by the subsequent impacts, including Be, W and
molecular sputtering.

The Be erosion yields (Fig. 4 left) increased with the Be concentration at the
surface, and therefore, the fraction of Be among the projectiles. The yields peaked at
~ 50 €V, i.e., the highest impacting energy within the Be layer deposition regime. At
10 eV, although a Be layer was formed, the low energy of the subsequent projectiles
led to much lower Be sputtering yields. At high energies, the incoming Be atoms were
implanted beneath the W surface. Thus, the Be concentration at the topmost surface
and the Be sputtering yields decreased. The large Be erosion, in general, is likely caused
by the short relaxation time between impacts for the deposited atoms.

Further, our simulations confirmed that within the energy range considered here,
the W is sputtered by Be (Fig. 4 right). However, this erosion was partially balanced by
the Be layer deposition, which suppressed the W sputtering [12], causing similar yields
for high Be fractions (> 33% Be).

Also molecules were found to sputter due to the simultaneous Be-D irradiation.
The molecular sputtering in general (e.g., Do, BeD,,, or Bey erosion) strongly depended
on the Be surface concentration and contribution from the Be impacts. On one hand,
a large fraction of the D was reflected as Dy (Fig. 5, left) when Be was the dominant
species at the surface (> 33% Be, < 50 eV). This highlights the low Dy formation in W
(observed for low Be concentrations), showing that Dy formation is not caused by purely
ballistic collisions but has a chemical component. At high energies, the projectiles were
implanted deeper and in a wider depth range. Thus, the D and Be concentrations in
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3. The Be (top) and D (bottom) depth profiles, from 10 eV (left) to 150 eV
(right), for different Be concentrations, from 2% Be in black to 66% Be in light red
(top) or light blue (bottom). The zero is located at the original surface and the positive
z axis is towards the bulk. The depth profiles are normalized to the atomic density of
the original cell (BCC W lattice), and calculated every 3.1 A (layer width in depth), to
obtain a flat profile for bulk W. All the profiles are scaled to account for the projectile
composition. The statistical errors — not shown for clarity — lay between 0.005 and
0.09, as calculated for the lowest and highest concentrations, respectively.
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Figure 4. Be (left) and W (right) erosion yields as a function of the ion energy
for different projectile compositions, after 4000 cumulative impacts (simultaneous
irradiation). The Be fraction among the projectiles (in %) is given in the figure key.
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Figure 5. Dy (left) and BeD (right) molecule sputtering yields as a function of the
impacting energy for the different projectile compositions (simultaneous irradiation).
The Be fraction among the projectiles (in %) is given in the figure key.

the matrix, and consequently probabilities for Dy formation and release, were lower.
On the other hand, pure metallic molecules were eroded for the high Be fraction cases.
Bes molecules sputtered chemically and BeW physically, by dimer sputtering. Further,
a wide variety of Be-D molecules were released. The Be impacts on a D-rich surface
were the main BeD erosion source at high Be concentrations (compared to D impacts
on the Be-rich surface), as both processes may occur but the latter requires a higher
impacting energy. Due to the low impacting energy required for the former process,
the BeD erosion peaked at lower energies (~ 30 eV; Fig. 5, right) and the yields were
higher than for D irradiation of Be surfaces [27]. Further, for low Be fractions the BeD
erosion —as the Be concentration at the topmost layers— decayed with the increase of
the projectiles energy. Other Be-D species were also found to sputter, although seldom:
a single Be;D and 6 BeDy molecules were released. Therefore, the BeD erosion yields
were also affected by the D surface concentration.

3.2. D irradiation on W-Be miztures

3.2.1. Implantation by consecutive Be-D irradiation The reflection yields from the con-
secutive irradiation at low energies (< 30 eV; Fig. 6, left) are similar to those from
the simultaneous irradiation. On the other hand, the non-cumulative irradiation at low
energies led to lower D reflection yields, as the surface D concentration did not get satu-
rated. All the reflection yields (from the simultaneous, consecutive and non-cumulative
irradiation) converged at high energies, as the D surface concentration did not saturate
and the topmost layer composition varied the least. This lower reflection yield lead to
D cluster formation and growth for the consecutive irradiation at higher energies (see
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Figure 6. D reflection (left) and Be erosion (right) yield as function of the ion energy
for D impacts on W-Be mixtures, cumulatively (dashed, consecutive irradiation) and
non-cumulatively (solid).
below, 3.2.2).

3.2.2. Depth profiles after the consecutive Be-D irradiation The consecutive irradia-
tion led to similar depth profiles as those obtained in the simultaneous irradiation at the
lowest energies (10 — 30 eV; Fig. 7 left) with D located at the topmost surface, above
the Be-rich mixed layer. However, at higher energies (50 — 100 eV; Fig. 7 right) the D
clustered within or beneath the mixed W-Be layer, shown as a sharp peak in the depth
profiles. The D clusters grew by the high D flux and invariant implantation depth (i.e.,
no Be layer grew while D was implanted), which could lead to bubble formation under
these high irradiation fluxes.

3.2.8. Layer erosion by the consecutive Be-D irradiation Also the consecutive impacts
led to the erosion of mixed layers, although showing different characteristics when
compared to the simultaneous irradiation. On one hand, the Be sputtering yields were
lower (Fig. 6) in the present case than in the simultaneous irradiation. The mixed W-
Be layer used for consecutive Be-D irradiation was repeatedly quenched prior to the
D impacts, thus being more stable. On the other hand, the Be erosion by consecutive
impacts increased with the energy instead of peaking at lower energies, as all the cases
used the same cell with a high Be surface concentration (~ 80%). These erosion yields
are also similar to those from crystalline Be under similar irradiation conditions [27, 28].
Only at 100 eV the erosion by consecutive Be-D irradiation becomes higher. Within
this physical sputtering regime, an amorphous surface may show a higher sputtering
yield due to the lower surface binding energy. Very similar yields resulted also from the
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Figure 7. The D (blue), Be (red) and W (green) depth profiles after the consecutive
irradiation, for 3000 cumulative D impacts, at 10 eV (left), 50 eV (centre) and 100 eV
(right), on the mixed W-Be layer. The zero is located at the original surface of the W-
Be mixture and the positive axis towards the bulk. The depth profiles are normalized
to the atomic density of the original cell (BCC W lattice) and calculated every 3.1 A
(layer width in depth), to obtain a flat profile for bulk W. The statistical errors —
not shown for clarity — lay between 0.005 and 0.09, as calculated for the lowest and
highest concentrations, respectively.

non-cumulative irradiation, which were also performed using amorphous substrates.

Further, a wide range of molecules were found to sputter due to the consecutive
Be-D irradiation. The Dy molecule reflection (Fig. 8 left) showed a similar trend as for
the simultaneous impacts (Fig. 5) with an even larger fraction of D emitted as Dy in
the present case. In contrast, the BeD erosion peak shifted to slightly higher energies
(~ 50 eV, Fig. 8 right) when compared to the simultaneous irradiation (Fig. 5). Only
the D impacts contribute to the BeD erosion in the present case, thus needing a higher
energy for molecule sputtering than when Be is present among the projectiles. The Be
and BeD erosion yields are very similar to those from the D irradiation of crystalline Be
surfaces [27], and other similar species (BeDs,BeD3 and BeyDs) also showed the same
trend.

3.3. Comparison to experiments and other simulations

3.3.1. Depth profiles The MD and experimental [5] Be depth profiles agreed on that
a Be layer of ~2 nm was deposited at 50 eV. The experimental fluence was higher
than in our simulations, but it balanced out with the higher Be concentration in MD
(2 — 66% Be), when compared to the experimental range (0.1 — 2.5% Be). Other com-
putational erosion-deposition studies (using the EDDY code [9]) also agreed with this
outcome, further showing an increase on the deposited layer when increasing the Be
seeding rate and lowering the irradiation energy.
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Figure 8. Be,D,, molecule erosion yields as a function of the impacting energy, after
3000 cumulative D impacts on the mixed W—Be surface (consecutive irradiation).

3.8.2.  Reflection and erosion rates The D reflection yield trends in experiments
and MD agreed, with both showing an increase in the D implantation with the Be
concentration [5, 8] at large enough seeding rates (> 2.5% Be) for Be deposition.
This layer growth leads to retention (in experiments) or implantation (in MD) yields
exceeding those found in pure W or thin W-Be deposited on W. However, this statement
must be taken carefully as the Be concentrations and time-scales differ between the
experiments and MD (0.1 — 2.5% vs 2 — 66% and ns vs s, respectively).

In contrast, our calculations disagreed with the outcome from the EDDY code on
the impacting energy and Be seeding rate dependence of the D reflection yields [9]. These
differences may be explained by i) the different irradiation energies, as monoenergetic
impacts were modelled in MD, whereas plasma temperatures were given in EDDY | with
a Boltzmann distribution of velocities; and ii) the binary collision approximation (BCA)
like model used in EDDY, as at low energies BCA calculations have shown considerably
different D reflection yields from W-Be mixed materials when compared to MD [11].

On the other hand, the Be deposition yields in the present MD work and EDDY
calculations agreed when varying the impacting energy and seeding rate, especially at
high Be concentrations. In general, both of these and previous studies [12] concluded
that Be deposition on W at low energies lowered the Be reflection yields, further
enhancing Be layer growth.

These three studies also showed consistent results regarding the substrate erosion,
showing that Be seeding leads initially — at low Be fluences — to higher W erosion yields
than for pure D irradiation. However, at higher fluences the sputtering is suppressed
by Be layer deposition. The W sputtering yields in MD and EDDY calculations were
in quantitative agreement.
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3.3.3. D Bubble suppression The experimental result highlighted the D bubble
inhibition in W due to the Be-seeding of the D plasma [5, 7]. The authors in Ref. [5]
suggested several mechanisms for such an effect.

On one hand, the mixed Be-W layer resembles a Be surface rather than a W one,
with a thickness of the order of the D implantation depth (a few nm). As no blisters
have been observed experimentally in Be exposed to D plasmas, they would neither be
expected in the deposited Be-rich layers. Our work supports this idea, as both the Be
layer formation and D implantation within the deposited Be-W layer were seen in the
simulations. Further, during the simultaneous D-Be irradiation the D got implanted
as the Be layer grew. Together with the diffusion effects at experimental scales, it
would be expected to prevent the D pile up to a particular depth, as seen for the
consecutive irradiation in MD (3.1.2). Note that the clustering observed for consecutive
Be-D irradiation is strongly related to the flux used in the MD simulations, 4-5 orders
of magnitude higher than in experiments.

On the other hand, the authors in Ref. [5] also hint that the presence of a Be
layer within the D implantation depth would reduce the stress in the W matrix caused
by the D supersaturation present during the pure D irradiation. As reported in Sec-
tion 3.1.1, our simulations showed the edge dislocation planes that resulted from the
D supersaturation and the consequent stress fields, only at low Be fluences, supporting
this mechanism to suppress the bubble formation.

4. Conclusions

We presented a Molecular Dynamics study of D plus Be irradiation of W surfaces. A wide
range of cases were simulated: consecutive and simultaneous irradiation, for cumulative
and non-cumulative impacts, and at projectile composition and impacting energy ranges
relevant for fusion plasma-wall interactions. For the simultaneous irradiation, a wide
range of structures formed such as edge dislocation planes, W amorphization and Be
layer deposition. The Be sticking and D implantation increased with the Be fraction at
low energies due to the Be layer formation. Both yields converged at higher energies.
These characteristics were also shown in the depth profiles. Further, we confirmed that
W was sputtered by Be, although the erosion was partially suppressed by the mixed
layer formation. The balance between the Be concentration at the topmost surface
and the projectile energy determined the Be erosion patterns and yields. A wide range
of molecules were also sputtered: metal dimers (Bey, BeW) sputtered physically and
chemically; a large fraction of the D is reflected as Dy, showing that it is not a purely
collisional process; and a high BeD erosion yield was found, peaking at low energies
(~ 30 eV). On the other hand, the consecutive irradiation at the lowest energies showed
similar implantation characteristics as for the simultaneous irradiation with a high Be
fraction. In contrast, at higher energies the D clustered in or beneath the pre-deposited
Be-W layer. Further, the Be erosion increased with the projectiles’ energy and only the
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D impacts on a Be-rich surface contributed to the BeD erosion, peaking at ~ 50 eV.
The yields for similar species showed the same trend.
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