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Abstract

In this study, we investigate the sputtering yield of tungsten surfaces by energetic particles, focusing on the effect of surface orientation and the
incoming irradiation angle, by means of molecular dynamics. We develop a simulation approach to simulate sputtering from completely random
surface orientation. This allows obtaining the sputtering averaged over a sufficiently large number of orientations, to obtain statistically significant
yields representative of a polycrystalline sample with random grain orientations. We find that the total sputtering yield is dependent on the surface
orientation, and that the results for the random surface is clearly different from that of any of the low-index ones or their average. The different
low index surfaces and the random surfaces also showed that the sputtering yield is depending on the incoming angle of the ion. Investigation of
the outgoing angle of the sputtered tungsten atoms showed to be very sensitive to the surface orientation. The different features on the tungsten
surface were observed to drastically affect the sputtering yield at certain angles.
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1. Introduction

Fusion power is one of the most promising concepts for
power generation in the future, and has been showed to be a
feasible way to produce electricity on a large scale. There are,
on the other hand, a lot of questions still unanswered and phe-
nomena not yet fully understood. One important factor to be
able to build the large power plants needed, are the plasma
facing materials, as they are the parts containing the plasma.
Several materials have been considered to be used as plasma
facing components and as divertor material in fusion reactors
[1, 2, 3]. But the harsh conditions inside the reactor, like the
heat and the irradiation, have shown to be challenging for any
material. For instance, if the melting point of the wall material
is reached, the surface will melt and the particles and clusters
molten away from the surface will cool down the plasma, and
stop the nuclear reactions. Also, if the material cannot with-
stand the irradiation, the sputtering of surface atoms will cool
down the plasma too much and may redeposit on other parts of
the reactor wall. Tungsten is one of the materials of choice for
fusion reactors under construction [4, 5, 1, 2].

The sputtering yield of tungsten has been subject to inves-
tigations previously, both experimentally and computationally
[6,7,8,9,10, 11, 12, 13, 14]. Already since the middle of the

*Corresponding author.
Email address: fredric.granberg@helsinki.fi (F. Granberg)

20th century, many investigations have been conducted on the
sputtering of tungsten surfaces by energetic ions [6, 7]. The
sputtering yield for a wide range of incoming ion energies have
been obtained. The sputtering yield has also been seen to de-
pend heavily on the mass of the incoming ion [8]. More re-
cently, computer simulations have been carried out to investi-
gate the sputtering yield. Many studies have been conducted on
both pristine and modified surfaces, for instance He implanted
ones [12, 13]. Most studies, both experimental and computa-
tional, have, however, been conducted on perpendicular irradia-
tion of the surface. Some studies have have been done with dif-
ferent incoming angles of the ion, but they have, as most others
also, focused on some low index tungsten surfaces [9, 10, 11].
In Ref. 15, simulations of W sputtering were carried out over
random surfaces, however, no comparison with low-index ones
or studies of the effect of the incoming angle were presented.
All materials manufactured for large scale practical appli-
cations will be polycrystalline, and therefore the surface will
have many random orientations, and only considering the low
index ones is not representative enough. Even though most of
the charged particles will hit the tungsten parts at perpendicu-
lar or almost perpendicular angles, there will be some coming
in at different angles, as well as neutrals that can hit the sur-
face at random angles [16]. It has also been seen that helium
irradiation of tungsten surfaces can create tungsten fuzz, with
will further roughen the surface and effectively change the in-
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coming angle to the charged particles [17, 18, 19]. Especially
the effect of random surface orientation has not been investi-
gated thoroughly previously. Here we study the effect of en-
ergetic particles hitting random surfaces at different angles and
study the effect of both factors. We investigate the light element
helium at four different energies and the heavier argon also at
four different energies, to obtain the sputtering yield of tung-
sten of random surface orientation at different incoming angles.
Ten random tungsten surfaces are investigated at all incoming
angles and the results are compared to low index surfaces, in
our case the [00 1], [0 1 1] and [1 1 1] surfaces. The channeling
maps of tungsten for the investigated elemental irradiations are
also calculated and correlated to the obtained sputtering yields.

2. Methods

2.1. Channeling Maps

We obtained maps showing the degree of channeling for all
crystal directions following the procedure introduced in Ref.
20. Briefly, molecular dynamics range calculations in the re-
coil interaction approximation were used to obtain the mean
range for any given incoming ion direction (6, ¢). The 0, ¢ val-
ues were scanned at 1-degree intervals from O to 89° and O to
90°, respectively. In the W crystal, which has cubic symme-
try, this is sufficient to obtain a picture of the channeling over
all nonequivalent crystal directions. To correspond to a typi-
cal experimental situation of ions incoming on a surface, the
range calculations are run allowing for ion reflection from the
surface. Directions in which all 3000 incoming ions were re-
flected do not give any meaningful mean range, and hence are
left blank in the channeling map plots.

2.2. Creating Random Surfaces

To simulate the sputtering yield of a randomly oriented W
surface, we formed random surfaces using the following method
[15]. First, we created a tungsten cube and rotated it randomly
using randomly selected Euler angles ag, B¢ and yg. The W
cube had a body-centered cubic structure, with a lattice con-
stant a corresponding to 300 K in the Marinica et al. potential
[21]. The angle Bz was weighted by cos™!(2u) to correctly ac-
count for the randomness in 3D (u is a random number between
Oand 1).

A hemisphere with the radius, ry, of 35 A was cut out of the
rotated cube and it was simulated in three different radial lay-
ers. A region from the center of the hemisphere to r; — 10A
was simulated in the NVE ensemble, to correctly handle many-
body collisions caused by the incoming ion. In the middle re-
gion [ry — 10 A, ry — 3 A], the temperature of the atoms was
scaled with a Berendsen thermostat [22], to absorb the extra
heat added to the system by the kinetic energy of irradiating
ions. In the outermost region [ry — 3 A, rs], the W atoms were
fixed to prevent the cell from moving. After the creation of the
randomly rotated cell, it was first simulated once at 300 K for
10 ps without any ion bombardment to relax the surface.

2.3. Irradiation Simulations

In our simulations we used two different elements, as the ir-
radiating particles. Argon was chosen for its higher weight and
helium for its light weight and for its relevancy to fusion energy
production. Ar and He bombardments were initialized by plac-
ing the ion 7 A above the surface of the hemisphere. Ions were
chosen to hit in a random position inside a square bombard-
ment area, which was located at the center of the hemisphere.
The length of the edge of the bombardment area was 4a. To
hit inside the bombardment area with different incoming angles
6, the initial positions of the ions were corrected compared to
perpendicular bombardment. The incoming angle 6 is defined
compared to the perpendicular direction of the tungsten surface.

A total of 1000 incoming ions were simulated for each ran-
domly oriented surface and every ion was irradiating a pris-
tine surface. This bombardment was repeated for 10 different
randomly generated surfaces for each energy and incoming an-
gle. Same bombardments were also done for [00 1], [0 1 1] and
[111] surfaces, where only the azimuthal direction of the sur-
face was randomly chosen. These were constructed and relaxed
in the same manner as the random surfaces. Sputtering yields
were simulated for 11 different incoming angles 6 and 4 + 4
different bombardment energies, depending on the ion. The in-
coming angles were 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80°,
85°, 87°, Ar energies 85 eV, 100 eV, 150 eV and 200 eV, and
He energies 200 eV, 300 eV, 500 eV and 1000 eV.

Simulations were carried out using the molecular dynamics
code PARCAS [23]. We used the Marinica et al. potential for
interactions between W atoms and the ZBL potential [24] be-
tween the bombarding ion and W atoms. Electronic stopping
was ignored in Ar irradiations as the energies were low, but fac-
tored in for He irradiations. Channeling maps, see Fig. 2, show
that the mean range of He ions varies from 60 A t0 400 A in the
channeling directions, depending on energy. Because the ra-
dius of our simulation hemisphere is only 35 A, many He ions
pass through the hemisphere. It is possible that the He ion col-
lides with fixed W atoms at the bottom of the hemisphere and
bounces back through the surface of the hemisphere, giving un-
physical reflection yields. To estimate a magnitude of these
events, we measured the reflected He ions distance from the
surface at the end of the simulation. We assumed that in colli-
sion process with a fixed W atom, the total travelling distance
of the He ion from the surface of the hemisphere at the end of
the simulation is lower than the ones reflected directly from the
surface. We measured, how many He ions were under half of
the average reflected He ion distance from the W surface. High-
est rate was in perpendicular He 200 eV bombardment, where
4.22% of He ions were under the half of the average distance.
For higher energies, the rate started to diminish fast. However,
normal reflection process can also reduce the speed of He ions
significantly. By this estimation we get an upper limit to our
error caused by the small size of the hemisphere and we can
conclude that it does not drastically affect the obtained results.

2.4. Analysis
To analyze W sputtering yields and Ar and He reflection
yields, we used two different methods. The first method is a
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simple cut off procedure. Every W atom or ion (Ar of He),
whose position is 5.5 A (the cutoff of the potential) above the
surface of the hemisphere at the end of the simulation, is cal-
culated as a sputtered or reflected atom. The other method is
based on cluster analysis and is able to identify, whether W
atoms have formed a tip on the surface, and accounted for that.
In our simulations, we did not see a difference between the two
methods. The energy of incoming projectiles is too low to form
major W tips and craters on the surface.

We collected data from both incoming and outgoing angu-
lar dependences of sputtering and reflection yields. The average
sputtering and reflection yields are plotted as a function of the
incoming angle 6 from zero to 87 degrees. Data of the sput-
tering yield distribution of different outgoing angles of the ion
was also studied. Outgoing angle @ is measured same way as
incoming angle 6. There is an individual outgoing sputtering
and reflection yield distribution graph for every incoming an-
gle and energy. In these graphs, the sputtering and reflection
yields are plotted as a function of outgoing angle from zero to
90 degrees.

In every graph, the error of the average surface is calculated
with an assumption that the errors of individual surfaces are
independent. If the error of average random surface is 6R and
the error of individual surface is r, then

yzor

OR =
N

3. Results and Discussion

The Results and Discussion section is structured as follows:
In the first section the channeling maps of both incoming ele-
ments are presented. In the second section tungsten sputtering
yield is studied for the different surfaces as a function of incom-
ing angle; The third section describes the angular distribution of
the sputtered tungsten atoms. The sputtering yields and reflec-
tion yields per outgoing angular interval can be found in the
Supplementary material found online.

3.1. Channeling Maps

The channeling maps for argon and helium irradiation of
tungsten surfaces at different energies are presented in the Figs.
1 and 2, respectively. In the channeling map of Ar, Fig. 1, we
do not see a huge difference between the energies investigated.
Noteworthy is that the mean range in the deepest channeling
directions is only a few Angstréms, for Ar ions. In the chan-
neling maps of He, Fig. 2, we also see a similar trend between
the investigated energies. In contrary to the channeling maps of
Ar, there are certain clear channeling directions, the {1 00} and
{111} directions, whereas the {1 10} is not. The mean ranges
in the channeling directions are also must higher for He, on the
scale of hundreds of Angstréms.

3.2. Effect of Random Surface

To examine the impact of random surface orientations, the
average sputtering and reflection yields as a function of incom-
ing angle 6 for [001], [011], [11 1] and random surfaces are

Mean ion range of 85 eV Ar ions on W by angle

Mean ion range of 150 eV Ar ions on W by angle

(a) Ar 85 eV

Mean ion range of 150 eV Ar ions on W by angle

(b) Ar 100 eV

Mean ion range of 200 eV Ar ions on W by angle

Polar angle

(c) Ar 150 eV

Polar angle

(d) Ar200 eV

Figure 1: W channeling maps for Ar irradiation. To make the color scale se-
lection consistent, for each energy case, the minimum and maximum range for
polar angles below 55° was found, and these values where used as the minimum
and maximum of the color scale.

Mean ion range of 200 eV He ions on W by angle Mean ion range of 300 eV He ions on W by angle

&

Polar angle

(b) He 300 eV

Mean ion range of 1000 eV He ions on W by angle

Polar angle

(a) He 200 eV

Mean ion range of 500 eV He fons on W by angle

| ooy

Folar angie

(d) He 1000 eV

Polar angle

(c) He 500 eV

Figure 2: W channeling maps in He irradiation. To make the color scale
selection consistent, for each energy case, the minimum and maximum range
for polar angles below 55° was found, and these values where used as the
minimum and maximum of the color scale.
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presented. In all graphs, the random surface is an average of 10
randomly rotated surfaces. Similarly, low index surfaces are an
average of 10 corresponding index surfaces, which are rotated
randomly only in an azimuthal direction.

We first discuss the magnitude of the variation of individual
surfaces for the example case of 100 eV Ar on W. Fig. 3 shows
the results for all 10 individual surfaces in gray, their average in
black, and the low-index surfaces [001], [011] and [111] in
coloured lines. The results show that there are major variations
in the results for different randomly oriented surfaces. More-
over, the average over the 3 low-index surfaces clearly would
not become the same as the average over the random surfaces.
The same observation is on a general level valid for almost all
the cases studied in this paper, and the reasons to this difference
discussed in some detail below for several cases. For clarity
in the plotting, in most of the remaining plots the results for
individual random-oriented surfaces are left out of the plots.

05 100eV Ar

* — 001
*— 011
s =111
Individual random surfaces
» — Average over random surfaces

0.4 | E

)
]
i
]

W average sputtering yield

0 10 20 30 40 50 60 70 80 90
Off-normal incoming angle 6

Figure 3: Variation in sputtering yield of 100 eV Ar irraiation.

The average W sputtering yields for 85 eV, 100 eV, 150 eV
and 200 eV Ar irradiation are plotted in Fig. 4. We notice that
the surface orientation affects strongly the W sputtering yields
at 85 eV and 100 eV energies. The effect is most significant
for incoming angles between 20° and 60°. Simultaneously, the
sputtering yield of the random surface is almost a constant in
the same interval for the 85 eV bombardment. At low energies,
we also see a clear separation between incoming angles, where
the sputtering yield of each surface approaches zero. For 200
eV Ar bombardment, the relative differences between the sput-
tering yields of different surfaces are significantly smaller. Es-
pecially the sputtering yield profile of the [0 1 1] surface moves
closer to the others. Similarly the incoming angle, where the
sputtering yield approaches zero, shift closer together. In all
cases the overall shape of the graphs are similar. The sputtering
yield of the [0 1 1] surface is the first and the averaged random
surface is the last to approach zero at all energies. Interestingly,
the sputtering yield of the averaged random surface is clearly
lower than low index surface sputtering yields at small incom-
ing angles at 85 eV. However, this phenomenon does not occur
at other energies. A sudden disappearance of [00 1] surface

sputtering yield after incoming angles 50° at 85 eV and 60° at
100 eV is directly comparable with a channeling map Fig. la.
The channeling map shows that the mean range of Ar projec-
tiles is zero after 50°. This is also seen in the reflection yield
graphs, as all incoming Ar ions will be reflected after the same
incoming angles.
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Figure 4: Average W sputtering yield for Ar irradiation.

The reflection yields of Ar for the same simulations are
shown in Fig. 5. In the case of 85 eV and 100 eV, reflection
yields of low index surfaces are nearly identical to the reflec-
tion yield of the averaged random surfaces. Because of the low
energy of the incoming ion, there is not much variation in re-
flection yield due to different incoming angles. Only for the
incoming angle 6 = 87°, reflection yields of [00 1] and [11 1]
surfaces drop considerably. For higher energies, differences be-
tween surface orientations start to form. We see a clear growth
of reflection yield for all surfaces, when the incoming angle
grows. For 200 eV perpendicular bombardment 8 = 0°, reflec-
tion yield of [00 1] surface is higher than random, [0 1 1] or
[111] surface reflection yields. According to the Ar 200 eV
channeling map Fig. 1d, the [0 0 1] direction is a stronger chan-
neling direction than [0 1 1] or [1 1 1] directions, and therefore
its reflection yield should be lower. This seems a surprising
result, because a similar behaviour does not happen in He bom-
bardments. As seen in the Ar channeling map, the highest mean
range in channeling directions is only a couple of Angstroms,
which may cause the different behaviour, compared to hundreds
in the case of He irradiation.

Tungsten sputtering yields for He irradiation at 200 eV, 300
eV, 500 eV and 1000 eV are illustrated in Fig. 6. In the case of
200 eV, W sputtering occurs very rarely (on average 1 sputtered
atom per surface orientation) and large errors make it infeasible
to compare sputtering yields between different surfaces. We ex-
clude it from our analysis and focus on the rest of the energies.

For perpendicular bombardment, the W sputtering yields
of [00 1] and [1 1 1] surfaces are clearly lower than sputtering
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Figure 5: Average Ar reflection yield for Ar irradiation.

yields of [0 1 1] and random surfaces. This is seen at all ener-
gies, but the relative difference is largest for 300 eV ions. The
300 eV channeling map, Fig. 2b, shows that [00 1] and [11 1]
are channeling directions, but [0 1 1] is not. Therefore, the per-
pendicular bombardment into a channeling direction is linked to
a lower W sputtering yield. For the 500 eV and 1000 eV sim-
ulations, the W sputtering yield of averaged random surfaces
grows along the incoming angle 6, until 6 reaches a collapse
point of sputtering yield. For higher energy simulations, the
collapse of the sputtering yield of the random surface occurs at
a higher incoming angle and the sputtering yield drop is steeper.
This includes all energies from 300 eV to 1000 eV. There is also
a high peak around 6 = 70° in the sputtering yield of [00 1] sur-
face at 500 eV and in the sputtering yields of [00 1] and [0 1 1]
at 1000 eV.

An interesting detail of the 1000 eV He simulations is that
the sputtering yield of the averaged random surfaces does not
reach a zero value at 8 = 87° or even at 6 = 85°. For all other
energies, the random surface sputtering yield is zero at 6 = 87°.
It turns out that there is only one random surface out of ten,
which has non-zero sputtering yield in the case of 6 = 87° at
1000 eV. Sputtering yield of this single random surface is ex-
tremely high and it raises the average random surface sputter-
ing yield apart from the zero value. Also at 6 = 85° there are
two non-zero sputtering yield surfaces, out of which one has a
high and the other a negligible sputtering yield. The shape of
these unusually high sputtering yield surfaces is illustrated in
Fig. 7. The color coding refers to height in the direction of sur-
face normal. From the figures we can see the edge in the center
of the simulation cell, where the ions have their impact point.
The tungsten atoms at this edge can easily, even at very small
angles, be sputtered away from the surface. This shows the
importance of simulating non-perfect non-low-index surfaces
when investigating the sputtering yields of different surfaces.

The reflection yields of all above He simulations are plotted
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Figure 6: Average W sputtering yield for He irradiation.

(a) 6 = 87°

(b) 0 =85°

Figure 7: Surfaces where high sputtering yields were seen for 1000 eV He
bombardment.

in Fig. 8. Every simulation is in agreement with the channel-
ing maps (see Fig. 2) at an incoming angle § = 0° bombard-
ment. For all energies, [00 1] and [1 1 1] surfaces are strongest
channeling directions and their reflection yields are the lowest
in perpendicular bombardment. Therefore, a strong channel-
ing direction indicates a lower reflection yield, and vice versa.
The effect of channeling direction can be also seen from the
[001] surface reflection yield changes as the incoming angle
grows. The most significant drop in reflection yield for all en-
ergies happens between incoming angles 40° and 50°. In the
channeling maps, the average [00 1] bombardment simulation
corresponds to an average mean range value with the same polar
angle as the incoming angle of the irradiating ion. Therefore,
the [1 1 1] channeling direction causes the drop of [00 1] sur-
face reflection yield at those incoming angles. The drop can be
also seen in He sputtering yield graphs, Fig. 6b-d.

3.3. Variations in outgoing angle

To study the outgoing angular distribution of sputtered W
atoms and reflected Ar or He ions, both yields were plotted as
a function of the outgoing angle a. The angle @ is measured in
the same way as the incoming angle 6, the spherical coordinate
from the normal of the W surface. Sputtered atoms are sorted
in bins and the sputtering yields of the bins are expressed in the
graphs. The 10° bin contains sputtered atoms whose outgoing
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Figure 8: Average He reflection yield for He irradiation.

angle is between 5 and 15 degrees. The width of the first and
the last bin is only 5 degrees. An outgoing angle graph was
produced for every energy and incoming angle. All graphs are
included in the Supplementary material. In the analysis, we
only focus on a few remarkable cases.

We notice from Fig. 9 that [001], [011] and [1 1 1] sur-
faces have nearly equal total sputtering yields in a perpendicular
85 eV Ar bombardment, but their outgoing angular sputtering
yield distributions are shifted apart from each other. When the
incoming angle is increased, total sputtering yields of different
surfaces changes according to the incoming angle graphs. Ev-
ery surface has its strongest outgoing sputtering directions in
the same outgoing angle « for all incoming angles. The ran-
dom surface has a wider outgoing angle spectrum than low in-
dex surfaces, but it does not have a clearly identifiable peak.
The spread of the sputtering yields for a single random surface
compared to the sputtering yield of the averaged surfaces is rel-
atively small in the perpendicular bombardment (the individual
random surface results are marked by light gray lines in the
graphs). When the incoming angle reaches 50°, we observe in-
dividual random surfaces with extremely high sputtering yields.
Many times these surface have one dominant outgoing angle a.
This phenomenon can be seen in Fig. 9b. Overall the out-
going sputtering angle distribution for Ar 100 eV, 150 eV and
200 eV irradiations are very similar to the 85 eV Ar irradiation.
Only the incoming angle, where single random surface sput-
tering yields start to differ from the averaged random surface
sputtering yield, shifts to a higher value.

For 200 eV and 300 eV He simulations, errors in sputtered
atoms outgoing angle distributions are too large to analyze the
results meaningfully. There may be only one sputtered atom
in a single outgoing angle bin. Outgoing angular distributions
for incoming angles 0° and 80° for 1000 eV He irradiation are
presented in the Fig. 10. For the perpendicular bombardment,
the sputtering yield of every surface is lower than for larger in-

N U e IO R L [ p———
s 85eV =0 = s [ 85eV 0=60 Pl
8014l Ar->W o— 8 014 b Ar->W °—
E @ == Average over random surfaces | € @ == Average over random surfaces
o2 8ozt
3 E}
§ o1f S o1
® o]
S 008 S 0.08
o o
2 006 | I 1 Soosf SR
2 4 2 t
£ 004t { Soost .
5 > =1 Y
oo ", V 1 oot i . §
i 4 ' 3 i H ]
00 R 0.0 o
0 10 20 3 40 5 60 70 8 90 0 10 2 3 40 5 60 70 8 90

Off-normal angle « of sputtered atoms (degrees) Off-normal angle « of sputtered atoms (degrees)

(a) Incoming angle 0° (b) Incoming angle 60°

Figure 9: Outgoing angular distribution of sputtered W atoms for 85 eV Ar
irradiation.

coming angles. Still, there are single random surfaces, which
sputtering yields are many times larger than low index surfaces
yields. The most dominant outgoing angles of low index sur-
faces are the same as in Ar simulations. However the incoming
angle, where the single random surface sputtering yields starts
to vary the most, is shifted to a value 80°, which can be seen in
Fig. 10b.
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Figure 10: Outgoing angular distribution of sputtered W atoms for 1000 eV He
irradiation.

The outgoing angular distribution of reflected Ar ions is
very similar for all investigated energies. At small incoming
angles, reflected Ar ions are rather evenly distributed between
both sides of @ = 40°. There is only minimal difference be-
tween different low index surfaces and independent random sur-
faces. Fig. 11a shows that this still holds for the incoming angle
60° in 85 eV bombardment, even though the distribution has
started to weight towards larger outgoing angles. When the in-
coming angle grows even more, a very sharp peak rapidly forms
to an outgoing angle @ = 80°, seen in Fig. 11b. Eventually
nearly all Ar ions are reflected at over 60° outgoing angles. For
all large incoming angles, single random surfaces differ from
low index surfaces in a sense that there is always some surfaces,
which have remarkable reflective yields in lower outgoing an-
gles directions.

The outgoing angular distribution of reflected He ions be-
haves the same way as Ar ions. Fig. 12 shows the outgoing
angular dependency of reflected He ions with same incoming
angles as in the Ar graphs. The most distinct difference be-
tween Ar and He results is that there are less single random sur-
faces, whose outgoing sputtering yield distribution differs from
the average random surface distribution.
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Figure 11: Outgoing angular distribution of reflected Ar ions for 85 eV Ar

irradiation.

Supplementary materials

All the sputtering and reflective yields per angular interval,
for all investigated energies, incoming angles and ions can be
found in the Supplementary online material. "ADD INTER-
NET LINK HERE”
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4. Conclusions

We have studied the sputtering of tungsten surfaces under
ion irradiation and focused of the effect of surface orientation.
The effect of random surface was investigated and compared to
commonly studied low index surfaces. We found some simi-
larities between the random surface and the others, but already
between different low index surfaces there are differences in the
magnitude of the sputtering yield. The average random surface
at almost all energies has a sputtering yield between the low
index surfaces at perpendicular or low incoming angle irradia-
tion. For the higher incoming angles, especially the ones close
to parallel to the surface we saw drastic changes. For instance
the averaged random surface always had higher sputtering yield
than the low index surface for high incoming angles. Also in
some cases the sputtering yield did not drop to 0, as for the
other cases, which was explained by the features on the spe-
cific random surface. The low index surfaces, and their sput-
tering and reflective yield, could be directly compared to the
channeling maps of the specific configuration, and clear corre-
lations could be seen. We saw a decrease in both sputtering
yield and reflective yield in the strongly channeling directions,
compared to incoming angles close to the channel. The outgo-
ing angle of both the sputtered tungsten atoms and the reflected
ions was measured in angular intervals, which could be directly
compared to experiments. This study showed a different pro-
file for the different low index surfaces and also for the random
one, where the low index surfaces usually showed a more de-
fined peak, whereas the random surface showed a much broader
peak.
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