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Simultaneous interaction of low-energy ions and atomic hydrogen—a process named chemical sputtering—
causes erosion of C:H surfaces which is significantly higher than the sum of the individual processes—chemical
erosion due to atomic hydrogen alone and physical sputtering due to ions. Above that, this process occurs also at
energies below the threshold for physical sputtering. A microscopic reaction mechanism for chemical sputtering
was recently suggested. A mathematical model based on this reaction mechanism is able to quantitatively
reproduce the energy dependence of chemical sputtering by atomic hydrogen and argon using just one free
parameter. The model is briefly reviewed and the underlying physical processes are discussed. We present new
predictions for the chemical sputtering of carbon by atomic hydrogen and different ions relevant to plasma–wall
interaction in nuclear fusion devices (He+, H+, D+, T+, and Ne+) and new experimental data for the chemical
sputtering due to hydrogen and Ne+ ions.
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I. INTRODUCTION

For the time being, one of the most crucial plasma–wall-
interaction issues for a next-step device such as ITER is tri-
tium retention. The actual ITER design uses beryllium for the
main chamber wall and carbon as well as tungsten in the di-
vertor [1]. For this choice of materials, tritium co-deposition
with eroded carbon is expected to be the dominant tritium re-
tention mechanism. This holds even for the planned scenario
that only a small fraction of the total wall area, more precisely
the divertor strike zones, are made of carbon [1].

The process of tritium retention in redeposited layers can
roughly be separated into three steps: (i) erosion, (ii) transport
through the boundary plasma, and (iii) surface reactions of
neutral carbon carrying species at remote surface areas. This
paper deals with the first step, the erosion process which leads
to the production of volatile hydrocarbon species through in-
teraction of the plasma species with carbon surfaces. The most
important plasma species in this context are energetic particles
(ions and neutrals) and hydrogen atoms.

It is well known from a large number of experimental in-
vestigations that the combined interaction of atomic hydrogen
and energetic ions or the sputtering with hydrogen ions leads
to enhanced sputtering yields (see e.g. [2] and references
therein, [3, 4]). This process is often referred to as ‘chemi-
cal erosion’, but this name may be misleading because it is
also used for the thermally activated chemical erosion due to
atomic hydrogen alone.

Recently, Hopf et al. [5, 6] investigated the combined in-
teraction of argon ions and H atoms with plasma-deposited
hydrocarbon layers in the low-energy region (20–800 eV).
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Like other researchers before [2], they found a significantly
enhanced erosion yield compared with the sum of the indi-
vidual processes—physical sputtering due to ion bombard-
ment and chemical erosion due to hydrogen atoms. Erosion
due to the combined interaction of reactive neutrals and en-
ergetic ions was named chemical sputtering according to the
definition given by Winters and Coburn [7]. Based on a mi-
croscopic model Hopf et al. devised a framework for under-
standing chemical sputtering of carbonaceous surfaces which
allows for a quantitative description of the observed energy
dependence [6]. This paper presents new data using Ne+ ions
and an extrapolation of the model to other ion species rele-
vant to the plasma–surface interaction in nuclear fusion de-
vices such as He+, H+, D+, and T+.

II. EXPERIMENTAL

Experiments were carried out in the MAJESTIX device
at IPP Garching. A detailed description of the experimental
setup and applied techniques is presented in Ref. [8]. In short:
MAJESTIX is an ultra-high-vacuum-based particle-beam ex-
periment to study heterogeneous surface reactions relevant to
plasma–surface interaction processes. The experiment com-
prises two radical beam sources and a source for low energy
ions. Erosion rates are determined using real-time in situ el-
lipsometry. The fluxes of the radical beam sources are ab-
solutely quantified for the production of hydrogen atoms and
methyl radicals. The ion source allows to produce quantified
ion beams for a wide variety of ionic species, e.g. He+, Ne+,
Ar+, H+, H+

2 , and H+
3 . Ion energies from above 1 keV down

to below 10 eV are achievable. The setup allows us to investi-
gate heterogeneous surface processes of one single species or
the simultaneous interaction of up to three different, individ-
ually controllable species with a surface of interest. Running
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the radical sources to produce hydrogen and methyl radicals
and the ion source with the mentioned ions, microscopic sur-
face processes relevant for deposition and erosion of hydro-
carbon layers in low-pressure gas discharges can be studied
in great detail [9]. In the experiments described in this pa-
per only two sources are used, the ion source and one radical
source to produce atomic hydrogen.

III. RESULTS AND DISCUSSION

A. Chemical sputtering due to combined exposure to Ar ions
and atomic H

Recently, Hopf et al. [5, 6] investigated erosion of amor-
phous hydrogenated carbon (a-C:H) films due to combined
Ar+ ion and thermal atomic hydrogen atom impact. A hard
a-C:H film was exposed to either one of the beams alone or
to the combined Ar+ ion and H atom beams. The resulting
erosion rates were measured in situ by real-time ellipsometry.
The corresponding erosion yields were calculated by normal-
izing the measured rates to the ion flux density which was be-
tween 3× 1012 and 4× 1012 cm−2 s−1. The hydrogen atom
flux density was ∼ 1.4 × 1015 cm−2 s−1. The experiments
were performed at a surface temperature of about 340 K for
technical reasons (see [8]).

Figure 1 shows the erosion yield as a function of ion energy.
As all experiments involving ions were performed at approx-
imately constant ion flux density, the yields on the left-hand
scale correspond roughly to the rates given on the right-hand
scale. The squares show the erosion by ions only. Physical
sputtering is observed at energies of 200 eV and above. Be-
low these energies the resulting rates are too low to be reliably
detected in the experiment. For comparison, Monte Carlo cal-
culations were performed with the computer code TRIM.SP
[10] for a C:H film with an H/(H+C) ratio of 0.3 using a sur-
face binding energy of Esb = 2.8 eV. This value was found to
describe physical sputtering of our films with Ar+ [5, 6], Ne+,
He+ [11], and N+

2 [12] ions very well. In an earlier publica-
tion [6], we used a surface binding energy of Esb = 4.5eV—a
typical value used to model the physical sputtering of tech-
nical graphites [13]. This value reproduces well the energy
dependence, but deviates from the data by about a factor of 2.
A better agreement with the data is achieved for Esb = 2.8eV.
The fact that a lower surface binding energy yields a better fit
of the data is plausible because we do not sputter a graphite
target, but an amorphous hydrogenated carbon layer.

The erosion rate caused by the atomic hydrogen beam alone
is shown as dashed line in Fig. 1. Since in the absence of
ion bombardment it makes no sense to define an erosion yield
(per ion) we cannot compare the erosion yields, but we can
compare the erosion rates (right-hand scale). The erosion rate
for a hydrogen flux density of ∼ 1.4× 1015 cm−2 s−1 at the
substrate temperature of T = 340K is rather small. It is similar
to the rate for argon sputtering at 400 eV. For the used H atom
flux density, the measured erosion rate of ∼ 9×1011 cm−2 s−1

results in an erosion yield per H atom (not per ion as the other
yields in Fig. 1) of 6.4×10−4. We note that the above erosion

FIG. 1: Energy dependence of the erosion yield Y (Ar+) of physical
sputtering of a C:H film by Ar+ ions (�) and the yield Y (Ar+|H)
for chemical sputtering by a simultaneous flux of Ar+ ions and H
atoms (•). The dash-dotted line shows the carbon physical sputtering
yield as calculated by TRIM.SP [10] for sputtering by argon ions
(Esb = 2.8eV). The solid line is the result of the chemical sputtering
model by Hopf et al. [6]. The dashed line shows the absolute erosion
rate (right-hand scale) by the applied flux density of H atoms only
(1.4×1015 cm−2 s−1, atom-to-ion flux ratio ∼ 400, T = 340K).

rate for the atomic hydrogen flux density is higher than that
given in [6]. This is due to a new, more precise determination
of the erosion rate and leads to an accordingly higher erosion
yield for atomic hydrogen.

If both beams simultaneously interact with the film, the
resulting erosion rate greatly exceeds the sum of physical
sputtering and thermal chemical erosion; clearly a synergis-
tic mechanism is active—chemical sputtering. The chemical
sputtering yield decreases with decreasing energy. At the low-
est energy being used, 20 eV, the measured rate is, however,
still a factor of 2 higher than the rate for pure chemical ero-
sion by the hydrogen flux alone. For the case of simultaneous
bombardment (H atoms and Ar+ ions at 200 eV) the yield per
H atom increases from 6.4 × 10−4 (no ions) to 3.5 × 10−3.
In other words, the reactivity of the surfaces towards reaction
with atomic hydrogen is increased by a factor of 5.

This general result resembles the findings of erosion exper-
iments applying energetic hydrogen isotopes [2, 14], but in
contrast to them a clear decrease of the yield with decreasing
ion energy is observed in our case. This difference is most
probably due to the fact that we use two separate beams. The
physical interaction with the surface is controlled by the im-
pinging noble gas ion beam, while the chemical reactions are
determined by atomic hydrogen. Changing the energy of the
ion beam we can change the physical interaction while keep-
ing the number and range of chemically reactive species con-
stant. In doing so, we can to a certain extent separate chemical
and physical effects. This is not possible in classical ion beam
experiments using reactive ion beams [2, 14]. Here chem-
ical and physical effects are interconnected. For example,
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the main interaction zone shifts with increasing ion energy to
deeper layers while in our experiments the chemical reaction
is restricted to the surface-near layer. In fact, the chemical
sputtering model can also be extended to the case of reactive
ion beams [15]. Further, it should be kept in mind that in our
experiment the atomic hydrogen flux density is much higher
than the ion flux density.

B. Model for chemical sputtering

Hopf et al. [5, 6] proposed the following mechanism for
the chemical sputtering of a-C:H: (i) incident ions break C–
C bonds within their penetration range leaving behind dan-
gling bonds. (ii) Atomic hydrogen, which is known to pen-
etrate roughly 2 nm into a-C:H [16, 17], passivates the dan-
gling bonds before they recombine otherwise. (iii) Repetition
of steps (i) and (ii) finally leads to the formation of volatile
hydrocarbons below the surface which diffuse to the surface
and desorb. The latter process is thermally driven. The pro-
posed mechanism is also able to explain a couple of findings
in the literature as discussed in [6].

Based on this microscopic model of the chemical sputtering
mechanism a model was devised which allows to calculate the
energy dependence of the Ar+|H experiment in Fig. 1 (circles)
[5, 6]. The chemical sputtering yield is given by the integral
over two depth-dependent factors: (i) the yield ybb(x)dx at
which ions break C–C bonds in an interval dx at a depth x
below the surface and (ii) the probability ppass(x) of the pas-
sivation of dangling bonds by atomic hydrogen.

The yield ybb(x,E) is determined from TRIM.SP [10] cal-
culations for a given ion energy E counting the number of
events where in a binary collision at least an energy Ebb is
transferred to a carbon atom in the film. Ebb is the minimum
amount of energy that has to be transferred to a target carbon
atom to break a C–C bond. It is chosen within the range of
typical C–C bond energies in hydrocarbon molecules as 5 eV.
Altogether one obtains

Y = a
∫

yC
bb(x) exp(−x/λ )dx , (1)

where a is a scaling factor. For ppass(x) we choose an expo-
nential term with a characteristic length of λ = 0.4nm (see
[5, 6]). The model curve is presented in Fig. 1 as solid line us-
ing a = 0.4 as scaling factor. Obviously the agreement is very
satisfying. With one one free parameter, the model correctly
describes the experimentally observed energy dependence.

The dependence on the relative H/ion flux was investigated
and discussed by Hopf et al. [6]. It was shown that a much
higher atomic hydrogen flux density compared with the ion
flux density is required to achieve maximal chemical sputter-
ing yields. In the Ar+|H experiment described in Sect. III A,
the ratio of neutral hydrogen to argon ions was 400 [5, 6] and
even higher flux ratios are required for saturation of the pro-
cess.

FIG. 2: Depth distributions of the bond-breaking yield yC
bb in hard

a-C:H (H/(H + C) = 0.3) at an energy of 200 eV calculated by
TRIM.SP for different projectiles.

C. Model predictions for other ion species

Examples of the depths distributions of the carbon displace-
ment yield yC

bb used to calculate the chemical sputtering yield
according to Eq. (1) for different atomic ions as projectiles are
shown in Fig. 2. Calculations were performed by TRIM.SP
[10] for atomic ions impinging on a typical hard a-C:H layer
with a hydrogen content of 0.3 (H/(H+C)) [18] using a car-
bon bond-breaking energy EC

bb = 5eV. Hydrogen isotopes
have the largest range, but a relatively low displacement den-
sity (number of displacements per depth interval). At the used
energy of 200 eV they penetrate about 10 nm. The range of
He ions is about 6 nm, but the displacement density close to
the surface is about a factor of 5 higher. The range for Ne
ions is about 2.5 nm with an even higher displacement density
close to the surface. The depth distributions for Ar and Kr are
very similar to those of Ne. If we keep in mind that atomic
hydrogen can penetrate only about 2 nm, it is obvious that the
different depth distributions presented in Fig. 2 lead to very
different chemical sputtering yields.

The interaction of the projectiles with the target atoms is
governed by three factors: Firstly and most importantly, the
dependence of the scattering cross section on the nuclear
charge of the projectile (∼ Z2 for simple Coulomb scattering).
Secondly, the depth distribution is influenced by the stopping
power which increases with Z. Thirdly, the maximum trans-
ferable energy in a binary collision which is determined by
T = E0 · 4M1M2/(M1 + M2)

2 that depends on the mass ratio
of projectile and target mass M1 and M2, respectively. The
large difference between the different species plotted in Fig. 2
is mostly due to the different scattering cross sections. The in-
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FIG. 3: Calculated chemical sputtering yields according to Eq. (1)
assuming a = 0.4 (lines) for H+, He+, Ne+, and Ar+. The measured
yields for Ar+ (◦) are shown for comparison.

fluence of the maximum transferable energy can best be seen
comparing the depth distributions for H, D, and T. Here the
nuclear charge is identical, but the masses differ. With in-
creasing mass it becomes easier to transfer energy to the car-
bon target atoms (T increases from hydrogen to tritium) and
hence the displacement density increases.

Based on these depth distributions for the carbon displace-
ment yield, the chemical sputtering yield for H+, He+, Ne+,
and Ar+ ions is calculated. It is presented in Fig. 3 together
with the measured data for Ar+. For all cases a normalization
factor a = 0.4 was used. As anticipated from the previous dis-
cussion, the chemical sputtering yield increases significantly
with increasing nuclear charge of the ions. From H to Ar it in-
creases by more than one order of magnitude. It is interesting
to note that, according to these predictions, the yield for neon
and argon is almost identical. Obviously, the higher stopping
power and scattering cross section of argon are compensated
by the higher maximum transferable energy in neon–carbon
collisions (TNe = 0.938E0, TAr = 0.710E0).

In Fig. 4, the model results for the species most relevant
for a fusion device, namely H+, D+, T+, and He+ are shown.
With increasing mass of the projectile, the chemical sputter-
ing yield increases. For H+, D+, and T+ the maximum yield
occurs around 100 eV. At this energy the calculated yields be-
have as 1 : 1.8 : 2.3. At lower energies the relative increase is
even higher. The significant increase of the yield between T
and He is due to the dependence of the nuclear scattering cross
section on the nuclear charge Z. The isotope effect for H and
D predicted by the model is well known in the literature. In
ion-beam experiments, using H+ and D+ only (no additional
atomic H), the yield due to D+ impact is about a factor of 1.5
to 2 higher than that for H+ [2, 14, 19–22]. Similar enhance-
ment factors are found in plasma experiments where ions and
atoms interact simultaneously with the surface [23, 24]. It

FIG. 4: Calculated chemical sputtering yields according to Eq. (1)
(a = 0.4) for H+, D+, T+, and He+. The differences of the yields
for H, D, and T are merely due to the differences of the maximum
transferable energy which allow a larger energy transfer to carbon
atoms with increasing projectile mass. The significant increase of
the yield between T and He is due to the dependence of the nuclear
scattering cross-section on the nuclear charge Z.

is interesting to note that the much higher calculated chemi-
cal sputtering yield of Ne compared with D (compare Figs. 3
and 4) is in accord with the observation by Wampler et al.
[25] that detachment by injection of neon in the DIII-D diver-
tor leads to a much stronger carbon erosion as compared with
deuterium. It is further obvious from Fig. 4 that the erosion of
carbon due to chemical sputtering in a future nuclear fusion
device using a D/T mixture will be higher than that measured
in present machines using D/H mixtures as operating gas. The
yield will increase further if helium or other extrinsic impuri-
ties will constitute a substantial contribution to the energetic
particle flux to the surface.

D. New data for neon

Identical experiments as those presented in Fig. 1 for argon
were performed using neon ions. The ion flux density for this
experiment was between 3.8× 1012 and 4.7× 1012 cm−2 s−1.
The hydrogen atom flux density was ∼ 1.4× 1015 cm−2 s−1,
so that the ratio of H to ion flux is about 350. The ex-
periments were performed at a surface temperature of about
320 K. The results are shown in Fig. 5. As for argon,
physical sputtering by neon ions alone is well described be
TRIM.SP calculations. Thermally induced chemical erosion
due to atomic hydrogen alone leads to an erosion rate of
about 9×1011 carbonatomscm−2 s−1 (dashed line, right-hand
scale). Simultaneous interaction of both species with the
surface causes chemical sputtering with a yield being much
higher than the sum of the yields of the individual species.

4



W. Jacob et al. ‘Chemical sputtering of carbon materials . . . ’ Published with Physica Scripta: Phys. Scr. T124 (2006) 32–36

FIG. 5: Same as Fig. 1 but for neon ions (H atom flux density ∼
1.4×1015 cm−2 s−1, atom-to-ion flux ratio ∼ 350, T = 320K).

The experimental data show an excellent agreement with the
predictions of the chemical sputtering model (Eq. (1)) using
the same normalization factor a = 0.4. This gives remarkable
support to the model. As shown in Fig. 3, neon ions give rise
to a very similar chemical sputtering yield as argon ions.

IV. SUMMARY

Chemical sputtering processes in the system hydrogen and
carbon were studied in an UHV-based system working with

well-defined, quantified particle beams. For the experiments
presented in this paper, two species were used simultaneously:
neutral atomic hydrogen and one species of low-energy ions
(Ar+ or Ne+).

A microscopic model for chemical sputtering was discussed
which is able to quantitatively reproduce the energy depen-
dence of chemical sputtering by atomic hydrogen and arbi-
trary ions. The erosion yield of a specific ion is determined by
the ability of this ion to break carbon–carbon bonds in the top
surface layer of about 2 nm. This bond-breaking efficiency
is determined by the mass and the nuclear charge of the pro-
jectile and can be computed with simulation codes such as
TRIM.SP. The mass dependence of the bond-breaking effi-
ciency is the reason for the observed isotope effect, i.e., a sig-
nificantly higher yield for deuterium ions compared with pro-
tium ions. For excess supply of atomic hydrogen the chemical
sputtering yield (eroded carbon atoms per incident ion) can
reach very high values compared with simple physical sput-
tering. For example, the chemical sputtering yield using ar-
gon ions at 200 eV saturates around 3 ( jH/ jAr > several 100),
while the measured physical sputtering yield is about 0.1. On
the other hand, if we calculate the yield per impinging atomic
hydrogen atom, the yield per H atom increases by a factor
of 10 compared with simple thermally induced chemical ero-
sion. This can be interpreted such that additional ion bom-
bardment significantly enhances the reactivity of the surface
towards reaction with atomic hydrogen. Model calculations
for the chemical sputtering of carbon by atomic hydrogen and
different ions relevant to plasma–wall interaction in nuclear
fusion devices were presented.
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