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Abstract

Laboratory experiments were carried out as part of the preparations of an oxygen glow discharge cleaning experiment in ASDEX
Upgrade. They aimed at evaluating the effect of mixing the oxygen with helium, the collateral damage caused by the glow discharge,
as well as the influence of impurities in the films being eroded. Oxygen concentrations below 20% in helium are sufficient to achieve high
erosion rates. The discharge can lead to the formation of oxide layers on surfaces which – as demonstrated for tungsten – can be rapidly
reduced by post-treatment in a hydrogen discharge. For carbon, aluminum and iron the physical sputtering yield may become similar to
the erosion yield of redeposited layers, but it is by more than one order of magnitude smaller for tungsten. Using a-B:C:H films with
varying boron content, it was found that impurities can cause the erosion rate to drop by orders of magnitude.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The present selection of first wall materials in ITER
includes carbon fibre composite (CFC) at the divertor
strike points. With this choice, erosion and redeposition
of carbon accompanied by codeposition of hydrogen iso-
topes is expected to be one of the dominant tritium reten-
tion mechanisms [1–3]. As there will be strict safety
limits, control of the tritium inventory will be mandatory.
To this end, techniques for regular tritium removal are
urgently required [1–3]. As one among several options
[1,4], oxygen glow discharges have been proposed [5,6] as
a means of detritiation. The technique was tested in several
tokamaks [7–10].

The erosion of carbon in oxygen plasmas is a standard
method for etching processes in semiconductor fabrication
[11–13] as well as the cleaning of surfaces from carbon
impurities [14,15]. Landkammer et al. [16,17] and Jacob
et al. [6] systematically studied the erosion of amorphous
hydrocarbon films (a-C:H) in oxygen plasmas. Their major
results were: The achievable erosion rates in an oxygen
plasma are by far higher than the rates expected from phys-
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ical sputtering and high compared with hydrogen plasmas.
The erosion rate increases with substrate temperature, but
this dependence is rather weak in the range between 300
and 625 K, meaning that no elevated temperatures are
required for satisfactory efficiency. The erosion rate also
increases with ion energy, which was varied by varying
the substrate bias voltage. By using different mixtures of
oxygen and noble gases they showed that the composition
of the ion flux to the surface – i.e., the ratio of oxygen to
noble gas ions – has only a minor effect on the rate as long
as the supply of neutral oxygen is sufficient. Landkammer
and Jacob concluded from their results that oxygen plasma
erosion of carbon is a two-step process in which energetic
ions damage the surface and predominantly neutral oxygen
species react to form CO, CO2, H2O and H2. Vietzke et al.
[18] first demonstrated the existence of a synergism between
energetic ions – in their experiment Ar+ – and molecular
oxygen. This synergism was recently investigated more
thoroughly by Hopf et al. [19]. The latter results are an
indication that O2 might be the most important chemically
reactive species in low-temperature oxygen plasma erosion
of carbon.

The major advantages of low-temperature oxygen
plasma cleaning in a tokamak are that – as opposed to
the thermal combustion of the redeposited layers in oxygen
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– no elevated temperatures are required, that simple means
of plasma generation can be used such as DC [7,10,20] or
ion cyclotron resonance [9,21,22] glow discharges and that
high rates are achievable. The mentioned laboratory stud-
ies focussed on the erosion of laboratory-deposited a-C:H
under controlled conditions. In addition, a number of
issues are especially relevant to the application in a
tokamak:

1. For a number of reasons, mixtures of He/O2 are pre-
ferred in DC glow discharges in tokamaks. The erosion
rate will depend on the mixture ratio.

2. Redeposited layers in tokamaks are not well-defined
amorphous hydrogenated films like those produced
under controlled laboratory conditions, but contain
varying amounts of impurities and may be structurally
different, which can have influence on the erosion rate.

3. The interaction of the oxygen-containing glow discharge
with the first wall may have side effects such as excessive
retention of oxygen, collateral damage on as sensitive
parts as diagnostic mirrors, etc.

These issues will be addressed in the present article.

2. Experimental

Two different plasma chambers were used for the exper-
iments. One was an electron cyclotron resonance (ECR)
plasma setup [16]. An ECR discharge is generated in a
cylindrical metallic cage inside the vacuum chamber. The
plasma expands toward the sample holder through a hole
in the bottom plate of the cage. An additional DC self-bias
of up to �400 V can be achieved at the sample holder by
applying a capacitively coupled RF voltage.

Using hydrocarbon gases for plasma generation, amor-
phous hydrogenated carbon films (a-C:H) can be deposited
with varying properties from so-called soft to hard films
[23]. These films are used to study their erosion in oxy-
gen-containing plasmas in the same device.

Provided the sample is reflective (usually a silicon wafer
is used as substrate), erosion and deposition can be moni-
tored by real-time in situ ellipsometry at a wavelength of
632.8 nm yielding information on erosion and deposition
rates as well as optical properties of the films. Advantages
of the ECR setup are the wide range of accessible discharge
parameters, i.e. pressure, gas mixture ratios, substrate bias,
etc., and the in situ rate measurement. Additional diagnos-
tics such as residual gas mass spectrometry and optical
emission spectroscopy can be attached if required. Details
of the setup can be found in Ref. [16].

In parallel, experiments were carried out in a device
which resembles the glow discharge configuration of
ASDEX Upgrade and allows to introduce used ASDEX
Upgrade tiles which carry redeposits as specimens. The
chamber has a total volume of �0.5 m3. The anode, which
is of the same design as the glow discharge anodes in
ASDEX Upgrade, is a rod of 45 cm length. A grounded
shield between the anode and the neighboring parts of
the vessel wall avoids local discharges. The whole wall
serves as cathode. The power supply provides a maximum
of 2 A discharge current at typical discharge voltages of
200–400 V. The setup is also equipped with a differentially
pumped residual gas analyzer. Visual inspection of the tiles’
front surface is possible through a window. We refer to this
setup as GDCC (glow discharge chamber) in this article.

3. Cleaning efficiency in O2/He mixtures

Helium with an admixture of a comparatively small
amount of O2 is preferred to pure O2 as feed gas in DC
glow discharges for the following reasons. When using
oil-sealed rotary vacuum pumps the oxygen concentration
in the pumped gas is a safety issue. Apart from that, the
stability of a DC glow discharge sets an upper limit to
the oxygen concentration. In the GDCC setup, we found
that 100% O2 DC discharges can hardly be ignited and can-
not be sustained over extended periods of time. The oxygen
concentration limit seems to depend on wall condition and
is very often below 10%. Helium is primarily chosen due to
its small mass which causes less physical sputtering as com-
pared with heavier noble gases. To find good operational
parameters, we studied the influence of the O2/He mixture
ratio on the erosion rate.

In order to be able to access the full range of oxygen
concentrations, the experiment was carried out in the
ECR setup. Soft or hard a-C:H films were deposited on sil-
icon wafers from a methane plasma with the substrate at
floating potential (several volts negative with respect to
the plasma) or based to �300 V, respectively. Afterwards,
the several hundred nanometer thick films were eroded in
a plasma of a mixture of helium and oxygen, and the var-
iation of the film thickness was monitored by in situ ellips-
ometry. During erosion all external parameters except the
He/O2 mixture ratio were kept constant at a total pressure
before plasma ignition of 0.5 Pa, 150 W microwave power
and a substrate bias voltage of �400 V. The chamber was
constantly pumped during the experiment and the gas flows
/i – controlled via mass-flow controllers – were adjusted to
result in a total pressure of 0.5 Pa and the desired oxygen
flow fraction R ¼ /O2

=ð/O2
þ /HeÞ. By mass spectrometry,

R was found to be roughly equal to the ratio
pO2

=ðpO2
þ pHeÞ of partial pressures with a maximal devia-

tion of 0.05 at R � 0.5.
Fig. 1 shows the resulting erosion rates as a function of

R. For both types of films, there is a huge difference of
about two orders of magnitude between physical sputtering
in a pure He discharge (R = 0) and chemical sputtering in
O2 plasmas at sufficiently high R. Interestingly, the erosion
rate saturates already at around 10% O2. This early satura-
tion is primarily a consequence of the fact that only as
much oxygen is needed as to be able to react at all ion-
induced damage sites [16,17]. In typical DC glow dis-
charges the ion flux density towards the surface will be even
lower compared with the ECR discharge. In the ECR



Fig. 1. Erosion rate of soft and hard a-C:H films in a He/O2 ECR plasma
with additional �400 V substrate bias as a function of the O2/(O2 + He)
gas flow ratio. The total pressure and absorbed microwave power were
held constant at p = 0.5 Pa and P � 150 W. The absolute rates for soft and
hard a-C:H films should not be compared because differently sized holes in
the bottom of the ECR cage were used for the two experimental series.

Fig. 2. Ellipsometric angles as measured during the erosion of an ASDEX
Upgrade redeposit on a silicon wafer (big open circles, appearing as thick
line) and as expected for erosion of a soft a-C:H film on Si (small, line-
connected solid circles). Between two neighboring points of the a-C:H
model curve there is a difference of the film thickness of 1 nm.
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discharge ion flux densities at the sample holder of several
1015 cm�2 s�1 were measured under experimental
conditions similar to ours [16], whereas the average ion flux
density in the GDCC chamber was approximately
1014 cm�2 s�1. Hence, the rate of damage production is
lower in the DC glow discharge. Thus, it is expected that
also less oxygen is required to react at these damage sites.
This in turn means that the erosion rate will saturate at
even lower values of R, however, at accordingly lower
rates. Indeed, during oxygen glow discharge cleaning in
ASDEX Upgrade the rate saturation was found around
0.4% [10].
Fig. 3. Scanning electron micrograph of a co-deposited film on a Si
collector substrate. The sample was broken across the middle prior to
microscopy and the resulting edge is shown in the picture. The film is
clearly visible on top of the underlying Si wafer. It exhibits a columnar
structure and high roughness.
4. Laboratory a-C:H versus tokamak redeposits

The experiments reported up to this point used labora-
tory-produced a-C:H films because they can be reproduc-
ibly prepared with predictable properties. The similarity
between a-C:H and tokamak redeposits is, however, lim-
ited as the redeposits typically contain varying amounts
of impurities and show structural differences. This is well
demonstrated by erosion of collector samples, i.e., silicon
wafer samples which had been installed in ASDEX
Upgrade beneath the divertor during the 2001–2002 cam-
paign and collected redeposited layers. For a description
of similar collector samples from the 2000–2001 campaign,
see Ref. [24]. The collector samples were eroded in the ECR
setup.

Fig. 2 shows the ellipsometry raw data during erosion of
one of the layers as large open circles. For comparison, a
model curve expected for the erosion of a soft labora-
tory-made a-C:H film is shown. It is immediately obvious
that the films are significantly different. The film was com-
pletely removed as the erosion curve ends where the ellips-
ometry signal for the clean Si substrate is expected. A
quantitative analysis of the ellipsometry data is not possi-
ble for the ASDEX Upgrade samples. However, we can
conclude that the films must be very rough, exhibit large
absorption for our laser wavelength of 632.8 nm and pos-
sess a layered structure. One film was also investigated by
scanning electron microscopy (SEM) prior to erosion.
The obtained image (Fig. 3) confirms the film’s high rough-
ness and columnar structure which is very different from
laboratory-produced a-C:H.

Time-resolved erosion rates could not be deduced from
the ellipsometry measurements of these samples. Neverthe-
less, averaged erosion rates can be calculated from the total
erosion times and the carbon areal densities of the co-
deposited films, which are known from ion-beam analysis.
The rates range from �3 · 1014 to �3 · 1015 cm�2 s�1 for
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different redeposited films. The corresponding rate for lab-
oratory-deposited a-C:H is �5 · 1015 cm�2 s�1 and thus
roughly a factor of 2–15 higher. Additionally, the temporal
evolution of the erosion rate can be roughly estimated from
the time trace (not shown) of the ellipsometry raw data in
Fig. 2. Erosion is initially fast, then drops to a reduced level
which is almost constant for some time and then becomes
especially slow in the end. Roughly 80% of the film are
eroded during 20% of the total time. Nevertheless, the
whole film is finally eroded. The general rate decrease with
time can tentatively be explained by accumulation of impu-
rities at the surface. In addition, the observation that the
rate drops mainly in two-steps suggests a layered structure.

For ASDEX Upgrade the removal of redeposited
hydrocarbon layers from tungsten-coated tiles is of high
relevance. Therefore, W-coated heat shield tiles with well
visible layers, removed from ASDEX Upgrade in August
2002, were exposed to the DC glow discharge plasma in
the GDCC device. Fig. 4 shows a direct comparison of
the condition of the surface before and after erosion.
Before mounting the tile in the vacuum chamber, a piece
from the lower right corner in Fig. 4 broke off and was left
outside the chamber during the experiment. The main part
of the tile was then cleaned for 30 h with an average ion
flux density of �1014 cm�2 s�1 at �300 V. The gas flows
were 2 sccm (standard cubic centimeters per minute) for
oxygen and 20 sccm for He resulting in a total pressure
of �7 · 10�3 mbar. The redeposited film – appearing dark
– was removed and the bright metallic appearance of the
tungsten surface was restored. A later examination of the
layers on similar heat shield tiles by 2.5 MeV 3He+ nuclear
reaction analysis showed, however, that they consisted
dominantly of boron, not of carbon. Hence, physical sput-
tering may have been their dominant erosion mechanism.

In order to quantify the erosion rates in the DC glow
discharge, the amount of carbon and boron on the tung-
sten coating of the chosen tile was measured by Rutherford
Fig. 4. Comparison of a tungsten-coated tile’s surface prior to and after
cleaning in a DC helium/oxygen glow discharge in GDCC. The lower right
corner broke off before plasma cleaning and was not exposed to the
discharge. It was glued to the tile again before taking the photograph. The
layer on the corner appears dark.
backscattering (RBS) analysis (2 MeV 4He+) before and
after exposure to the plasma in various surface locations.
The plasma cleaning time was chosen such that the layers
would not be completely removed. The discharge parame-
ters were adjusted to values similar to those of DC dis-
charges in ASDEX Upgrade with an ion flux density of
�1014 cm�2 s�1, �7 · 10�3 mbar total pressure and �10%
oxygen in helium. The resulting average erosion rate is
(1.1 ± 1.0) · 1013 C and B atoms cm�2 s�1, meaning that
it takes �100 h to erode one micrometer of ASDEX
Upgrade deposit. The erosion rate’s huge error represents
the large scatter of the change in film thickness observed
in the different measurement spots. This scatter probably
originates from two causes, firstly from spatial variations
of the film composition and, hence, real variations of the
erosion rate, and secondly from slight differences in the
positioning of the tile between the two RBS measurements
which may cause errors due to strong layer thickness gradi-
ents in various locations and directions.

Like the layers on the tiles removed from the inner heat
shield in 2002, the redeposited layers on tiles from the same
wall area removed at the time of the oxygen discharge
cleaning experiment in ASDEX Upgrade after the 2004/
2005 campaign [10] consisted mainly of boron with C/
(C + B) ratios between 0 and 0.4. Redeposits in future
machines with a mix of wall materials – beryllium, tungsten
and carbon in the case of ITER – will also be mixed layers
with other components beside carbon and hydrogen. The
oxygen discharge cleaning experiment in ASDEX Upgrade
showed no cleaning effect on the boron-dominated layers
[10]. Hydrogenated boron films exposed during oxygen
wall cleaning in TEXTOR also showed little erosion [25].

The effect of boron on the erosion rate was studied in a
laboratory experiment in more detail; a-B:C:H films with
B/(B + C) ratios between 0 and 1 [26] were eroded in an
ECR oxygen discharge at a substrate bias voltage of
Fig. 5. Removal rates of B and C atoms from a-B:C:H films as a function
of their composition in terms of the ratio B/(B + C) during exposure to an
oxygen discharge at a substrate bias voltage of 60 V.
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60 V. The total erosion rate, as shown in Fig. 5, dropped by
almost two orders of magnitude from pure a-C:H to pure
a-B:H films. It is interesting to note that the boron erosion
rate stays constant and carbon is eroded with it according
to the film stoichiometry. This result can be understood in
terms of impurity accumulation. Boron cannot be eroded
chemically by oxygen because boron oxide (B2O3) is not
volatile at normal working temperatures (melting point
450 �C and boiling point 1860 �C [27]). Hence, carbon is
preferentially eroded until a highly boron-enriched surface
is formed. The erosion rate is, therefore, limited by the rate
of B erosion which, in the absence of a chemically
enhanced erosion mechanism, is determined by the physical
sputtering yield. As even for low bulk B concentration an
almost completely B-covered surface will develop during
erosion, the B erosion rate CB will be independent of the
bulk B concentration. Only when boron is removed from
the surface new carbon can be eroded. The carbon erosion
rate CC in steady state is determined by the film stoichiom-
etry, i.e., CC = (C/B) Æ CB.
5. Cleaning efficiency on gap side walls

It is expected for ITER that a significant fraction of
redeposited carbon and co-deposited tritium will be found
in tile gaps [28]. It is therefore essential for the evaluation
of a cleaning method to assess its suitability to clean tile
gaps. For this purpose, tiles with well visible layers on
the side surfaces were mounted to form a tile gap of 3 or
5 mm width. They were then exposed to the erosion plasma
in the GDCC setup for a time interval approximately three
times as long as needed for complete cleaning of the front
surfaces. Afterwards the surfaces forming the gap showed
no change of the interference pattern compared with that
before. Obviously, the technique does not succeed in clean-
a b

Fig. 6. Oxygen areal densities measured by NRA after treatment of polished
exposure to a He/O2 discharge at �200 V (a) and �400 V (b) bias as a function
at the same bias voltage after exposure to the He/O2 discharge (circles). The a
ing narrow gaps, most probably because the ion bombard-
ment is not sufficient. However, it must be kept in mind
that the layers contained large concentrations of boron,
so that erosion was driven by physical sputtering of the
boron top layer and hence by ion bombardment.
6. Collateral damage

6.1. Retention of oxygen

Oxygen is a highly unwanted impurity in fusion plas-
mas. Hence, oxygen-containing glow discharges in a fusion
experiment might raise concerns about the retention of
oxygen due to implantation and formation of oxides with
the first wall materials. In ASDEX Upgrade the material
covering most of the glow-discharge-facing area is tung-
sten. Therefore, we studied the oxidation of tungsten in
oxygen plasmas and its reduction by hydrogen plasma
post-treatment.

Two different types of tungsten samples were used:
1 · 1 cm2 polished solid tungsten pieces and pieces of tung-
sten-coated graphite. The latter samples were cut from test
coatings produced by Plansee for ASDEX Upgrade. The
layers, deposited by PVD on graphite, were �1 lm thick.
In each experimental run two samples, a polished and a
coated one, were treated simultaneously. Oxidation was
carried out in the ECR device. An ECR plasma was ignited
in a mixture of 80% He and 20% O2 and an additional bias
voltage of �200 or �400 V was applied to the substrate
holder in order to obtain ion energies similar to those in
an ASDEX Upgrade DC glow discharge. Some samples
were afterwards treated with a pure hydrogen discharge
at the same bias voltage.

The oxygen areal density was measured by nuclear reac-
tion analysis with 2.46 MeV 3He. A SiO2 film of known
solid tungsten (solid symbols) and tungsten coatings (open symbols) after
of exposure time. Some samples of each type were treated with a H2 plasma
rrows symbolize the history of these samples.



Fig. 7. XPS depth profiling of the polished tungsten samples oxidized at
�200 V bias. The raw signal intensities are shown in arbitrary units as a
function of the sputter time and depth, respectively.
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thickness on Si was used as calibration sample. Fig. 6(a)
shows the results of oxidation at �200 V. Both the polished
and the coated samples show a clear increase of the oxygen
density with increasing time of exposure. However, the O
density only increases by a factor <5 compared to the
untreated sample and starts to saturate after �10 min. One
pair of samples was treated with the O2 plasma for 17 min
and afterwards with a hydrogen plasma for 28 min. By this
procedure the O areal density was successfully reduced to
values comparable to those of the untreated samples.

Fig. 6(b) shows the corresponding data for �400 V bias.
Again, early saturation is seen for the polished samples, how-
ever at an oxygen areal density which is five times higher than
that at �200 V bias. The coated samples from the �400 V
bias experiments show a steady increase of the retained
amount of O. Where this difference in behavior between
exposure at�200 V and�400 V bias comes from is not clear.

Hydrogen plasma post-treatment in the �400 V-bias
experiment was done with samples which had been exposed
to the oxygen plasma for 90 min. The O content of the pol-
ished samples was reduced by a factor of five after 90 min
of H2 plasma treatment. The reduction is much less but
also visible for the coatings. The reduction process is
remarkably fast; there is almost no difference between 10
and 90 min of H2-plasma post-treatment.

The depth to which oxidation has taken place at �200 V
bias was determined by X-ray photoelectron spectroscopy
(XPS). The spectra were recorded while the specimen was
sputtered by an Ar+ ion beam. The sputtering time can
be converted into a scale of removed thickness using the
known sputtering yield and sample density. Fig. 7 shows
the oxygen signal as a function of time and the correspond-
ing depth scale. A layer of roughly 5 nm is oxidized at
�200 V bias.
6.2. Erosion of W, Al, Fe and C

In the course of this work sputtering yields of aluminum
and tungsten due to oxygen ion bombardment were mea-
sured in the ECR setup. Samples of Al-coated silicon and
solid, polished tungsten samples, respectively, were
exposed to a pure oxygen discharge with an additional bias
voltage. The samples were partly covered by a piece of sil-
icon wafer. The step height from the uncovered to the cov-
ered part of the sample was measured with a profilometer
after the experiment.

In order to measure the ion current to the substrate sur-
face, a pulsed DC voltage of �100 V was applied to the
sample holder via capacitive coupling. This negative volt-
age decayed with a constant slope as long as the ion current
was in saturation. From this linear decay the ion flux den-
sity to the surface was determined. In order to maintain the
negative bias of the substrate holder the voltage of the
source was switched off after 530 ls for a duration of
30 ls. During this period the arriving electron current neu-
tralized the substrate holder’s charge so that the time-aver-
aged current to the substrate holder was zero.

It is known from earlier measurements under similar
conditions [17] that the total ion flux density to the wall jion

in the oxygen plasma is dominated by that of Oþ2 , or
jion � jðOþ2 Þ. Assuming that the molecular ions break apart
into two oxygen atoms at half the energy, the sputtering
yield can be approximated by

Y ðEÞ ¼ Y ðeU=2Þ ¼ Ctarget

2 � jion

; ð1Þ
where C is the number of target atoms removed per cm2

and second, U the bias voltage, e the elementary charge
and YS(E) the sputtering yield of species S at energy E.

Fig. 8 shows the sputtering yields measured in this work
(solid circles) together with experimental yields from the lit-
erature and calculated yields for W, Al, Fe and C. The
TRIM.SP [29] calculations for O! graphite, O! Al and
O! Fe were performed as part of this work. The surface
binding energies assumed in all calculations are 7.40 eV
for graphite, 3.36 eV for Al, 4.34 eV for Fe and 8.68 eV
for W [30].

For He ion bombardment the calculated yields are in
reasonable agreement with measured data for any of the
four target materials. The yields are between �10�2 and
�10�1 in the energy region of interest between 100 and
1000 eV except for tungsten, where they are almost by a
factor of 10 lower due to the greater mass and the higher
surface binding energy.

For oxygen bombardment the agreement is less good
due to the chemical component of the interaction. For car-
bon as target erosion is clearly enhanced due to chemical
sputtering as can be seen in comparison with the corre-
sponding calculated physical sputtering yield. Contrarily,
the yields are reduced for Al and W. This is most likely
due to the formation of oxide layers which dilute the target
material and increase the surface binding energies. The
effect can be directly seen in Fig. 8 by comparing the sput-
tering yields of He on aluminum and aluminum oxide at
lower energies. Both effects – increased chemical sputtering



Fig. 8. Sputtering yields of graphite, aluminum, iron and tungsten under oxygen and helium bombardment. The sources of the data are: O! C s exp.
[31,30], O! C – calc. this work, He! C , exp. [30], He! C – calc. [30], O! Al d exp. this work, O! Al – calc. this work, He! Al , exp. [32,30],
He! Al – calc. [30], He! Al2O3 h exp. [32,30], O! Fe – calc. this work, He! Fe , exp. [30], He! Fe – calc. [30], O!W s exp. [33,31,30], O!W
d exp. this work, O!W – calc. [30], He!W , exp. [30], He!W – calc. [30]. The results of all calculations are given by the corresponding small
symbols, the lines are only guides to the eye.

Table 1
Yields of sputtering of graphite, Al, Fe and W by He+, Oþ2 and O+ ions at
300 eV

He+ Oþ2 O+

C (graphite) 0.09 2 1
Al 0.04 0.02 0.05
Fe 0.1 0.8 0.6
W 0.006 0.01 0.04

The numbers are taken from Fig. 8, if necessary by interpolation or
extrapolation and averaging. The following data sets were used: graphite:
He+ and Oþx experimental, Al: He+ on Al2O3 experimental, Oþx experi-
mental; Fe: He+ and Oþx calculation; W: He+ and Oþx experimental.
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as well as surface oxide formation – are not included in the
TRIM.SP calculations.

One potential benefit of an erosion method which at
least partly relies on chemical reactions is its selectivity,
i.e., a higher erosion yield for the material to be removed
as compared to the substrate or other wall materials. With
increasing ion energy, however, this selectivity is reduced as
physical sputtering becomes more important. It is, there-
fore, interesting to compare the erosion yields of Al, W,
Fe and graphite with the erosion yield of redeposited films
obtained in the DC glow discharge (see Section 4). The dis-
charge voltage in the experiment was �300 V. The ion flux
from the discharge consists of He+, Oþ2 and O+ ions. The
sputtering yields for He+ and O+ can be directly read from
the graphs in Fig. 8 and the ones for Oþ2 ions as twice the
yield of O+ at 150 eV. The yields at 300 eV are summarized
in Table 1. They are to be compared to a yield of �10�1 for
carbon erosion of the redeposited film. Only for tungsten
all given yields are significantly below that of the films. This
means, the erosion of the redeposited films is clearly selec-
tive only on tungsten. With other wall materials the ion
energy should be reduced.
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6.3. Redeposition of sputtered metals

In the GDCC setup the main part of the plasma-facing
wall is stainless steel. It was found that after several hours
of plasma operation with oxygen admixture brownish lay-
ers formed on the inside of the chamber windows. After
extended operation the layers became thicker and it was
almost impossible to look through the windows. The layers
were analyzed both chemically and by X-ray fluorescence.
Chemically, iron was detected in the layers using potassium
thiocyanate. X-ray fluorescence showed the presence of Ni,
Fe and Cr and the thickness of the layer was estimated to
about 10 nm.

In order to obtain more specific information on these
redeposited layers, clean pieces of a silicon wafer were laid
out in the chamber during an O2-containing discharge. The
film collected on the surface was then analyzed by XPS. As
main constituents Fe, Ni, Cr and O were identified. Fur-
thermore, the shift of the Fe and Cr peaks indicated that
the two metals formed oxides. Obviously stainless steel
from the wall is sputtered and redeposited as the metal-
oxide layer.

7. Conclusion

Low-temperature oxygen plasmas have a number of
unquestionable advantages regarding the removal of
(hydro-)carbon layers; the rates are high compared with
plasmas from alternative gases, room temperature is
sufficient and the erosion products are volatile, hence
easy-to-pump oxides. DC glow discharges and safety con-
siderations may require the use of a mixture of oxygen with
an inert gas, preferably helium, instead of pure oxygen.
However, for typical discharge parameters this does not
affect the erosion rate, as it is typically not limited by the
flux of oxygen to the surface, but by the ion flux.

The erosion rate depends sensitively on the layer compo-
sition. As was shown for the case of boron as impurity in a-
C:H films, the rate can drop by orders of magnitude. The
mechanism for this reduction in erosion rate appears to
be that boron does not form volatile oxides and can there-
fore only be removed by physical sputtering with low rates
compared with the chemical sputtering of carbon. Preferen-
tial erosion of C will therefore lead to a highly boron-
enriched surface which limits the steady state erosion rate.
This reduction effect is to be generally expected for all
impurities that do not form volatile products. For example,
beryllium, the first wall material in ITER with the largest
surface area, is likely to act as erosion inhibitor in this way.

One demand for the detritiation concept in ITER is that
the gaps in castellated tile surfaces will be accessed too. We
found that the cleaning efficiency of an oxygen DC glow
discharge is not satisfactory on gap side walls, probably
due to an insufficient ion flux density onto these surfaces.

While a cleaning method is intended to remove the rede-
posited carbon, it should not damage the underlying wall
material as well as diagnostic equipment. In this respect,
the basic advantage of an erosion process that relies at least
partly on chemical reactions is its selectivity. Nevertheless,
oxygen plasmas might still harm other surfaces by a num-
ber of mechanisms.

Wall materials might become oxidized when in contact
with the O2 discharge. For tungsten we found surface oxi-
dation. However, the oxide layer was quickly reduced by
posttreatment in a hydrogen discharge.

The chemical sputtering mechanism, which is responsi-
ble for the high rates of carbon erosion in an oxygen
plasma, requires only low ion energies of several eV. In
the case of higher ion energies physical sputtering becomes
important as an additional erosion mechanism which does
not provide chemical selectivity. DC glow discharges typi-
cally require several hundred volts of discharge voltage,
leading to ion energies of several 100 eV. All wall materials
are physically sputtered at these energies of both oxygen
and helium ions. For light wall materials the yields can
become comparable to those of the total redeposit erosion
yield. Additionally, the physically sputtered material –
mostly atomic species – is likely to be redeposited in line
of sight and may possibly deteriorate the properties of
e.g. diagnostics mirrors. The ion energy should therefore
be kept small.
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