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Abstract

Oxygen-containing glow discharges have been proposed for the removal of redeposited hydrocarbon films in fusion
experiments. After the 2004/2005 experimental campaign a 49 h He/O, glow discharge experiment was performed in
ASDEX Upgrade. A total of 25 g of carbon was removed as CO and CO,. In order to probe erosion in various locations
in the vessel 48 well defined laboratory-deposited a-C:H film samples were distributed poloidally and toroidally. In prin-
ciple, the films were successfully removed on all types of surfaces directly facing the discharge. Additionally, two sets of
tungsten-coated tiles were removed from the vessel, one prior to and one after the cleaning discharge. Analysis of films
on the tiles revealed that they consisted mainly of boron with only little carbon and deuterium. Neither erosion of these
films nor any further reduction of their carbon and deuterium content due to the glow discharge could be detected.
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1. Introduction

For ITER the availability of techniques for detri-
tiation or removal of redeposited hydrocarbons is a
mandatory requirement for operation with tritium
[1,2]. For ASDEX Upgrade (AUG) the step-by-step
move towards an all-tungsten first wall [3-5] makes
the removal of redeposited films from previous
operation with a mixed tungsten/carbon wall desir-
able. During the 2004/2005 campaign already ~66%
of the former carbon surfaces had been replaced by
tungsten-coated tiles [5]. Among others [6], oxygen-

* Corresponding author. Fax: +49 89 3299 96 2617.
E-mail address: Christian.Hopf@ipp.mpg.de (C. Hopf).

containing glow discharges have been proposed as
detritiation technique [7,8] with the advantages of
operation at room temperature and of requiring
only simple — and mostly already installed — hard-
ware. First tests of the technique in a tokamak envi-
ronment have been carried out at TFTR [9],
TEXTOR [10], and HT-7 [11].

Erosion of carbon materials by oxygen, either
thermally, by ion bombardment, or in plasmas
was investigated in many works in the literature
(for a review see e.g. [12]). Landkammer et al. and
Jacob et al. [13,8] investigated oxygen plasma
erosion of amorphous hydrocarbon films (a-C:H).
They showed that oxygen plasmas erode a-C:H by
a factor of five to ten more effectively than hydrogen
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or deuterium plasmas. Concerning the underlying
mechanism, Landkammer and Jacob came to the
conclusion that ions, irrespective of their species,
create reactive sites at which neutral oxygen species
react chemically to form CO, CO,, and H,O. Exper-
iments with simultaneous Ar ion and thermal
molecular oxygen bombardment, performed by
Vietzke et al. [14] and recently in our laboratory
[15], indicate that O, is the most important of these
neutral oxygen species. Although much more reac-
tive than O,, the radicals O and O3 contribute only
little to oxygen plasma erosion, as can be seen when
shielding the erosion sample from ion flux. Due to
the small concentration of these radicals compared
with that of molecular oxygen the synergistic inter-
action of ions and O, seems to be the dominant ero-
sion mechanism in typical oxygen plasmas. Without
ion bombardment erosion by O, requires tempera-
tures above ~600-1000 K [16,17,12] depending on
the type of (hydro-)carbon material.

For reasons of stability of a dc glow discharge
and for safety considerations mixtures of oxygen
and helium are preferred to pure oxygen for the
cleaning discharges. We studied the effect of the
mixture ratio R=[0,}/([O,]+[He]) in an ECR
plasma with rf-biased sample holder on the erosion
rate of a-C:H films [18]. The erosion rate saturates
between R =0.1 and 0.2, because with increasing
supply of molecular oxygen erosion becomes limited
by the ion-induced creation of reactive sites. As the
ion flux density to the wall from a typical dc glow
discharge in AUG is roughly a factor of six less than
from the ECR discharge, saturation is expected at
even lower mixture ratios R, however at an accord-
ingly lower rate.

We have studied the erosion of redeposited
layers from AUG in laboratory experiments [18].
Complete removal of the layers was demonstrated
on collector samples as well as on tiles, which
had been removed in 2002. For the tiles, eroded
under AUG-like dc glow discharge conditions, an
average removal rate of 1x 10" C atoms cm2s™!
was determined.

2. O, cleaning in AUG
2.1. Setup and dc glow discharge operation

ASDEX Upgrade is equipped with four anode
rods at the outer wall for dc glow discharges. The

whole first wall serves as cathode. Each anode is dri-
ven by a 2 A, 2kV power supply. Unfortunately,

due to technical problems only three of the anodes
were operational. Typical discharge parameters
were: He flow 2440 sccm, O, flow 49 sccm, chamber
pressure 6.4 x 107> mbar, discharge current 3 X
1.8 A, and discharge voltage ~600 V.

During the 2004/2005 campaign AUG had been
operated with deuterium plasmas except for the last
56 shots in order to exchange tritium in the walls.
For preparations, i.e. installation of erosion mark-
ers and removal of tiles for analysis, the torus was
vented and left open for one week. After evacuation
of the vessel and pumping over the weekend to a
base pressure of ~107> mbar, a pure He glow dis-
charge was ignited. After several hours a few per-
cent of oxygen were admixed. The total duration
of the glow discharge with oxygen was 49 h.

During the whole experiment the discharge was
monitored by mass spectrometry. Fig. 1 shows the
signals of masses 32, 28, and 44, to which O,, CO,
and CO, contribute. In Fig. 1(a) the oxygen gas flow
was varied. The other parameters were as given
above. Without oxygen the signal of mass 28 will
mainly be due to residual N,. The increase of the
signals of masses 28 and 44 when oxygen is admixed
was attributed to CO and CO, production. Above
10 sccm O, flow the two signals show hardly any
further increase. In Fig. 1(b) the discharge current
was varied while the oxygen flow was constant at
15 sccm. The mass 28 and 44 signals increase almost
linearly with the current. At the same time the oxy-
gen signal decreases because oxygen is consumed in
the erosion process. From these two dependences
we conclude that for our typical parameters CO
and CO, production — in other words carbon ero-
sion — is limited by the discharge current, i.e. the
ion flux, not the oxygen concentration.

From the mass spectrometry signals a carbon
removal rate of 0.5 g/h was derived using literature
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Fig. 1. Quadrupole mass spectrometry signals of masses 28
(contributions of CO), 32 (contributions of O,), and 44 (contri-
butions of CO,) as function of O, gas flow (a) and discharge
current (b).
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values for the cracking patterns and relative ioniza-
tion probabilities of He, N5, O,, CO, and CO», the
total pressure measured by a baratron, and the total
gas flow. Multiplied by 49 h discharge time this
gives a total of ~25 g of removed carbon.

The amount of tritium in the exhaust gas, deter-
mined by freezing water at a nitrogen trap and mea-
suring its activity, increased by a factor of 30 when
admixing oxygen to the discharge, indicating effec-
tive hydrogen isotope removal from the walls.

2.2. a-C: H erosion samples

Erosion was probed by putting hard a-C:H film
samples into various locations in the vessel. The
films, plasma-deposited on silicon wafers, were
~350 or ~200 nm thick. On some of the sample
holders a blank piece of silicon was mounted addi-
tionally in order to be able to detect deposition.
Before and after the cleaning discharge the samples
were measured by ellipsometry.

One set of erosion samples was distributed poloi-
dally as indicated by the circles in Fig. 2. The result
turned out to be for the most part binary: Either the
film was completely eroded, or all the film was still
there. The oxygen glow discharge eroded the films
in most places, even in very remote positions in
the big ports. Exceptions are the samples in gaps,
deep in the divertor, and in other ‘hidden places’.
The divertor tiles above the samples at the bottom
in the right cross-section had been removed before

sectors 6, 7, 8 sectors 3, 11, 15

limiter

o carbon film removed
o film not removed

Fig. 2. Poloidally distributed erosion samples. The samples were
mounted in various sectors as given above. Open circles indicate
that the film was completely eroded, solid circles mean no
erosion.

the cleaning experiment. Still, these samples were
not eroded.

Two more sets of erosion samples were distrib-
uted toroidally. One sample was put on the horizon-
tal surface at the rim of the outer divertor in each
sector except sectors 2 and 11, where these surfaces
had been removed. Another sample was put onto
the roof baffle in each of sectors 3—10. Again, either
the whole film was eroded or the film was not
eroded at all, as shown in Fig. 3. For the eroded
samples the formation of up to 100 nm thick silicon
oxide layers indicates that the films were eroded
long before the end of the discharge.

On top of the 350 nm a-C:H on the non-eroded
samples as well as on some eroded or originally
blank Si samples a new layer has formed which is
clearly visible in ellipsometry and has a refractive
index of n = 1.6 at a wavelength of 632.8 nm. Fur-
thermore, on some eroded samples an unclear result
was obtained with ellipsometry, only showing that
there is some material on the Si substrate. The com-
position of these layers was analyzed by nuclear
reaction analysis and Rutherford backscattering
with 2.5 MeV *He. The result can be summarized
as follows: The layers with n (633 nm) = 1.6 are car-
bon-containing layers (<5 x 10'” cm—?) with negligi-
ble amounts of deuterium (<3 x 10'* cm™2), formed
possibly due to decomposition and redeposition of
carbon-containing erosion products such as CO
and CO, in the glow discharge. Other major constit-
uents of the deposited material are boron (<1.5 X
107 ecm ™) and oxygen (<1 x 10'" cm~?). Besides,
smaller amounts of copper, iron, tungsten, and sil-
ver could be detected (all <3 x 10'® cm™2). The latter
element most probably comes from silver-coated
screws used inside the torus.

Fig. 3 shows that the erosion efficiency depends
on the toroidal position in the torus; the samples
on the roof baffle were eroded everywhere but in
sectors 7 and 8. The samples on the rim of the outer
divertor were eroded in one half of the divertor from
sector 7 to 14, but not in the other half. The position
of the anodes, which is given on the top of Fig. 3, is
not obviously correlated with this pattern.

Concerning this erosion pattern, it has to be
mentioned that — in contrast to the routinely glow
discharge conditioning during the previous experi-
mental campaign — the discharge never burnt
smoothly in our cleaning experiment. Arcs were
permanently observed at the walls. After the exper-
iment traces of these little arcs were found on parts
of the walls which were coated with well-visible
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Fig. 3. Toroidally distributed erosion samples. The upper two panels show the samples on the roof baffle and on the rim of the outer
divertor. The abscissa shows the number of the sector. The bars indicate the thickness of a-C:H left of the initial 350 nm (solid), the
thickness of SiO, (hatched), and the thickness of a newly grown layer with a refractive index of n = 1.6 (crosshatched). At the bottom the
appearance of arc traces on the lower-PSL surface (marked in black in the cross-section on the right) is indicated qualitatively (many, few,
none) together with the toroidal position of the ICRH antennas. The toroidal positions of the anodes are given by the triangle on top of
the figure. The antenna indicated by the open triangle was not operative.

layers. This implies that the electrical conductivity
of these layers was very low. The arcs did not
develop on conductive surfaces such as clean tung-
sten. A closer look at the surface of the so-called
lower passive stabilizing loop (PSL), to which the
divertor-rim samples were very close, revealed that
there was a high density of arc pits in the sectors
of no erosion and no or almost no such pits in the
sectors where the samples had been eroded. The cor-
relation is depicted in the lowest part of Fig. 3. The
sectors 2, 4, 10, and 12 were excluded from this
observation because they contain the ICRH anten-
nas just above the lower-PSL. No arcs were found
on any of the PSL surfaces in these four sectors,
and we believe that this might be a geometrical effect
by the antennas which shield the PSL surfaces from
ion flux. As explanation for the inefficiency of ero-
sion in the vicinity of arc pits we propose that most
of the discharge current in these areas was carried
by the arcs and therefore not homogeneously dis-
tributed over the wall surfaces. The toroidal asym-
metry of erosion efficiency of the glow discharge
thus reflects the asymmetry of the distribution of
insulating layers on the walls. The origin of the lat-
ter asymmetry is, however, not known. The compo-
sition of the insulating films is the topic of the
following section.

2.3. Films on tiles

A set of tungsten-coated tiles showing obvious
deposition on at least a part of their surface was
removed prior to the glow discharge and another
such set after the discharge. For a before-and-after
comparison three pairs of tiles were chosen: inner-
heat-shield tiles from equal positions in sectors 12
and 13, neighboring tiles from the inner upper diver-
tor in sector 12, and neighboring tiles from the outer
upper divertor in sector 11. The layers on the tiles
were investigated by ion-beam analysis. Nuclear
reaction analysis with 2.5 MeV *He allowed to detect
D, B, 12C, 13C, and '°0. Absolute values of areal den-
sities were obtained by comparison with calibration
targets for each of the mentioned elements. Addition-
ally, where possible, backscattering with 3 MeV
protons was evaluated for additional information.

On the investigated tiles total areal densities of
deposited material of up to 8x 10" cm™2 were
found, which, assuming a density of the films of
10'® atoms per cm? - nm, correspond to a film thick-
ness of up to 800 nm. In most measurement spots,
however, the areal densities were by a factor of two
or more smaller.

The composition of the layers before and after
the glow discharge is shown in Fig. 4. For each tile
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Fig. 4. Composition of the layers on tiles removed before and after O, cleaning. The origin of the tiles is indicated on the abscissa, HS
means inner heat shield, IUD inner upper divertor, and OUD outer upper divertor. For each tile and element the minimum and maximum
of the concentrations determined on various measurement spots is given.

and element the minimum and maximum concentra-
tion measured in different spots of the tile are shown
as neighboring bars. All layers contain a large frac-
tion of up to 80% of boron from boronization of the
machine and up to 50% of oxygen. Carbon and deu-
terium were only found with concentrations below
15%. The layers on a tile from the upper part of
the inner lower divertor, removed before the glow
discharge but not shown in Fig. 4, have similar
composition.

Comparing the composition before and after
cleaning we find no significant differences. Also, there
is no indication for a reduction of the film thickness.
We have to conclude that the boron-dominated films
prevailing after the 2004/2005 campaign are not
susceptible to erosion in an oxygen plasma, either
because they did not experience ion bombardment
due to their low conductivity or because of their com-
position. It is known that amorphous hydrogenated
boron films (a-B:H) cannot be chemically eroded
by oxygen because boron oxide (B,03) is not volatile
at normal working temperatures (melting point
450 °C and boiling point 1860 °C). Furthermore, it
seems that the oxygen discharge is also not able to
preferentially remove carbon from the material mix
of the layers. Even no significant reduction of the
deuterium content could be detected.

From the different behavior of He glow dis-
charges during the campaign and during the clean-
ing experiment, prior to which the chamber had
been vented, we conclude that the layers have chan-
ged due to exposure to air, resulting in a decreased
conductivity.

2.4. Return to normal plasma operation

After a four-months opening of the vessel for
maintenance the operation of ASDEX Upgrade
was restarted. There occurred no problems with
the He glow discharges right from the beginning.
After the usual conditioning procedure — 72 h of
baking at 150 °C, 10 h He glow discharge, and bor-
onization — plasma operation was resumed without
any hints on increased oxygen content in the plasma.

3. Discussion and conclusion

From the estimation of the total amount of
carbon removed from AUG of 25 g in 49 h at a dis-
charge current of 5.4 A we get an average erosion
yield of 0.21 eroded C atoms per incident ion. For
comparison, according to TRIM.SP calculations
the physical sputtering yields of He™ and O ions
incident on graphite or a-C:H lie between 0.03 and
0.08 for an estimated ion energy of 300 eV. How-
ever, physical sputtering produces predominantly
C atoms instead of volatile species which are there-
fore not included in the 25 g of removed C. Assum-
ing homogeneous erosion, the removed amount
corresponds to ~300 nm of a-C:H everywhere on
the walls. However, the boron-dominated layers
after the 2004/2005 campaign could not be eroded
and no significant change of the carbon concentra-
tion could be detected. A possible origin of the
removed carbon are the remaining carbon surfaces
(~34% of the PFCs), the carbon eroded in the arc
pits, and carbon dust in the torus.
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It was observed that the boron-dominated layers
could not be removed. This raises the general ques-
tion — which is to be answered for any T-removal
technique — which mixed layers are to be expected
in ITER and are the techniques also able to erode
these or remove T from them. The ability to erode
a-C:D or similar films is no sufficient proof that a
specific technique fulfills ITER requirements.

Unfortunately, not many analyses of deposits on
inner-heat-shield tiles were made in the past [19,20].
The different erosion behavior of the redeposited
layers on heat shield tiles removed 2002 and 2005,
however, implies that carbon redeposition has been
decreasing due to the increase of the tungsten-
coated area over the last years. Analysis of heat
shield tiles removed in different years is under way
now.

The laboratory experiments as well as the erosion
samples in AUG showed that tile gaps and other
hidden areas are not sufficiently cleaned by oxygen
glow discharges at 300 K. Recent studies [21] indi-
cate, however, that a large fraction of the redepos-
ited carbon and co-deposited tritium will be found
in tile gaps. Therefore, one stand-alone technique
for T (and eventually C) removal or a combination
of techniques has to access these areas, too. This
appears to be a strong argument against glow dis-
charge cleaning with oxygen as the sole technique.
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