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Abstract

In ASDEX Upgrade tungsten is used as a high-Z plasma facing material. Its erosion, migration and subsequent
deposition have been studied by analysis of a set of customised marker tiles, which was installed in the divertor and
at the central column for one experimental campaign. Erosion rates were determined at the central column, which
was the main tungsten source in that campaign. Deposition rates were determined at the central column and in the
divertor region. The W-deposition in the divertor is strongly correlated to the local strike point exposure time. In con-
trast to low-Z wall materials, where deposition occurs mainly in the inner divertor, tungsten is found in similar quan-
tities also in the outer divertor. The total amount of tungsten deposited outside the central column is about 40% of the
gross W-source at the central column. One possible explanation for the 60% undetected tungsten might be the prompt

local redeposition of eroded W atoms.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In ASDEX Upgrade tungsten is used as plasma fac-
ing material, replacing increasing fractions of the origi-
nal carbon based wall components. The tungsten
surface is to some extent eroded by impact of plasma
ions. The eroded atoms will be ionised and will migrate
through the plasma boundary and, in a smaller fraction,
through the confined plasma, until they are finally rede-
posited at other locations in contact with the plasma. To
assess aspects like lifetime of plasma facing materials,
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plasma impurity content and material mixing processes,
it is necessary to study these processes in detail, particu-
larly with respect to the extrapolation and model valida-
tion requirements for future fusion devices.

Erosion fluxes of wall material can be quantified by
exposure of thin layers whose change in thickness can
be determined very accurately by ion beam analysis
methods. Ion beam analysis of retrieved material collec-
tion samples is also the only suitable method to quantify
the deposition flux of an element. Retrieved tiles had
been analysed already after previous campaigns [1] but
the interpretation of the results was hampered by the
fact that there was no consistent set of samples exposed
in the same experimental campaign.

Therefore, in experimental campaign 2002-2003, a
customised set of tiles with erosion markers was installed
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both in the lower divertor of the machine as well as at
the central column.

2. Experimental set-up

The tungsten plasma facing surfaces in the campaign
2002-2003 consisted of the entire inner column (denoted
W), the inner divertor baffle (W») and, at the low field
side, the tiles covering the upper passive stabilisation coil
(PSL, W3) as shown schematically in Fig. 1. The tung-
sten components were manufactured by applying a
1 um PVD coating on graphite tiles [2]. The total area
(14.6 m?) of the W-coated tiles was 40% of the total
surface of plasma facing components, with 8.1 m? of
W-coated tiles at the central column, 1.5 m? at the inner
divertor baffle and 5.0 m® PSL tiles.

The tiles equipped with dedicated markers are shown
in Fig. 1 with filled outlines. Of such tiles two different
sets were installed at the central column and the divertor
respectively. For the central column, metallic marker
stripes were prepared along the toroidal coordinate on
uncoated polished graphite tiles. At three poloidal posi-
tions at the upper and lower edge of the central column
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Fig. 1. Cross-section of the ASDEX Upgrade vacuum vessel
with tungsten plasma facing components in experimental
campaign 2002/2003. Installed diagnostic tile sets are shown
in grey shade. The four central column Langmuir probes are
denoted by LS.

and at the midplane position, one tile was installed with
marker stripes of molybdenum and tungsten and an-
other tile at the adjacent toroidal segment with markers
made of nickel. For each element, two markers were
prepared at the upper and lower half of the tiles. In
the divertor, a carbon layer was prepared on a complete
cross-section of tiles by magnetron sputtering. To allow
separation of the carbon layer from the carbon substrate
by ion beam analysis, a rhenium interlayer was used as a
depth marker [3].

Before installation in ASDEX Upgrade the markers
were characterised by Rutherford backscattering (RBS)
using protons in the energy range from 1.6 to
2.5 MeV. The area density of the marker material was
derived from the RBS results by fitting a given layer
structure to the measured spectra using the SIMNRA
program [4]. In cases where a detailed depth profile
was required, the program NDF [5] was used, which
solves the inverse problem of extracting the depth distri-
bution of elements from a Rutherford backscattering
spectrum by a simulated annealing algorithm.

During the experimental campaign the tiles were ex-
posed to 1205 plasma discharges with a total discharge
time (determined as time where I, > 300 kA) of 5973 s.
For the calculation of average erosion rates, the integral
erosion of the marker samples is divided by this time. To
obtain average deposition rates in the divertor, only the
plasma operation time with divertor plasma exposure
(4934 s) is taken into account.

After the experimental campaign the retrieved tiles
were again analysed by proton RBS to determine the
thickness change of the markers and by PIXE to quan-
tify the amount of deposited tungsten.

3. Tungsten erosion measurements
3.1. Campaign integrated erosion of tungsten markers

The measured W-layer erosion at the three marker
tile positions is shown in Fig. 2. The pronounced toroi-
dal asymmetry at the midplane position and at the lower
edge of the central column is a result of the field line
intersection geometry with the surface of the tiles.
Depending on the inclination angle of the B field against
the tile surface, the incident ion flux will be either shad-
owed or elevated. A similar behaviour was already ob-
served at marker tiles installed during the experimental
campaign 2001. In this case, the erosion was, however,
measured only at one half of a toroidal segment with
the tile surface oriented in a way that the maximum ob-
served erosion was found at the upper half of the central
column [1].

For the marker tile at the top of the central column,
the erosion is below the detection limit because of the
limited contact with the plasma. Average erosion rates
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Fig. 2. Toroidal distribution of W-marker erosion at central
column tiles. The z-positions of the markers are relative to the
vessel midplane with tile position numbers as shown in Fig. 1.

for the two other tile positions are 54 nm/h at the mid-
plane and 11 nm/h at the lower edge of the central col-
umn. These results are comparable to those measured
for the previously (2001/2002) installed tiles with facet-
ted surfaces [1].

Because W-marker tiles could be installed only at
three poloidal positions, the total tungsten source de-
rived from these measurements is just an estimate with
a large experimental error. By integrating over the toroi-
dal and poloidal distribution of the W-erosion measured
at the facetted marker tiles in experiment campaign
2001/2002 [1] the average W-source was determined to
3.4x 10" 57! For the calculation the toroidal variation
along the tile was considered to repeat itself around the
central column. Assuming that the relative poloidal var-
iation of the tile erosion at the central column did not
change significantly by the transition from facetted to
rounded tile surfaces, one can repeat this calculation
for the tiles from campaign 2002/2003 using the previ-
ously measured shape of the poloidal distribution for
interpolation between the tiles and obtain a quite similar
total source rate of 3.1 x 10'® s~! for the central column.

Similar erosion rates to those at the lower part of the
central column were also obtained from marker erosion
measurements at the low field side in the experimental
campaign 2002 [6] whereas at the inner divertor baffle
tiles in the same campaign W-erosion was negligible
[6]. Assuming the same erosion rate as from the markers
exposed in the previous campaign at the upper passive
stabilisation coil (PSL) protection tiles [6], we obtain
for campaign 2002/2003 an additional W-source rate at
the low field side of 1 x 10" 57",

3.2. Spectroscopic measurement of the W-erosion flux
Since the marker erosion measurements reflect inte-

grals over a full experimental campaign, time resolved
measurements are necessary to determine which frac-
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Fig. 3. Time evolution of spectroscopically measured W I line
intensity at central column 4.2 cm above the midplane in H-
mode discharge 16702. Also shown are the time traces of
plasma current and neutral beam heating power.

tions of the integral value can be attributed to different
discharge conditions. Spectroscopic detection of W I line
radiation in the visible range at 400.8 nm had been used
already in the ASDEX Upgrade tungsten divertor exper-
iment [7]. For measurements at the central column a sys-
tem with 10 fibre guides was installed [8].

Absolute calibration of spectroscopic data was not
yet available in campaign 2002/2003 and therefore no
erosion fluxes could be derived from the W I signal.
The intensity of the W I line can be used, however, to
identify plasma regimes with increased erosion flux. As
an example the time evolution of the W I emission near
the midplane position is shown in Fig. 3 together with
plasma current and neutral beam heating power for a
stationary low density H-mode discharge with medium
triangularity plasma. During the flat top plasma phase
the W I signal does not rise significantly above the
system noise level. Only during plasma ramp-down,
the emission is intense enough to derive the W I line
intensity from the recorded spectra. Langmuir probe
measurements of the local electron density and tempe-
rature show that this is due to the strongly elevated inci-
dent particle flux during this phase where the plasma
column is leaning against the inner wall [9]. Since the
W-erosion derived from the local plasma parameters
using known W-sputtering yields described the spectro-
scopically measured W-fluxes fairly well in single dis-
charges [9], it is justified to derive the campaign
integrated W-erosion from the Langmuir probe data
for comparison with the marker erosion results.

3.3. Derivation of W-erosion rates from local Langmuir
probe data

For measurements of the local electron temperature
and ion fluxes at the central column, an array of Lang-
muir probes was installed as shown in Fig. 1. The probes
were active in 759 of the 1205 discharges of that cam-
paign. Using the probe data, the local W-erosion flux
I'y= I'pX Yeq(T.) can be calculated and integrated
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over all available discharges. For the calculation, the
effective tungsten sputtering yield, including the sputte-
ring of tungsten by light plasma impurities, must be
known as a function of 7.. For the analysis spectro-
scopically measured W-sputtering yields from the AS-
DEX Upgrade tungsten divertor experiment were used
[7]. The resulting erosion agrees very well with values
obtained using W-sputtering yields from TRIM simula-
tions [10], assuming sputtering by deuterium and a 1%
fraction of C>* ions as substitute for the low-Z impurity
ions incident at the central column. The Langmuir
probes installed at the central column consist of graphite
pins protruding a few mm above the tile surface. To de-
rive the ion flux at the tile surface from the detected par-
allel particle flux, one needs to calculate the projection of
the incident field lines on the tile surfaces. In principle it
is possible to derive the local inclination angles from the
magnetic field reconstruction to take into account the
shape of the tiles. For this analysis a simplified approach
was used, assuming a tile surface averaged inclination
angle of 1°. The campaign integrated erosion was calcu-
lated separately for limiter and divertor plasma configu-
rations. Each value was in addition scaled with the ratio
of total discharge time over total probe activation time
in that particular plasma configuration. The results are
shown in Fig. 4. The calculated erosion during the sta-
tionary divertor phases is mainly located at the lower
half of the central column. This is in agreement with
spectroscopic measurements of carbon and deuterium
fluxes at the central column, which also show a strong
increase of D recycling flux and C influx towards the
lower edge of the central column [11]. In the limiter
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Fig. 4. Campaign integral of W-erosion calculated from
Langmuir probe data. The open triangles and squares refer to
the eroded fractions during single null lower divertor (lower
SN) and inner wall limiter (limiter HFS). The bars represent the
average tile erosion measured at the marker tiles (Fig. 2).

Table 1
Average tungsten source rates from different experimental
methods

Central column markers 2001/2002 3.4x 1018 57!
Central column markers 2002/2003 3.1x108s7!
Central column Langmuir probes 2002/2003 3.9 x 108 57!
Passive stabiliser coil tiles 2002/2003 [6] 1x108s7!

phase the erosion pattern has no pronounced maximum.
The erosion minimum just above the midplane can be
attributed to the almost tangential B field and corre-
spondingly strongly decreased particle flux to the probe.
This was confirmed in discharges where the spatial reso-
lution of the Langmuir probes was enhanced by vertical
sweeps of the plasma column. The profiles of the elec-
tron density show indeed a strong decrease between
z=0and 0.1 m [12].

By taking the spatial average of the W-erosion cam-
paign integrals derived from the Langmuir probe data,
one can calculate an estimate for the average total
source rate of tungsten in campaign 2002/2003 and ob-
tains a value of 3.9 x 10'® s~ with an approximately 1/3
contribution from the flattop single null configuration
and 2/3 from the central column limiter configuration.
Source rates obtained from the different experimental
approaches are summarised in Table 1. For a direct
comparison of the data one should take into account
that the measured marker erosion might be smaller than
the actual gross erosion rate due to W-redeposition.
Furthermore, one has to consider that the erosion rate
calculated from the Langmuir probe data is mainly
determined by the assumed effective sputtering yield
and angle of incidence. The effective sputtering yield is
in turn strongly depending on the concentration of
low-Z impurities in the boundary plasma, which is not
exactly known.

4. Tungsten deposition measurements
4.1. Tungsten deposition in the divertor

Tungsten deposition in the divertor was measured on
the carbon tiles with C/Re marker stripes by PIXE anal-
ysis of the uncoated surface area beside the markers.
SIMS depth profiling showed that particularly at the
strike point tiles, light elements (B, C) have been depo-
sited with a thickness up to several microns [13]. There-
fore, PIXE analysis at these tiles was performed with
2.5 MeV protons, which allows to detect tungsten from
the surface to a depth of approximately 30 um. The
resulting poloidal W-deposition pattern along the tile
surface length is shown in Fig. 5. At the strike point tiles
the amount of deposited tungsten is strongly correlated
to the integrated strike point exposure time, which



14 K. Krieger et al. | Journal of Nuclear Materials 337-339 (2005) 10-16

inner divertor

dome baffle

outer divertor

;25 \\I T T

£

o 20} ] . K ]
©

§ 15} ] g \\F\ ]
.“5

o

Q.

2 1o} ] - ]
3

(2]

=}

[ L]

— 0 1 1 1 Ill 1 1 1 IJ-I-II.HH-LIJ‘LIF_'-L'_ILL‘.II-LF'IILIJ"
La00 T T A T T T T T

o

3 300 F E 3
o

o

x

8200 f 3 :
£

g

S 100 } 3 \M{‘"'L :
=

& 0 o L

0 10 20 30 40 50 60 70 80 90

110 120 130 140 150 160

S-coordinate [cm]

Fig. 5. Tungsten deposition in the lower divertor of ASDEX Upgrade after campaign 2002/2003. The data are plotted as a function of
the poloidal path length along the tile surface. The lower plot shows the integrated strike point exposure time of the tile surface.

indicates that the tungsten deposited in these zones has
been transported into the divertor through the near-se-
paratrix boundary plasma. One finds also that tungsten
is deposited in similar fractions both in the inner and the
outer divertor: the W-deposition rate integrated over the
strike point wetted zone of the outer divertor is
4.1%10'"®s™! and at the inner divertor 3.1 x 10'¢s™!,
This is a striking difference to the behaviour of low-Z
impurities, where deposition is practically only found
in the inner divertor [3,14], while the outer divertor is
dominated by erosion. A possible explanation is the
much smaller re-erosion of deposited tungsten as op-
posed to that of lighter elements. The absence of signif-
icant low-Z deposits at the outboard divertor found in
many tokamaks could be a result not only of scrape-
off layer flows predominantly directed to the inboard
side [15-17] but also of the continuous re-erosion of
light elements, which prevents formation of large
deposits.

Similar to previous measurements [1] there is also
comparatively high deposition of tungsten at the in-
board baffle region. This is a result of the direct connec-
tion of this zone along the magnetic field to the tungsten
covered lower part of the central column [18].

By integrating the total W-deposition in the inner
and outer divertor and baffle regions one obtains a cam-
paign averaged total W-sink rate of 1.1 x 10'7 s~ for the
inboard side and 0.5 x 107 s~! for the outboard side of

the divertor. The total W-divertor sink is much smaller
than the total W-source (Section 3) and the question re-
mains where the main fraction of eroded tungsten is
migrating. The deposition rate to the divertor strike
point zones is, however, close to the rate of tungsten pe-
netrating the plasma during divertor operation, assum-
ing a penetration probability of 4% as measured before
by laser ablation [19]. This indicates that the main frac-
tion of eroded tungsten must have been redeposited
locally.

4.2. Tungsten redeposition at the central column

As was done for the divertor tiles, the amount of
redeposited tungsten at the central column tiles was
measured by PIXE analysis and in addition at some
positions with RBS. From the RBS spectra the depth
distribution of the redeposited tungsten was recon-
structed using the NDF code [5]. It turned out that the
surface to a depth of ~500 nm consists mainly of boron
and silicon with the deposited tungsten embedded as a
~1% fraction. Since the thickness of the boron and sili-
con layers applied with glow discharge wall-conditioning
is only in the range of a few 10 nm, this result must be
interpreted as a consequence of the surface roughness
of the tiles, which is in the 1 pm range. B, Si and also
redeposited tungsten will normally be re-eroded because
the central column is, as shown in Section 3, an erosion
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Fig. 6. Toroidal distribution of W-deposition at central column
tiles. The z-positions of the markers are relative to the vessel
midplane with tile position numbers as shown in Fig. 1.

dominated region, however, material deposited in pores
and depressions of the rough surface is protected to
some extent. The amount of deposited tungsten at the
three poloidal marker tile positions is shown in Fig. 6.
The toroidal distribution is anti-correlated to that of
the tungsten erosion shown in Fig. 2. Comparison of
W-deposition measurements at different poloidal dis-
tances from the tungsten markers show a decrease with
increasing poloidal distance, which indicates prompt
redeposition of W. For a quantitative determination of
the promptly redeposited fraction further analysis of
the deposition pattern perpendicular to the marker
stripes will be necessary.

Taking the average tungsten deposition on the ana-
lysed tiles, one obtains a total campaign averaged sink
rate at the central column itself of 3.8 x 10'7 s~!. This
is, however, only a lower limit, because the transport
length due to prompt redeposition is only a few mm
[20] and therefore only a minor fraction of tungsten
eroded at neighbouring tiles will actually reach the
graphite marker tiles.

4.3. Deposition of tungsten at side faces of tiles

Recent experiments, for example at TEXTOR [21],
have shown that not only carbon but also tungsten mi-
grates to some extent into gaps between tiles or castel-
lated structures. This possible migration channel was
examined by analysing W-deposition at the side faces
of the central column tiles, which are mounted with gaps
of ~4 mm in poloidal direction and with up to 10 mm in
toroidal direction. The amount of deposited tungsten at
the side faces decreases exponentially from the surface
with fall-off lengths of 1.5-2.5 mm. If one integrates
the deposition at all four tile side faces and assumes that
deposition is the same for all 448 central column tiles,
one obtains a total campaign averaged deposition rate
of 0.7 x 10'7 s7!, which is slightly higher than the depo-

sition in the outer divertor, but again only a minor frac-
tion of the total W-gross erosion rate.

5. Migration pattern of tungsten

Taking all measured results of tungsten erosion and
of deposition into account, it is possible to condense
the data in a simple picture of the tungsten migration
paths during the divertor phase and during the limiter
phase respectively, as shown in Fig. 7. The separate
consideration of both configurations is required because
W-deposition in the divertor cannot originate from
tungsten eroded during the limiter phases where there
is no contact between plasma and divertor. For the
limiter phase, the transport of eroded tungsten was mod-
elled using the DIVIMP code with a plasma background
created with B2/EIRENE [12]. The code predicts that
nearly all eroded tungsten is redeposited back at the cen-
tral column, which is the only surface with direct plasma
contact in this configuration. Only a minor part (<10%)

Fig. 7. Migration paths for tungsten. The black arrows and
numbers denote tungsten source and sink rates in the lower
divertor configuration, the grey arrows and numbers represent
respective rates in the limiter phase. Only a 4% fraction of the
eroded tungsten is actually entering the core plasma while the
remaining fraction is returning to the plasma facing surfaces by
transport processes in the edge plasma.
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might end up at the low field side limiters. In divertor
configuration, one concludes from the tungsten deposits
found in the divertor that tungsten is migrating from the
central column into the divertor, as shown in Fig. 7. One
can add up all sinks in the divertor phase and balance
these against the total source in that phase. For both
erosion and deposition at the central column the total
contributions were attributed to divertor and limiter
phases according to their relative erosion fraction de-
rived from the Langmuir probe data. For the divertor
phase we obtain a total sink rate of 5.3 x 10'7 s~ versus
a total source rate of 1.3 x 10'®s™!. Prompt redeposi-
tion, which is not accounted for in the data, might
explain the difference although with the present experi-
mental uncertainties the missing part could also be a re-
sult of measurement errors or of errors in the derivation
of the integrated erosion from Langmuir probe data. Fi-
nally, it should be noted that the redeposition measured
at the central column represents only a lower limit. More
detailed mapping of the marker redeposition will help to
clarify the discrepancy.

6. Summary

The mapping of the W-erosion and redistribution pat-
tern indicates that only a minor fraction of the eroded
tungsten is non-locally redeposited. Regions of non-local
W-deposition are located at the baffle tiles of the inner
divertor and at the strike point wetted zones both in
the inner and outer divertor. W is migrating to the in-
board baffle because of the direct connection with regions
of the central column along magnetic field lines. In the
divertor tungsten is deposited to almost equal fractions
at the inner and outer target plates in amounts which
are similar to that of tungsten predicted to penetrate into
the core plasma. The quite even deposition in the inner
and outer divertor is in contrast to that of light impurities
[3,14], which are mainly deposited in the inner divertor.

The results show that tungsten eroded at main vessel
wall surfaces will migrate to some extent into the diver-
tor region although with respect to absolute amounts
tungsten has a clear advantage over low-Z materials.
Based on the results of ASDEX Upgrade the throughput
of material by erosion and subsequent non-local rede-
position is at least a factor of 100 smaller for tungsten
compared to carbon. Similar results can be expected

comparing tungsten to beryllium, which is foreseen as
main chamber wall material in ITER. One has to relati-
vise this conclusion, however, taking into account that
the throughput of tungsten might significantly increase
by its use as limiter material. First results from test lim-
iter exposure at the plasma low-field side in ASDEX Up-
grade show that in this case the tungsten erosion is an
order of magnitude enhanced over the values observed
at the central column [22].
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