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Abstract: Since 1998 a step by step approach to investigate high-Z material at the main chamber walls of the
ASDEX Upgrade divertor tokamak was followed, resulting in 7.1 m? of tungsten coated tiles at the central column
during the 2001-02 campaign. Despite this large area, plasma operation was not hampered in any way by tungsten
radiation. Results obtained from a variety of confinement regimes indicate that the core tungsten concentration
depends mostly on core transport rather than on the tungsten erosion source. For medium density H-mode dis-
charges tungsten concentrations of a2 1-10~° are found. Higher concentrations are observed only under discharge
conditions where neoclassical accumulation becomes dominant as in case of strong background plasma peaking.
On the other hand, core accumulation can be effectively controlled without noticeable confinement degradation by
applying central heating. Unexpected high average tungsten erosion due to ions could be attributed to transient
limiter phases, especially during plasma ramp-down.

I ntroduction

During the last years it became evident, that the wall problem of a future fusion reactor is still
unsolved. The actual design of ITER [1] uses a mixture of beryllium in the main chamber,
tungsten at the divertor and carbon at the strike points. Beryllium and carbon suffer from high
erosion rate, which will restrict the lifetime of the wall dramatically. Furthermore, the use of
carbon has to be restricted due to tritium co-deposition [2]. Alternatives for low-Z materials are
high-Z materials like tungsten. Tungsten offers low erosion yields, excellent thermo-mechanical
properties, and small tritium retention, but the maximal tolerable concentration in the plasma
core is strongly restricted.

Today the experience with high-Z materials in fusion devices is still poor. Experiments are
mostly done in test devices and small tokamaks. From the major divertor experiments only
ALCATOR C-mod uses molybdenum [3], and tungsten had been applied in the divertor I of
ASDEX Upgrade without major problems [4,5,6]. But while high-Z materials may be unprob-
lematic in a cold divertor plasma environment some distance away from the hot plasma column,
the same materials used in the main chamber are supposed to be more critical. In addition, if
different wall materials are used, material-mixing effects will occur, which can only be tested
in a real tokamak. Therefore, based on the experience and diagnostics developed during the
tungsten divertor campaign, a step-by-step approach to insert tungsten at the central column of
ASDEX Upgrade was started in 1998 [7].

Strategy to install tungsten at the main chamber

The lack of knowledge of high-Z materials at divertor tokamaks and the disastrous behaviour
in limiter tokamaks required acting with caution. As first step an in-vessel coating with a mid-
Z material of only a few nm thickness was chosen. For this purpose a siliconisation instead
of a boronisation was applied [8]. The plasma performance was not effected by the silicon
radiation, and, indeed, low core silicon concentrations of 10~3 were found in line with previ-
ous estimations. This experiment gave confidence to use high-Z material at the main cham-
ber. The heat shield, which covers the central column of ASDEX Upgrade, was chosen for
these experiments, as it presents the largest closed surface in the main chamber. As for the
divertor experiment, tungsten was selected as high-Z material. In this second step the two
lowest tile rows of the central column (Fig. 1) have been coated. This region is predicted
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to suffer the highest erosion by CX neutrals [9]. Although 1.2 m? of W surface was in-
serted, it had been mostly not possible to detect radiation caused by tungsten [10]. Again
no negative influence on the plasma performance was found. From post-mortem analysis the
erosion of the tiles was measured about ten times larger than expected from the CX neu-
tral flux. The tile erosion pattern observed indicated ion bombardment as main erosion pro-
cess [11], [12]. The third step had been a complete coverage of the heat shield, except re-
gions, which are used as limiter during plasma start-up and other limiter scenarios and the
areas hit by NBI shine trough. During this phase 5.5 m? of tungsten tiles had been exposed.
The normal conditioning proce-
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combination with the cryo-pump -
plasma restart was possible with-
out deposits on the newly in-
stalled tungsten surfaces. Due
to the lack of an active getter Figure 1: Overview of the installed tungsten tiles during the dif-
at the wall the oxygen content ferent phases. The left picture shows a view on the central column
of these discharges was signif- with the different types of tiles. The right figure indicates the po-
icantly higher than for a well- sitions of W tiles in a poloidal cross section of ASDEX Upgrade.
conditioned apparatus [13]. Nev- Additionally, the tiles to be installed for the next campaign are
ertheless, operation of all relevant indicated. The insert shows the unrolled central column for the 3
scenarios could be investigated. steps.

The measured core tungsten con-

centrations of a few times 10~° had no bad influence on the plasma.

Post-mortem analysis of the tiles indicates that a significant part at the heat shield is erosion
dominated, i.e. shows pure tungsten surfaces even after a complete campaign with three wall
coatings applied. Due to this observation the normal wall conditioning was applied for later
investigations. Based on the experience of these phases the shape of the tiles was changed and
during the fourth step the limiter region was covered by tungsten tiles. During this 2001-02
campaign 87 % or 7.1 m? of tungsten had been used at the central column.

1999

The Tungsten coating

From test tiles erosion at the central column of ASDEX Upgrade of some 100 nm each experi-
mental campaign is expected [11]. This low erosion rate enables the use of coatings on graphite
instead of pure tungsten to test the influence on the plasma [7]. The thickness of the coating
is determined by surface roughness of the used graphite. The coating must be thick enough to
cover the whole graphite, but thin enough to reduce mechanical stress within the coating. From
test tiles and laboratory measurements it was found that a thickness of ~ 1 um would fulfil our
requirements best. Before coating the graphite tiles were machined to reduce the surface rough-



3 IAEA-CN-94/EX/DI-4

ness. Whereas the tiles of the second step had been produced in-house, a commercial manufac-
turer must produce the large mount of tiles to cover the whole central column. Several coatings
of two companies had been produced and tested [14]. From these tests a 1 um thick PVD coat-
ing by Plansee was selected. They withstand up to 40 MW /m? for 300 ms without damage at
an ion beam facility [15]. This fits even for the NBI dump at ASDEX Upgrade. Before instal-
lation the tiles were characterised using SEM and ion beam techniques. A SEM picture of an
erosion-dominated part of a tile after two experimental campaigns is shown in Fig. 2. The
surface consists almost of pure tungsten indicating that the coating is still in good order. Note
the fine structure of the erosion in the preferential ion sputter direction as indicated by arrow.
The mounting of the tiles at the heat shield
was not designed to take the heat during ex-
tended limiter phases. In the latter case, ther-
mal loads could cause a slightly movement
of the tiles, resulting in plasma exposure and
erosion of leading edges. To avoid this ef-
fect, a trapezoidal shape of the tiles was cho-
sen, which hides the edges, but also reduces
the effective area. So the maximal heat load
for limiter operation was still limited. To
reduce the gaps in between tiles and mini-
mize thermal movement, a double tile with a
parabolic shape was tested. After operation Figure 2: SEM picture showing erosion dominated
during the 2001-02 campaign no edge ero- region of a tungsten tile at the end of the campaign.
sion was observed on these tiles, indicating The surface almost consists of pure tungsten. The
that the coating and the modified tile shape coating covers the whole surface and no deposition
are suitable even for some limiter operation. is observed.

Consequently this new design will be used to

cover the whole heat shield as the upcoming 5th step.

Plasma dischar ge behaviour
The operation of ASDEX Upgrade was not hampered in any way by W radia-
tion during all phases. The last two campaigns lasted for 6900 seconds of total
plasma operation without any damage of the
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on the data evaluation. Detailed analysis of
different plasma scenarios is reported by Neu

Figure 3: Typical medium density neutral injection
heated H-mode discharge (I, = IMA,Bt = —2.5T).
The discharge shows good confinement and very sta-
ble behaviour.
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et al. [17]. The tungsten core concentration depends strongly on the type of discharge. For
discharges with high-density (ne/ngw =~ 0.75), low-8, all heating powers no tungsten within
the detection limit is found. Discharges with medium triangularity show higher energy and
particle confinement and a tendency to profile peaking resulting in tungsten accumulation up
to Cw ~ 10~°. Another important field are enhanced confinement scenarios like improved
H-mode, electron ITB and high-f3 discharges. These types of discharges show also enhanced
tungsten concentration up to Cw = 10~°. In general higher concentrations correspond to low
plasma densities, hot SOL conditions, scenarios with high particle confinement and non-central
heating. Limiter discharges were performed to preserve L-mode discharges with NBI heating.
Even for 4.9 MW heating tungsten concentration below 1 - 10~ were measured. The highest
concentration was found for limiter ITB discharges, which show tungsten concentrations up to
3.10~%. Nevertheless, the discharge survived and after the ITB phase the tungsten concentra-
tion dropped to low values again, though the plasma edge remained unchanged [18]. Except
for limiter discharges the core concentration found is always well below the maximal tolerable
concentration for ITER of 2- 10~°. These experiments demonstrate the compatibility of fusion
plasmas with tungsten plasma facing components under reactor relevant conditions for normal
H-mode discharges. The carbon radiation is not strongly influenced by the tungsten coating.
Spectroscopic measurements indicate that even on the tungsten heat shield carbon radiation
dominates. In contrast to the previous campaign the plasma was started at the tungsten coated
heat shield as limiter. During ramp-up the flux consumption and radiation was slightly en-
hanced, but not as much as for siliconisation. After transition to divertor operation the tungsten
content diminishes again to values as found without tungsten coated start limiter [17].

Tungsten erosion processes
Direct spectroscopic measurement of the tungsten influx is only possible during spe-
cial discharges, because the WI brightness is normally too low to detect. To in-
vestigate the erosion of tungsten at the central column a complete row of 14
tiles was polished and coated with only 60 nm of tungsten. The tungsten layer
thickness was chosen such as to match the
expected erosion rate and enable this way
an accurate measurement. The layer thick-
ness was determined before installation and
after the campaign using ion beam techniques
[19]. Although the tungsten concentrations
found in the plasma are quite small, the total

erosion of the tungsten tiles is much higher

than expected from CX erosion calculations. =g IC I
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zoidal shade positions, erosion mostly oc- = =

curred at the leading edge of the tile [20,21] “a o M

(Fig. 4). An ion, which has to follow the

magnetic field lines, hits the surface of the Figure 4: Tungsten erosion pattern. The erosion is
tile with a small angle resulting in shadowing, locally variable due to the imperfect mounting of the
whereas CX neutrals should cause a homoge- tiles. At the left side of the column the main erosion
neous erosion pattern. Therefore, since the occurs above the midplane, whereas below the mid-
erosion varies strongly in space, this clearly plane the right side of the tile is eroded most.
points to ion sputtering. Especially at the

mounting of the tile a sharp transition from erosion to deposition dominated regions is ob-
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served. In Fig. 4 two tungsten tiles from the upper and lower part of heat shield are shown after
exposure. Whereas the main erosion at the upper tile is on the left side the, at the lower tile the
right side is eroded. This coincides with the ion drift direction of a limiter plasma.

A major part of the eroded tungsten should be promptly deposited within a gryo radius [22].
This effect causes a movement of the eroded tungsten into the deposition dominated areas.
Whereas ion beam measurements suffer from the tungsten layer below the deposit, SIMS and
AES data indicate that the deposition layer mainly consists of low-Z materials: carbon and
boron. Only small amounts of tungsten are found at these layers. The deposition-dominated ar-
eas are comparable to the erosion dominated ones. Balancing the eroded tungsten no evidence
is found, that a major part of the eroded W is deposited on the heat shield tiles. During divertor
operation most of the material in the SOL should be deposited near the strike points. A poloidal
tile row of the divertor was removed and analysed using ion beam techniques. For divertor Il
a high tungsten deposition was found at a horizontal structure just below the heat shield. This
structure has been inclined and is about parallel to magnetic flux surfaces in Div Ilb; only slight
deposition is now found at this location [23]. For both divertors the tungsten deposition near the
strike points is very small. This observation is different to other impurities as C and B, which
are mostly found near the inner strike point. Summing up all tungsten deposits measured in Div
I1b less than ~ 10% of the eroded material is detected.

To identify the main erosion processes
Langmuir probes were installed at the
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uated by the double probe model [24]
yielding the plasma parameters close to
the tungsten surface. Data of a typi-
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Three phases during a discharge can be I 2
distinguished: start-up limiter, divertor S R ERT ’
and ramp-down limiter operation. Dur- F s g =

ing the start-up hot plasma is observed. T “mp
After the transition to the divertor phase

low-density plasma with moderate tem-
peratures is found. During the ramp-
down of the plasma (7 - 8 sec) rather
dense, but moderately hot plasma is ob-
served. To avoid disruptions auxiliary
heating is applied also during plasma
ramp-down. The erosion of tungsten is
known from the former tungsten diver-
tor experiments to be dominated by im-
purities. In ASDEX Upgrade SOL typ-
ically 1 % of carbon is present dominat-
ing impurity. Whereas during the start-up phase the impurity concentration may be lower, this
value seems reasonable also for the ramp-down plasma. Appling an erosion model [25] us-
ing the measured plasma parameters, the erosion during these three phases can be calculated.

Figure 5: Plasma properties at the heat shield derived
from Langmuir probe data for a typical discharge. Using
an erosion model the tungsten erosion can be estimated.
The integral values for plasma ramp-up, flattop and ramp-
down are also indicated. At the bottom magnetic contours
for this three phase are shown.
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These calculations reveal that the tungsten erosion mainly occurs during plasma ramp-down.
The enhanced tungsten erosion during ramp-up and down is, however, still to be confirmed by
spectroscopic measurements [17].

Taking into account that the mounting of the tiles results in different angles of magnetic field
incidence and a strong variation of the erosion rate (and also that the database of the langmuir
probe data is still limited), the derived erosion is in agreement with the post-mortem analysis.
Due to the shape of the plasma during ramp-down the main direction of erosion as indicated in
Fig. 4 can be explained. Since there is no x-point during ramp-down a low deposition in the di-
vertor is expected. However, although the main erosion during plasma ramp-down is consistent
with the observed erosion and deposition pattern, the main deposition area of tungsten is still
not identified. During flattop the derived erosion rate is more than three orders of magnitude
lower. For long-term discharges only the behaviour during flattop is relevant. DIVIMP code
simulations have been started to analyse the transport during the flattop phase [26]. In prepara-
tion of the use of tungsten at other regions of ASDEX Upgrade, test tiles were installed at the
low field side and in the divertor region. These indicate that erosion by arcs might play a role at
the transition region from the divertor to the inner heat shield.

Tungsten transport into the core plasma
To extrapolate the observed tungsten concentrations to future fusion devices one has to under-
stand the mechanism, which determines the core tungsten concentration. The presence of large
tungsten areas at the main chamber enables realistic measurements of tungsten transport in a fu-
sion device. At ASDEX Upgrade the core tungsten concentration varies strongly for discharges
with same plasma edge conditions, a
fact which indicates that the transport
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voltage, i.e. non central heating, even
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fect was studied in detail by a variation
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ECRH or ICRH could reduce the tung-
sten core concentration significantly.
Obviously the core tungsten concentra-
tion depends (not only on the tungsten
source but also) mainly on the trans-
port of the material from the scrape-off layer into the core plasma. The wave heating ex-
periments indicate that external knobs are available, which allow controlling the core con-
centration of tungsten. Detailed studies on tungsten transport at ASDEX Upgrade were pre-
sented by Neu [17] and Dux [27]. Fig. 6 summarizes the behaviour of the tungsten core
concentration during the H-mode standard discharge, which shows most of the details of
the tungsten transport. The X-ray data reflect the core tungsten, whereas the pedestal re-
gion dominates the VUV data for flattop plasma parameters. During start-up enhanced core
tungsten is found as expected for limiter operation. The tungsten concentration decreases
by a factor of ten after the transition to the divertor regime, reflecting the change of the W

Figure 6: Standard H-mode discharge, which is performed
each day, showing all the details of the tungsten transport
in ASDEX Upgrade.
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source. Transition to H-mode at low heating power leads to good particle confinement and
peaked tungsten profiles, which is inverted by central ICRH heating. Enhancement of the
plasma density reduces the tungsten concentration below the detection limit. Unfortunally the
ramp-down phase was not recorded for this discharge to due restriction of data acquisition.
Only ina minor part of all discharges accumulation was observed, but always for all impurities,
not only for tungsten. These discharges are characterised by moderate heating were the anoma-
lous diffusion is low [28]. Only the most central channels of the soft X-ray cameras observe
enhanced radiation during accumulation indicating that only a small volume is affected. Due
to this fact usually the total radiation is not changed and no degradation of the total confine-
ment is observed. This behaviour can be understood in terms of neo-classical transport [27,28].
Although transport calculations require accurate measurement of the hydrogen and impurity
density as well as temperature profiles, which are not routinely available.

Central heating provides an effective
tool to control the tungsten concen-
tration, but may influence the con-
finement. Detailed investigations
were done using core ECRH in im-
proved H-mode discharges (Fig. 7).
These medium triangularity discharges
show very good energy confinement
(HiTEr-Hosy ~ 1.3), but are affected by
continuously rising W-concentration.
Appling central 1.2 MW ECR heating
can reduce the W concentration by a Figure 7: Tungsten concentration Cy for similar dis-
factor of 30, but the confinement is also charges with different central ECRH heating. The W con-

degraded. ECRH with only 0.4 MW did centration can be controlled without degradation of the

not affect the W-concentrations. The discharge (15524).

best behaviour is observed by a short

1.2 MW ECR preheat and a reduction to 0.8 MW thereafter. The W-concentration was re-
duced as long as the central heating remained, and no degeneration of the confinement was
observed.
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Summary and outlook

Since 1998 a step-by-step approach to increase the tungsten area at the main chamber walls of
ASDEX Upgrade was pursued. During the last campaign 85 % of the central column or 7.1 m?
of W coated tiles were used. Graphite tiles with 1 pm of tungsten coating are sufficient for
present experiments.

The erosion rate and pattern on the tiles hint to sputtering by ions as main erosion mechanism.
The ion fluxes are confirmed by Langmuir probe measurements at the heat shield showing that
the main erosion happens during ramp up and ramp down. Only weak deposition is found at the
divertor tiles, reflecting much lower erosion during flattop. The plasma operation of ASDEX
Upgrade was not negatively influenced by the tungsten radiation. Central tungsten concentration
are normally in the range ~ 10~ ®. Higher concentrations up to 10~* are observed only under
discharge conditions where neoclassical accumulation becomes dominant as in case of strong
background plasma peaking.

The central tungsten concentration is mostly connected to the transport into the core plasma and
less strongly to the tungsten source at the scrape off layer. After start-up at a tungsten limiter, the
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concentration decreases rapidly after x-point formation. The peaking of the W density occurs
very localized for ppo < 0.2. Central heating provides an effective tool to reduce the tungsten
core concentration, without strongly affecting the global energy confinement. Quantitatively
this can be understood in terms of neoclassical impurity transport. These ASDEX Upgrade
results are very encouraging. Especially the required heating profile to prevent accumulation
seems to be consistent with the ITER expectations.

To continue the tungsten experiments, new tiles with the optimised shape will be inserted at the
heat shield during the 2002 opening. Since protection tiles at the outer side have to be replaced
due to mechanical reasons, the new tiles will also be covered with tungsten. Additionally the
inner retention module of the divertor, which represents the ITER baffle position, will be cov-
ered by tungsten. In total 15 m? or 40 % of the total SOL surface will be covered by tungsten
for the next campaign. Only the lower and upper divertor and the protection limiters at the
low field side will remain as carbon. This offers the investigation of fresh surfaces and may
lead to a substantial suppression of the C content. The reduction of low-Z material is neces-
sary to investigate SOL without low-Z radiation, which up to now dominates the divertor power
balance.

To study the tungsten erosion a set of 5 Langmuir probes will be operated at the heat shield.
Additional test samples for the application of tungsten at the low field side protection limiters
will be tested with the midplane manipulator.

References

[1] G. Janeschitz et al., J. Nucl. Mater., 290-293,1 (2001).

[2] G. Federici et al., J. Nucl. Mat.,290-293,260 (2001).

[3] B. Lipschultz et al., Nucl.Fusion, 41,585 (2001).

[4] R.Neu et al., Plasma Phys. Controlled Fusion, 38,A165 (1996).

[5] R.Neu et al., J.Nucl.Mat,241-243,687 (1997).

[6] K. Krieger et al., J.Nucl.Mat.,266-269,207 (1999).

[7] V.Rohde et al., IAEA-CSP-8/C, EXP4/24 (2001).

[8] V.Rohde et al., Proc. of 26" EPS Conf. on Contr. Fusion and Plasma Phys., ECA 23J,P4.038 (1999).
[9] H.Verbeek et al., Nuclear Fusion,38,12,(1998).

[10] R.Neu et al., J. Nucl. Mat., 290-293,206 (2001).

[11] A.Tabasco et al., Nucl. Fusion, 40,1441 (2000).

[12] V.Rohde et al., Proc of 27" EPS Conf. On Contr. Fusionand Plasma Phys., ECA 24B,P.095 (2000).
[13] R.Neu et al., Plasma Phys. Controlled Fusion, 44,811 (2002).

[14] H. Maier et al., Surf. Coat. Technol., 142-144,733 (2001).

[15] H.Greuner et al., Internal report , IPP (2002).

[16] H. Zohm et al., this conferernce, OV/2-1.

[17] R. Neu et al., PSI 15, accepted for publication at J. Nucl. Mat. .

[18] V.Rohde at al., Proc of 28" EPS Conf. On Contr. Fusion and Plasma Phys., ECA 25A,P1.042 (2001).
[19] K.Krieger et al., Fusion Eng. Design ,56-57,189 (2001).

[20] W.Schneider at al., Proc of 28t" EPS Conf. On Contr. Fusion and Plasma Phys., ECA 25A, P.1044 (2001).
[21] X. Gong at al., Proc of 29" EPS Conf. On Contr. Fusion and Plasma Phys., ECA 26B, P2.052 (2002).
[22] D.Naujoks et al. Nucl.Fus., 36,671 (1996).

[23] K.Krieger et al., PSI 15, accepted for publication at J. Nucl. Mat..

[24] M.Weinlich and A.Carlson, Phys.Plasmas ,4,2151 1997.

[25] K.Schmid and J.Roth, PSI 15, accepted for publication at J. Nucl. Mat..

[26] A.Geier et al., PSI 15, accepted for publication at J. Nucl. Mat..

[27] R.Dux et al., PSI 15, accepted for publication at J. Nucl. Mat..

[28] J.Stober et al., Plasma Phys. Controlled Fusion, 43,A39 (2001).



