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Tungsten erosion in the baffle and outboard regions
of the ITER-like ASDEX Upgrade divertor
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Abstract

Similar to the design of the next-step device ITER, ASDEX Upgrade is equipped with vertical divertor targets with

adjacent baffles extending towards the main chamber. In ITER, it is intended to employ tungsten as a plasma-facing

material in this baffle area. Tungsten-coated graphite tiles were installed in the divertor baffle and the outboard side

regions of ASDEX Upgrade for a full experimental campaign. The erosion behavior of tungsten was investigated by

scanning electron microscopy and by measuring the thickness of the tungsten coatings before and after exposure.

The coatings had an initial thickness of approximately 450nm. Two distinct erosion mechanisms were observed: in

the outer baffle region a reduction of the coatings� thickness up to 100nm was determined after about 6300s of plasma
discharge. On the roof baffle and on the inner baffle modules, no clear reduction of the film thickness was found. In the

tracks of arcs, however, the tungsten coatings were completely removed. This represents an erosion of 5–10% of the

tungsten-coated surface area in this region.

� 2004 Elsevier B.V. All rights reserved.

PACS: 52.55.Fa; 79.20.R; 52.40.Hf; 52.80.Mg
1. Introduction

The choice of the plasma-facing materials in future

fusion devices is governed by boundary conditions stem-

ming from various independent objectives – lifetime con-

siderations concerning erosion and neutron irradiation,

tritium inventory and thermo-mechanical issues as well

as radiative cooling and dilution of the plasma. All of

these have to be met simultaneously.

Such considerations have led to the conclusion that

different plasma-facing materials are required in differ-
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ent locations of the next-step device ITER (see [1] and

references therein): It is currently intended to use beryl-

lium in the main chamber and a combination of tung-

sten and CFC material for the divertor. In this

arrangement, tungsten is employed for the baffle regions

of the divertor and CFC for the vertical targets. A full

coverage of the divertor with tungsten is, however, also

under consideration after the first exploratory stage of

ITER operation [2,3]. Also for the main chamber

first wall, tungsten is regarded as a possible alternative

candidate material [3]. This is supported by the positive

results obtained from the ASDEX Upgrade tungsten

program described below.

For a fusion reactor first wall, beryllium is not re-

garded as a possible material choice, the erosion-domi-
ed.
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nated lifetime would be much too short [3,4]. Here, a

tungsten coating on the first wall is currently considered

to be an attractive alternative [4].

In the light of these potential applications as a first

wall material in future devices, the prospects of tungsten

have been investigated at ASDEX Upgrade: after some

exploratory experiments, a full tungsten divertor was in-

stalled and operated in 1995/1996 [5]. The technical per-

formance of the plasma-sprayed coatings [6] employed in

this experiment as well as plasma–wall interaction issues

[7,8] were thoroughly assessed. For a large-area applica-

tion in the main chamber, tests were performed and an

industrial-scale method for applying micrometer tung-

sten coatings onto carbon-based substrates was qualified

[9,10]. In a stepwise approach this type of coating was in-

stalled on subsequently larger areas of the main cham-

ber first wall. An up-to-date description of the current

status and the evolution of this process can be found

in [11,12]. Detailed results on the erosion of coatings

installed at the central column of ASDEX Upgrade

and on the subsequent tungsten migration are given in

[13,14].
Fig. 1. A cross-section of the ASDEX Upgrade divertor IIb

configuration. The locations of the W coated probe tiles are

marked: upper passive stabilization loop (PSL), outer divertor

baffle, roof baffle, and inner divertor baffle. Also shown is the

surface contour coordinate s starting from zero at the inner

baffle top and extending counter-clockwise.
2. Experimental

This publication deals with results on the erosion of

tungsten in the divertor baffle regions of the divertor

IIb configuration of ASDEX Upgrade (see Fig. 1) as

well as results obtained from coated probe tiles in-

stalled on the outboard side of the vessel on the covers

of the upper passive stabilization loop (PSL). The loca-

tions of the investigated probe tiles are depicted in Fig.

1. The figure also shows the vertical divertor targets

below the baffle region. This geometry is similar to

the ITER design. As all tungsten surfaces in ASDEX

Upgrade, the erosion probe tiles consisted of PVD

tungsten coatings on fine-grain graphite substrates sup-

plied by Plansee AG. A comparative study of the fu-

sion-relevant properties of such coatings was

published in [9]. To increase the sensitivity with respect

to erosion, unlike the rest of the plasma-facing tung-

sten coatings, the erosion probe tiles had an initial film

thickness of about 450nm as determined by Ruther-

ford backscattering (RBS) assuming the density of bulk

tungsten, which is 6.3 · 1022atoms/cm2 as given in Ref.
[15].

Most of the tiles were mounted for a full experimen-

tal campaign consisting of 1132 successful plasma dis-

charges with a total duration of about 6300s and

about 5400s of divertor operation. Only the tiles from

the inner baffle were removed after 623 discharges last-

ing about 3600s with about 3000s of divertor operation.

After removal, the surface morphology of the probe

tiles and the integrity of the coatings were determined

by scanning electron microscopy (SEM). The change
of coating thickness was determined by repeating the

RBS analysis. Since the resulting spectra displayed some

distinct distortions, most likely intermixing effects of

tungsten with light chemical elements and some increase

in surface roughness, a determination of the remaining

film thickness in nanometers was not straightforward.

Using the software package WinDF V7.0 [16], a tung-

sten depth profile was fitted to each spectrum. The dif-

ferences of the integrals over these depth profiles for

each measurement location were then taken to deter-

mine the amount of eroded tungsten. The results of this

procedure were converted to nanometers employing the

density of bulk tungsten (6.3 · 1022atoms/cm2). To di-
rect the ion beam onto the designated measurement

locations, a four-axis manipulator system was used to

position the tiles with respect to the beam. To correctly

calculate the eroded amount, it is necessary to retrieve

these locations several months later after plasma expo-

sure of the tiles. Employing a system of two crossing

diode laser beams, the accuracy for this process was

on the order of one millimeter, which is the same order

as the ion beam spot size. The latter also implies that

the ion beam results are to be understood as averages

over a surface area of approximately one square

millimeter.
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3. Results and discussion

Figs. 2 and 3 show the results of the ion beam analysis

of the PSL cover and of the inner and outer divertor baf-

fle region, the respective locations within the vacuum ves-

sel are displayed in Fig. 1. The data from the roof baffle

are not shown. As an example for all the following meas-

ured data, Fig. 2(a) shows, how the measurement loca-

tions were distributed over the tiles: Measurements

before and after exposure were performed in two poloi-

dal rows about 15mm from the toroidal edges of each

tile. Analysis locations were distributed equidistantly

along the poloidal length of each individual tile. The

PSL cover tile has a poloidal length of about 37cm.

Outer and inner baffle regions consist of two tiles, each

with a total poloidal extension of 31cm and 20cm,

respectively. The central roof baffle consists of three tiles

with a total length of approximately 30cm. This results in

a typical distance of the individual analysis locations of

about 5cm for the PSL cover and approximately 3cm

for the divertor tiles. The graphs give the eroded amount

of tungsten in nanometers as an upward pointing

column.

On the PSL cover, a rather homogeneous erosion

pattern can be observed with maximum and minimum

values of 16nm and 30nm, respectively. The average
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Fig. 2. Erosion data from the PSL cover: (a) is a schematic

representation of the distribution of the measurement locations

over the tile and (b) shows the results. Erosion was found on

each analyzed spot. The average value is about 20nm.

s (m) 0.20 

Fig. 3. Erosion data from outer (a) and inner (b) divertor

baffle. The distributions of the measurement locations over the

tiles are similar to Fig. 2. In the outer baffle region (a) strong

erosion can be observed with a tendency to increase towards the

strike point (direction bottom). On the inner baffle (b),

however, most data points are close to zero and the data

scatter between erosion and deposition.
value amounts to approximately 20nm. As was already

observed in some of the first exposures of probe tiles in

the main chamber of ASDEX Upgrade [17], this erosion

exceeds the value expected from physical sputtering by

charge exchange neutrals according to [18] by more than

a factor of 10. With the typical electron temperatures for

this radial position [19], it must be assumed that deute-

rium plasma ions barely exceed the threshold value for

physical sputtering of tungsten. This strongly points to-

wards multiply-charged plasma impurities as the actively

sputtering species. Another explanation could be rather

energetic deuterium ions expelled from the plasma by

ELMs.

Fig. 3 shows the erosion data from the outer (a) and

inner (b) divertor baffle, respectively. On the outer baffle

tiles, strong tungsten erosion is found amounting to a

maximum of about 60nm on the upper tile and 100nm

on the lower tile, respectively. In terms of nanometers

per discharge time, this is the largest amount of tungsten



Fig. 4. SEM image of an arc track from the inner divertor

baffle region. Detailed analysis shows, that the arc removed the

complete thickness of the tungsten coating. On the edges of the

track, traces of molten tungsten can be identified. From vacuum

arcs it is well known, that their cathode spots generate a spray

of droplets [20].
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erosion observed so far within the ASDEX Upgrade

tungsten program. On the lower tile (bottom), a pro-

nounced difference between the two toroidal rows can

be observed. We interpret this as a shadowing effect of

the row displayed in white by its upstream neighbouring

tile – the tiles are flat and therefore form a polygon. This

would then again demonstrate, that the observed ero-

sion is due to energetic ions, not due to charge exchange

neutrals.

It was shown in Ref. [8], that adding only one atomic

percent of multiply-charged carbon ions to a deuterium

plasma increases the yield for physical sputtering of

tungsten by more than two orders of magnitude as com-

pared to a pure deuterium plasma, if the electron tem-

perature is sufficiently low. On this basis, the observed

erosion of tungsten was interpreted as being caused

mainly by carbon impurities eroded from the main

chamber walls. Adopting the assumption of 1at.% of

C4+ as the plasma impurity and assuming a local elec-

tron temperature around 10eV, the data from Ref. [8]

indicate a W sputtering yield of about 10�4. To erode

100nm of W at this yield requires a total fluence of

about 6 · 1025 m�2. With the total lower divertor oper-

ation time of 5400s given above, this results in an aver-

age necessary flux on the order of 1022m�2. As an order

of magnitude estimate, this value is in reasonable agree-

ment with measured flux data in this area. Therefore we

can conclude, that the observed erosion can be ac-

counted for by light impurities like carbon in the plasma

impinging onto the outer baffle. Erosion by D ions from

the plasma can be ruled out, since it would require fluxes

orders of magnitude higher than can realistically be

assumed.

If we assume this as an explanation for the erosion

reported in this publication, we obtain a qualitatively

consistent picture and the increase of the observed ero-

sion towards the strike point can be interpreted as an

increasing plasma fluence. In this case, however, a simi-

lar situation would have to be expected for the ITER

divertor baffles, since erosion of the beryllium main

chamber first wall would represent a source for multi-

ply-charged ions impinging onto the divertor baffle

areas.

In contrast to the above findings, the inner divertor

baffle tiles do not display significant erosion. Most of

the data are close to zero and in addition there is a large

scatter, even with a change of sign, between �30nm and
+20nm of erosion. There is, however, a feature which

does not exist on the outer divertor baffle tiles: on the

tiles of the inner baffle, a large areal density of arc tracks

is observed. Fig. 4 shows one example for such a track.

As a detailed investigation using back-scattered elec-

trons and energy-dispersive X-ray analysis shows, the

arc completely removed all tungsten from its track. In

addition, Fig. 4 also shows, that along the arc track mol-

ten material is produced and redistributed. A combina-
tion of microscopy and ion beam analysis was not

employed in this investigation. Therefore the arcing sit-

uation on the investigated ion beam spot areas with a

diameter of only one mm is unknown. This is a tentative

explanation for the large scatter observed in the data of

Fig. 3(b). In summary, it can be concluded that the inner

divertor baffle does not exhibit any distinct erosion pat-

tern by ion impact. In this respect, this area rather seems

to be deposition-dominated. The large number of arc

tracks, however, represents an erosion of the tungsten

coating by about 5–10% of its surface area, removing

the coating completely in its full thickness of 450nm.

A similar picture was observed for the roof baffle tiles.

The cathode spots of vacuum arcs are known to gen-

erally generate a spray of liquid droplets [20]. As Fig. 4

shows, the same must be expected from the arcs ob-

served here. When these droplets cool and resolidify, this

is a mechanism for the production of dust particles with

sizes in the micrometers range [21]. It is stated in [20],

that an older investigation [22] found, that an arc dis-

charge on a massive tungsten surface even produces

macroparticles with no signs of melting. For these rea-

sons, the observed erosion of tungsten by arcing would

represent a possible safety concern in a fusion reactor

via the formation of radioactive dust particles [3] which

may accumulate in the plasma vessel and possibly be

liberated during accidents.

4. Summary and conclusion

By installing fine-grain graphite tiles coated with

450nm of tungsten, the erosion of tungsten was investi-
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gated on the outboard main chamber wall and in the

divertor baffle area of ASDEX Upgrade for an experi-

mental campaign comprising 1132 successful discharges

with a total duration of about 6300s.

Two distinctively different mechanisms of tungsten

erosion were found: On the outbard side, smooth ero-

sion patterns were observed. The eroded amount scaled

to about 20nm on the cover of the upper passive stabi-

lization loop; on the outer divertor baffles, it showed a

peak value of 100nm. This erosion is obviously caused

by impact of multiply charged light impurity ions. In

the ITER device, the beryllium main chamber first wall

could be a source for such ions. The tiles from the inner

divertor baffle, in contrast, did not show significant ero-

sion by ions. Instead, here the erosion of the tungsten

coatings was found to be generated by arcing. In a

future fusion device, such arcing on tungsten surfaces

may represent a safety concern, because the spray of liq-

uid droplets and macroparticles generated by the cath-

ode spot of an arc can be regarded as a source of

radioactive dust.

Finally, it must be mentioned, that plasma–wall inter-

action is a topic, which is very sensitive to the peculiari-

ties of a particular device as well as to specific discharge

conditions, especially when statements on erosion proc-

esses are drawn from a whole experimental campaign.

Therefore, discharge-resolved data accompanied by

numerical simulations are required for an extrapolation

of the observed phenomena to a next-step device.
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