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Abstract

Carbon sources and the sinks have been quantified in TEXTOR and are discussed in terms of short and long range

transport. The major source (22 g/h) is the graphite belt limiter, but part (10 g/h) of the carbon is directly re-deposited

after short range transport. Long range transport causes flake formation on obstacles and neutralisers, but little and

deuterium rich ðD=C � 0:7Þ deposition in remote areas. The rest is leaving via the pumps in gaseous form. This be-
haviour is different from that in JET where large amounts of deuterium rich deposits were found in the louvers.

Tungsten is favoured for the ITER divertors because of its low sputtering yield for hydrogen, but melting and erosion

by carbon may be an additional concern. The short range transport of tungsten has been investigated in a well defined

experiment and quantitatively re-constructed by means of the ERO-TEXTOR code. Code validation is necessary in

order to increase the confidence and the applicability to JET and ITER.
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1. Introduction

Appropriate selection of materials for the plasma

facing components remains a crucial issue for future

fusion devices aiming at long pulse operation as for

example 400 s in ITER [1]. Not only the life time of the

wall elements will be reduced due to erosion, but also

accumulation takes place if the eroded material is

transported to areas less affected by the plasma ions.

Predictions are difficult to make, because present day

machines need to integrate numerous plasma pulses in

order to approach long term behaviour on the one hand.

On the other hand, modelling of the transport processes

requires experimental validation of the computer codes.

Most critical seems to be the divertor region. Ac-

cording to [1] the highest thermal (<10–20 MW/m2) and
particle (<1024 DT/m2 s) loads are expected at the strike
zone of the ITER divertor. Carbon fibre composites

(CFC) are foreseen for these wall components (�50 m2)
because of the good form stability and the high subli-

mation temperature (3350 �C). However, carbon shows
effective (percent range) chemical erosion by hydrogen

[2], which diminishes the life time if the eroded material

is not effectively re-deposited. Side walls, dome and

private region (�140 m2, �3 MW/m2) of ITER are going
to be protected by tungsten in order to benefit from the

high melting temperature (Tm ¼ 3407 �C) and the low
sputtering yield (10�5–10�4 for Te � 30 eV). This will
avoid intolerable high parasitic radiation of the released
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tungsten ions, but may become deteriorated [3] by ad-

ditional erosion due to the carbon from the strike zones

or by melting due to disruptions [1]. Part of the released

tungsten will return to the surface by prompt re-depo-

sition, but it is not yet clear which distances it can travel

during long term operation.

In contrast to tungsten, carbon has a high probability

for long range transport to remote areas where it can

accumulate because of the reduced or absent hydrogen

ion flux. Carbon mainly forms hydrocarbon radicals

CHx after the chemical erosion which can show low

sticking probabilities (10�4 for CH3 at 320 K [4]). The

sticking can, however, increase by the formation of

higher hydrocarbons [5] and lead to the deposition of

hydrogen rich carbon layers. This will increase the ra-

dioactive tritium inventory in fusion devices. Observa-

tions made at JET [6] suggest that up to 1 kg of

deuterium rich carbon ðD=C � 0:8Þ had been accumu-
lated within about 104 s at the water cooled louvers

adjacent the inner divertor and partly flaked off during

the Mark IIa operation phase. The material contained

most of the tritium (�3 g) remaining in the machine
despite thorough cleaning procedures. The question is

not answered yet how carbon accumulation and tritium

co-deposition could be controlled, in particular in the

non-accessible remote areas.

At TEXTOR, short range transport of carbon [7]

and accumulation with rates up to 6–9 nm/s into re-

gions behind obstacles with respect to the plasma flow

(so called shadowed areas [8]) have already been in-

vestigated and partially modelled by means of the

ERO-TEXTOR code [9]. It simulates chemical and

physical erosion and the local transport and re-depo-

sition of carbon and other impurities under tokamak

plasma conditions. To improve the applicability of the

code to JET and to ITER new experiments have been

carried out at TEXTOR and dedicated to code vali-

dation. Two issues will be discussed in the following: (i)

the quantification of the major carbon sources and the

short and long range transport to the sinks after long

term operation of TEXTOR. These observations will

be compared to the findings in JET. (ii) The experi-

mental observation of the local transport of tungsten

into shadowed regions and the modelling by means of

the ERO-TEXTOR code. Validation of the codes with

well defined experiments is indispensable in order to

model observations made in larger machines or to

make predictions. This will be illustrated by two ex-

amples: the simulation of the carbon flux to the inner

louver [10,11] of JET and the carbon gross erosion and

re-deposition expected at the inner divertor plate of

ITER.

2. Carbon transport and balance in TEXTOR

2.1. The major carbon source

In contrast to JET where vessel and strike zones at the

divertors are the major carbon sources [12], the plasma–

wall interaction in TEXTOR mainly takes place at the

toroidal belt limiter. This limiter consists of eight blades

Fig. 1. Schematic of the poloidal cross-cut of TEXTOR to illustrate the locations of liner, toroidal belt limiter, neutraliser plates and

pump ducts. The arrows indicate the major carbon sources and sinks as described in the text.
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placed 45�belowequatorial position (see schematic inFig.
1) each covered with 28 graphite tiles (96� 154 mm2)
which aremounted in two rows ð2� 14Þ on the blade. The
surface area (3.4 m2) covers about 10% of the total inner

surface of the torus. Because of the non-circular poloidal

curvature of the tiles only the central part of the blades

limits the plasma at the small radius r ¼ 46 cm while the
outer regions rise into the scrape-off layer (SOL) by about

2 cm. This leads to a poloidal asymmetry of the incident

field lines [13] and of the carbon erosion and deposition

pattern. Part of the eroded carbon is directly deposited

onto the surface of the tiles itself. The rest enters the

plasma and is transported to obstacles (poloidal limiters,

antennae protection limiters) in the SOL or enters the

pump ducts behind the blades where it can stick on the

neutraliser plates or is pumped out (Fig. 1). Other parts of

the wall (liner [14], inner bumper limiter) seem to con-

tribute little to the carbon exchange.

To measure the carbon net erosion at the toroidal

limiter a new technique has been developed, the details

of which are subject of another paper [15]. Only some

information and results will be given here. One repre-

sentative tile (no. 20, blade 5) had been polished before

mounting and instrumented with drill holes (5 mm dia-

meter, 0.15–0.45 mm deep) in nine toroidally oriented

rows of three holes each (see Fig. 2). The bottoms of the

holes were protected by tungsten (�200 nm) which in
contrast to the graphite surrounding is not eroded. They

served as stable reference points for the surface profiles

taken along the rows by means of a laser profiler before

and after plasma exposure. The differences, i.e. the net

erosion or deposition could be determined with an ac-

curacy of about 1 lm. Some deposition found in the
holes was identified by SIMS depth profiling and taken

into account as off-set.

In the central part of the graphite tile the erosion was

found to be �10 lm. This can be explained by the
deuterium ion fluxes of �3� 1017 cm�2 s�1 as deter-

mined by the integration of the Da light over the polo-

dial extension of the tile taking into account the total

exposure time of 7625 s (March–August 2000) and

provided that the erosion yield is 4%. In the area more

distant from the plasma (r � 47 cm) the erosion is found
to be larger (up to 28 lm) which is partly due to the
enhanced flux of charge exchange neutrals in this region

as has been calculated by the B2-EIRENE code

(1:4� 1017 cm�2 s�1 for an ohmic discharge). Towards

the end of the tile (r ¼ 47:5 cm) the erosion rate de-
creases again. In the average 11.3 lm were lost at 2/3 of
the surface area which corresponds to 0.21 g of graphite

(1.86 g/cm3) for the single tile or to 46 g for the whole

toroidal belt limiter. Related to the total plasma expo-

sure time this value results into a carbon source strength

of �22 g/h. The part of the surface (1/3) closest to the
LCFS (r < 46:5 cm) cannot be reached by ions because
of the almost grazing incidence (<0.5�) of the field lines.
It turned to a net deposition zone.

2.2. Short range carbon transport

A large part of the eroded carbon is directly depos-

ited on the tile�s surface itself as can be seen in Fig. 2. It
shows a view in the poloidal direction. The visible drill

holes range from row 4 (top) in the erosion dominated

Fig. 2. View on limiter tile 20 (blade 5) after 7625 s of plasma exposure and dismounting. Flakes of 10 lm thickness in the deposition
zone peel off after a mechanical shock. The drill holes in row 9 are closest to the LCFS.
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zone up to row 9 (bottom) in the deposition zone which

is the central part of the limiter blade (r ¼ 46 cm). The
third hole of each row is not visible in the figure. The

two zones are separated by a dashed line passing the two

bolt holes. While the erosion zone remained polished,

the deposition zone became rather uniformly covered by

a layer of �10 lm thickness as has been determined by
SIMS depth profiling at several locations. This value is

confirmed by SEM [16] of flakes peeled off the substrate

after a mechanical shock (Fig. 3). Since we do not expect

more than �5% [17] of impurities (mainly boron) in the
films and 5–15% of deuterium [18] the value corresponds

to 92 mg of carbon deposited on 1/3 of the surface, or to

about 20.5 g if the 224 tiles of the belt limiter are con-

sidered. Related to the total exposure time this sink

counts with �10 g/h. As Fig. 3 shows the deposited layer
is stratified equidistantly according to the three boroni-

sations applied in equal time intervals. It separates the

strata by a thin (�100 nm) boron marker. The net de-
position rate remains nearly constant over an operation

period of several month.

Obviously, part of the carbon – after erosion – has

been transported over short distances only and is di-

rectly re-deposited. This is suggested by SIMS depth

profiling in the centers of the drill holes after the expo-

sure. One example taken at row 3 right in the erosion

dominated zone is given in Fig. 4. The presence of a

deuterium containing carbon film is indicated here by

the co-deposited C and D. It ends at a depth of 5.5 lm
where the W signal of the substrate occurs and the D

signal drops simultaneously. Note, that the count rates

do not reflect the relative concentrations of the species.

It is rather unlikely that this film is formed by carbon

drifting out of the SOL plasma because of the shallow

[13] incident field lines (�1�). The 0.3 mm deep and 5
mm wide hole remains shadowed for C4þ ions with

typical Larmor radii of 1 mm. Ionic hydrocarbon radi-

cals, however, eroded in the direct surrounding and re-

deposited on the bottom would remain there because the

eroding Dþ ion flux is shadowed as well (rL � 1:6 mm).
This fact demonstrates the high sensitivity of the net

effects on surface imperfections in areas of shallow in-

cidence: grooves of few tenth of a mm can switch easily

net erosion into net deposition even on plasma wetted

components. Erosion in the shadowed grooves is then

only due to neutral hydrogen [7].

Fig. 4 additionally shows three equidistant maxi-

mums of the boron signal according to the three bo-

ronisations. Obviously the layer has grown continuously

during the exposure time while the environment became

eroded. This behaviour has been investigated systemat-

ically for all the drill holes, and the results are sum-

marised in Fig. 5. Independent on the poloidal location

of the hole, the three maximums of the boron signals

remain equidistant and indicate that the local carbon

transport and the re-deposition processes are distributed

over the extended surface. Only the rates of re-deposi-

tion into the holes increase from row 1 towards row 9

because of the shrinking distance to the LCFS. This

likely leads to the decrease of the ionisation lengths of

the released hydrocarbon radicals and to an according

increase of the probability to return to the surface.

2.3. Long range carbon transport

Carbon not re-deposited directly enters the plasma

and is transported as Cnþ ions to other locations. Pro-

truding obstacles as e.g. the poloidal limiters and the

protection tiles for the ICRH antennas contribute re-

markably as sinks [19]. Their effective area is small (�0.2

Fig. 3. SEM image of a flake grown in the deposition zone

between 25.2.2000 and 24.8.2000 (7625 plasma seconds). The

equidistant stratification corresponds to the three boronisations

(100 nm of a-B:D) applied in equal time intervals and indicates

the continuous growth.

Fig. 4. SIMS depth profile in the erosion area, but in the center

of a drill hole of row 3. The co-deposit (C, D) of 5.5 lm
thickness ends at the W interlayer. Three maximums in the B

signal are due to the three boronisations. The signals are not

normalised.
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m2), but the average net deposition rate is as high as �4–
5 nm/s because of the perpendicular intersection of the

field lines. Such values have often been observed by

means of collector probes in the SOL of TEXTOR and

result into a carbon accumulation rate of about 6 g/h.

The co-deposition of hydrogen is low (�4� 10�4 [20])
due to the occasional temperature excursions of these

components.

Other surfaces do not take part much to the carbon

interchange. The contribution of the torus shaped and

boronised liner (r ¼ 55 cm) approaches zero [14]. It
serves as a small but permanent source of boron instead.

Little information is available at present for the graphite

bumper limiter (�6 m2, r ¼ 49 cm) on the high field side.
SIMS depth profiles taken at several locations on a tile

which was exposed together with the instrumented tile

suggest a slight net deposition of no more than 0.5 lm
over about 2/3 of the total area which results into a rate

of 1–2 g/h of carbon. This contribution is lowered,

however, by some carbon release from the other part of

the surface which could not yet be determined.

The rest of the carbon (�5 g/h) not found inside the
torus should have left via the pump ducts. It is guided by

the leading edges of the belt limiters together with the

deuterium plasma (CDþ ¼ 1–5� 1018 cm�2 s�1 [21]) be-

hind the blades. The carbon impurity flux leads to im-

pressive net deposition on the neutraliser plates where it

has grown up to thick crusts (mm) within five years of

operation. Most of the material could be scratched off

and the amount determined by weighing to 23.1 g [16].

The deuterium content does not exceed �0.5% because
of the occasional temperature excursions of the loosely

bound material during operation (surrounding temper-

ature 350 �C). Taking into account the total plasma

exposure time of �24 h the value stands for another 1 g/
h. Obviously re-erosion takes place due to the deuterium

ions of roughly 200 eV energy, but only little deposition

was found on the inner areas of the cold pump ducts [14]

where soft films ðn � 1:5Þ are formed of thicknesses
which could be estimated by interference fringe analysis.

Although the contribution to the carbon balance (0.02 g/

h) is negligible the films contain 100–1000 times more

deuterium ðD=C � 0:7Þ than the other deposits and their
uncontrolled formation in fusion devices would increase

the tritium content.

Most of the carbon released at the neutraliser plates

seems to be neutral methane molecules and is pumped

out. Observations made with a sniffer probe [21] suggest

an erosion yield of 1% and, hence a rate of 1–2 g of

carbon/h leaving the system in gaseous form. The re-

mainder of 2–3 g/h still missing in the balance could not

be identified.

2.4. Discussion

It is not a surprise that the balance of sources and

sinks is not levelled out because of the uncertainties of

the extrapolations. The value of this attempt could,

however, be the better understanding of the processes.

From the observed maximum carbon erosion rate of 13

lm/h one could figure out a 12 cm loss within a burn
year or – assuming that a surface area of 10 m2 is af-

fected – about 2 tons of carbon lifted off and shifted

either by short or by long range transport to other lo-

cations. For ITER, a prediction of absolute quantities is

difficult to make, but the possible short range transport

process of carbon could trigger unexpected re-deposition

at surface imperfections or in shadowed areas near the

strike zones and lead to the formation of tritium rich

films.

The long range transport of carbon to the remote

areas ends differently in JET and in TEXTOR. While in

JET the majority of the carbon which enters the inner

divertor seems to leave it towards the pumps and may

become trapped as deuterium rich material ðD=C � 0:8Þ
at the water cooled structure of the louver, in TEXTOR

great parts precipitate on the hot neutraliser plates

ðD=C � 5� 10�3Þ or leave the system as saturated hy-
drocarbon. Only small fractions remain as deuterium

rich films ðD=C � 0:7Þ in the cool pump ducts. The most
probable reason for this drastically different behaviour

could be the different plasma temperatures and, hence

ion energies in the JET divertor and at the TEXTOR

neutralisers. At the hot neutralisers hard carbon films

are formed because of the co-deposition with deuterium

ions of several 100 eV (Te � 20–50 eV). The re-eroded
methane has little chance to stick. For JET, Te ranges
below 2–5 eV in the inner divertor which may enhance

the formation of soft and polymer like films which are

thermally unstable and show high chemical erosion. This

Fig. 5. Locations of the three maximums of the boron signals

as taken from the SIMS depth profiles in the centers of the drill

hole. The numbers refer to the three successive boronisations.

The total thickness (open squares) of the deposits was deter-

mined from the disappearance of deuterium signal.
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could lead to the formation of unsaturated hydrocarbon

radicals CxDy with probably much higher sticking

probability [5]. The possible influence of the substrate

temperature is not fully clarified [22,23] yet.

The total amount of deuterium retained in TEXTOR

due to co-deposition was estimated to be 5:6� 1022 D/h
by taking into account the different contents in the

various sinks of carbon. This value is of the same order

of magnitude as already found earlier [19]. It is about

10% of the fuel rate (5:5� 1023 D/h) introduced via the
gas inlet system during plasma pulses as extracted for

the operation period March–August 2000. Contribu-

tions by neutral beam heating (mostly H in TEXTOR)

are neglected in a first approximation. Similar high re-

tention has been reported from JET [24] and illustrates

the concern about the radioactive tritium inventory to

be expected if carbon is used. Note, that the greatest part

of D is retained on the plasma wetted surfaces of the

toroidal limiter in TEXTOR while in JET mainly the

remote areas are affected.

If tritium rich carbon could not be removed from the

remote areas of ITER the safety limit (350 g) will be

achieved rather soon. Probably the formation and the re-

erosion of hydrogen rich deposits can be influenced by

making use of their dependence on ion impact energies

and on substrate temperature. But, the way to securely

control tritium is not developed yet. Further investiga-

tions are needed and the predictions for larger machines

have to be based on computer codes. Codes, however,

must be validated by means of special experiments which

can be carried out also at smallermachines likeTEXTOR.

3. Local transport of tungsten and silicon and its

modelling

3.1. Experimental

Although low sputtering yields (10�4) for hydrogen on

tungsten are expected in ITER the erosion might increase

(10�1) due to the presence of carbon ions. Tungsten may

also melt by thermal impact. Part of the tungsten not

promptly re-deposited will locally be transported, but it is

not clear yet which distance it could travel. A special

experiment has been set up in TEXTOR where the local

transport of tungsten and of silicon (for comparison) and

their accumulation in a shadowed region were investi-

gated and the results quantitatively modelled by the

ERO-TEXTOR code. Since a similar experiment for

carbon accumulation has already been described else-

where [8] only a short description will be given.

A graphite block (see Fig. 6) with an inclined surface

(20�) was positioned in the SOL 1 cm outside the LCFS.
It was covered with a polished graphite plate which

carried an interlayer of Re (�140 nm) and of W (�100
nm), but protected on top by a thin transparent sili-

con film (�150 nm of a-Si:D). A small strip of 12 mm
(still visible) had been carbonised instead (�300 nm of

Fig. 6. Photograph of the graphite target after 150 s of plasma exposure and dismounting. The Si–W–Re film (390 nm) is totally

eroded at the plasma near edge (LCFSþ 1 cm) and the elements have partly been transported into the shadowed region where SIMS
depth profiling was carried out along the dotted line.
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a-C:H). This plate was partly covered by an aluminium

lid (3 mm) having a sharp edge which created a local

shadow region (8.3 mm wide) with respect to the ions

following the field lines. Note, that the shadow crosses

the target plate diagonally and that the radial distance to

the LCFS shrinks towards the upper end (LCFSþ 1 cm).
Holes in the protection plate allowed to investigate de-

position in front of obstacles (not subject of this paper).

The arrangement was exposed to 26 ohmic discharges

(neo ¼ 2:75� 1019 m�3, Ip ¼ 350 kA, BT ¼ 2:25 T) cor-
responding to 150 plasma seconds. Electron densities and

temperatures in the plasma edge were measured bymeans

of He- and Li-beam diagnostics resulting into an ion flux

of CDþ ¼ 1:7� 1019 cm�2 s�1 at the LCFS with a decay

length of about 8 mm. During exposure the surface was

inspected by colorimetry and the released particles ob-

served by spectroscopy, after exposure it has been in-

vestigated by colorimetry and by ion beam analyses for

depth profiling (SIMS, AES) and for the concentrations

(NRA, RBS, EPMA). Fig. 6 shows the appearance of the

sample after dismounting. Obviously, the metal film (Si,

W, Re) has totally been eroded in an �18 mm wide zone
near the LCFS. Part of this material is accumulated in the

shadowed region and is visible as shiny layer on the

carbonised strip. The other parts of the shadowed region

still showed the initial green interference colour of the a-

Si:D film which means that the thickness change is less

than few nm. Net deposition starts beyond �2.2 cm off
the LCFS on the plasma far part of the sample. The de-

posit became visible as a coloured film on the aluminium

plate. The maximum net deposition rate on the inclined

target was found to be þ0.8 nm/s.

3.2. Results

Fig. 7(a) shows the normalised depth profiles taken by

SIMS in the carbonised zone in the shadow (dot in Fig.

6). Note, that the logarithmic abscissa expands the sur-

face near distances and compresses the bulk. Re, W, and

Si appear at the very surface (until �30 nm) and can be
discriminated on top of the still present a-C:H film (�300
nm). Below the carbon the two interlayers W and Re

show up as sharp peaks which separate the carbon film

from the graphite bulk (�450 nm). It is obvious that
the initial sequence Si, W, Re has exactly been reversed.

The species have been eroded and transported into the

shadowed region one after the other. The successive

erosion during exposure was observed by the appearance

and disappearance of the Si II and theW I light intensity.

Camera inspection of the erosion zone between plasma

pulses revealed the gradual shrinking of the coated area

and the arrival of the metals in the shadow. The total

erosion was completed within �100 s which corresponds
to an average net erosion rate of )4 nm/s.
Fig. 7(b) shows depth profiles for tungsten only, but

taken in the shadow along the dotted line in Fig. 6. The

surface concentration decreases with increasing distance

from the location of the source. Such behaviour is ex-

pected if part of material returns to the surface after

erosion and local transport. The surface concentrations

drop to one half within 1 cm while the bulk�s remain
unaffected. Re behaves identically, but Si shows a stee-

per decay. The erosion and the local transport of the

metallic species across the surface were subject of the

quantitative modelling by means of the ERO-TEXTOR

code and described in the following.

3.3. Simulations with the ERO-TEXTOR code

The amounts of tungsten and silicon deposited on the

surface in the shadowed region were determined by

taking into account the peak areas and the different

widths of source (18 mm) and sink (8.3 mm). The

amount of e.g. tungsten ranges between 3% and 8% of

Fig. 7. SIMS depth profiles in the shadowed region (a) of Re,

W, Si and C at a single spot and (b) of W at locations with

increasing distances from the erosion zone. The numbers 1, 2, 3,

4 correspond to 14, 17, 20, 22 mm distance, respectively. Note,

that the logarithmic expanded abscissa pronounces the surface

compared to the bulk.
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the eroded amount. For Si up to 0.4% were found only.

The values have been calibrated by help of the areal

densities as determined by the ion beam analyses. The

results are given in Fig. 8. The initial bulk concentra-

tions of 6:3� 1017 cm�2 for W and 7:2� 1017 cm�2 for Si

corresponding to 100 nm and 150 nm, respectively (bars)

were completely eroded. The amounts arriving at the

surface in the shadow are given as circles (W) and

crosses (Si) and decrease according to Fig. 7(b).

The simulation calculations aimed at the quantitative

re-construction of the findings at two 2 cm distant lo-

cations close (x ¼ 92 mm) and far (x ¼ 72 mm) to the
source. The Monte-Carlo code ERO-TEXTOR does not

only take into account the plasma parameters (Te ¼ 70
eV, neo ¼ 2:5� 1018 m�3 at the LCFS) and a carbon

impurity flux (2% of CDþ ) 1, but also the sputtering

yields, ionisation lengths, E � B forces and friction.

Since little is known about the cross-field diffusion

constants, a value of 0.2 m2 s�1 (as for carbon) was used

for tungsten. The calculated amounts for deposition

coincide well (full dots) with the experimental results.

For silicon which shows very low deposition efficiency

[25] an accordingly lower diffusion constant (0.02 m2 s�1)

fits the data (full squares).

Two transport mechanisms were distinguished which

contribute differently: while for tungsten repetitive

prompt deposition (�50%) within the first Larmor orbit
[26] seems to play a big role, the silicon transport is

dominated (�70%) by re-deposition after the ionisation
of the eroded Si in the SOL plasma. Accordingly, the

observed Si II emission appeared further distant (�10
mm) from the probe�s head than the W I light (�5 mm).
The larger ionisation length for Si explains the lower re-

deposition efficiency compared to W. The values were

used to cross-check the calculations with the spectro-

scopic observations. Fig. 9 shows as example the

agreement between the measured and the calculated

radial profiles of the Si II light emission.

3.4. Discussion

It is unlikely that the erosion rate of )4 nm/s ob-
served on the inclined target is only due to the deuterium

ion flux (CDþ ¼ 7� 1018 cm�2 s�1 at r ¼ 47 cm). This
flux could erode the a-Si:D layer and only part of

tungsten (sputtering yield 1:7� 10�3 [27]) during the
time of exposure, but not the whole layer. Obviously

carbon ions (1–2% of CDþ ) have eroded effectively the

metallic species because of there high yield of �0.18. In
ITER, the electron temperature is lower (>30 eV at the
baffles) than in the experiment (60 eV), but erosion by

carbon could become serious because the sputtering

yield remains still high enough (�0.12). In particular if
long pulse operation is aimed at possible erosion by

carbon from the strike zones should be considered.

However, the net erosion rate of tungsten is difficult to

estimate, because the carbon can also form films on the

surface [28]. But an erosion rate of )4 nm/s for tungsten
would correspond to 1.6 mm within 1000 pulses or to 13

cm per burn year. Whether the tungsten will locally be

transported to other areas with 1–2 cm/100 s (40 m/1000

pulses) as observed in the experiment has to be shown in

simulation calculations. Tungsten accumulated in shad-

owed regions could cause the formation of flakes. The

observed accumulation rate of 0.1–0.3 nm/s would cor-

respond to 80 lm/1000 pulses.

Fig. 8. Areal concentrations for W and Si as determined for the

bulk by RBS and EPMA and for the surface as determined

from the peak ratio of the SIMS profiles in dependence on the

distance to the erosion zone. The ERO-TEXTOR code simu-

lation yield agreement if D? ¼ 0:2 m2/s for W (dots) and

D? ¼ 0:02 m2/s for Si (squares) are used.

1 The value of 1–2% could be determined independently due

the discrimination of the Dþ and Cnþ fluxes at the sharp edge of

the Al cover.

Fig. 9. Si II light intensity observed (dots) in poloidal direction

above the inclined target and calculated (open circles) by means

of the ERO-TEXTOR code.
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Although the erosion experiments described here do

not allow direct extrapolations to ITER they can yield

relevant data in order to validate computer codes which

model and simulate the processes. The fact that the

ERO-TEXTOR code could re-construct quantitatively

the experimental findings is a strong argument for its

application to JET and ITER.

4. Outlook

It has to be shown that the wall materials foreseen for

ITER (CFC and tungsten in the divertor region and

beryllium for the main chamber walls) are an optimum

for the long pulse operation. Unavoidable related to the

use of carbon is the question how the tritium retention

can be controlled. A carbon erosion/deposition balance

as established for TEXTOR or special experiments to

investigate local tungsten transport or other experiments

in smaller machines are difficult to scale up to ITER

dimensions. But they become relevant if the observa-

tions can be modelled by computer codes which allow

the extrapolation. The improvement of such codes and

their continuous validation on experiments seems to be

the major conclusion we have to draw. The quantitative

simulations of the results by means of the ERO-TEX-

TOR code is therefore one important step.

Consequently, this code has been applied to simulate

the observed local carbon transport in JET. As men-

tioned above the asymmetric carbon flow from the outer

to the inner divertor leads eventually to massive and

deuterium rich carbon deposition at the inner louvers. A

flux ratio UC=UD � 4% to the louvers has been estimated
[6], but carbon is also deposited near the strike zones.

Since the attempts to simulate this behaviour by means

of the ERO-TEXTOR code are outlined in [10] they will

not be discussed here. But the modelling suggests a

carbon re-deposition near the strike zones in the form of

�soft� films. The films show enhanced re-erosion likely in
the form of higher hydrocarbons which are transported

step wise across the surface in the direction to the lou-

vers. Here they accumulate because of the absence of

plasma and if a high sticking probability can be as-

sumed.

First attempts to apply the code to ITER were made

in order to estimate carbon gross erosion and re-depo-

sition on the vertical divertor plates [29]. Fig. 10 shows

as example that for the reference case (410 MW fusion

power at Q ¼ 10) the gross erosion at the inner strike
zone (Te ¼ 1� 2 eV, ne ¼ 1� 2� 1021 m�3) exceeds 40

nm/s. Only 83–94% (depending on sticking probability)

will be re-deposited, but not at the same location. The

lifted off and re-deposited carbon would give rise to co-

deposition of roughly half a gram of tritium at the af-

fected area (�2.5 m2) within one pulse and the safety
limit will be achieved in less than 700 pulses. Net erosion

will cause grooves in the CFC of 5–10 mm depth within

a 1000 pulses if the impurity fluxes (mainly beryllium)

out of the main chamber are not considered. Erosion

turns e.g. to deposition if the fraction of beryllium is

0.5%, but the intermixing of the materials makes further

predictions very complex.

The results depend strongly on the input parameters

which have to be either assumed or delivered from other

codes. Coupling to other codes which can treat the

global transport or the material mixing is therefore in-

evitable.
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