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Abstract

To investigate material transport in scrape-off layer plasma and in/out asymmetries in divertor, '*CH, was puffed at
the end of 2002/2003 experimental campaign into ASDEX Upgrade from the outer mid-plane. Ex-situ analyses of the
tiles were performed by secondary ion mass spectrometry and Rutherford backscattering spectrometry. The highest
amount of '3C was detected at the top of inner divertor, and below the inner and outer strike points towards the roof
baffle. The '*C peaks below the strike points correlate with thick long term deposition layers detected in ion beam anal-

ysis experiments.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Erosion and redeposition are issues of major impor-
tance for ITER in that the rate of erosion of the divertor
targets and building up of deposited films (and the T re-
tained therein) may ultimately limit the choice of diver-
tor materials and the operational space for ITER. Most
existing fusion devices use carbon, which has excellent
thermal and mechanical properties. Carbon is also con-
sidered as divertor target material for ITER [1]. How-
ever, the major disadvantage of carbon as a first wall
material in a fusion device is the trapping of hydrogen
isotopes by co-deposition with eroded carbon atoms
[2]. Tritium trapped in these co-deposited layers will
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contain a significant amount of the total tritium inven-
tory of a nuclear fusion reactor [3]. At the present the
mechanisms which form the layers are not completely
understood. Moreover, carbon deposition at ASDEX
Upgrade and JET has been generally observed to be
much higher at the inner than the outer divertor [4,5].
The reason for this asymmetry is still under discussion.
Various explanations have been proposed [5,6]. Also
the difference in divertor temperature could be consid-
ered. The inner divertor is cooler and the plasma mostly
detached. This causes a lower potential at the inner
divertor than at the outer one. This leads to a drift in
the scrape-off layer (SOL) from the outboard to the in-
board side so the most of erosion takes place at the outer
divertor. The aim of this work was the experimental
investigation of material transport in SOL and the study
of in/out asymmetries in divertor deposition by measur-
ing the deposition pattern of carbon on plasma facing
components under controlled source conditions.
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2. Experimental setup

For post mortem erosion/deposition analyses a full
poloidal set of marker tiles (stripes of 3—7 um thick car-
bon layer on a 100 nm Re layer, prepared by arc dis-
charge method) was installed in the lower divertor (see
Fig. 1) during the shutdown in 2002 [7].

At the end of the 2002/2003 experimental campaign
13CH, was puffed into the torus from the outer mid-
plane at one toroidal location during 13 identical bot-
tom single null H-mode (ELM type I) discharges (#
18190-18202) in hydrogen with an integrated puff time
of 37s. The puff was localised only in the sense that
one gas valve was used. However, the valve is quite re-
mote in the port and therefore effectively the whole port
acts as a source. This means it has the size of about
0.5 m> The molecules will penetrate the SOL to quite
different depths which, combined with the large shear
in the SOL, will lead to a very rapid distribution of
the particles and therefore to a quite symmetric toroidal
distribution [8]. The main plasma parameters were
I,=1.0MA, B=-20T, n,=85x10"m* and
P.ux = 6.5 MW. The total amount of 1*C injected during
the experiment was 9 x 10*! atoms. '*C serves as a mar-
ker because it can be distinguished from '*C isotope with
surface analytical methods.

For 13C profiling secondary ion mass spectrometry
(SIMS) was utilised. A set of samples of 17 mm in diam-
eter was cut from the divertor tiles using a coring tech-
nique [9,10]. The number of the samples (1-5 samples
from each tile depending on the tile size) was chosen
to provide as many measurement points as possible
along the marker stripes. SIMS analysis was made with
a double focusing magnetic sector instrument (VG Ionex
IX-70S) at VTT. The current of the 5keV Oj primary
ions was typically 500 nA during depth profiling and
the ion beam was raster-scanned over an area of
300 x 430 pm?>. Crater wall effects were avoided by using

Fig. 1. Sketch of divertor IIb together with the magnetic
surfaces. Numbers correspond to the divertor tile numbers.

a 10% electronic gate and 1 mm optical gate. '*C was
profiled using a high mass resolution of 2000 (m/Am at
m/z 28) to separate the element peak from the interfering
isobar ?CH". The pressure inside the analysis chamber
was 5x 1078 Pa during the analysis. The depth of the
craters was measured by a profilometer (Dektak
3030ST) after SIMS analysis. The uncertainty of the
crater depth was estimated to be 5%.

3. Results and discussion

Fig. 2 shows '*C depth profiles for outer divertor
(1B) and roof baffle (9A) tiles corresponding to s-coordi-
nate of 1.15 and 0.87 m, respectively. S-coordinate rep-
resents the distance from the top of the inner divertor
along the surface of the tiles and describes poloidal posi-
tions (s = 0 corresponds to the top edge of tile 6A). 13C
signal was normalised with '°C level and natural '*C
background was subtracted. Data indicate the presence
of 13C at the surface region with following decrease
within the bulk. Larger content of *C accumulated in
the outer tile compared to the baffle one can be ob-
served. Because of small problems with calibration sam-
ples, quantitative '*C amount in the analysed samples
will be determined afterwards and results will be pre-
sented in forthcoming paper. The qualitative trend,
however, will stay the same.

The strike point position from magnetic reconstruc-
tion together with Langmuir probe data during last 13
shots of the campaign as a function of s-coordinate is
presented in Fig. 3. The ion fluxes measured with Lang-
muir probes were integrated over each discharge, and
total fluence during all shots was calculated. Because
ELMs affect the measured Langmuir probe signal, the
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Fig. 2. SIMS depth profiles of '*C normalised to '*C signal and
natural '3C background subtracted. Presented are profiles for
tiles 1B (s=1.15m, above the strike point close to the
boundary with tile 1A) and 9A (s = 0.87 m, close to the central
part of the tile).
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Fig. 3. Strike point position from magnetic reconstruction
(solid line) together with fluence from Langmuir probes data
(dashed line) during last 13 shots of the campaign.

corresponding time slices were not taken into account.
During the '*C puffing experiments the strike points
were at the centre of the inner divertor tile 4 and the out-
er divertor tile 1B. The strike point position in the outer
divertor corresponds to the peak of fluence on tile 1B.
But unlike to this, there is no drastic increase of fluence
in the inner strike point. Detailed distribution of '*C to-
gether with strike point position from magnetic recon-
struction during last 13 shots of the campaign as a
function of s-coordinate is presented in Fig. 4. '*C peaks
are observed on tiles 6A (s = 0.05 m), 4 (s = 0.48 m) and
1B (s =1.07, 1.09 and 1.15 m). The peaks on the tiles 4
and 1B are shifted toward the roof baffle with respect
to the inner and outer strike points, respectively. At
the inner divertor, the shift is ~4 cm whereas at the out-
er divertor it is somewhat smaller ~1-2 cm (the accuracy
of the outer strike point position from magnetic recon-
struction is +1 cm). Roof baffle tiles contain almost no
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Fig. 4. 13C distribution at the divertor (dashed line) together
with strike point position from magnetic reconstruction during
last 13 shots (solid line).
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Fig. 5. '*C distribution (dashed line) together with long term
carbon deposition data (solid line).

13C except a small bump detected at s =0.93 m (tile
9A) which could be caused by '*C particles escaped from
tile 1B after being deposited there.

Unexpected consistence of *C results with long term
carbon deposition data (Fig. 5) measured with Ruther-
ford backscattering spectrometry can be noticed. The
13C peaks on tiles 4 and 1B are observed at the same po-
sition that long term deposition occurs. The long term
deposition peaks are also located closer to each other
(and to the bottom of the divertor) with respect to the
long term strike points (for details see [7]). Probably
the positions of '>C accumulation and the long term
deposition can be explained as follows. At the position
of the strike point some surface material is eroded dur-
ing the shot. On the other hand being transported by
the SOL plasma to the divertor, carbon is locally rede-
posited and re-eroded a few times and finally ends up
at the lower part of the divertor together with material
eroded at the strike points. This effect of local redeposi-
tion was suggested earlier for migration of eroded tung-
sten in ASDEX Upgrade [11] and observed for carbon
migration in JET [12].

The following effect is surprising. Long term carbon
distribution at tile 1B consists of three peaks what might
be associated with different outer strike point position
through the whole campaign. However, '*C distribution
also consists of three peaks while the strike point posi-
tion stayed constant. It is hard to say what causes this
fine structure of the peaks. A peak at s = 1.15 m might
be associated with area shadowed by the neighboring tile
1A.

A very high peak of '*C was observed at the top of
the tile 6A (Fig. 5). The amount of *C transported to
this place corresponds to 59% of total '*C detected on
the inner divertor. However, no similar accumulation
of 13C at the top part of the outer divertor was detected.
It might be explained by the higher drift of the SOL
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particles from the outer mid-plane to inboard than to
outboard.

The amount of carbon deposited at the inner divertor
has been reported to be about 2.5 times larger than at
the outer divertor [13]. Our data demonstrate the total
amount of '3C transported to inner divertor is a factor
of 1.5 smaller than the one found at the outer divertor.
Of course, it should be kept in mind that erosion/depo-
sition data [13] describe the situation after the whole
campaign with different conditions while the '*C results
were collected after identical shots. It is also worth
noticing that long term deposition can be considered
as a superposition of the carbon coming from the main
chamber and divertor. According to spectroscopic data
[14] and as mentioned above, due to multiple re-erosion
and redeposition long term carbon migrates to the
places where it is not eroded anymore. While '*C is pri-
marily transported by the plasma along field lines (see
above). However, subsequently it migrates (erodes and
redeposits) in small steps to positions where there is no
further erosion. The time scale of the experiment was
very short that '*C (attributed with the main chamber)
would be re-eroded and redeposited many times. So
the re-eroded/redeposited '>C does not travel around
the torus.

A similar experiment on impurity transport was per-
formed at JET [10], where during the last day of the
campaign, *CH, was injected through the module on
the top of the vessel. During gas puffing (ohmic plasma
pulses), the reciprocating probe with retarding field ana-
lyser was fitted and inserted twice for each pulse into the
plasma boundary. The drift velocity was in the direction
required to sweep impurities into the inner divertor. Ex-
situ measurements showed the presence of some '>C and
deposition occurring in the inner divertor, heavy deposi-
tion and very small amount of 13C at floor tiles, and ero-
sion and '*C at the level of natural abundance in the
outer divertor (long term processes are denoted as depo-
sition and erosion). A peak of the >C content was ob-
served at the top part of inner divertor tile [15] which
agrees with our results on tile 6A.

Based on the results from JET and the data reported
in this study it can be concluded that the deposition pat-
tern of carbon injected from the outer mid-plane of typ-
ical discharges shows a remarkable difference with the
long term carbon deposition pattern. Carbon originat-
ing from the outer mid-plane is transported in almost
similar amounts to the inner and outer divertors, and
the maximum deposition is found at the top of the inner
baffle. This might indicate either that the long term car-
bon deposition is determined by singular discharges or
events, or that the outer mid-plane is not the major car-
bon source. This would be in qualitative agreement with
the recent observation of net erosion at the outer strike
point tiles [7].

4. Conclusions

Experimental investigation of material transport in
the SOL plasma and the study of in/out asymmetries
in divertor deposition was performed by measuring the
deposition pattern of carbon on plasma facing compo-
nents under controlled source conditions. For this pur-
pose '*CH, was puffed at the end of the 2002/2003
experimental campaign into the torus from the outer
mid-plane. Peaks of '*C were detected below strike
points towards the roof baffle at the inner and the outer
divertor, and at the top part of the inner divertor. This
contribution of the main chamber processes to the depo-
sition can be associated with transport by the SOL
plasma.
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