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ARTICLE INFO ABSTRACT

PACS: Castellation is foreseen for the first wall and divertor area in ITER. The concern of the fuel accumulation

52.55.Fa and impurity deposition in the gaps of castellated structures calls for dedicated studies. Recently, a tung-

g;-gg-sf sten castellated limiter with rectangular and roof-like shaped cells was exposed to the SOL plasmas in
-29.Vy

TEXTOR. After exposure, roughly two times less fuel was found in the gaps between the shaped cells

whereas the difference in carbon deposition was less pronounced. Up to 70 at.% of tungsten was found
intermixed in the deposited layers in the gaps. The metal fraction in the deposit decreases rapidly with
a depth of the gap. Modeling of carbon deposition in poloidal gaps has provided a qualitative agreement
with an experiment. The significant anisotropy of C and D distributions in the toroidal gaps was

measured.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In ITER the armor of the first wall and divertor area will be cas-
tellated to maintain the thermo-mechanical durability of the ma-
chine [1,2]. Given the difficulties in fuel removal [3-5], there is a
concern that the radioactive fuel will be accumulated in the gaps
of such a castellation [6-9]. Dedicated studies addressing the
performance of castellated structures under plasma impact are
ongoing on several tokamaks [10-12]. Series of experimental
investigations with ITER-like castellated samples were performed
in TEXTOR along with dedicated modeling to address the issues
of carbon transport and fuel accumulation in the gaps [13-15]
and on molten layer formation and its impact on the performance
of castellation [16]. In a recent study [17] an attempt was made to
optimize the shape of the castellation cells in order to minimize
the carbon transport and fuel deposition in the gaps and the first
comparative results were presented. In this paper we provide more
in-depth analyses of the deposition in gaps, studies on metal inter-
mixing in the deposits along with the first modeling results.
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1.1. Experimental: design of the castellated limiter, exposure in
TEXTOR, nomenclature of castellation cells and post-exposure analyses

The design of a castellated limiter (Fig. 1) is described in details
in [17]. Two types of castellations were installed on the double-
roof limiter: shaped castellation with the roof-like cells as shown
on Fig. 1(b) with dimensions of 10 x 10 x 12/15 mm and the cas-
tellation with rectangular cells of 10 x 10 x 15 mm. Each castella-
tion had 2 rows with 3 cells in each. The gap in between the cells
was 0.5 mm wide.

The limiter was exposed in the SOL of TEXTOR using the Limiter
Lock system [18] at the radial distance of R =46.5 cm, 0.5 cm out-
side the Last Closed Flux Surface (LCFS). Sixteen repetitive identical
NBI-heated discharges were performed with total plasma duration
of 112 s. Several diagnostics were applied during the experiment to
measure the plasma parameters as described in [17]. The bulk tem-
perature of test limiter as measured with thermocouples was in
the range of 200-250 °C, whereas the surface temperature of the
uppermost cells rose up to 1100 °C during the discharge. Three dis-
charges were accompanied with undesirable loss of vertical plasma
control which resulted to thermal excursions of the uppermost
cells up to 1500 °C.

In this paper we are keeping the nomenclature introduced in
[17]: the gaps oriented along the poloidal and toroidal field direc-
tions we name as poloidal and toroidal gaps respectively, a
shaped castellation was facing an ion drift side, therefore an ‘i’
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Toroidal direction

Fig. 1. A view of a castellated limiter III after exposure with a nomenclature of cells (a), the geometry of cells (b) and the scheme of exposure (c).

is introduced to identify the shaped cells. For the rectangular cas-
tellation facing an electron field side an ‘e’ is introduced simi-
larly. The rows of castellation structures are numbered with 1
and 2, starting with the plasma-closest row and the cells within
a row are marked with letters from ‘a’ to ‘c’ as can be seen from
the Fig. 1(a).

Several surface and elemental analyses were made in gaps, plas-
ma-facing top surfaces and on the gap holder. Line scans in the
depth of gaps were made using Electron Probe MicroAnalysis
(EPMA) technique at the Reinisch Westfdlische Technische
Hochshule (RWTH, Aachen). Line scans were also made using the
Nuclear Reaction Analysis (NRA) technique at the IPP Garching,
using the BOMBARDINO device. Secondary-lon Mass Spectrometry
(SIMS) measurements were made on the top surfaces, gaps and in
the bottom of both castellation using the double-beam ION-ToF 4
device at the Forschungszentrum Jiilich. The SIMS measurements
were calibrated using the DEKTAK 6 M stylus profiler at the Fors-
chungszentrum Jiilich, so that the sputter speed were known for
both used O and Cs beams within an accuracy of 20%.

2. Results and analyses
2.1. Poloidal gaps

2.1.1. C transport and D accumulation

Following the initial estimates provided in [17], the total
amount of carbon and deuterium in the poloidal gaps was précised
using the integration along the NRA scan with supporting EPMA
and SIMS measurements as shown in Fig. 2. The respective total
values of C and D in the gaps of both shaped and rectangular cells
are presented in the Table 1. From the table it can be seen that the
poloidal gaps of shaped cells indeed contain roughly a factor of 2
less deuterium, showing an advantageous feature of the new
geometry. At the same time, a more precise accounting of the
amount of C in the gaps of rectangular and shaped cells revealed
less pronounced advantages of the shaped geometry, in the re-
sponse to the first estimates reported in [17] which were based
on the peak values of C deposition in gaps. In the new accounting
the shape of the overall deposition profile along the gap was con-
sidered: the profiles of deposition in the rectangular cell featured
indeed the highest peak values, but they were peaked near the
plasma-closest edges only while the deposition patterns in the
gaps of shaped cells were smoother (Fig. 2(a)).
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Fig. 2. (a) Distribution of areal deuterium and carbon atom density along the depth
of poloidal gap of the rectangular (er12a) and shaped (is12a) cells: (1) Carbon atom
density distribution along the gap of rectangular cell er12a; (2) Deuterium atom
density distribution along the gap of rectangular cell er12a; (3) Carbon atom
density distribution along the gap of shaped cell is12a; (4) Deuterium atom density
distribution along the gap of shaped cell is12a. Arrows show the direction of the line
scan along the gap. (b) The gap geometry: A - plasma-open side of the gap with
respect to the impinging plasma flow, B - plasma-shadowed side. The edge of the
shaped cell is shown with a dashed line.

The overall D/C ratio is rather small varying between 0.5% and
3.0% due to the temperature excursions caused by the plasma load
during the exposure.

2.1.2. Metal mixing in the deposits

The quantification of the observed metal intermixing reported
in [17] has been made based on the comparison of the deposit
thickness derived from the EPMA measurements and direct
measurements made by DEKTAK profiler. The algorithm of the
quantification is described in details [15]. Results shown in Fig. 3
demonstrate that metal intermixing is significant reaching
70 at.% of W in the deposit for the plasma-closest edges of the gaps.
The metal fraction in the deposit decreases rather rapidly with the
depth of the gap.
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Table 1

Line-integrated deposition of carbon and deuterium in the poloidal gaps of
rectangular (er12a) and shaped (is12a) cells, D/C ratio of the deposits and ratios of
carbon and fuel accumulated in rectangular and shaped gaps of poloidal cells.

Total line- Poloidal cells
integrated amount
Rectangular Shaped Rectangular Shaped cell
cell cell cell
Plasma- Plasma- Plasma- Plasma-
open (A) open (A) shadowed (B) shadowed (B)
D 9.6+10™ 54x10"  9.7x10" 3.0%10'°
C 1.4 10" 1.1%10" 4.6%10"7 2.0 10"
D/C (%) 0.7 0.5 3.0 1.5
Ratio Drect/Dshaped 1.8 32
Ratio Crmlcshaped 13 1.05

41,6% 69,6%

27,3% 36%

3,0% 2,3%

Bl
B

3,5% 2,5%

Plasma- [ open side (A) } shadowed side (B) }

Fig. 3. Quantified metal mixing in the deposited layers formed in poloidal gap of
the rectangular cell (er12b). The numbers show the atomic percentage of the
tungsten in the deposit.

2.1.3. Modeling of carbon deposition in the gaps

The modeling has been started to reveal the main mechanisms
responsible for the deposition in the gaps. The modeling aims at
first to reproduce the deposition patterns observed in the experi-
ments. Runs were made with a simple particle reflection model,
as was used in [15] for three particle reflection coefficients R =0,
R=0.5 and R=0.9. 30.000 carbon atoms were started from the
three source locations shown in the Fig. 4(b) for the two different
geometries. The results are plotted in Fig. 4(a) showing the depen-
dence of the number of deposited atoms on the distance along the
gap for R=0.5. As it can be seen, the approximate form of mea-
sured deposition pattern presented in Fig. 2(a) can be qualitatively
reproduced assuming this reflection coefficient. However, the

6x10° Number of deposited carbon atoms

5x10°
4x10° -

3x10°

Shaped cells

s 1 x20) Rectangular cells
2x10° 1

1x10°

0

0 5 10 15 20 25 30

Fig. 4. (a) Modeled distribution of the deposited carbon atoms along the poloidal
gap of: (1) rectangular and (2) shaped cells; (b) the gap geometries used for
modeling, the particle sources are shown with light dots on the plasma-open (right)
sides of gaps: R) for the rectangular cells, S) for the shaped cells.

absolute amount of carbon deposited in the gap of the shaped cell
is significantly lower than in the rectangular one. This result does
not match the data inferred from experiment (Table 1). A probable
reason for this is that we assume equally strong particle sources for
both cell geometries. In reality, for the shaped cells the part of the
roof top surface (segment S on Fig. 4(b)) will act as a particle source
which is expected to be much stronger than that in the rectangular
geometry (segment R on Fig. 4(a)). The width of source for rectan-
gular cells is 0.5 mm whereas the width of source for shaped cells
is of order of 6 mm. A further upgrade of the model is therefore
underway and will be discussed later in the paper.

2.2. Toroidal gaps

2.2.1. C transport and D accumulation

As reported in [17] very inhomogeneous deposition patterns
were found in toroidal gaps for both cell geometries. Moreover, a
similar deposition pattern is observed on the same sides of toroidal
gaps, independently on shaping, as presented on the photographs
in Fig. 5(a). (e.g. compare the patterns observed for both geome-
tries for case V). An example of the NRA line scan is presented in
Fig. 5(a) for a toroidal gap of shaped cells is 2a and is 2b. There
is a visible significant difference in the deposition pattern on both
sides of this gap (lower two photographs in Fig. 5(a)). The total
amount of C and D differs much depending on the side of the same
toroidal gap. The probable reason for such a difference is the
imperfect alignment of the toroidal gap with respect to the toroidal
field direction. This misalignment as shown with an arrow in
Fig. 5(b) has led to the occurrence of the areas in the toroidal gaps
with a direct view of the plasma. This has caused erosion of the
uppermost edges of plasma-viewing sides of toroidal gaps (upper-
most edges of gaps on photographs for case V in Fig. 5(a)) in a full
similarity with plasma-open sides of poloidal gaps (see Fig. 2 case
A for comparison). The line-integrated total amount of C and D
deposited on the plasma-shadowed side of this toroidal gap is a
factor of 2 more than that on the plasma-viewing part. Such an
inhomogeneity may arise either from the fact that the gap size of
0.5 mm is smaller than the characteristic gyroradii of both C and
D ions ranging from 1 to 1.5 mm under experimental conditions,
which will likely cause the shadowing of the one side of the gap.

C, D (x 10), at./cm?

1 1
1.5x10" - R
Top view
1.0x10" EIEI \"
Plasma ’
i Shaped cells
5.0x10" -
0.0 a
AL DL L B LR B BELELEL AL B B
0 5 10 15 20 25 30

Distance along the gap, mm

Fig. 5. (a) Distribution of areal deuterium and carbon atom density along the depth
of toroidal gap of shaped (is2ab) cell: (1) Carbon atom density distribution along the
gap; (2) Deuterium atom density distribution along the gap. Arrows show the
direction of the line scan along the gap. (b) The geometry of toroidal gaps: V -
plasma-viewing side of the gap with respect to the impinging plasma flow/
magnetic field lines, S — plasma-shadowed side.
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In addition, the alignment of the toroidal gaps with respect to the
magnetic field is also important, though in ITER there will be no
opportunity to maintain the perfect alignment of gaps to the
magnetic field. Quantification of the carbon deposits using only
the line-scans is not justified because of the very inhomogeneous
deposition patterns in the toroidal gaps. The quantification re-
quires time-taking procedure of the 2D real deposition pattern as
shown on the photographs of Fig. 5(a). The first estimates using
the 2D deposition pattern demonstrate that not more than 30%
of carbon was deposited in toroidal gaps in comparison to poloidal
ones. The detailed comparative analysis of the total amount of
deposited carbon and accumulated fuel in the poloidal and toroidal
gaps will be reported later.

2.2.2. Deposition on the bottom of gaps: first investigations

First investigations made with SIMS and DEKTAK techniques re-
veal the existence of deposits with up to 200 nm thickness on the
castellation holder at the bottom of the gaps. These data should be
compared with up to ~500 nm thick deposits detected on the sides
of gaps. While the analyses are still ongoing, these observations
will certainly influence the modeling of deposition patterns in
the gap. Obviously the observed deposition on the bottom cannot
be reproduced using the present simple model. A further upgrade
of the model will include angular-dependent reflection coefficients
which likely to smoothen the deposition patterns and may provide
more particles to the bottom of gaps.

3. Conclusion and discussion

Detailed analyses of the total deuterium inventory in the poloi-
dal gaps revealed the advantages of using shaped castellation:
roughly a factor of 2 less deuterium was found in the gaps of
shaped cells. At the same time, the carbon transport into the
shaped gaps was only marginally smaller, than that into rectangu-
lar ones. This outlines the necessity for further optimization of the
shaping.

Up to 70 at.% W was found intermixed in the deposits near the
plasma-closest edges of the poloidal gaps. The metal fraction de-
creases rapidly with the depth of the gap and can be neglected if
the distance from uppermost edge of the gap exceeds 3 mm. The
formation of the mixed metal-containing deposits will deteriorate
the cleaning efficiency in the gaps of the castellated structures in
ITER.

Modeling attempts to simulate the observed deposition pattern
using the same assumptions as reported in [15] resulted in partial
success only: a rough qualitative agreement between modeling
and experimental data was achieved with a carbon atom reflection
coefficient of 50%.

An asymmetry of carbon and deuterium distributions in the
toroidal gaps was noticed: more C and D were found on plasma-
shadowed sides of gaps independently on their shaping. This
may be due to the fact that the width of gap is smaller than the
gyroradii of C and D atoms leading the shadowing of one side of
toroidal gaps independently of their geometry. In addition, the ef-
fect of alignment of castellation with respect of field lines is impor-
tant, although the misalignment is unlikely to be avoided in ITER.
Because of the very inhomogeneous deposition patterns in toroidal
gaps, the estimates of the total C amount cannot be done by inte-
gration and scaling up of the line-scans, like it was made in poloi-
dal gaps. A more complicated accounting of the C/D amounts using
the real shape of a deposition is underway. The first results of this
accounting demonstrate that toroidal gaps contain at least 30%
more carbon than poloidal ones and thus by any means cannot
be neglected in the analyses of integral carbon and fuel content
in the gaps.

Significant deposition was observed at the bottom of gaps on
the holder plate. The observed phenomena cannot be reproduced
using the simple assumptions with fixed reflection coefficients
calling for the further development of more sophisticated algo-
rithms including:

e Angle-dependent reflection coefficient.

e Larger particle source in case of shaped cells in comparison to
rectangular ones.

e Neutral gas generation at the bottom of a gap.

e Better understanding of plasma parameters inside the gaps.
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