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ABSTRACT

For each of the three JET ILW campaigns a few special marker tiles were placed in the divertor. Amongst the W-coated CFC tiles are tiles coated with a ~ 3 um layer
of Mo with a ~ 4 um topcoat of W and tiles with just a ~ 4 um layer of Mo to measure erosion and re-deposition.

During ILW1 just one Mo marker tile was included in the inner divertor band of Tiles 3. After ILW1 the Mo marker was removed for analysis and inter alia two W-
coated Tiles 4 to check for re-deposited Mo. About 7% of the Mo removed from the Tile 3 Mo marker was found on band 4 tiles.

A fresh Mo marker Tile 3 was inserted in for ILW2 + 3 plus a Mo marker Tile 4 for ILW2 (after which it was removed for analysis). Tile 4 removed after ILW3 was
measured for Mo re-deposition. The Mo deposition pattern on Tile 4 with a regular W topcoat was quite different to that after ILW1, with much more Mo located

towards the corner of the divertor.

Introduction

During every shutdown of the Joint European Tokamak (JET), tiles
and other components are removed from the plasma-facing surfaces to
analyse their surfaces (and are replaced with new components) [1-3].
These analyses give information on deposition onto the surfaces during
the period of exposure and in some cases on the erosion from these
surfaces so that a picture can be assembled of transport of material by
the plasma within the tokamak. For example, much of the main wall
inside JET is covered with beryllium (Be) tiles whereas the plasma-
facing surfaces of the divertor are tungsten (W), and the transfer of Be
from the main chamber onto the divertor can be assessed [1,2]. To study
the movement of material within the divertor some special marker tiles
have been installed. The JET ITER-like Wall (ILW) divertor mostly
consists of carbon fibre composites (CFC) tiles coated with a ~ 20 pm
thick W layer over a thin molybdenum (Mo) interlayer designed to
inhibit interaction between the C and the W. Some poloidal sets of tiles
have the outer 12 pm of the W replaced by 4 pm of Mo plus 4 pm of W on
top to act as erosion/deposition markers during ILW campaigns: depo-
sition on the tile is clearly measured, whilst erosion of up 4 pm is seen as
thinning of the top W layer. Furthermore, a few of the marker tiles only
have the 4 pm Mo coating to facilitate transport studies of Mo and W
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within the divertor. During the first ILW campaign (ILW1 from 2011 to
2013) one Mo-only marker tile was installed — a Tile 3 from the lower
part of the inner divertor wall (see Fig. 1a-b) - full positional designation
14ING3B (module 14 (Narrow), Inner wall, tile position 3B) which was
removed during the subsequent shutdown. This facilitated detection of
W from surrounding tiles onto this tile and of Mo migration onto other
tiles in the divertor, specifically to Tiles 14BNG4D and 2BNG4C
(innermost base Tiles 4 with standard Mo + W markers) which were also
removed for extensive study.

A fresh Mo marker tile was placed at 14ING3B for ILW2 (2013-2014)
and ILW3 (2015-2016) and a second Mo marker was installed at posi-
tion 2BNGA4C just for ILW2 before being exchanged for a standard W-
coated tile. As usual, further tiles were removed for detailed analysis
after ILW3.

Experimental

All the divertor marker tiles were measured before mounting in JET
by the Ion Beam Analysis (IBA) technique Rutherford Back-scattering
(RBS) using 3 MeV protons [3]. Deposition of W on Mo markers was
measured by RBS using “He. Deposition of Mo on W-coated tiles was
measured using Secondary Ion Mass Spectrometry (SIMS) using a 5 keV
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Fig. 1. (a) Sample locations (in green) on Tile 4 and (b) 3D geometry of
divertor. Analysed Tiles 14ING3B and 14BNG4D in module 14 are indicated. S-
coordinate is the distance around the divertor surface in millimetres. Origin of
the S-coordinate is at the left edge of Tile 0. S-coordinates (in black) for the tiles
are given in a.

03 beam [4] and by Time-of-flight Elastic Recoil Detection Analysis
(TOF-ERDA) using a 50 MeV '2’I beam. The depth of analysis by TOF
ERDA is ~ 180 nm, whilst SIMS profiles into the surface in a continuous
manner but is calibrated against the TOF ERDA for the equivalent depth
at the surface. Cylindrical samples with a diameter of 17 mm were cut
from the divertor tiles using a hollow drill.

A variety of plasma configurations are employed at JET, however
during ILW1 the majority of pulses used the V5 configuration shown in
Fig. 2 so that the inner strike point (ISP) was most commonly near the
top of Tile 3 with the outer strike point (OSP) on Tile 5 (which is a set of
solid W blocks), and this is further illustrated in Fig. 3 which gives the
integrated times at each position on Tiles 1, 3 and 4. During ILW2 and
ILW3 the ISP was, however, mainly on Tile 3 or on the top sloping part of
Tile 4 (configuration HT).
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Results and discussion

By comparing the RBS measurements from before and after exposure
during ILWI it can be seen there was Mo erosion from Tile 14ING3B after
the first ILW campaign (ILW1) whilst in contrast there was some
deposition of W on the tile, as shown in Fig. 4. Both the Mo erosion and
the W deposition are greatest towards the top of the tile, whereas the ISP
was located nearer the centre of the tile. There is a small amount of re-
deposition visible at the bottom of the tile, but the average amount of net
Mo erosion across the tile was 6.8 x10'® cm~2. Tokitani et al [5] show
that the surface of the coating is micro-rough and that each “hill” is a net
erosion zone whilst the associated “valley” and downward slope in the
shadow of the field line direction can accumulate W and other deposi-
tion - the field line direction typical for this location in the V5 config-
uration is ~ 2-3 degrees to the surface [5].

Metallic elements are principally eroded by incident plasma ions as
atoms or ions, and return to the surface a short distance farther along the
plasma field line direction where they may be re-eroded: migration may
thus occur by a series of “hops”. Migration of W was observed onto the
Mo marker Tile 14ING3B from toroidally adjacent W-coated tiles and
from the row of Tiles 1 poloidally above Tile 3. Although the re-
deposited W is greatest towards the top of the tile where the Mo
erosion is also greatest, the Mo would be preferentially sputtered as it is
more easily eroded by deuterium ions (~x5 for 200 eV ions [6,7]). As the
incident plasma ions have both toroidal and poloidal components, the
eroded Mo may migrate toroidally to an adjacent Tile 3 or poloidally
down onto Tile 4. Material is sputtered from the surface predominantly
as a neutral atom but is then ionised and can travel in the direction of the
field lines. As the B-field is at an angle of 2.2 degrees to the horizontal
(toroidal) direction and the height of a Tile 3 is 18 cm, the distance to
traverse is 470 cm. Thus, an ion born at the top of a Tile 3 might travel up
to 470 cm before reaching the bottom of the Tiles 3, whereas, an atom
eroded from near the bottom of Tile 3 will have a greater probability of
reaching a Tile 4.

Analysis of Tiles 4 by SIMS (as normalised using TOF ERDA data)
after the ILW1 and ILW3 campaign revealed significant amounts of Mo
had been transferred to 14BNG4D. Locations within the divertor are
given as s-coordinates, which are distances around the divertor surface
in millimetres starting from the left edge of Tile 0, and s-coordinates (in
black) for these tiles were given in Fig. la. Fig. 5 shows the SIMS depth
profiles for a sample taken at s ~ 810 mm from each of the ILW1 and
ILW2 + 3 Tiles 4. Mo has a distinct surface peak which extends to a
depth of ~ 2 um in the case of the ILW1 sample and to a depth of ~ 4 pm
in the case of the ILW2 + 3 sample, respectively. The surface peak for Mo
in the case of the ILW2 + 3 sample is clearly higher than that for the
ILW1 sample. As discussed earlier, the SIMS Mo signal was normalised to
TOF-ERDA up to a depth of ~ 180 nm and the total deposited Mo
amount was obtained by integrating the Mo signal up to depths of ~ 2
um (ILW1) and ~ 4 pm (ILW2 + 3). Fig. 6 shows that following ILW1 Mo
was located mainly towards the top of the tile (s-coordinates ~ 800-900
mm). Furthermore, almost identical amounts of Mo were found on Tile
2BNG4C, which had been on the opposite side of the torus, ~770 cm
away toroidally, indicating that the Mo can travel long distances.
However, the amount of deposited Mo only averaged ~ 4 x 10*°cm ™2 so
even though the Tile 4 area was greater than the single Tile 3, it only
represented ~ 7% of the Mo eroded — the rest may be assumed to be re-
deposited on the other Tiles 3 that were not available for post-mortem
surface analyses.

The new Tile 14BNG4D inserted after ILW1 was removed after ILW2
and 3 and was analysed by SIMS across two different scans (separated
by ~ 10 cm toroidally) which gave very similar results. However, the
profiles at this time were different to that after ILW1, increasing by three
orders of magnitude from s = 925 mm to s = 780 mm (Fig. 6). Although
there was again a Mo marker tile at 14ING3B during this time, there had
also been a Mo marker tile at 2BNG4C for ILW2 and there had also been
Laser Blow Off (LBO) experiments [8] using Mo early in ILW2 and
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Fig. 2. Typical plasma configurations during ILW1 and ILW2-ILW3.
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Fig. 3. Integrated times for the inner strike point position on Tiles 1, 3 and 4.
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Fig. 4. Amounts of Mo erosion and W deposition measured by RBS on Tile
14ING3B after exposure during ILW1.

towards the end of ILW3. LBO involves firing a laser at a Mo film being
held at a crucible at a Main Horizontal Port (at the outer midplane -
OMP) at Octant 6 during a plasma pulse. There had been LBO experi-
ments during ILW1, but these did not involve Mo. Contributions to the

Fig. 5. SIMS depth profiles for ILW1 (solid lines) and ILW2 + 3 (dashed lines)
sample 4 (s ~ 810 mm) on Tile 4.

Mo deposition on 14BNG4D may have resulted from each of these
sources: Re-deposition from 14ING3B, re-deposition from 2BNG4C or
deposition resulting from LBO. Re-deposition from 14ING3B may be
assumed to be similar in location but significantly reduced to that
following ILW1 as the strike point was much less frequently on that tile.
Material sputtered from 2BNG4C can only re-deposit onto other Tiles 4
and is likely to migrate towards the inner corner which has been a sink
for plasma impurities for all JET Mk II divertors — as examples Be, C and
D all peak strongly at about s = 780 mm [1,2], whilst the peak of W
deposition on 2BNGA4C itself is at the same location [3]. The mean net
erosion from 2BNG4C during ILW2 was 10'8cm~2 [3] and the total
erosion source from the tile was ~ 3 x 102° em ™2 Mo atoms, requiring a
mean re-deposit of ~ 10'%cm™2 over the 95 other Tiles 4, which is
consistent with the data in Fig. 6. Deposition of Mo resulting from LBO is
possible; each ablation releases ~ 1018 atoms, of which ~ 2 x 107 are
estimated to enter the plasma [9]. During ILW2 and 3 there were a total
of 36 Mo ablations, giving a possible source of ~ 7x10'® atoms. How-
ever, deposition onto Tiles 4 either requires transport around the plasma
boundary all the way from the OMP to the inner divertor corner (and
requiring discharges with the ISP on Tile 4 to avoid plating out en route),
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Fig. 6. Normalised SIMS analyses at points on Tiles 14BNG4D and 2BNG4C
after exposure during ILW1 and on the replacement Tile 14BNG4D exposed for
ILW2 and 3 (in two toroidal locations).

or some mechanism for transfer from the outer divertor through the
private region to the inner divertor. Given these transport difficulties
and that the erosion from 2BNG4C is ~ 50 times higher than the source
from LBO, the contribution of LBO can be regarded as negligible.

The analysis programmes on the tiles and other samples that have
been removed from JET at every shutdown since the first one in 1984
have concentrated on the deposition (and to a more limited extent the
erosion) of plasma impurities such as carbon (C) and beryllium (Be)
within the torus and the retention of the fuelling gas (deuterium). This
has led to new understandings of transport mechanisms (e.g. scrape-off
layer (SOL) drift), main chamber interactions and re-erosion kinetics
being proposed [10] and incorporated into experimental data [1-3].
However, less progress has been made on transport within the divertor
where a number of mysteries remain [11]. This data on the erosion and
migration of a heavy metal (Mo) within the JET divertor may provide
some further input for modelling.

Conclusions

The JET divertor since 2010 has comprised mostly W-coated carbon-
fibre reinforced carbon (CFC) tiles, with one toroidal band of bulk W
tiles. For each of the three JET ILW campaigns a few special marker tiles
have been placed in the divertor. Amongst the W-coated CFC tiles are
tiles coated with a ~ 3 um layer of Mo with a ~ 4 pm topcoat of W to
monitor W erosion and tiles with just a ~ 4 um layer of Mo — the erosion
and re-deposition of Mo from these latter tiles is the subject of this paper.

During ILW1 just one Mo marker tile was included in the band of
Tiles 3. For most of the pulses during this campaign the ISP was near the
top of Tiles 3. After ILW1 the Mo marker tile was removed for analysis
and inter alia two W-coated Tiles 4 to check for re-deposited Mo. About
7% of the Mo removed from the Tile 3 Mo marker was found on band 4
tiles, with almost identical amounts on tiles on opposite sides of the
torus (Fig. 6). The majority of the Mo would have been re-deposited on
other (W-coated) Tiles 3, and significant W was re-deposited on the Mo
marker from the surrounding tiles, with a poloidal deposition pattern
similar to the Mo erosion (Fig. 4), although their precise locations
depend on the topography [5].

A fresh Mo marker Tile 3 was inserted in for ILW2 + 3 plus a Mo
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marker Tile 4 for ILW2 (after which it was removed for analysis). Tiles 4
removed after ILW3 were measured for Mo re-deposition. The Mo
deposition pattern on Tile 4 was quite different to that after ILW1, with
much more Mo located towards the corner of the divertor where plasma
impurities such as Be are known to accumulate (Fig. 6).
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