Nuclear Materials and Energy 19 (2019) 218-224

journal homepage: www.elsevier.com/locate/nme

Contents lists available at ScienceDirect

Nuclear Materials and Energy

NUCLEAR
MATERIALS &

Deposition of impurity metals during campaigns with the JET ITER-like Wall = R

A. Widdowson™", J.P. Coad®, E. Alves”, A. Baron-Wiechec”, N. Catarino”, V. Corregidor”,

Check for
updates

K. Heinola“", S. Krat®, C. Makepeace"®, G.F. Matthews®, M. Mayer®, K. Mizohata, M. Sertoli?, JET
Contributors', EUROfusion Consortium, JET, Culham Science Centre, Abingdon, OX14 3DB, UK

@ Culham Centre for Fusion Energy, Culham Science Centre, Abingdon, 0X14 3DB, UK
® Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal

¢ International Atomic Energy Agency, Vienna International Centre, P.O. Box 100, 1400 Vienna, Austria

d University of Helsinki, P.O. Box 64, 00560 Helsinki, Finland

€ National Research Nuclear University MEPhI, Moscow, Russia

f Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK
& Max-Planck-Institut fiir Plasmaphysik, 85748 Garching, Germany

ARTICLE INFO ABSTRACT

Keywords: Post mortem analysis shows that mid and high atomic number metallic impurities are present in deposits on JET
JET plasma facing components with the highest amount of Ni and W, and therefore the largest sink, being found at

Erosion the top of the inner divertor. Sources are defined as “continuous” or “specific”, in that “continuous” sources arise

Deposition from ongoing erosion from plasma facing surfaces and “specific” are linked with specific events which decrease

Impurities . . . . . . .

Nickel over time until they no longer act as a source. This contribution evaluates the sinks and estimates sources, and
1cKe] . . . . . . . .

Tungsten the balance gives an indication of the dominating processes. Charge exchange neutral erosion is found to be the

main source of nickel, whereas erosion of divertor plasma facing components is the main source of tungsten.
Specific sources are shown to have little influence over the global mid- and high-Z impurity concentrations in

deposits.

1. Introduction

After three operating campaigns of JET with the ITER-like Wall
(JET-ILW) the evolving picture of fuel retention [1,2] and material
migration [3] has been well documented. The effect of the campaign
average plasma configurations on the global erosion of plasma facing
components (PFCs), migration of eroded material and eventual de-
position are largely understood [4]. Erosion from plasma interaction
may occur as a result of several processes: (i) during limiter plasmas -
erosion of limiters where direct contact between plasma and PFCs oc-
curs [5], (ii) during divertor plasmas - erosion of divertor surfaces due
to sputtering by incoming energetic ions at or near the strike point
positions, and (iii) for all phases - charge exchange neutrals (CXN)
coming from the plasma that can erode all surfaces, including those that
are recessed from the plasma, i.e., that do not experience direct plasma
contact. The erosion processes (i) and (iii) occur in the main chamber
and provide a source of impurities which can enter the plasma or the
scrape off layer (SOL). Impurities in the SOL migrate around the edge of
the plasma primarily to the inner divertor surfaces during divertor
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plasmas giving rise to deposition. Most deposition occurs at the upper
inner divertor as this is accessible from the SOL for all plasma config-
urations, however more complicated patterns of deposition arise due to
variations in the location of the strike point positions. Deposition can
also occur in the main chamber mainly during limiter plasmas, for
example at the ends of limiter tiles that are located deep into the SOL.
For JET the main impurities in the deposits are beryllium (Be) eroded
from the main chamber limiters, carbon (C), a residual in the machine
coming from remote components, and oxygen (O) due to uncontrolled
sources of oxygen such as water, oxides on tiles and a low-level air leak.
Deuterium (D) is the principal plasma fuel, some of which is co-de-
posited with the Be and C. Mid-atomic number (Z) and high-Z metals
are also found in deposits. The presence of tungsten (W) and mo-
lybdenum (Mo) in deposits is not surprising as all divertor PFCs and
some recessed main chamber PFCs have a W surface, either as bulk
material or as a coating on a carbon fibre composite (CFC) substrate
with a Mo interlayer and W top layer. Mid-Z impurities such as nickel
(Ni), chromium (Cr) and iron (Fe) are also abundant in JET as the
vessel's structural components are made of nickel alloys such as Inconel.
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This manuscript reports on the mid- and high-Z impurities found in JET
PFCs and the magnitudes of the potential sources are discussed. The
evaluation has assisted in determining which processes are the domi-
nant sources. It is found that continuous sources, i.e., those that con-
tinue throughout the operating period, are the largest sources. The
main continuous sources are from W erosion in the divertor and charge
exchange neutral (CXN) erosion of Ni, Fe and Cr in the main chamber.
In contrast, specific sources from one-off events may give rise to an
increased source for a short period of time. Eventually, however, the
liberated material migrates to remote areas where no further plasma
interaction occurs. In future tokamaks this will mean that one-off events
giving rise to unwanted impurities will eventually dissipate.

2. Experimental details

After each JET operating period a set of PFCs (tiles) and other
components are removed for analysis to understand surface erosion,
deposition and fuel retention. JET-ILW has now completed three per-
iods of operation; 2011-12 (ILW1), 2013-14 (ILW2) and 2015-16
(ILW3) and analysis of tiles allows comparison between these periods.
This manuscript does not provide the details of erosion and deposition
of the major Be impurity and co-deposition of D, C and O; it reports
primarily on W, Ni, Cr and Fe impurities. Deposits are principally
characterised using ion beam analysis (IBA) techniques such as nuclear
reaction analysis (NRA), back scattering of proton beam (PBS) and
particle induced x-ray emission (PIXE). Details of the techniques are
given in [3] and [6]. The overall concentrations of the mid- and high-Z
impurities follow the deposition patterns of Be, D, C, O. In the following
sections the results presented on the W divertor tiles are mainly for Ni,
Cr, Fe due to the difficulty in accurately determining W in deposits on a
W substrate. However, diagnostics located in the divertor corners were
made of either steel (a grade with no W) or Ni-based alloys, so W
analysis was possible. The Be main chamber tiles analysed after ILW1
and ILW2 were marker tiles designed to measure erosion/deposition by
coating with an interlayer of Ni (~3 pm) and a top coat (~7 um) of Be.
This makes analysis of Ni deposition difficult, so the results presented
for these campaigns are only for W. Tiles exposed during ILW3 did not
have the marker coatings, thus facilitating analysis of both Ni and W.

3. Results and discussion
3.1. Mid- and high-atomic number metal impurities in the divertor

3.1.1. Mid-atomic number impurities in the divertor

Beryllium eroded from the main chamber has been shown pre-
viously to be mostly deposited at the top of the inner divertor on Tile 1
and the High Field Gap Closure (HFGC) tile [1,3,6,7]. The Be deposition
on Tile 1 was restricted to the upper part of the tile during ILW1 (s-
coordinate 162-280 mm - see inset in Fig. 1) but extended over the rest
of the tile for ILW2 due to the use of a wider range of strike point
positions [4]. Fig. 1 shows that the situation is the same for Ni, and the
profile for the tile exposed for ILW3 only is similar to that exposed for
ILW2 only. The amounts of Ni averaged over Tile 1 for ILW1, 2 and 3
are 1.4, 1.8 and 2.4% of the corresponding amounts of Be (respec-
tively). The Cr and Fe concentrations follow the same pattern as the Ni
but are each smaller by a factor 3-4. This agrees with the relative
concentrations in Inconel (Ni 50-80%, Cr ~20%, Fe 5-20% depending
on grade) and points to Inconel as the source of these impurities (see
also Section 3.3.). Extrapolating the Ni deposition at the upper inner
divertor Tile 1 for the whole divertor, assuming toroidal symmetry for
ninety-six identical Tile 1 s, gives a total deposition of the order 10%* Ni
atoms for a campaign consisting of ~5 x 10*s of plasma.

As for Tile 1, mid-Z impurities are found in all deposits in the di-
vertor. For example, the re-deposition bands on inner divertor corner
Tile 4 and outer divertor corner Tile 6 [2,4,6,8] also contain Ni, Cr and
Fe. For Tile 6 the amount of deposition increases by an order of
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Fig. 1. Nickel concentrations across Tile 1 exposed for each of ILW1, ILW2 and
ILW3. The total Ni concentration with respect to Be increased between oper-
ating period: 1.4% (ILW1), 1.8% (ILW2) and 2.4% (ILW3). Inset: cross-section
of Tile 1 showing the s-coordinates along its surface.

magnitude in this deposition band from ~5 x 10"® Be at/cm? for ILW1
to ~4 x 10'° Be at/cm? for ILW2 [4]. The overall increase in deposi-
tion is attributed to the increased time for the outer strike point (OSP)
on Tile 6 of 2.8 X 10*s in ILW2 compared with 1.0 x 10*s in ILW1 [8].
However, analysis using PIXE shows a larger increase in mid-Z metals,
thereby suggesting a higher concentration of Ni in the deposit after
ILW2. The differences in the Ni concentrations on Tile 6 between ILW1
and ILW2 operations may be due to the melting of three tile tie rods at
the outer divertor which occurred during ILW2 providing an additional
source of Ni, Cr and Fe. This is discussed further in Section 3.3.

Moon et al [9] compare deposits on molybdenum mirror samples
exposed to ILW3 with those exposed for the three campaigns (ILW1-3).
At the inner corner and base locations the impurity concentrations on
the mirrors were 2-3 times greater following the three campaigns than
after just ILW3. However, at the outer corner deposition was much
more even when comparing ILW1-3 with ILW3. For Ni the levels were
of the order 20 x 10'® at/cm?, 1-2 orders of magnitude less than Be
deposition. The difference in Ni levels for mirrors exposed for ILW3
only did appear to be rather closer to the ILW1-3 level than for other
impurities, which may indicate an anomalous source of Ni at the outer
corner.

3.1.2. Tungsten impurities in the divertor

All the PFC surfaces in the divertor are W - either as bulk W (Tile 5)
or as thick W coatings (all other PFCs). On all these surfaces it is not
possible to prove unambiguously whether W seen in the surface ion
beam analysis (IBA) spectra is from deposition or from the W substrate.
However, there are a number of diagnostics at the divertor corners
shadowed from direct plasma bombardment that are not made from W
such as louvre clips, mirrors, rotating collectors and Quartz
Microbalances [10] on which W deposition can be measured. As an
example, Fig. 2 shows W analysis data from a louvre clip at the outer
divertor corner exposed to ILW2. The W level is in the range 2-10% of
the Be concentration on the clip, which is typical for the many diag-
nostic components analysed (including those reported in [9,11]), and
suggests that the total W deposition in the divertor corners during one
ILW campaign is in the range 10°°-10*! atoms. However, it should be
borne in mind that the majority of the (Be) deposition occurs at the top
of the inner divertor, including 10%° at/cm? Be over a poloidal distance
of >10cm [3]. This equates to ~10%* Be atoms toroidally, and if W is
at 2% (similar to Ni) throughout these deposits then ~2 x 10?2 atoms
W would be included. The remote location of the louvre clip may in-
dicate that migration of W is by line of sight transport due to erosion of
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Fig. 2. Tungsten concentration on a louvre clip at the outer divertor corner
exposed in ILW2.

W is 2-10% of Be

W coatings when the strike point is on Tile 6 [12,13]. However, the end
of the louvre clip blade has no direct line of sight from Tile 6, therefore
migration must be multi-step which could involve: (i) reflections, i.e.,
low sticking coefficient, (ii) erosion of deposited W by sufficiently high
energy neutrals for sputtering, (iii) high sputtering yield of W deposits
or (iv) transport of W via formation of volatiles, e.g., oxides. Further
modelling is required to understand the relative impact of these pro-
cesses.

3.2. Mid- and high-atomic number metal impurities in the main chamber

3.2.1. Mid-atomic number impurities

The inner wall of the JET vessel has 16 poloidal Inner Wall Guard
Limiter beams (IWGL), each of which is 320 mm wide. Ten of the IWGL
beams are made up of bulk Be tiles. The other beams are made up of
either W-coated CFC or Be-coated Inconel tiles and are recessed at least
25 mm behind the Be limiters. The gaps between the limiters are cov-
ered with either Be-coated Inconel tiles (69%) or W-coated CFC tiles
(31%) recessed 40 mm behind the Be limiters; a schematic diagram is
shown in [14].

Analysis shows that Ni, Cr and Fe are present in deposits on the Be
limiter tiles. However the presence of the Ni based marker coatings on
the tiles exposed during ILW1 and ILW2 (see Section 2) make it difficult
to quantify Ni concentrations in the deposits. Therefore only data for
the tile from ILW3 can be used to assess Ni concentration in deposits.
Fig. 3(a) shows the Ni, Cr and Fe concentrations across a Be IWGL tile
from the mid-plane that was exposed just during ILW3. The plasma is in
contact with the central region of this tile during the limiter phases of
each discharge (i.e. ramp-up and ramp-down), and the area is one of net
erosion (by up to 60 um during ILW1 [12]). Towards the toroidal ends
of the limiter, the surfaces are progressively deeper into the SOL due to
the curvature of the tile, and the region changes from net erosion to net
deposition. The very ends of the tiles are shadowed by the next limiter
in the poloidal direction, so the deposition there is reduced. The dis-
tribution of metals on the mid-plane IWGL reflects this description
where concentration is low in the central region of the tile and peaked
towards the ends. Cr and Fe are also seen along with W in cross section
transmission electron micrographs of deposits on Be limiter tiles from
ILW1, an example for Cr is also shown in Fig. 3(b). Fig. 3(a) clearly
indicates that the relative concentrations of Ni, Cr and Fe in the deposit
are the same as for Inconel alloys.

3.2.2. Tungsten impurities in the main chamber

Fig. 4 shows the W concentrations found on IWGL tiles exposed at
the same mid-plane position for each of the ILW campaigns. As for Ni,
Cr and Fe the W levels are low in the eroded central region. For ILW2
and ILW3 the W concentration decreases at the very ends of the tile
(£ 160 mm) due to the shadowing by the next limiter, however for
ILW1 it increases to the very ends. This is likely due to an additional
source of W in the main chamber during ILW1 which is discussed in
Section 3.3.
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Fig. 3. (a) Nickel, chromium and iron concentrations on mid-plane inner wall
guard limiter tile after ILW3. (b) Transmission electron micrograph and ele-
mental analysis showing layered deposit containing chromium from ILW1 Be
limiter tile. The arrow in (a) indicates the toroidal location of the micrographs.
Also indicated by a cross in Fig. 4.
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Fig. 4. Tungsten concentration on tiles located at the mid-plane of the IWGL
after each ILW campaign. The line on the tile photograph indicates the analysis
line toroidally across the tile. The cross on the left of the tile photograph in-
dicates the location of the micrographs shown in Fig. 3.

Limiter tiles from the top and near the bottom of the limiter were
also analysed after each ILW campaign. These tiles do not show erosion
in their central region because in general limiter plasmas, which have a
small radius compared with the limiter curvature, are not in direct
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Fig. 5. Tungsten concentration on Be tiles located at mid-plane outer limiter
after ILW1 and ILW2. The line on the tile photograph indicates the analysis line
toroidally across the tile.

contact with the ends of the limiter beams for any significant time. Nor
do the top and bottom tiles show such clear W peaks at the edges of the
tiles after ILW1.

There are also Be limiters protecting the outer wall and the many
diagnostics and heating systems located there. Selected tiles from one of
the Be Wide Poloidal Limiters (WPL) are also analysed after exposure to
each campaign, these comprise seven tile segments toroidally as seen in
Fig. 5. The W deposition on the mid-plane tile is also classic in beha-
viour with erosion of a few microns in the central region (for ~100 mm
on either side of the tangency point for limiter discharges) and de-
position peaking deeper into the SOL, as shown in Fig. 5. Fig. 5 does
show one anomaly from this pattern: there is increased deposition to
the right-hand side of the central tile exposed to ILW1 with a cut-off at
the edge of this piece at the toroidal position on the tile = 60 mm. This
is probably due to a larger misalignment between the central Be seg-
ment and the piece to its right, creating a larger shadowed area on the
right-hand side of the central segment where material is deposited.
Extrapolating for IWGL and WPL tiles, the deposition of W on limiter
tiles is ~ 10%! atoms for a campaign.

Figs. 3 and 4 show that Ni concentrations are a factor 2-3 times
higher than for W on the mid-plane IWGL, which indicates a higher
source of Ni relative to W reaching the main chamber. The analysis of
the W and Ni sources potentially reaching the main chamber are dis-
cussed in Section 3.3 and are a similar order of magnitude. It is not
possible to determine the concentration relative to Be from IBA data
due to the Be substrate.

3.3. Sources of mid- and high-atomic number impurities

There are two categories of sources of mid-Z and high-Z impurities
to consider: sources that are on-going during plasma operations,
“continuous sources” and sources that exist for a limited time, “specific
sources”. In both cases the impurities migrate through multi-step ero-
sion/deposition processes until they reach a surface where they can no
longer be re-eroded. A continuous source, however, will result in a
continual build-up of impurities on remote surfaces whereas a specific
source will decrease with time. In this section examples of continuous
and specific sources for both mid- and high-Z impurities are presented
and where possible their relative magnitude evaluated.

Nuclear Materials and Energy 19 (2019) 218-224

3.3.1. Continuous sources

All divertor PFCs and some recessed main chamber PFCs have a W
surface, either as bulk material or as a coating on a CFC substrate with a
Mo interlayer and W top layer. Therefore, there is a significant source of
W due to sputtering at these surfaces. W erosion is dominated by
sputtering at the strike point on divertor PFCs, but other contributions
include CXN erosion of W coated surfaces at the inner wall and sput-
tering on divertor PFCs wetted by field lines from ICRF heating [15],
these latter two mechanisms and potential sources are discussed later in
this section. W erosion of divertor PFCs is measured as ~ 1.5pum
(~10*° at/cm?) for ILW2 on Tile 5 and Tile 6 where the strike point
was located [7]. Taking a conservative total erosion area of 10.8 x 103
cm?, i.e., two regions extending 5 cm poloidally on Tile 5 and Tile 6 for
ILW2 (see [7]) and accounting for shadowing between tiles reducing
the overall area, this constitutes a potential net W source up to 10
atoms, which is considerably higher than the 10?°~10%! atoms that are
found to migrate to the remote corners. However, as mentioned in
Section 3.2.2, if W is ~2% of the deposited Be elsewhere in the di-
vertor, ~2 X 10°2W atoms may be in deposits at the top of the inner
divertor. Furthermore, some of the eroded W will be deposited locally
either within the gaps between lamellae of Tile 5 or in the deposition
peak at the bottom of the sloping part of Tile 6. Nevertheless, not all of
the eroded material has been accounted for in the post mortem analysis
of the divertor deposits and it would appear that a large fraction of the
W eroded from Tile 5 and 6 must enter the plasma and migrate to the
main chamber.

The JET vessel is manufactured mainly from Inconel” 600. Support
brackets, fastenings and in-vessel furniture are also made from Inconel,
or similar Ni-based alloys. Therefore, despite all surfaces with direct
interaction with the confined plasma and all the inner wall PFCs being
made of either Be or W, 85.4 m?, or >60% of the main chamber surface
at the top and outer vessel walls is unclad Inconel and is exposed to
CXNs exiting the plasma. CXNs can have sufficient energy to sputter
elements from these surfaces (mostly Ni, Cr and Fe), and this is assumed
to be the reason why these elements have always been observed in the
JET plasma and also found in deposits on PFCs [16].

Indeed erosion of the recessed surfaces of the JET vessel wall by
CXNs has been measured throughout JET operations using C, Be and W
coatings on samples inserted into inner wall cladding tiles [14] [17].
The most recent analysis for JET-ILW shows erosion rates of
0.6 x 10'* at/cm?s and 9.2 x 10! at/cm?s for Be and W respectively
[14]. From these erosion rates the ratio of the W and Be sputtering
yields Yyw/Yge is 0.015. Taking empirical equations for sputter yield for
W, Be and Ni [18,19], the energy at which Yw/Yge = 0.015 is 635 eV.
Assuming mono-energetic CXN particles at this energy would give a
yield for Ni of 3.7 x 102 at/cm?s. A more detailed calculation using a
Maxwellian CXN energy distribution might give a slightly different Ni
erosion rate, but the resulting Ni source is likely to be in the range
10%°-10%* atoms during a campaign lasting of the order 5 x 10*s. Even
if parts of the vacuum vessel are coated with impurities (e.g., C, Be)
from previous operations, these figures suggest that CXN erosion may
be the largest source of mid-Z impurities in the main chamber and can
account for the 10*? atoms of Ni estimated to be in deposits, see
Section 3.1.1.

An increased W content is observed in ICRF heated plasmas in the
JET-ILW [20]. The source of the W is likely from regions where field
line connections between the ICRF antennas and the divertor occur
giving rise to physical sputtering of W by Be ions. Wetted areas include
the top of the inner divertor and outer divertor [15]. The top of the
outer divertor is a net erosion zone and can be a source of W. Erosion of
just 0.01-0.1 um of W from this area could provide a source of
10*'-10*> W atoms over a campaign. At the top of the inner divertor
(Tile 1 and High Field Gap Closure tiles further inboard) the PFCs are
covered by Be deposits. Therefore, at these surfaces erosion will be of
mainly Be deposits (and not pure W) that contain Ni at a concentration
of 10'® at/cm? and W (likely to be at a similar concentration although
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not directly quantified for Tile 1). Other field line connections to the
inner and outer main chamber wall may also promote re-erosion of
deposits that have formed on limiters. In this respect the interaction
with deposits arising from ICRF operations may serve to re-erode and
re-distribute mid- and high-Z impurities that have originated from other
sources. The ICRF antenna itself could also act as a source of Ni. Whilst
much of the antennae is surrounded by Be tiles and components, there
remain some Inconel components, “knuckles”, which could increase the
Ni source. However, this source does not need to be invoked to balance
the Ni sources and sinks, since CXN erosion in the main chamber from
10% of the unclad Inconel vessel wall (10%2-10%% as discussed in
Section 3.3.1) can already provide for the divertor deposition sink of
1022 Nj atoms (as discussed in Section 3.2.1). Nevertheless, a further
spectroscopic study of the levels of Ni in the plasma would assist in
confirming which sources are significant.

3.3.2. Specific sources

A source of mid-Z impurities in the JET plasma was suspected to be
due to the failure of three tile tie rods during ILW2. Tie rods made of
Inconel” 718 are inserted into the CFC substrate of divertor tiles to
prevent tiles from breaking apart in the event of cracking between fibre
planes. When the vessel was vented and an in vessel photographic
survey undertaken, three broken tie rods that were mounted in a ver-
tical position in Tile position 7 were found partially melted in the outer
divertor gap leading to the pumps (one in each of octants 1, 6 and 7). As
impurities in deposits build up primarily due to material migration from
the SOL, it follows that impurity concentrations in deposits might re-
flect plasma concentrations. However there is an increase in Ni with
respect to Be in deposits on Tile 6 s between ILW1 and ILW2 (as dis-
cussed in Section 3.1) which may therefore be due to the tie rod
melting.

There is no conclusive evidence that the tie rod melting resulted in
an increase in Ni in the plasma beyond the outer divertor corner. From
post mortem analysis there are no significant differences in the amounts
of Ni in deposits on main chamber Be tiles and so far, analysis of the
VUV spectroscopy of Ni, Cr or Fe cannot be linked consistently with any
specific period when each tie rod may have failed and started to melt
(or a general increase once melting was ongoing) with outer corner
plasma configurations.

Another metric for analysis of impurities is to consider transient
impurity events (TIE), i.e., excursions in optical spectroscopy signals
due to particles entering the plasma. The number of TIEs for W and Ni/
Cr/Fe are plotted for characteristic spectral lines for each category
against the pulse number during each campaign, as described in [21]
and shown in Fig. 6. It is clear that there is a steady decline in the
average number of events from ILW1 to ILW2 to ILW3. There is also a
peak in the early discharges for the ILW1 and ILW2 campaigns, which
may result from dust and debris caused by in-vessel work and in-
stallation of new components during the preceding shut-down. For
example, W particles could be ejected during plasma operation from
coating asperities and imperfections on new tiles installed for ILW1, or
Ni, Cr, Fe debris could remain in vessel after installation work involving
cutting, welding and grinding at the vessel wall after ILW1 and ILW2
which would decrease over time. Notably, no significant increase in TIE
for Ni, Cr, Fe was observed during ILW2 that might be correlated with
the tie rod failures mentioned above, as might be expected if molten
material was ejected from this location.

Many of the W transients observed may be ascribed to small parti-
cles of W coating entering the plasma and such particles have been
observed by visible and infrared camera viewing systems being ejected
from the divertor region [22]. In addition small W particles were ob-
served by TEM in deposits following ILW1 [23].

W coatings were also found to undergo cracking and delamination
due to expansion mis-match in one direction between the coating and
substrate as a result of rapid thermal cycling due to plasma interaction
(which can be between 200 and 1000 °C). This was particularly evident
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(b) nickel, chromium iron particles. For each bar the number of TIEs for the
given element(s) and total number of TIEs per 500 pulse bin width are shown.

for divertor Tile 6 s and Tile7s during ILW1 and ILW2 where some tiles
were prone to coating failure due to a process issue for a specific
coating batch. Therefore, between ILW2 and ILW3 operations some of
these tiles were replaced. In total six out of forty-eight Tile 7s and
twelve out of ninety-six Tile 6 s were replaced, of which a total of eight
removed were from the defective batch. Other reasons for replacements
were due to cracking of tiles, large molten splats, design modifications
or retrieval for post mortem analysis. Analysis of W TIEs suggests that
the source is 102! W atoms [21] whereas an estimate of cracking/de-
lamination area from divertor PFCs could yield up to 10** W atoms.
This suggests that only a small percentage of particles travel to the
plasma. There is evidence that suggests thermal cracking of coatings is
associated with melting and formation of small spheres alongside the
cracks rather than ejection of particles. An example is shown in Fig. 7.
In addition tungsten particles encapsulated by deposits have been ob-
served [8]. The analysis also shows that overall TIEs constitute a spe-
cific source decreasing with operating time which is inconsistent with
our understanding of time evolution of W coating cracking issues in
JET.

In the shutdown after ILW1 the W coating on some tiles alongside
the channel for the neutral beam entering the vessel from the mid-plane
of Octant 8 and Octant 4 were found to have been eroded [12]. The area
of coating eroded was ~ 100 cm?, which equates to 10%> W atoms; there
does not appear to have been significant further erosion during ILW2
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Fig. 7. Photograph showing delamination of W coating on outer divertor tile.
Delaminations run along the direction of CFC laminations. Delaminated mate-
rial tends to form into spheres at the edges of the delaminated region. Some
examples are indicated by arrows.

and 3. This W may have contributed to the general level of W deposi-
tion during ILW1 and constitutes a specific source and may explain the
increased level of W on the ends of the ILW1 mid-plane IWGL (Fig. 4).
Some of the TIE may well have been triggered by this coating erosion.

4. Summary

The sources and sinks for mid- and high-Z impurities found from
post mortem analysis help to inform the erosion processes dominating
their production. Although the Ni concentration on the IWGL for ILW3
is slightly higher than the W concentration, they are essentially of the
same order of magnitude, thus indicating that the sources are of similar
magnitude. The main candidate for erosion of Ni is the CXN erosion of
the recessed main vessel chamber and is potentially of the order
1022-10* atoms per campaign. However, the vessel wall may be coated
with impurities which could reduce the source. This would result in a
decrease in the Ni source to ~102?2 atoms per campaign. For W there
are three possible sources: (i) erosion from the outer divertor at 10%2
atoms per campaign, (ii) erosion by ions following field line connec-
tions at the top of the outer divertor, which could provide 10*'-10%2
atoms for 0.01-0.1 um net erosion and (iii) particles from coating im-
perfections and fatigue cracking creating TIEs, estimated as a source of
10%! atoms per campaign. Of these three sources, erosion from the outer
divertor provides the main W source. The contribution from TIEs is
found to be low, indicating that dust is not a major contributor of im-
purities in the plasma.

Overall, specific sources do not have a significant bearing as they
decrease over time and eventually the source material migrates to re-
mote surfaces. The melted tie rods were perceived as affecting plasma
operations, but the increase in Ni concentration on Tile 6 shown in post
mortem analysis is probably only a local effect as no consistent corre-
lation with Ni concentration in the plasma from VUV and TIE mea-
surements has been established with outer corner plasma configurations.

The main sink for impurities is the top of Tile 1 at the inner divertor,
where the most deposition and fuel retention occurs. The sink is esti-
mated at 10%? Ni atoms per campaign (and although it cannot be
quantified by IBA, is probably of a similar magnitude for W). In terms of
mid- and high-Z material balance this is consistent with the dominant
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source mechanisms identified which are ~10?? atoms for Ni and
10%2-10%® for W. The comparison of the Ni sources and sinks indicates
that there is no need to invoke a source originating from the ICRH
antennae to achieve a material balance.

The presentation of the material balance for mid- and high-Z im-
purity sources and sinks has highlighted some areas for further work,
for example, the evaluation of Ni and W in the plasma from spectro-
scopy signals to compare with the magnitude of the erosion sources
ascertained here. In addition, an assessment of CXN neutral erosion of
the vessel wall could provide insight for the evaluation of material
lifetime of future devices. It is also necessary to continue the reporting
of W and Ni, Cr, Fe data from post mortem analysis as these impurities
have acted as markers which have facilitated in the identification of the
erosion dominant sources. The results provide useful benchmarking
data for modelling. For example, the assessment of CXN erosion rates,
particularly for W and Be that have been measured at the inner wall and
the potential Ni erosion source estimated here. Also the local and long-
range migration data for mid- and high-Z impurities, in comparison
with Be, could be used to validate SOL transport and local erosion/
deposition effects.
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