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Abstract. This contribution provides an overview of expegirtal results obtained in the area of materialieros
and migration during the JET operational campa2@@2 — 2004 (C5 — C14) with the MkIIGB-SRP divertor
configuration and summarises recent modelling #igtss aimed at understanding these data. Post-morte
analysis of a poloidal tungsten stripe depositédrghe campaigns in the divertor reveals in agrnwith
previous results that the inner divertor is depasidominated with maximum layer thicknesses ugQ0 pm
whereas the outer divertor is erosion dominatetiéraverage over the campaigns. Detailed SEM araiisws
that the outer divertor erosion occurs non-unifgrnoin a scale length of 10 — 30 um. Shot-resolved
deposition/erosion measurements with a quartz inademce (QMB) mounted in the inner divertor louxegion
demonstrate that the inner strike point positiothes most important parameter for the depositiorihenQMB
with increasing deposition moving the strike palotvn the vertical target and largest depositionmiie strike
point is located on the base plate. Data with tiies point on the base plate show a significatésger
deposition in H-mode than in L-mode discharges (alofactor of 20) while this difference is not ally
pronounced with the strike point on the verticatyéd. “*CH, injection through the outer divertor during ideati
H-mode discharges showed about 75% of the meast@edeposition on the outer divertor tiles but also a
significant transport of’C to the inner divertor and the main chamber region

1. Introduction

Erosion, material migration and associated problems of lomg tetium retention in
deposited layers and wall lifetime are among the mostalrissues to be solved for ITER [1]
and future steady state burning devices. Studying these meaassstitutes one of the main
research avenues at JET, which is a device dominated presentbrlimn walls but also
unique both in its use of beryllium (Be) and for its tritium (Tpataility. Be-coating by
evaporation is done regularly at JET resulting in an averagerert in the plasma of about
8% of the carbon (C) impurity [2]. Tritium is used in dedicated gaigns (e.g. DTE-1 in
1997) including subsequent operation aiming also to explore methods foovVEmecJET is

See the Appendix of M. L. Watkins et al., FusioreEyy 2006 (Proc. 21Int. Conf. Chengdu, 2006)
IAEA, (2006)
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currently preparing an ambitious upgrade, when all C components on itneveis will be
replaced with bulk Be tiles or Be-coated Inconel and a full temg6#V) divertor will be
installed. The work on installing the new wall is planned for 2008dFadth the prospect of
a metal wall, consolidation and improvement of our understanding of erdsjoosition and
retention under the present all-carbon conditions becomes a high priority task.

This contribution discusses only the main results in the areatefial@rosion, transport
and deposition obtained during the JET MkIIGB-SRP experimental cangp&l§ — C14
(2002 — 2004). Figure 1 shows a cross-section of the MkIIGB-SRP digetonetry. About
W Stripes 8500 discharges have been executed during
n one polgidal row)” these campaigns, which corresponds to a
total plasma duration in the divertor phase
of about 83000 seconds. Besides different
plasma conditions (e.g. L-mode and H-
CH, | mode) also different plasma
configurations, i.e. strike point positions,
have been used. The base temperature of
the JET main wall was at 200°C most of
the time. The divertor base structure is
water-cooled and the C divertor tiles
reached a typical baseline temperature of
80 to 140°C.

Figure 1 Poloidal cross section of the JE
MKIIGB-SRP divertor.

2. Campaign-integrated erosion/deposition measurement by means of atungsten stripe

Prior to the start of campaign C5 a W-stripe of about 3 purkrtbgs and 2 cm width has
been deposited on one poloidal set of divertor tiles at a single tolmedion. Post-mortem
analysis of the W-stripe by various surface methods and metglogrgave important
information on the campaign averaged erosion/deposition behaviour in the divertor.

Inner divertor: Metallographic cross-sections taken from the inner divertor reghaf
again that the inner divertor is deposition dominated as shown in figime the upper
vertical tile 1 and for the base tile 4 at two different lmoet. The W-layer survived in all
cases and is covered with a deposit of
C and Be. The thickness of the
deposits varies from 10 — 70 pm on
the upper inner tile 1 and reaches
values up to 300 um on the inclined
part of the inner base tile 4. Since
most discharges were carried out with
the inner strike point located on the
lower part of the vertical tile 3, these
data show a main material transport
way from the vertical target region to
the base plate. Based on these cross-
sections a total material deposition of
about 540 g at the inner divertor is
estimated using a density of 1 gicm
This corresponds to an averaged
deposition rate of about I
atoms/s, which is similar to averaged
deposition rates deduced from

Figure 2 Metallographic crossections from sampl
of inner divertor vertical tile 1 and base tile (4a on
horizontal part and 4b on inclined part of tile 4).
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previous campaigns (687° atoms/s in MkIIA and 3A0?° atoms/s in MkIIGB divertor [3]).

It should be mentioned that the above-estimated deposition rate foMKHEB-SRP
campaigns omits a significant amount of the inventory: it doesnohide deposits on the
main wall, on the outer divertor (see next section), on the (shadoswedyIregions and on
the septum replacement plate (SRP) and is thus just a loweofithe overall deposition.
Previous measurements revealed that the deposits on the veldEdiave a typical bulk
Be/C ratio of 1:1 whereas the deposits on the shadowed areaatthplate are carbon rich
[2]. Also, ion beam analysis of the vertical tiles 1 and 3 remov@00d show similarly large
bulk contents of Be in the deposited films [4]. But further analigsshecessary to determine
more quantitatively the layer composition.

Outer divertor: Post-mortem analysis of outer divertor W-coated tiles has begadca
out using various surface analysis methods [5] and metallographiesessns. In contrast
to the inner divertor heavy erosion is observed at the outer Veitesawith largest erosion at
the most heavily loaded tile 7. Figure 3 shows the W areal ddrefitye and after operation
as measured by Particle Induced
X-Ray Emission (PIXE) and
Rutherford Backscattering
Spectroscopy (RBS). The
position of largest erosion on tile
7 corresponds to the maximum in
—_——— the profile of the deuterium
H—&W—W'ﬁ% fluence. The vertical tile 8 shows
- a small erosion consistent with
the comparably small fluence to
this region (the maximum here is
about a factor of 20 smaller than
the maximum on tile 7).
e d Surprisingly, the apron of this tile
T e again is heavily eroded although
the plasma equilibrium and

Figure 3 RBS and PIXE profilef the tungsten are:| SPectroscopy does not show a
density along outer vertical tile 7. significant plasma particle flux
there. The reason for the erosion

at this area is unclear presently. It is speculated that itrgguwith higher energies produced
by ICRH and LH antennas in the far scrape-off-layer (SOL) may c¢hisseffect.

It would be important to determine the absolute W-erosion ratgsriicular to draw
conclusions concerning the minimum thickness of the W-coatingshéIlTER like wall
project. The RBS and PIXE analysis suggest that at
the heaviest area of erosion still about 30% of the
original W-layer did survive (figure 3), but
microscopic analysis reveals (see figure 4, tile 7)
that the erosion occurs non-uniformly on scale
lengths of 10 — 30 pum. In certain regions the W-
stripe is completely eroded while at neighbouring
regions part of the W-layer still exists. Such
inhomogeneous erosion has been qualitatively
explained by the surface roughness leading to
— o i p S = | preferential W-erosion of the “hills” which are
Figure4 SEM picture from the area | exposed to larger fluxes and less erosion (or even
heaviest erosion on outer tile 7. small deposition) in the “valleys” between the hills.
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Modelling of the net-erosion of the W-stripe for tile 7 excludingghness effects has
been done with the Monte-Carlo impurity transport code ERO [6$nilgparameters for the
simulations are estimated from campaign averaged data withasatex temperature of 30
eV and density of 4-1®m>. An exponential decay perpendicular to the separatrix is assumed
with different decay lengtha towards the private flux region (PFR,= 4 mm) and the
scrape-off layer (SOLA = 12 mm). In toroidal direction symmetry is assumed. A carbtn C
background flux of 0.5% relative to the incoming flux is assumed and the erosion caused
by recycled and redeposited particles is fully included in tbdetting. The C-influx of 0.5%

Is based on the measured averaged total C-wall source froer eariipaigns [7], assuming
50% redeposition of C on the main wall and a transport of the remantoghe inner and
outer divertor with a ratio of 3:1. The modelling shows that the Wa@ras dominated by C
impurity sputtering whereas the erosion due to deuterium is neglighiout 50% of the
sputtered W atoms are redeposited on the W-stripe. Main loss ofreput/ atoms takes
place into the PFR originating from a very narrow region aroundttilee point. With the
deuterium fluence distribution along tile 7 taken from calibrédgdhoton signals of C5 —
C14 (taking a S/XB value of 20) and using the ERO results on rediepoand particle
recycling, the net erosion profile shown in figure 5 is modelled. [Bler limit of the
maximum net erosion from the measurement is about 3 pum in faeseragnt with the
calculated value of about 7 pum at the maximum.

Figure 5 Calculated nettungster
erosion along tile 7 after campaig
C5-C14. Red bars: erosion due
background carbon; Blue bar
erosion due to recycled physice
sputtered carbon; green bars: erosi
0 2z 4 6 B 10 12 14 16 18 due to recycled chemicgll erodec
Distance along tle ( cm) carbon

MNet erosion ( microns)

[=] - ] (] iy o [+:] | [+-]
I 1 1 1 1 1 1 1 |

Metallographic cross-sections at the outer base plate (t8bdy deposited layers on the
intact W layer, in contrast to the outer vertical tiles. Thektiess of the deposits reaches
values of up to 200 pm. From this one can estimate an overall depo§i@8@ g on this tile
assuming a density of 1 g/ém

3. Shot-resolved erosion/deposition measur ements by means of a quartz microbalance

A quartz microbalance (QMB) has been mounted in 2002 in the inneradiveuver
region of MKIIGB-SRP (see figure 1). It allows a shot-resolaralysis of erosion/deposition
at the position of the quartz by monitoring the change of the resonance frequencyeAishut
front of the crystal is used to protect the system from too higreptradings. A second
crystal shielded against the patrticle flux controls the chantfeeaksonance frequency due to
changes of the background temperature. The resolution of theiQ&t#®ut 1 to 2 Hz, which
corresponds to one carbon monolayer. More details can be found in [8] and referenaes there
The QMB was in operation for a total exposure time (open shuited¥79 seconds (806
QMB exposures). The shot-resolved deposition outside the divertor phaselow the
detection limit.
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The average deposition rate on the QMB was 2'8-C0atoms/cifs, which would
correspond to a total amount of carbon deposition at the whole inner breaeof about 35g.
This is less than 7% of the overall deposition at plasma-facngponents at the inner
divertor (about 540 g, see section 2). It should be noted that this nuneémajsolated from
the exposure during about 8% of the whole plasma divertor time. The@dBiormally not
exposed for shots with strike points near the inner divertor cornewvdm @ QMB
overheating. It will be seen that especially this type of sho#sexpected to produce the
largest material deposition at the location of the QMB. Howeafezr the MkIIA campaign
about 90% of the carbon deposition in the inner divertor was found at threlonmers [9]
marking a considerable difference to the MkIIGB and MKIIGB-SR#nmaigns. This
difference is attributed to the fact that the strike point dukithk¢ifA was mainly located on
the base target. In contrast, during MkIIGB operation the strike peast mainly on the
vertical target and there was a wide variation of strike point positions durin@GBHSRP.
Figure 6 shows the

base plate vertical plate R dependence of the QMB
T sociL pocd s0cU ~ signal of the strike point
«><> <> position for 159 discharges
o SE16 T P in which the position of the
c E * 1 11 1 € H Mode . . p
S 4E6| o A strike point has been kept
2 spasl Lo i constant (no sweeping).
3 I ot 1! The position in z-direction
S 2.E+16 + s o Lo is related to the plasma
S 1Es L Lo Lo configurations used, i.e.
§ i ‘3 . 4:" L1 ‘ ! Lo gtrike ppint at upper part of
g 000 f'\ OR _S A1 Ladind tle 1 in DOC-U, upper
S g6 E E E E E E part of tile 3 in DOC-L and
5 L. I Lo lower part of tile 3 in
O 2B+ . DOC-LL configuration.
-1.75 -1.7 -165 -16 -155 -15 -145 -14 -135 -13 In DOC-U discharges
Position z [m] the deposition on the QMB
Figure6 Carbon deposition on the QMB in dependence on stfikdS at or below the detection
point position during MklIGB-SRP campaigns. limit of about 1-1& C

atoms/cris. Moving the
strike point downwards along the vertical target, the depositionaiseseup to abouflio*® C
atoms/crfis. Largest deposition rates of up to ~8°@atoms/cifs are seen if the strike point
is located on the base plate with a trend to reach a maxoheposition if the strike point is
positioned between the horizontal and inclined part of the base @kteon transport into
the louver region is therefore dominated by discharges with tilke gwint in direct line-of-
sight to the louver entrance. This is also consistent with’@té, tracer injection from top of
the machine in the MkIIGB divertor configuration with the strikenp®ilocated on the
vertical targets. It has been found, that 99% of the detédfeevas deposited at the inner
vertical divertor tile surfaces [10], see also section 4.

Also ERO code modelling calculations could not produce a significatérial deposition
on the louvers with plasmas situated on the vertical tiles and astsong dependence of the
deposition at the QMB on strike point position [11]. A reasonable egnee of ERO
modelling and average deposition rates in DOC-U, DOC-L and fdase configuration was
achieved when erosion by hydrogen atoms has been included and an enhanoceesjli@-ti
erosion of formerly deposited C compared to bulk C material has med. The
formation of special layers on the base plate, which are maetigély eroded than graphite
is also suggested by spectroscopic observations [12]. If the strikeiponoved for the first
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time to the base plate succeeding discharges with the strikequoiiiite vertical target an
enhanced emission of carbon light around the strike point position is obserypadticular
enhanced emission from,@nolecules is large indicating the presence and erosion of soft
carbon layers. By keeping the strike point at the same positidmedmase plate a successive
decrease of carbon light emission occurs. Obviously, discharges wistrittes point on the
vertical target lead to formation of carbon layers on the base,pivhich can be eroded
effectively. Thus, the carbon release from the base plate depenus revious shot history
and could be one explanation for the relatively large scatteedMB data. On average the
deposition in H-mode discharges is larger than in L-mode, againalpecconfigurations

with the strike point on the base plate (see figure 6).

Post-mortem analysis revealed coatings on the
whole QMB system [13]. On the quartz itself a total
amount of about@0'® C atoms has been detected. The
average layer thickness on the quartz is about 1.85 um
which is consistent with the in-situ measured mass
increase of about 1.77-4@ and using a layer density
of ~1 glcni. Compared to the amount of carbon
deposition on the quartz itself, significant deposition of
about 6.210'° atoms has been found at the inner heat
shield, visible as colourful layer as shown in figure 7

‘ for the front side of the inner heat shield. This
Figure 7 Photograph of front sid | additional contribution has to be taken into account
of the inner heat shield of the QMB. \yhen the overall deposition at the louver region is

estimated from the QMB data.

4. BCH, tracer experiment at the end of the experimental campaigns

At the end of the MKIIGB-SRP campaighC marked methane Ghhas been injected
into the outer scrape-off layer through a slit between tilend 8 (figure 1) during 32
consecutive identical type | ELMy H—mode discharges [2]. In @halut 4.3-18 *C atoms
have been injected. The magnetic field configuration used foe tissharges is indicated in
figure 1 with the strike points on the vertical targets. The tegemethane flows through 48
toroidally distributed nozzles. No further plasma operation has leme after these
discharges before dismounting of tiles and analysing the resti@rdeposition distribution.
The **C deposition averaged over the tiles

tile "°C amount and integrated toroidally is summarised in table
1 2.7%| | 1. About 20% of the injectetfC is found on the
inner 3 0.5%| | outer divertor tiles with the highest amount just
4 3.8%| | above the strike point on tile 7. On the inner
6 2.5%)| | divertor tiles about 7% of the injectedC is
outer 7 10.9%| | detected demonstrating a significant material
8 6.1% migration from outer to inner divertor. A
total 26.5% | significant quantity of3C is also transported to

the PFR and found on the inner and outer base
| tiles 4 and 6. First measurements on the

shadowed parts of these tiles indicate thatie

areal density at these shadowed regions is about
a factor of 10 smaller than on the plasma-wetted parts. This menfthat the transport to
such shadowed areas mainly takes place during special shotucatifigs, i.e. with the strike
point on the base target as has been concluded from the QMB>da#dso has been found

Table 1 Deposited amount of’C
measured on divertor tiles (relative to thg
amount of totally injectetfC).
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on a fast reciprocating collector probe inserted into eachatigetat the top of the low-field
side of the poloidal cross-section. This clearly demonstrateatthedst part of the material is
transported around the main plasma.

EDGE2D modelling has been performed to describe the transport iofebeed*C. The
trajectories of neutrals are calculated with the NIMBW8ecand, after ionisation, the fluid
model in EDGE2D is applied. The present modelling does not considee-#gr@sion of
redeposited>C. In order to take into account the effect of ELMs, a model d@sgrithe
increase of transport coefficients during ELMs has been appliedifigikeen that the (long-
range) C migration during ELMs is suppressed due to the incraedigertor temperature
during ELMs, which leads to larger ionisation rates and finally lerger local redeposition
probability. Therefore the long-range C transport mainly tatase during the inter-ELM
phases. SOL flows are important for the material transport butfltie codes still
underestimate the high flows measured in the JET SOL. In the EDGiodelling the SOL
flow is adjusted via an external force to match the measured chamber SOL flow. The
modelling indicates three paths B2 migration: most of injected®C is deposited on the
outer target, a few percent migrates via the main chambert&®k inner divertor and a few
percent through the PFR into the direction of the inner divertor strike point. Maibatrk\of
the current modelling is considered to be the lack of re-erosion of itkgp@s Taking this
into account will lead to a change of the transport coefficiergd ae far in the model such
that there may still be agreement between modelled and obs&eveeposition patterns.

The importance of SOL flows on material migration has also been during 4 weeks of
plasma operation with reversed magnetic field [15]. It is sedrntliraasymmetry of plasma
parameters between inner and outer divertor is less pronounced corgpapeatation with
usual magnetic field direction (ion grad-B drift points towardsltmeer X-point). Also, the
asymmetric SOL flow from outboard to inboard is strongly reducechgueversed magnetic
field operation. Whereas the outer divertor normally is erosion doedpdR camera
observations indicate the formation of layers in the outer divertor during rdv@(d&].

Also at the end of the previous MkIIGB campaighi@H, injection experiment has been
performed, at that time with injection into L-mode discharges taprand the strike points
located at the vertical target plates. Experimentally,*33l found was inboard from the
injection, most of it (99%) on the inner divertor tiles [10] andi®was found in shadowed
regions. Modelling (with SOLPS in this case) has shown that reatodescription for the
carbon sticking and re-erosion must be included to reproduc¢étueposition pattern in the
inner divertor [17]. Only if the carbon re-enters the plasma &fit#éing the surface (via
reflection or re-erosion) a step-wise material transport to the inneratieedurs.

5. Summary

The JET MKIIGB-SRP campaign has provided new important data firetdeof erosion,
material migration and deposition. In agreement with all previosigitse the post-mortem
analysis of a poloidal row of divertor tiles, which have been depogiid a thin W layer in
advance, show that the inner divertor is deposition dominated. However, thehdat a
significant outer divertor net erosion of the W stripe on the \&@tiles, in some contrast to
observations from previous campaigns where no clear carbon erosiorpasitide was
identified. This observation has motivated the use of W coatings ofid0Bickness within
the JET ITER-like wall project. The erosion at the outer vdrdogertor could be modelled
with the ERO code showing that erosion due to deuterium is negligioigared to the
erosion due to carbon impurities.
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Shot-resolved measurements of the carbon deposition by means of Biel@i that the
carbon transport to this position and other shadowed areas is deterbyinpthsma
configurations in which the strike point position offers a direct-tihgight to these areas.
The dependence of the QMB deposition on the strike point position coulgrodueed with
the ERO code. Spectroscopic observations also indicate that carbie) Vayeh are built up
on the base tiles show an enhanced carbon release when thiest aoei¢hed by the plasma
leading consequently to large material deposition on the QMB. The carbon erosiogiba spe
divertor areas depends therefore on the shot history.

Local injection of methané®CH, into the outer divertor SOL at the end of the
experimental campaigns resulted partly in local redepositiontnegoosition of the injection.
A significant amount of*C is found in the inner divertor that must have been transported
through the main plasma or the PFR region. EDGE2D modelling has shaivthé long-
range carbon transport mainly happens in between ELMs and thatrdmeport paths are
required to reproduce th€C deposition in the divertor*C has also been found on a
deposition probe on top of the machine confirming the C transport way dhé afivertor
through the main chamber plasma to the inner divertor, but not excludpagssible C
transport directly through the PFR in parallel. In the shadoweasaf the divertor littlé’C
has been found and, as for the MkIIGB divertor campaign, no beryllium.

The overall carbon deposition after the experimental campaitjre ativertor, excluding
the segtum replacement plate, can be estimated to be about 980 spawineg to about
5.9-13° carbon atoms/s, which is similar to previous campaigns. The mainititepas 600
g is found in the inner divertor (540 g on the inner divertor plates, @Qhg anner divertor
louver regions). 380 g are deposited at the outer divertor base plate.
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