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ABSTRACT

In the period 1998 — 2001 the JET tokamak was operated with the Mk-11 Gas Box divertor. On two
occasions during that period anumber of limiter and divertor tileswereretrieved fromthetorusand
then examined ex-situ with surface sensitive techniques. Erosion and deposition patterns were
determined in order to assessthe material erosion, material migration and fuel inventory on plasma
facing components. Tracer techniques, e.g. injection 13¢ 1abelled methane and tiles coated with a
low-Z and high-Z marker layer, were used to enhance the volume of information on the material
trangport. Theresults show significant asymmetry in distribution of fuel and plasmaimpurity species
between theinner (net deposition area) and the outer (net erosion) divertor channels. No significant
formation of highly hydrogenated carbon films has been found in the gas box structure. The results
are discussed in terms of processes decisive for material migration and the influence of operation
scenarios on the morphology of the deposition zones. Comparison is also made to results obtained
following campaigns with previous divertors.

1. INTRODUCTION

Material lifetime and fuel inventory in PlasmaFacing Components (PFC) are decisivefor economy
in operation of areactor-class device[1]. It has been recognised that the divertor geometry and the
related power deposition profiles have astrong impact on the material transport and itsre-deposition.
For that reason, an important mission of the JET tokamak is to optimise the wall and divertor
geometry and to test avariety of plasmaoperation scenarios. Over the last decade the main chamber
wall and divertor of JET have been restructured several times. Since 1994 it has been consecutively
operated with the following divertors: Mk-1 with Carbon Fibre Composite (CFC) and then with
berylliumtiles, Mk-11A, Mk-11 Gas- Box (GB), Mk-Il Septum Replacement Plate (SRP) with CFC
tiles in the three Mk-I1 structures. Following experimental campaigns with those divertors wall
components have always been studied in detail [2-8]. Deep insight into the material migration and
fuel inventory became absol utely indispensabl e after the full deuterium-tritium experimentsin JET
[9] and TFTR [10] when the long-term tritium retention reached about 30% of the cumulative input
of tritium [11]. The most pronounced accumulation was found in the inner corner of the Mk-11A
divertor, in particular, in remote areas shadowed from the direct plasma line-of-sight [7,12-15].
Formation of fuel-rich and flaking films on the water-cooled |ouvresin the pumping duct dominated
the overall inventory [7]. From the fact that the layers deposited in remote areas contained vast
amounts of hydrogen isotopes and carbon, but no beryllium, one concluded that their presence was
associated with chemical erosion of carbon and long-range transport of hydrocarbons [7,15].
Beryllium, physically sputtered from the main chamber wall, was transported to the target plates
where it remained. No re-erosion occurs due to the low electron temperature in the inner divertor.
The result implied that in the machine with a beryllium wall in the main chamber, fuel inventory
related to carbon erosion and CXHy redeposition could have been significantly reduced due to the
elimination of the major carbon source. It became also important to verify, whether the change of



the divertor geometry — from an open (Mk-I1A) to a more confined (Mk-11GB) — influences the
transport and related deposition pattern. Therefore, the aim of thiswork isto give acomprehensive
overview of deposition profiles and fuel inventories following the operation with the Gas Box
divertor. Particular emphasisis given to the study of theinner and outer gas-box tiles, because the
box structure could be — to some extent — considered as a remote area for deposition of eroded
species and is analogous to the ITER septum.

2. EXPERIMENTAL

2.1. JET AND THE GASBOX DIVERTOR CAMPAIGN

2.1.1Tile histories

JET is operated with PFC made of carbon (CFC, Concept | manufactured by Dunlop Ltd). The
main chamber wall is coated once per operation week with a thin beryllium layer produced by
evaporation using either two or four Be evaporator heads located in the equatorial plane of the
torus. Fig.1 shows the vacuum vessel with the Gas-Box divertor, whereas the divertor poloidal
cross-section and typical field linesare depicted in Fig.2(a). Theinner wall of the divertor comprises
Tiles1and 3, whilst Tile4 isat the base of theinner divertor leg (and can be accessed by the plasma
only over alimited area. Tiles7 and 8 form the outer divertor wall, whilst Tile 6 is at the base of the
outer leg and, like Tile 4, can only be seen by the plasmain alimited region. The septum is protected
by its own tiles, which are numbered 5.

In-vessel components can beretrieved from the torus only during major schedul ed interventions
connected with the reconstruction of PFC and theinstallation of new diagnostics. The contamination
of the vacuum vessel with beryllium and tritium meansthe invessel work (including theretrieval of
samples) is carried out by Remote Handling using a remotely controlled robotic arm [16].

The Gas Box divertor (Mk-11GB) was first installed in 1998 during the Remote Tile Exchange
(RTE) shutdown, in exchange for the Mk-11A divertor tiles that were in use 1996-1998 (including
the Deuterium-Tritium Experiment (DTE-1) in 1997). During the period with the Mk-11GB
configuration there was an intervention in 1999 when a poloidal set of divertor tiles was removed
from Octant 5D and replaced with aspecial set of marker tiles (see section 2.2). Operationswith the
Mk-11GB were completed in Feb 2001, as seen in the time linein Fig. 2(b), and in the subsequent
2001 shutdown achangeover was made to the Mk-11 SRP divertor in which the septum wasremoved
and replaced with acover plate. The special marker tilesinstalled in 1999 wereretrieved for analysis
during this shutdown, and thus septum tiles and support structure became available for analysis. At
the same time, a new set of marker tiles was installed at Octant 5C and the poloidal set of tiles it
replaced was removed for analysis.

Thus three poloidal sets of divertor tiles have been analysed, each characteristic of a different
length of exposure time. Firstly, a set was exposed 1998-1999 (Set A), secondly, a set of special
marker tiles was exposed during 1999-2001 (Set B), and thirdly, a set was exposed throughout the
lifetime of the Mk-11GB divertor, i.e. during 1998-2001 (Set C).



2.1.2. Mk 11GB campaign details

The most common plasma configurations during the Mk-11GB operations have the strike points on
the vertical Tiles 3 and 7, as shown in Fig. 2, though the location varies, as shown in Fig. 3. The
histogramin Fig. 3 also showsthat very occasionally the strike point was moved onto Tiles 1 and 8.
If the X —point was lowered too much, then one or both of the strike points is intercepted by the
septum tiles. It was avoided as far as possible, since the septum tiles did not have as high load-
bearing capabilities as the other divertor tiles. However, there was a limited range of plasma
configurations that alowed JET to run with the strike points on Tiles 4 and/or 6. Most of the
surfaces of Tiles 4 and 6 can be seen from Fig. 2 to be horizontal, but the possible strike point
positions were restricted to the sloping parts of the tiles between horizontal parts shadowed by the
septum structure and by Tiles 3 or 7. These plasma configurations (“corner shots’) were quite
frequently runin studies of divertor physics, asthey mean that accessto the cryopump (whichisvia
the louvres in the corners of the divertor) was from the scrape-off layer (SOL) rather than the
private flux region. Corner shotswere also believed to be very important for material transport and
retention, as will be discussed in section 7.

Thevast mgjority of dischargesin JET were fuelled with deuterium, and ran with afixed direction
for the toroidal magnetic field and plasma current. Occasionally there were periods of operation
with protium (e.g. for H isotope changeover experiments) or helium fuelling. Unfortunately, such
periods were usually at the end of the campaign prior to a shutdown, since protium or helium
fuelling produces negligible neutrons, so the vessel activation is minimised. As an example, the
four weeks of operation prior to the 2001 opening were in He [17], apart from the last three days
which reverted to D fuelling. Since the region best analysed is the near-surface which reflects the
latter stages of the plasma operations, such pre-shutdown deviationsfrom normal running makethe
analysis of PFCsfor retention of deuterium much more difficult.

Aswill be shown later, the normal direction for the toroidal magnetic field and plasma current
results in heavy deposition of impurities at the inner divertor, and most areas at the outer divertor
exhibiting small amounts of erosion. JET can a so operate with the magnetic field and the direction
of the plasma current reversed (whichisreferred to as“reversed field” operations), and therewasa
short period of JET operationinthismodein 1998-1999 (just before the 1999 shutdown). In reversed
field operations, ion temperatures and fluxes at the two divertor legs are more equitable’[35]. It is
believed that the deposition of impurities is also more equitable. However, JET has never run a
complete campaign in thismodeto be sure. It may bethat, if thereare small differencesin deposition
patterns between outer divertor tilesof SetsA and B that the reversed field experiment isresponsible.

JET has normally operated with a vessel wall temperature of 320°C. The divertor structure is,
however, water-cooled in order to protect the poloidal field coilsthat are situated within the vessel
alongside the divertor to produce the necessary field shaping. The divertor tiles are supported by
the support structure, but thereislimited thermal conduction betweentilesand structure. The divertor
tiles thus have a base temperature intermediate between the water and vessel temperatures.



Thermocouples are embedded in some of thetilesthat continually monitor the (bulk) tiletemperature.
As can be seen from Fig.4, during the MK- 1| Gas Box operations in 2000 Tiles 1 and 3 had base
temperatures of 170°C and 160°C, respectively. During each plasma discharge (in the divertor
configuration) power is deposited on the tile surfaces: the strike point region may reach 1000°C or
greater and the overall power deposited in the divertor may be 10 MJ. Thus, during aday of plasma
pulsing the bulk temperature of the tiles steadily increases, typically to 210°C and 220°C for Tiles
1 and 3 respectively, as seenin Fig. 4, returning to the base temperature overnight. However, since
beginning of 2001 (when the vessel temperature was reduced for safety reasons) the vessel
temperature was held at 200°C throughout the two months' operationsin 2001 prior to the shutdown.
As can be seen in Fig. 4 this means the mean tile temperatures for both Tiles 1 and 3 before and
after aday of pulsing are 80°C and 140°C, respectively. It may bethat thistemperature change has
asignificant effect on the deposition at the inner divertor, aswill be discussed |ater.

2.1.3. lon fluxes to the inner divertor tiles

The MkIIGB tileswerefacing the plasmafor 61470, 101821 and 163291 seconds, including 36870,
57429 and 94299 seconds of X-point dischargesfor SetsA, B and C respectively. lon fluxes during
pulses are routinely measured with divertor Langmuir probes. Integrated ion fluxeswere cal cul ated
for the experimental periods 1998-1999 (pul ses 44659-48596) and 1999-2001 (pul ses48597-54345),
and hence for the combined period 1998-2001 (pulses 44659-54345). The results for the inner
divertor wall probes 1-9 are given in Table 1. Probes 1-4 and 5-9 correspond to Tiles 1 and 3,
respectively. For tile 1 numbering of the probesisthe same asthat for the mechanical measurement
pointsin Fig. 2. However, there are 5 probesin tile 3 so the numbering of the probes does not quite
correspond to the location of mechanical measurement points. Unfortunately, probe 1 was not
working, hence the zero signal level. Ion fluxes seem to be higher for Tile 1 during 1999-2001
campaign than for 1998-1999 campaign. For Tile 3 ion fluxes are quite comparable for both
campaigns.

2.1.4. BC puffing experiment

An activeinjection of material transport markerswas carried out on the last operation session with
the Mk-11GB divertor. 13C labelled methane (13CH 2) Was puffed into the scrape-off layer from the
gasinlet module GIM-5 at the top of the vessel. The key objective for the experiment wasto assess
the direction of material migration and the resultant location of redeposition. During fifteen ohmic
pulses 1.3 x 107 BcH 4 Molecules were injected, which was judged to be close to the maximum
that could be injected without seriously modifying the pulse parameters. The number of 3¢ atoms
puffed into the SOL (assuming no loss of material by deposition local to the nozzles) was therefore
also 1.3 x 1073 At the same time silane (SiH,) wasinjected from the outer divertor ring (GIM-10)
of the torus using 1% SiH, mixed with deuterium. However, similar flow rates for the SiH,/H,, as
for the 13cH 4 Meant two orders of magnitude less Si, and this was found to be too small to give



reliablelevels of deposition above the Si background concentration in CFC [18]. The use of minute
guantities of injected silane followed the risk assessment related to high reactivity and pyrophoric
properties of that gas.

2.2. MARKER TILES

In the 1999 shutdown so-called marker tiles were installed in several locations replacing regular
divertor and limiter components. A full poloidal set of six divertor tiles (excluding the septum tiles)
wasinstalled, aswell assix Inner Wall Guard Limiter (IWGL) tilesand four Outer Poloidal Limiters
(OPL) tiles in the main chamber, as shown in Fig.5. The marker tiles were the normal CFC tiles
coated with astripe of sandwich-typethinlayers: 2.5um of carbon-boron (10 at %B) film on top of
a650nm thick rhenium layer. The coatings were prepared by Plansee AG, Austria. The heavy metal
interlayer allows the thickness of the carbon-boron layer (and the rhenium layer itself) to be
determined with the lon beam Analysis (IBA) techniques (see next section).

Amounts of deposition and (small amounts of) erosion are determined by comparing the position
of the Re and B relative to the surface before and after exposure in JET. The amount of boron
remaining in the films after exposure also allowed small amounts of erosion of the carbon-boron
layer to be determined. Since rhenium is a high-Z metal characterised by a high energy threshold
for sputtering by hydrogen ions, loss of this layer as well as the overlaying carbon-boron would
indicate a contribution to the erosion process from either plasmaimpurity ions or highly energetic
neutral /ionsfrom charge exchange. If thereisgrosserosion, all trace of the markers may disappear.
To cope with this possibility a number of slotswere milled in one poloidal edge to act as reference
points. Distances to the tile surface from these slots were measured with a micrometer before and
after exposure. The accuracy of the mechanical measurementsis estimated to be + 10um. Figure 6
shows schematically the appearance of a marker tile before its installation in the divertor. The
IWGL and OPL marker tiles did not have the milled reference sots. Figure 6 also shows that the
divertor tileswere in fact coated with two identical stripes. When these tiles were being prepared,
the only divertor tile analysis was from the JET Mk-I divertor [4]. In the Mk-I divertor there were
big differencesin analysis between the areas of tiles directly exposed to ionstravelling along field
lines, and the areas of comparable size that were shadowed from impact by the edge of the adjacent
tile [4,5]. The same “roof tile” principle for protecting edges is used for tiles in the various Mk-I1
divertors, thus, a second stripe was deposited on the shadowed edge. However, the Mk-11 tiles are
much larger in thetoroidal direction, so the fraction of shadowed areais much smaller. Mk-11A tile
analyses showed that this shadowed area can be disregarded, hence no data from the shadowed
areas of Mk-11GB divertor tileswill be included in this paper.

2.3. ANALYSIS TECHNIQUES

2.3.1. General

The aim of analysis is to determine the quantitative composition and structure of the surface and
near-surface layer of PFCs, i.e. usually CFC tiles in case of JET. The amount and distribution



(spatial and depth) of deuterium, carbon (12C and 13C), beryllium, boron and metals (Re marker
and Incond® components: Ni+Cr+Fe) are of primary interest. No single analysis method can possibly
provide the complete datarequired, and there would in any case be abenefit in comparing analyses
from different techniques. Because of problemswith beryllium and tritium contamination in samples
coming out of JET, we are limited to two sets of techniques with facilities dedicated to that work;
Secondary lon Mass Spectrometry (SIMS) and accelerator-based IBA methods. These techniques
areamost uniquein their ability to analyse H-isotopes, but access to alternative techniques such as
Auger electron spectroscopy and SEM combined with Wavel ength Dispersive X-ray Spectroscopy
(WDS) would be helpful for other elements, and is planned for the future.

Asstated inthe previous paragraph, all materialsretrieved from the JET vessel are contaminated
with beryllium and tritium. Therefore, ex-situ examination of tilesis carried out in controlled areas
equipped with glove boxes for transfer and handling of samples. Detailed analysisiscarried out in
facilities in the Accelerator Laboratory at the University of Sussex in Brighton, UK, and in the
Technical Research Centreof Finland (VTT) and inthe Accelerator Laboratory at the University of
Helsinki, Finland. Thefacility in Brighton allows, in most cases, for analysis of entire tileswithout
cutting them into smaller pieces, whereas at VTT smaller samples required for SIMS analysis
(cylinders 17mm in diameter) are machined by a coring technique. Figure 7 shows both facilities
and sample preparation procedure. The coring technique was also used previously [12-14] when
preparing specimensfrom highly tritiated tiles after the DTE-1 campaign with the MklI-A divertor.

2.3.2. lon beam analysis techniques

IBA methods used in the study include Nuclear Reaction Analysis(NRA), Rutherford Backscattering
Spectroscopy (RBS), Enhanced Proton Scattering (EPS), Particle Induced X-ray Emission (PIXE)
and Time-Of-Flight Elastic Recoil Detection Analysis (TOF-ERDA). Data in Table 2 summarise
the most typical parameters of the IBA methods. In thiswork the most demanding wasthe analysis
of BCinthe presence of significant 2c background in thetiles. Therefore, the quantity of Bere
deposited on thetiles was cross-checked with three independent methods. In case of materialsfrom
JET the most convenient is the use of NRA technique based on the 3He(13(3,p)15N reaction [19].
Very reliableresults are al so obtained using enhanced proton scattering 13C(p,p) Bewitha2.5Mev
proton beam [20]. The greatest sensitivity is achieved with a proton beam at the resonance energy
(1.442MeV) but reliable quantification in this case is possible only for very thin films containing
the c isotope [21].

Some selected samples that had been analysed by SIMS were also measured with TOF-ERDA
to obtain elementary concentrations at the near surface region. In the measurements, the SMV
tandem accel erator EGP-10-11 of the University of Helsinki was used witha53MeV beam of 127 1o+
ions. The detector angle was 40° with respect to the ion beam and the samples were tilted relative
to the beam direction by 20°. When a primary ion collides with an atom in the surface, the atom
may be ionised and recoil towards the detector with an energy dependent on its mass. The ion will



also lose energy according to the distanceit travel sthrough the material before reaching the surface.
Thus by measuring the mass and energy of the ions knocked out of the surface, it is possible to
derive the concentration with depth into the surface for each isotope. The maximum measured
depthisdifferent for every recoiled element and for each matrix becausetheionwill have adifferent
rate of energy loss with distance travelled through the matrix. However, as an example, TOF-
ERDA gives quantitative datafor deuterium up to adepth of about 900nm in a carbon-based matrix
with 53MeV 12%* ions when adensity of 2.Og/cm3 is assumed.

2.3.3 Secondary ion mass spectrometry

SIM S analysis was made with a doubl e focussing magnetic sector instrument (VG lonex | X- 70S).
A 5keV 02" primary ion beam was used and the ion currents of secondary ions *H*, D*, °Be",
10g* 12t B3¢t S8Ni* and 1¥°Re* were profiled. 13C and 28Si were profiled separately using a
higher mass resol ution of 2000 (m/Am at m/q = 28) to separate the element peaksfrom theinterfering
isobars (e.g **C* from ?CH* and ?®si* from ?CO*, *2C,H,). The current of the 5keV O, primary
ionswastypically 500nA during depth profiling and the ion beam was raster-scanned over an area
of 300° x 430um2. Since the surface topography of the CFC tiles varies, SIMS measurements are
repeated at several points on each sample, covering an arealarger than the fibre plane separation.
Profilometer measurements of a redeposited carbon layer and a Be-rich layer allowed the
determination of the layer thicknesses and, in a consequence, the assessment of sputter rates in
SIMS. Spuitter rates used in the calculations are 1.3nm/s for a Be-rich layer, 3.1nm/s for the C-rich
layer on divertor Tiles 1 and 3, and 2.1nm/s for the C layer on Tile 4. Relative uncertainty of the
sputter ratesis estimated to be + 15%. The roughness of the CFC surface causes the rounded shape
and broadening of the SIMS depth profiles, because secondary ion signals come from different
depths. This evidently induces variation in the layer thicknesses. It may also change the signal
intensities sightly.

3. RESULTS

3.1 MECHANICAL MEASUREMENTS

The results of the micrometer measurements on the poloidal set of divertor tiles are shown in Fig.8.
SIMSresultsfor two different divertor tile setsare also included. The numbering of the measurement
points (1-24) isshown in Fig.2, aswell asthetile numbers (1-8). The thickness of the deposit onthe
inner divertor wall increases towards the bottom, reaching a maximum of ~90um. There are even
thicker deposits on the small sloping section of the floor that can be accessed by the plasmaboth at
theinner and outer divertor legs (points number 10 and 16, respectively). Notethat the barsindicating
the micrometer measurements at these two points arein two sections. All other quoted micrometer
values are an average of at |least three measurements at that point, and repeatability was excellent.
However, at points10 and 16 each measurement gave a smaller value than the preceding one, so
that after about fifteen measurements the value had reduced by ~50% (indicated by the change in



the bar height). This suggests that the film is dusty in nature, and compresses with successive
micrometer measurements. Only small amounts of erosion/deposition are found elsewhere in the
outer divertor. The results indicate that the amount deposited in the inner channel exceeds the
amount eroded from the outer divertor.

Though the thicknesses of the deposits obtained in SIM'S measurements agree reasonably well
with the micrometer measurements there are, however, certain differences between results of the
two methods. At the inner divertor micrometer results increase towards the bottom. However,
although the SIM S results show more deposition on Tile 3 than on Tile 1, the amounts decrease
towards the bottom of each tile. SIMS results for the Sets C and B are internally consistent, as the
deposits on the former are thicker than those exposed in 1999-2001 (Set B), and were one year
longer in the torus. One reason for the difference between micrometer and SIM S resultsis that the
slots used in micrometer measurements are at the edges of thetiles, whilst the SIMS samples were
cut from the centre of the tiles. In addition, the SIMS samples do not all come from exactly the
same poloidal locations as the slots, and there may be inhomogeneity both in toroidal and poloidal
directions. Onthefloor shadowed by the septum (points number 12-14) thereisvery good agreement
between results of the two methods.

3.2 EROSION — DEPOSITION PATTERN AT THE INNER CHANNEL OF MK-11GB
DIVERTOR

3.2.1. Film structure for tiles exposed 1999-2001
The analysis of the inner divertor wall tiles is the most interesting and the most complex in the
vessdl, for thisis where the major deposition occurs, and where transport processes leading to the
deposition into shadowed region must begin. The general film structurefor Tiles1 and 3 of Set B as
analysed by SIMSisshown in Figs.9 and 10, respectively. Theraw datafrom which Figuresand 10
are derived from the count rate (Y-axis) plotted against sputtering time (X-axis). The sputtering
time has been converted to microns in the figures based on measurement of crater depths for a
number of SIMS analysis points, assuming that the sputtering rate remains constant through the
variouslayers: there may be errors of up to 50% in thiscalibration. In summary, the surfacefilm for
Tiles 1 and 3 from that set comprises a number of layers. Firstly, at the very surfaceis athin layer
containing B¢ deposited during the last pulses of the campaign when Bey 4 Was puffed into the
vessel. Secondly, the outer region of the major part of the film is predominantly carbon (120) with
a high deuterium content and some beryllium (and other metallic impurities). Thirdly, the inner
region of the deposited film isvery rich in beryllium (and other metallic plasmaimpurities such as
nickel), with arelatively low D content. Finally, on theregions of thetiles pre-coated with the stripe
of C+B and Re interlayer, the elements B and Re appear as peaks at the interface with the carbon
(CFC) substrate.

The samplesanaysed by SIMSillustrated in Figs 9 and 10 were cut from near the bottom of Tile
1 and near the centre of Tile 3 (poloidal positions4 and 7 in Fig.2), respectively. The analysis points



were on the pre-coated stripes, so the Re and B-containing marker layers are present at the interface
between the deposited film and the CFC substrate; the Re signal isincluded in Fig.9. The outer layer
(approx. 2-6um thick on Tile 1 and 10-16um on Tile 3) contains mostly C and Be together with
deuterium. The composition deeper into the deposit of the Tiles 1 and 3 is quite different to the
surface composition. It showsthat the majority of the film (from 4 —12um at point 4 and 13 —-32um
at point 7) isvery richin beryllium, and nickel also peaksin thisregion, asshowninFig.10. Layers
rich in metals, and depleted in carbon, have been found at the inner divertor wall previoudly [7]. It
must be pointed out that there is high amount of oxygen in the Be-rich layer according to RBS
analyses which increases the secondary ion yield and signal intensity for Be.

The amounts of 23C found on the various samples at the inner divertor are plotted in Fig.11.
They are derived by calibrating the surface B¢ peak in SIMS with the amounts of 13¢ found by
TOF-ERDA on a sub-set of the same samples. Whilst the overall film thickness measured by
micrometer increases markedly in the lower half of Tile 3, as shown in Fig. 8, the amount of B¢
measured on Tiles 1 and 3 (Fig.11) ismuch reduced at the bottom of Tile 3. Thismay be becausethe
Beis mostly ionised deep in the SOL (measurements from another work suggest the maximum
occurs at 20mm from the LCFS), with relatively little reaching the separatrix [22], and then travels
along the SOL to the inner divertor. The strike point for the discharges in the puffing experiment
was about one-third the way up Tile 3, so this should be the cut-off point for the 13¢ distributi on, if
no migration occurs at the tiles. Integrating the amounts of 13¢ measured on Tiles 1 and 3, and
assuming these particular tilesare typical of thefull toroidal set, gives4.8 x10%° atoms compared to
the 1.3 x10%* atoms injected, or about 37% of the B¢ input.

For IBA, thefilmon Tile 3isso thick that since IBA generally seesthe outer few microns, it can
only analyse the outer part of the film. RBS spectra from tile 3 are difficult to interpret, as the
background is affected by the large change in composition deeper into the surface, however the
thinner layerson Tile 1 give RBS spectrain which the layers are resolved. The two films (and also
the surface deposition of 13C) have been simulated with the SIMNRA program [23] for many RBS
spectra from Tile 1. Fig.12 shows the experimental and the simulated RBS spectrum for a point
towards the bottom of thetile.

First attempts here to model the deposited film use three different layers in the simulations,
sincethereareclearly at |least threeidentifiablelayersfrom SIM S data; athin outer layer containing
the 3¢, and the two parts of the main film. The thickness and 3¢ content of the outer layer is
determined by thefit to the 13C feature indicated in Fig. 12, whilst the second layer thickness and
12¢ content isfirst estimated by getting areasonablefit to the 12¢ teature arrowed in the spectrum.
Thethickness of the third layer isfirst estimated by fitting the width of the Be feature in the figure,
then the Be and C contents of the various layers are adjusted iteratively until abest fit to the overall
spectrum is obtained. The results of the simulation at this stage, which givesthefit shown in Fig.12,
are collected in Table 3. The error of stopping powers and cross section dataistypically about 5%,
resulting in a systematic error of 5-10%, which is much larger than the inaccuracy of the fit. It



would no doubt be possible to improve the fit alittle by increasing the number of layers, but the
process is extremely laborious, and the fit in Fig.12 is considered to be adequate.

RBS data are based on atomic scattering cross-sections, so are calibrated against numbers of
atoms in the films. To convert to thicknesses in microns it is necessary to use the various film
densities, which are not well known for deposited filmsin tokamaks. The conversion factor commonly
used is 1 micron equivalent to 10*° atoms cm_z, which is simple to remember, and close to the
theoretical densitiesfor C and Be. However, the densities of films deposited in tokamaks are probably
significantly lower. For example flakes of deposits from the JET divertor have a measured density
of 1.69 cm™3 [24]. This would give 10%° atoms cm™? is equivalent to 1.25microns. Using this
value, the thicknesses of the three filmslisted in Table 3 are 0.34 2.6 and 2.6microns, respectively.
It must be admitted that thereis someinconsi stency with the thicknesses derived from SIM S profiles.
However, qualitatively the RBS spectrum istotally consistent with the SIM S three-layer picture of
athin 3c layer on top of onelayer richin 12¢ and D and a second layer on the surface of the CFC
substrate containing carbon and a large fraction of beryllium oxide.

3.2.2. Comparison of tiles from the various Mk-11GB phases

As mentioned previoudly, tiles exposed in JET 1999-2001 and 1998-2001 (i.e. Sets B and C) have
been analysed both by SIMS and IBA, whilst additionally tiles exposed 1998-1999 (Set A) has
been analysed only by IBA. Deposition ontilesof Set C could logically be assumed to comprisethe
film seen after the 1999-2001 exposure on top of that seen after the 1998-1999 exposure. Furthermore,
iIf the impurity fluxes are proportional to the ion fluxes shown in Table 1 (section 2.1.3), then one
expects only a small contribution from the 1998-1999 campaign to the combined deposition for
Tile 1, but roughly equal contributions from 1998- 1999 and 1999-2001 operations for Tile 3.

The previous section showed SIMSresultsfor Set B of divertor tiles. The SIMS profilesfor Set
C looked very similar, but for both Tiles 1 and 3 both the inner and outer films were on average a
factor 1.6 thicker. Since both sets of tiles were exposed to the same B¢ puffing experiment, the
amounts of 13C would be expected to be the same. However, according to the SIMS analyses the
amounts of 3C over Tiles 1 and 3 was also afactor of ~1.7 greater for Set C than thetiles of Set B.
I this value is used to estimate the total amount of *3C found in the divertor, then of course the
amount is greater than in the previous section, and would account for about 63% of the B¢ puffed
into the vessel. This may be related to toroidal asymmetries in deposition and will be discussed
later.

A similar comparison for Tile 1 hasbeen made by RBS. Figure 13 compares spectrafrom similar
points, towards the bottom of the front face of Tile 1, for Set A (JET 5610), B (JET 7103) and Set C
(JET 6877). The B¢ peak, and the onset channel for the 12C feature (marking the surface) are the
same for spectra JET 6877 and JET 7103. However, the height and width of the 12C teaturein JET
6877 spectrum is clearly greater than in JET 7103, indicating a bigger outer C+D film, and the
onset of the Be feature is thus at lower channel number (further from the surface). In JET 5610
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there is only a very narrow Be feature, implying athin Be-rich layer, and the onset energy of the
feature isthe maximum possible for Be (the “Be edge”), showing that the Be was present from the
very surface of thetile. For the other spectrain Fig.13 (also used in Fig.12) the Be feature is shifted
totheleft, i.e. towards|lower energy, meaning that the Beis covered by another layer which absorbs
beam energy beforeit reachesthe Be. Thusthe C-rich layer seenin JET 7103 on top of the Be-rich
layer ismissing in JET 5610, and is characteristic only of tiles that werein JET in 2001. The B¢
layer which istoo thin to affect the positions of other peaksisalso missing, since the Bc was only
added to JET on the last day of operationsin 2001. The Be feature in JET 6877 is also larger than
that in JET 7103, asinferred from the width of the Befeature. Therefore, theinner C- and Be-oxide
film is also greater for the tile exposed for the longer period. The D features in the outer film for
spectra JET 6877 and JET 7103 are similar.

Spectra for a number of similar pairs of tiles have been simulated with the SIMNRA fitting
programme, and the results consistently show that both the C- and D-rich outer layer and the C- and
Be oxide-rich inner layers are a little thicker for samples from tiles exposed 1998-2001 than for
tilesexposed from 1999-2001. Integrating all the Bein thefilms, typically thereisabout 50% more
in the sample exposed for the longer period.

The overall thickness of the double layer at these pointson Tile 1 are 5.4 10" atoms cm™2 for
Set C and 4.13 10'° atoms cm ™2 for Set B. Usi ng the same approximation as used above that 10%°
atoms cm™2 corresponds to 1.25um, the film on Set C is about 1.6um thicker.

Inan effort to calibratethe Be signalsfor IBA (and also for SIMS) foil s have been obtained from
Goodfellow Metals Co. of 0.25, 1.0 and 5um Be on copper backings. It isto be assumed that these
foilsarefully dense, with an atomic density of 10%%m2 per micron film thickness. The Befeature
inthe RBS spectrum from the 1Lum film had ahal f-width of 17 channels, compared with 18 channels
for thefeature in JET 5610. The 0.25um films gave a peak of half-width 9 channels, but only 60%
of the peak height, showing that much of the 9 channels half-width is broadening due to the energy
resolution. Thus the Be peak shape suggests the Be-rich film in JET 5610 is somewhat variable in
thickness, but with a mean just over 1.25um (alowing for the lower film density): this may be
compared with the difference in thickness of the spectrain Fig.13 of ~1.6 microns. These results
are summarised in Table 4.

TheIBA variant NRA has also been used to investigate thefilmson theinner divertor tiles. Fig. 14
shows dramatically the difference between the surface of the centre of Tile 3in Set A (JET 5573)
and the centre of Tile 3in Set B (JET 7021). The spectrum from the tile removed in 2001 (JET
7021) shows a large D feature and a relatively small Be peak, whereas in 1999 (JET 5573) the
surface contained much more Be and much less D (relative to the C peak). The Be/C ratio derived
from JET 5573 is 1.21, and this value is in line with analyses of Mk-IIA divertor tiles [7].
(Unfortunately the samples removed in 1999 were returned to the vessel in the 2001 shutdown, so
cannot be analysed by SIMS.). By contrast the Be/C ratio derived from JET 7021 (removed 2001)
isonly 0.12. Since the outer part of the duplex film on Tile 3 ismuch thicker than the NRA analysis
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depth (which istypically 1-3 micronsfor C and Be), this analysisis of the outer film. The average
Be/C ratio for 27 measurements on Tile 3 samples removed in 2001 was 0.137.

NRA of any tile 1 removed in 2001 shows greater Be/C ratios due to the influence of the inner
Be-rich film, but has no depth resolution to allow separation of the layers (unlike RBS).

3.3 EROSION — DEPOSITION PATTERN AT THE FLOOR OF MK-I1GB DIVERTOR
MKk-I1A tiles showed thick films of high D/C ratio with no Be and other metallic impurities on the
part of Tile 4 shadowed by Tile 3[6,7,15]. Similar films are seen in Mk-11GB, and are about 50um
thick, aswasseenin Fig. 8. Somewhat thinner films (~ 15um) are aso seen in the region of the Mk-
[1GB Tile4 shadowed by the septum. In thisregion the films have a D/C concentration ratio of ~0.4
and also negligible Be and other metallic impurities.

In the more central region of Tile 4, including the sloping section of the tile (see Fig.2), D
contents are much lower and sometimes concentrated at the surface, and traces of Be are visible.
From the IBA spectra of the surface region, there is no indication that there is a very thick friable
deposit (~200um) seen with the micrometer and SIMS over just apart of thearea (point 10 in Fig. 2).
However, thisthick deposit, which is present at the extreme corner of the divertor accessible by the
plasma, may be the key in understanding material transport, as will be discussed in section 4. A
similarly friable film was present at the equivalent point in the Mk-11A divertor, and shows up
clearly ininfra-red [25] and tritium mapping [26] experiments, but itsthicknesswas not determined.

Sets B and C have been analysed by IBA and SIMS. Since the present understanding is that
carbonaceous material arrives at these regions and is then not disturbed by the plasma, if atile has
been exposed for twice as long, then the films should be twice as thick. However, in the area
shadowed by Tile 3 (point 9 in Fig. 2) SIMS estimates that the film deposited during 1999-2001 is
significantly greater than that deposited over the longer period. Furthermore, on the part of tile
shadowed by the septum the carbon-based film deposited during 1999-2001 ontilesof Set B appears
by NRA analysisto be > 7 micronsthick in places, whilst for thetile of Set C the film everywhere
Is <7 microns thick. These differences are most likely due to toroidal variations, as aso discussed
In section 4.

The outer base Mk-11GB Tile 6 shown in Fig.15 also has a narrow thick, friable band on the
sloping region (point 16). Thisis the extreme point of access for the plasmainto the corner of the
outer divertor, analogous to point 10 for the inner divertor. A sharp change of film structure is
visible by eyetowards one edge of thissample. From the NRA spectrait isclear that thereisathick
film with rather high D/C ratio on the sloping part of Tile 6, but this rapidly attenuatesto a surface
(~2um) film near point 17. Towards the septum (from point 15 to 14), al samples show just a
surface film of modest D concentration. In Fig. 16 thereisatypical RBS spectrum from thisregion
(near point 14). Comparing with spectrafrom coated tiles before exposure (JET 5293), it is apparent
that the Re is again located ~2um below the surface, but is somewhat reduced in amount, and that
there is D in the surface layer. This agrees well with the SIMS depth profiles (see Fig.17) which
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also showsD in asurfacefilm 2um thick below which isthe Re layer, together with B and some Ni.
However, although it shows that the Re is in the same location relative to the surface, we are not
merely seeing the original coating. There is a sharp change in composition (e.g. of the Re) at a
depth of about 2um. Beyond that there isintermixing of the Re and B from the C/B coatings (and
some Ni from within the tokamak), and we know from the RBS there has been erosion of some of
the film. On top there is alayer of carbon and deuterium, which has perhaps been deposited more
recently at lower temperature, since there is no mixing of Re into this layer. Thus what at first
glance from the RBS spectra seems comparatively simpleisin fact rather complex.

3.4 EROSION — DEPOSITION PATTERN AT THE OUTER WALL OF MK-I1GB
DIVERTOR

Analysis of the coated stripes on the marker tilesinstalled at the outer divertor wall (Tiles 7 and 8)
and exposed 1999-2001 show erosion at all positions. This is not clear from the micrometer
measurements, which show either small dimensional increases or decreases, with an average of
approximately no change. However, SIM S analyses show no evidence of the C+B coating, at some
points a small amount of Re remains at the surface, and at others none remains. The SIMS depth
profile in Fig. 18 recorded from the centre of Tile 7 is typical. It shows some deuterium at the
surface, probably from implantation/surface diffusion, but negligible remaining Re, and no detectable
deposited B¢ This spectrumisintotal contrast to spectrafrom theinner divertor wall such asFig.
9 and 10.

Clearly at the outer divertor thereis no film being formed from impurities that may be arriving
from the main chamber (unlike at the inner divertor), and removal of at least some of the marker
film demonstrates there is some net erosion of the original tile surface. The extent of the erosion at
the outer divertor wall must be much less than the deposition at the inner, however, or else there
would be clear evidence of erosion from the micrometer measurements. Some of the erosion must
be by impurity ions, or by high energy ions of the fuelling gas, in order to sputter Re atoms. Either
none of the 1*C puffed into the vessel during the last pulses reached the inner divertor wall, or it
was unable to settle there. The IBA data are consistent with the SIM S resullts.

3.5. ANALYSISOF THE SEPTUM AND GASBOX TILES

3.5.1. Analysis of septum tiles after exposure in JET 1998-2001

Figure 19 showsthe schematic view of the septum and the gas box module. For most dischargesthe
septumtilesarewithinthe private flux region, and havelittleinteraction with the plasma. Occasionally
the X-point is placed too close to the tiles, and the inner and/or outer divertor separatrix strikesthe
tiles. Two tiles (number 5) are mounted on each section of the gas box, and the tiles are shaped to
protect the joints between the gas box sections. The highest point of each tileis at aridge near the
joint between the two tiles on the section of gas box, leaving an area of reverse slope to protect the
joint between the pair of tiles. Depending on the plasmafield direction, the area of interaction of
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plasmaions with thetilesisto one side of theridge on each tile. Thisresultsin local re-deposition
of material sputtered from the surfacesimpinged by the plasmaon the lee side of the ridge for each
tile. In these areas, which are darker-appearing bands ~25mm wide across each of the ~160mm
long tiles, thereis asignificant concentration of D in the surface region and some low levels of Be
contamination, whilst levels are markedly lower elsewhere. There is much more D and Be on the
outboard part of the band. On other areas of thetiles, the D and Belevelsremain low over thewhole
width of thetile. Inall cases, however, the D and Be arerestricted to the near surface (~1um) layer,
so overall thetiles contain very little trapped fuel.

3.5.2 Analysis of Gas Box tiles

The gas box module, as shown in Fig.19, comprises a base plate, atop plate, a set of three vertical
support platesinthe poloidal plane and two divider plates(in thetoroidal plane) creating aseparation
between the inner and outer divertor channels. There are also a number of other items that cover
fixing bolts, join units to adjacent units, etc. All the aforementioned components are made from
CFC. There aredirect lines of sight into the support structure from the divertor target regions, and
it is possible that material sputtered from the targets may travel to the structure, where it would
remain since the region is completely shadowed from the confined plasma. The ITER divertor
geometry issimilar, and a number of diagnostics plan to gain access through the septum structure,
so the amount of deposition in thisregion is highly ITER-relevant.

Surface morphology of all the vertical support and dividers plates of Module 12 was studied
with IBA. A dusty deposit was observed near the plate edge facing towards the inner divertor
channel. Moreover, there were areas partly eroded by arcing. Analysis was done acrossthetile and
the results for one side of the middle plate are shown in Fig.20. These results confirm that some
deposition occurred in narrow belts (15-20mm wide) near the plate edges on the inner divertor side
where the deposit is predominantly a deuterated carbon film with the fuel content reaching up to
2.3x 10™° D atoms cm™2. The amount of trapped fuel on the outer divertor sideisdistinctly lower,
generally not exceeding 2 x 10" D atomsem ™2 The deposit thicknesswas everywherein therange
that can be probed by IBA, i.e. not exceeding 8-10 microns. The deposit contains certain amounts
of beryllium: 0.1-2 x 10'® Be atoms cm™2.

With one exception, very similar results have been obtained for the end plates of the module. A
local areawith greater deposition (> 10um) was found near the base on one side of one end plate.
From the analysis of the one gas box module availablefor thisinvestigation, it isdifficult to conclude
whether that thicker deposition was toroidally systematic or unique this area. Nonetheless, it does
not significantly influence the overall deposition pattern inside the gas box.

Low levels of deuterium and beryllium (less than 1.5 x 10" atoms cm'z) are found on both
sides of the divider plates. Therefore, the results for the support and divider plates are consistent.
Moreover, no 3¢ — above the background level — has been detected on any part of the gas box
plates, showing that the materia transport to that region is limited. The results give also clear
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indication that the gas box components can not be considered as a major place for fuel retention.
Additionally, the thin deposit on the dividers proves that the direct material transport across the
divertor isnegligible, if any.

3.6 EROSION — DEPOSITION SOURCESIN THE MAIN CHAMBER

3.6.1. General

From earlier sectionsit is evident there is more deposition in the inner divertor than erosion in the
outer divertor, and that the source of much of the deposition must be the main chamber. This has
been proposed previously [27]. Theinner and outer walls of the main chamber of JET are protected
from ionstravelling along field lines by limiters: IWGL and OPL, respectively, as shown in Fig.5.
However, Charge eX change Neutrals (CXN) may travel from the plasmain any direction, and may
thus be able to cause sputtering at any part of the vessel with a line-of-sight to the plasma. In
particular it has been shown that significant sputtering occurs at the areas of the inner wall between
the IWGL [28] (which for this reason has been covered with CFC tiles). However, it is not clear if
enough material can be sputtered from these areas, or whether it would reach the SOL to be
transported to the inner divertor, to account for the deposition.

Thereisevidencethat thereisinteraction between thelimitersand the plasma—erosion/deposition
patterns at the IWGL are clearly visible in Fig.1 — but no quantitative measurements have been
made earlier. As described in section 2.2, in 1999 a number of IWGL and OPL tiles were coated
with a Reinterlayer and C+B overlayer. The erosion/deposition measurements resulting from the
1999-2001 operations are summarised below.

3.6.2. IWGL analysis

The cross-section of the IWGL limiter isshown in Fig.21. Each limiter isapoloidal array of 19 pairs
of tiles, at each position the tilesto the left and right of the centre being labelled “L” and”“R”. The
tangency points are to either side of the centre, to protect the tile joint. The three pairs of tiles that
were coated, analysed, exposed in JET for 1999-2001 and then re-analysed were indicated in Fig.5.
The designation 2X or 3X denotesin which of the sixteen IWGL thetiles were mounted, whilst the
numbers 2, 11 or 17 are the poloida positions (numbering from the top).

IBA and SIM S analyses have been carried out on all six IWGL tiles, and it isclear that thereare
areas of net deposition, and areas of erosion. Figure 21 shows the amount of erosion/deposition
seen from SIM S analyses. Deposition ismostly found on the right-hand side tile near the top of the
limiter, being greater than 50um for each areaanalysed on tile 2X2R. Near the bottom the | eft-hand
sidetile(e.g. 3X17L) isadeposition area, whilst near the centre erosion/deposition ismore balanced
between the tile pair as shown in Fig.21. Figures 22-24 show the RBS spectrum (JET 6270), NRA
spectrum (JET 6293) and SIMS depth profile, respectively from a region of deposition near the
centre of Tile 2X2R. This shows that the surface is covered by a deuterated layer of carbon plus
some beryllium. The Re-containing layer isclearly visiblein the SIMS depth profiles of Fig.24, at
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the interface between a deposited film (which is approximately 60microns thick) and the CFC
substrate. A total of 30NRA spectra (including JET 6293) have been recorded from areasthat SIMS
shows have >10um of deposition. The average B/C ratio derived from these NRA spectra from
regions of deposition on the IWGL is 8.3%.

As seen from fig.21, much of the IWGL is covered by quite thick deposit, and in these regions
the coated stripe can no longer be seen by eye. Areas of erosion are also widespread, but generally
the coated stripe can still be just seen, and part of the Re interlayer is still present. As an example,
fig.25 isan RBS spectrum from the tangency point of Tile 3X17R; thereis clearly a Re peak which
is right at the surface, because there is a sharp leading edge to the feature instead of a shifted
(somewhat gaussian) peak. However, the Re feature is smaller than for the “as-deposited” film
shown previously (fig.16, JET 5293). The C edgein fig.25 is not sharp, due to the presence of the
Reinthesurfacelayers. The only areathat the stripeisnot visible dueto erosionisat the right-hand
side of Tile 3X11L, and from SIMS analysis we see that in this area the coating has been eroded
completely.

There are approximately equal areas of erosion and deposition on the six IWGL marker tiles
examined. Generally, erosionislimited to removal of the C+B layer and part of the Reinterlayer (a
total of 2-3microns). This may, however, give an unfair comparison of the erosion and deposition.
Most of theinteraction with the limiterswill be by ions. The vast majority of thesewill be deuterium
ions, which have a high sputtering coefficient for carbon, but at normal incident energies have a
negligible probability of sputtering Re. Limited sputtering of Re may occur by impurity ions
Impacting the surface. It may bethat there would be amore equitabl e picture of erosion and deposition
at the IWGL if erosion of uncoated CFC surfaces could be determined, but it remains to be seen
whether the IWGL would become a net contributor to deposition in the inner divertor.

SIMS and IBA spectra show traces of 3¢ at areas of deposition at the IWGL. The amounts are
morethan an order of magnitudelessthat at samplesfrom theinner part of the divertor. Furthermore,
the area of deposition at the inner wall ismarginally less (~-4.3m2 compared to ~5.4m2) than in the
divertor. Therefore, the integrated amount deposited on IWGL may be estimated as about 1 - 2% of
the input to the vessel.

3.6.2 Erosion/deposition pattern at the outer poloidal limiters

The positions of the OPL marker tiles mounted in JET in 1999 and exposed during 1999-2001 are
shown infig.5, and across-section of atileisshowninfig.26. Aseach tileisonly 26mmwideinthe
poloidal direction, the entire plasma-facing surface was coated with the Re and C+B. Ninety-two
individual tiles comprise the ~2m poloidal length of the limiter. In practice, each tile ismounted as
one of apair, so each limiter comprises 46 pairs. The pairs are designated such as 2B 01, meaning
Octant 2 sector B, position number 01 (whichisthe top position), followed by whether it isthe top
or bottom pair at that position. Thus the lowest pair in the limiter is number 23 (bottom). For
simplicity the “top” and”*bottom” will be omitted from the descriptors.

16



The general picture for the OPL is erosion from the central region of the tile and some deposition
near the ends of the tile as it curves away from the LCFS deeper into the SOL. For the central
regions of Tiles 2B01, 2B17 and 8D21 there is some erosion, as indicated by reduced Re and B
signals compared to the “as-deposited” films. For Re the reduction is about a factor of two, as
shown for Tile 8D21 in Fig.27; the remaining Re is seen by RBS to be at the surface. This is
analogousto the situation described for IWGL tilesin the previous section, and illustrated with the
RBS spectrum in Fig.25. The Re film has disappeared completely from the central region of Tile
8D09 as seen in Fig.28, also analogous to one area on the IWGL. Tiles 2B01 and 2B17 have
similarly reduced amountsin the central regionto Tile 8D21. The boron analyses al so show that the
coating has disappeared completely from the central part of 8D09 (see Fig. 29). Since the Re has
disappeared, no estimate of the amount actually eroded from this region can be made. Some boron
remains on 2B17 despite the reduction in Re: this suggests there may be some inter-diffusion of B
and Re.

Some deposition is found at the ends of the OPL tiles. For Tiles 2B01, 2B17 and 8D21 the
amounts are quite small, typically 1-3 microns. For Tile 8D09 small Re peaks are seen by RBS
~50mm from each end (as seen in Fig.28), which then disappear again towards the very ends. The
peaks represent a sharp transition from the central area of erosion to an area of deposition. SIMS
shows there is a much thicker deposit towards the very end of this tile (see Fig.30, which clearly
shows the buried Re-marker layers) than on the other tiles. Thus the reason for the decrease of the
Re signal at the very ends of 8D09 in Fig.28 isthat the Re marker layer istoo deeply buried to be
visible by RBS.

Thus the central regions of the OPL tiles are areas of net erosion. Since the marker layer had
completely disappeared in this region for the tile near the outer mid-plane, the erosion cannot be
guantified. Also, for the upper and lower parts of the OPL, it isnot clear how much erosion would
occur from other uncoated CFC tiles by deuterium ions, when not protected by a Re layer. Unlike
theIWGL, however, significant depositionislimited toasmall proportion of thetile near the mid-plane
that exhibited the erosion. This is perhaps prompt re-deposition of some material eroded along
adjacent field-lines. No surface deposition of 3¢ wasseen at the OPL, even at the region of deposition
on 8D09.

4. DISCUSSION
4.1. DUPLEX NATURE OF THE FILMSON INNER DIVERTOR WALL TILES
REMOVED IN 2001

The obvious difference between the analyses of tiles from the Mk-11GB divertor in 2001 and those
analysed previoudly isthe duplex structure of the filmson theinner divertor wall. Thereisan inner
layer very rich in Be and other metals, whereasthe outer layer isrichin D, but otherwise comparable
in composition to filmson the IWGL. The surface then hasathin layer richin B¢ tromthe puffing
experiment on the last day of 2001 operations. Note that no duplex structure was seen on Mk-11GB
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tilesexposed 1998-1999 nor on tiles exposed in the Mk-11A divertor; thesetilesonly had filmsvery
rich in Be and other metals. Thusit appears that there is something different about the exposure of
the tiles that were removed in 2001, rather than a difference in the divertor geometry.

As discussed in section 2.1.2 the latter part of the campaign ending in 2001 was different to
previous campaignsin two ways. Firstly, throughout 2001 the vessel wall wasreduced intemperature
from 320°C to 200°C (during which period there were 800 pulses). Secondly, although the final 60
pulseswerein D, the previous 400 werein He during asustained four weeks helium campaign [17].
It was suggested previously that the reduction in wall temperature may be responsible, due to
reduced chemical erosion at the inner divertor [8]. Since 2001 JET has continued to operate at
200°C, so the analysis of tiles to be removed in the 2004 shutdown should provide much more
definite data.

4.2. COMPARISON OF TILES EXPOSED 1998-2001 WITH TILES EXPOSED 1999-2001
If anew tileis placed into adeposition zone in aregion strongly interacting with the plasma, does
it retain itsindividual nature, or become integrated into the surroundings? The inner divertor wall
tilesmounted in 1999 (Set B) into amatrix of tiles already exposed since 1998 (Set C) described in
this paper (section 3.2.2) are good examples. If the tile is exposed for a longer period, then the
overall filmthickness might be expected to be greater, but the deposition during the common exposure
period should be the same. The evidence from section 3.2.2, does not entirely agree, however:
(i) Langmuir probe data show that integrated ion fluences to inner vertical Tiles1 and 3 for
Set B were 86% and 52% of the total 1998-2001 fluences (i.e. to Set C), respectively
(if) Thethickness of both inner and outer layers on both Tiles 1 and 3 of Set B are roughly
60-65% of that for tiles of Set C
(iif) The amounts of 3¢ seen on the two sets of tiles are in asimilar ratio.
(iv) Deposition on horizontal Tile 4 of Set B is thicker than on Set C
(v) For Tile 1, RBS data suggest the thickness of the film seen on Tile 1 in Set A was
approximately the difference in thickness between Tile 1 exposed (at the same |ocation)
during 1999-2001 and the film exposed for the combined period in adlightly different
location. However, the film in Set A was entirely Be-rich in composition.

The discrepancy between points (i) and (ii) may be resolved by recollecting that Langmuir probe
data are dominated by the contribution from deuterium ions. Impurity fluxes do not necessarily
have the same distribution, as shown by methane puffing experiments: Langmuir probe measurements
made with the reciprocating probe at the top of the vessel suggest the peak C concentration for
impurities emanating from the wall is ~20mm (mid-plane equivalent) from the separatrix [22].
Thisis quite different to impurities exiting the core of the plasma, which would be expected to fall
off exponentially with distance from the separatrix as does the D ion flux.

Point (iii) suggeststhere may be sometoroidal variation in the deposition of 13¢. Now, atoroidal
variation in 3C flux into the divertor may be possible, since the Ben 4 Wasinjected from asingle
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nozzle at the top of the vessel. However, the two tile sets were quite close to each other in the
vessdl, so it may bethevariationisintoroidal tile-to-tile asymmetries rather than flux asymmetries
into the divertor. Only toroidal variations seem likely to explain point (iv), however.

Taking point (V) in isolation would suggest the tiles new in 1999 (set B) retain their individual
nature, and thefilmsontilesin set C are acomposite of thefilm on the Set B tileson top of the film
onthetilesof Set A. But tile set C would then have athicker Be-rich layer and asimilar outer layer
to set B, and this is not the case (point (ii)). Another possible scenario is that there is a certain
amount of erosion and re-deposition of elements at the inner divertor walls (even of Be and other
metals) before they are finally buried within the surface films.

Each erosion/re-deposition step involves toroidal transport of the order of centimetres, so the
cleantilesinstalled in 1999 may end up with atypical tile analysisfor that poloidal location, not an
analysischaracteristic only of itsperiod inthevessel. Thereissupport for thisview from spectroscopy
of probes or tiles of dissimilar material inserted into all-carbon machines such as TEXTOR [30]
and ASDEX-Upgrade[31], when almost immediately the spectroscopy from the probeis dominated
by carbon, as from nearby surfacesin the machine. Strong spectroscopic signals are seen from Be
eroded in the JET inner divertor, so some local erosion and re-deposition must occur - indeed there
are similar signal levels from recycling Be seen in theinner divertor to that in the outer. However,
itisnot clear how this squares with the analysis results that negligible quantities of Be arefound in
the outer divertor, and large amounts of Be in the inner divertor which do not apparently migrate
towards shadowed areas [32].

The factor 1.6 difference in thickness of the films on sets B and C (section 3.2.2) may thus be
dueasmuchto statistical variation between setsat differing toroidal location asto differenceinfluence
expected from timein the vessal. This makesit difficult to cal culate with confidence the amount of
transport occurring inthe Mk-11GB divertor in comparison to that in Mk-11A. Theamount of carbon
deposited at theinner divertor in Mk-11A from 1996-1998 was estimated as ~1kg, from the amount
of tritium co-deposited with the carbon. Since there was no tritium used in 1998-2001 period, the
amount of deposition is being estimated from the Be found on Tiles 1 and 3 (the only sinksfor Be).
This result is combined with the assumption that on average the Be arriving at the divertor is the
same fraction of the average impurity flux asthat in the plasma. The dominant plasmaimpurity is
carbon. For the first pulse immediately after a Be evaporation there is a large Be plasma impurity
fraction, but thisrapidly dropsto just afew per cent of the C, and the average Be level is~8% of the C
[32]. Attempts have a so been made to correlate Be amounts from tile analysis with cal cul ations of
Be flux from spectroscopic measurements for Mk-11GB [32,36]. The amounts of beryllium and
carbon predicted from tile analyses and from spectroscopic dataare similar. Both data sets indicate
that the average deposition rate during the MkIIGB phase (1999-2001) is perhaps a factor of two
lower than during the MKIIA phase (1996-1998), but this factor is similar to the confidence level
for the quantification.
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4.3 TRANSPORT IN JET DURING CAMPAIGNSWITH THE MK I1GB DIVERTOR

The model for C transport in the Mk-11GB divertor for the period 1998-2001 (inclusive) remains
transport of impurities along the SOL to the inner divertor, followed by chemical sputtering of
carbon from the inner divertor wall. A clearer picture of the consequent transport is, however,
appearing, if datafrom deposition monitors [33], the quartz microbalance [34] and the IR camera
[35] are combined with the data given here on deposition at the inner corner of the divertor (point
10in Fig.2). The carbon will proceed in erosion/ionisation/redeposition steps until it reaches point
10. On occasionsthereis significant plasma power applied to point 10. It may bethe strike point is
placed in the corner, or crosses the areaduring a plasma sweep, or there may be apower surge from
alarge ELM at that point. On such occasions the IR camera records temperatures too high to
measure, but indicating ablation of the surface of the dusty deposit, and the QM B has captured one
or two such events which seem to give very large amounts of deposition. Thus the final step in
transport into the shadowed areas around the louvres is perhaps by occasional intense bursts of
carbon particles when power is applied to the large repository on Tile 4. Transport to the septum
support islimited to particles sputtered from the inner divertor wall crossing the separatrix into the
private flux region without being ionised. Thus the deposition monitor on the septum support will
mainly see particles travelling from Tile 3, and the one in front of the inner louvres will collect
particles travelling from the sloping part of Tile 4, as observed in each case.

Clearly inthelatter part of the 1999-2001 campaign transport within the inner divertor changed.
Deposition from the main chamber is still occurring, but the enrichment of Be by subsequent
movement of carbon isreduced. NRA analyses show that the average Be/C ratio in the surface film
Is 13.7% compared with typically equal amounts of Be and C from earlier campaigns [7]. Note,
however that the mean Be/C ratio for deposits at the IWGL is8.3% (section 3.6.1) (whichissimilar
to the mean ratio of Be to C seen spectroscopically in the main chamber [32]). This suggests that
some carbonisstill being transported from theinner divertor wall towardsthelouvreregion. Let us
assume aBe/C ratio of 0.08 for theimpurities arriving at the divertor in the SOL. Then, for earlier
phases for which the remaining depositson tiles 1 and 3 give Be/C of ~1.0, it implies 92% of the C
isre-eroded. Just prior to the 2001 shutdown, re-erosion of ~42% of the C would produce the Be/C
ratio measured by NRA. Thus, despite the dramatic difference in composition of the two layers, the
implied flux of carbon to the inner louvre region isonly just over afactor two lessin the latter stages of
the campaign (92%/42%). A factor of about two could feasibly be dueto differencein chemical sputtering
ratesresulting from the divertor temperature change of ~70K from 1998-2000 to 2001 (seeFig 4), given
the steep changesin radical formation rates with temperature observed in the |aboratory [37].

4.4 FURTHER EXPERIMENTAL WORK IN SUPPORT OF EROSION/DEPOSITION
MODELLING

IR data [35] and QMB data [34] suggest erosion or ablation from the extreme corner region for

plasmainteraction intheinner divertor (point 10in Fig 2.) isthefinal step towardsdepositioninthe
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louvre region. Thereis athick repository of carbon at this point, which (it is believed) is supplied
continuously by carbon transported from tiles 1 and 3. To what extent will deposition rates at the
louvre region therefore reflect short-term changes in transport in the inner divertor? New QMBs
aredueto beinstalled at both inner and outer louvre regions. Further QM B experiments might thus
address a number of questions:
(i) isareduced rate of carbon supply from Tiles 1 and 3 (e.g. at lower divertor temperature)
reflected in areduced transport to the louvre region?
(ii) doesthe ablation rate remain similar, bit the size of the repository on Tile 4 (point 10)
vary in magnitude?
(iii) what happensto the material that should be launched towards the outer louvres from the
equivaent point on Tile 6 (point 16 in Fig.2)?
(iv) what rates will the QM Bs measure if the magnetic field direction isreversed in JET?

The ¢ puffing experiment on the last day of the 2001 campaign confirmed that sources in the
main chamber result in deposition at the inner divertor, and that there is no deposition at the outer
divertor. All the discharges were identical L-mode pulses, and there were good Langmuir probe
datafrom the divertor and from the reciprocating probe at the top of the vessel. Quantitative results
on the deposition have also been presented earlier. Thus the data from the experiment provide a
benchmark for plasma boundary modelling, which must explain whether the asymmetry in the
deposition is due to flows in the SOL or some combination of plasma parameters in the outer
divertor channel that makes deposition statistically improbable. A number of other parameter can
be explored in further similar puffing experiments. These include:

(i) extensionto H-mode discharges and different heating scenarios

(i) measurement of the probability of impurities drifting to the inner divertor following

injection at different poloidal positions

(ii1) injection of impurities other than carbon
It isimportant to proceed with these val uabl e experimentsfor understanding SOL flow. Unfortunately
each puffing experiment must be performed immediately prior to avessel entry to retrieve samples,
so only one experiment is possible per operational period.

The marker tiles fitted to main chamber limiters during 1999-2001 operations show areas of
erosion at both the IWGL and OPL. Thus the tile analysis data provide evidence that much of the
material deposited at the inner divertor was sputtered at the main chamber walls, ionised in and
then transported along the SOL to the divertor without entering the plasma. However, generally on
the marker stripesthe erosion front is found to be within the Re interlayer. Sputtering away the Re
requires energetic particles of >200eV, which may be multi-charged impurity ionsor CXN. Erosion
of carbon from uncoated areas of CFC may thus be much greater than the 2-3um. In order to
attempt a better quantitative balance between sourcesand sinksin JET, alarger coverage of “ smart”
tilesis planned, each of which can give a definitive value for the local carbon erosion.
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CONCLUSIONS

The pattern of depositioninthe JET Mk I1GB divertor wasthe same asin previous divertors: heavy
deposition in the inner divertor channel and negligible net deposition in the outer channel. Carbon
deposition (with high concentrations of trapped deuterium), occurred at shadowed areas at the
inner divertor corner (asfor the MK I1A divertor). However, there was not alot of deposition onthe
septum support structure (not present in Mk 11A), which may be significant for ITER. The sourceis
principaly in the main chamber, with material transported to the inner divertor along the SOL..

A fine demonstration of the SOL transport to the inner divertor was the 13C tracer experiment
performed on the last day prior to the shutdown at the end of the Mk [1GB phase, when BeH 4 Was
injected during 13 identical pulses at the top of the JET vessel. High concentrations of 13
found at the surface of the inner divertor wall tiles (13C/12C ~1), and asmall amount at deposition

sites at the inner limiters. No injected 13¢ was resolvable outboard of the injection site. The

C were

experiment serves as a benchmark for modelling work.

Inner divertor wall tiles removed in 2001 were covered with aduplex film. Theinner layer was
very rich in metallic impurities, with Be/C ~1 and H-isotopes only present at low concentrations.
The outer layer was about one-half the thickness of theinner layer, contained higher concentrations
of D than normal for plasma-facing surfacesin JET (D/C ~0.4), and Be/C ~0.14. The origin of this
outer layer is the subject of some speculation, but may result from the lower JET vessel (and
divertor tile) temperatures for the last three months of the Mk 11GB campaign. The inner layer is
similar in composition to that seen on Mk I1A inner divertor wall tiles, and also to Mk I1GB tiles
removed prior to the change in temperature; the disparate outer layer does therefore not result from
different behaviour for the two divertors. If the reduced transport during this period from the initial
deposition sitein the SOL to the shadowed areasis dueto divertor temperature, then thisalso offers
opportunities to ameliorate carbon transport (and hence tritium retention) in ITER.
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Probe|lon flux (1026m-2) |lon flux (1026m~-2) | lon flux (1026m-2)
1998-1999 1999-2001 1998-2001

1 0.00 0.00 0.00

2 0.086 0.840 0.926

3 0.142 0.799 0.941

4 0.090 0.650 0.740

) 0.959 2.98 3.94

6 4.25 4.39 8.64

7 4.96 3.69 8.65

8 4.55 5.78 1.03 7
9 1.95 1.14 3.09 %

Table 1:

Cumulative ion fluxes measured with Langmuir probes for experimental campaigns 1998-1999,
1999-2001 and 1998-2001.
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Element/ | Reaction/Method Energy Sensitivity  |Remarks
Isotope (MeV) (atoms cm‘Z)
D Depth profiling
Very high
SHe(d,p)*He/NRA  [0.7-3 1x 101 selectivity
Not well defined
Be-9 |3He(°Be,p)!'B/NRA | 2.5 1 x 107 cross—section
No depth
B-11 |p(*B,a)®Be/NRA  |0.7 4 % 10" orofiling
c—12 |*He(*C,p)**N/NRA | 2.5 1 x 107
p(*2C,12C)p/EPS 1.5 3 x 10
3 13 15 2.5 17
co 13 Hg( g,p) N/NRA 15 5 1x 1016 Quantitative for
p(°C, “C)p/EPS 1.442 (re- | 3% 10 layers <50nm
p(*3C,12C)p/EPS sonance) 5x 1015
i, Cr, Fe |HY/PIXE 2.5 8
“He+/RBS 25 =
Re 12 0
H*/PIXE 2.5 3x10 3
Table 2:
Characteristic parameters for accelerator-based ion beam analysis.
Thickness
Layer|D,at.% |Be,at.%|12 13 O
Y 7 o12°Cat.%~C,at.% (1015 atoms/cm?2)
1 11 ) 27 31 26 | 2686
2 30 ) 53 o) 10 | 20839
3 5 30 33 0) 28 | 20483
Table 3:

Results of SMNRA simulations of an RBS spectrum (shown in Fig. 12) recorded
from near the bottom of Tile 1 from Set B (exposed 1999-2001).

JG05.13-3c
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Tile set/
exposure period

A /1998-1999

C /1998-2001

B /1999-2001

Location: Octant
in JET

4D

5C

4D

Not exposed to

13C layer 13CH, Surface layer | Surface layer

C—D laver No outer C—, |Outer C—, Outer C—,

| Y D- rich layer | D-rich layer+ | D- rich layer

Be laver Outer be-rich | Inner be-rich Inner be-rich
y layer: layer: layer

Film thickness Total Total

(um) 1.3 pumes ~6.8um#s | ~5.2 pmss

JG05.13-4c

* but amounts ~50% greater for tiles exposed 1998-2001 than exposed 1999-2001
** pased on 10™° atoms cm ™2 equivaent to 1.25um
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Table 4:
Summary of analysis results for the equivalent poloidal position at the
bottom of inner divertor Tiles 1 exposed to different periods
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Figure 1: JET vacuum vessel with the Gas Box divertor.
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Figure2(a): Poloidal cross-section of the Mk-11GB divertor, the flux deposition profiles
and distribution of mechanical measurement points.
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Figure 3: Histogram of the inner strike point positions
(Z-coordinate). Position of inner divertor Tilesland 3is
indicated with vertical dashed lines.

Figure 4: Histogram of tile temperatures in the inner
target during operation with the Mk-11A and Gas Box (in

2000 and 2001) divertors.
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Figure 5: Location of marker tiles on the main chamber wall and in the divertor.
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Figure 6: Schematic view of a marker tile and the desription of theidea for using such tilesin erosion and deposition studies.
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Figure 7: Handling facilitiesfor berylliumand tritium contaminated materialsin surface analysis|aboratories:
(a) loading samplesto the analysis chamber in the accelerator laboratory at the University of Sussex; (b coring

of samplesin the SMSlaboratory at VTT.
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Figure 9: SIMS depth profile of deuterium, beryllium,
carbon and rhenium on the bottom of Tile 1 (point 4 in
Fig. 2) exposed in the period 1999-2001 (Set B).
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Figure 10: SIMS depth profile of deuterium, beryllium,
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Figure 11: *C amounts found on the divertor Tile 1, 3
and 4 of Set B and C. Analysed samples from from top,
centre and bottom of Tiles 1 and 3. Samples from Tile 4
were froman area shadowed by the louvers (4/1&ft), from
centre and froman area shadowed by the septum (4/right).
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Figure 12: Experimental and SIMNRA simulated
Rutherford backscattering spectra fromthe bottomof Tile
1 exposed in 1999-2001 (Set B).
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Figure 14: Comparison of NRA from the centre of Tile 3
of Set A (JET 5573) and Set B (JET 7021).

Figure 13: Comparison of RBSspectrafromsimilar points
(towards the bottom of the front face of Tile 1) on Set A
(JET 5610), Set B (JET 7103) and Set C (JET 6877).
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Figure 15: Appearance of the exposed Tile 6. Friable band
on the sloping region is indicated by the arrow.

31



http://figures.jet.efda.org/JG05.13-12c.eps
http://figures.jet.efda.org/JG05.13-13c.eps
http://figures.jet.efda.org/JG05.13-14c.eps
http://figures.jet.efda.org/JG05.13-15c.eps

— Pulse No: 5293
-+ Pulse No: 7204 4
1500( : 10
@ \ T
c : ~ 3
] c Re > 10
£ 10001 ; g f/ =
° 8 102
> . £
S 500}
° & 101§ <
o @ @
: g g
0 . . . 1 L = 1 00 L L L =
0 200 400 600 800 1000 1200 0 5 10 15 20
Channel Depth (um)
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Figure 18: SIMS depth profile of deuterium, carbon (12  Figure 19: Structure of the Gas Box module.
and 13) and rhenium from the centre of Tile 7 exposed in
the period 1999-2001 (Set B).
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in the period 1999-2001 (Set B).
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Figure 26: Cross-section of an outer poloidal limiter tile  Figure 27: Amounts of Re measured by RBS and
calculated using SSIMNRA on OPL tile 8B21 before and
after exposure in JET 1999-2001.
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Figure 28: Rhenium signals from three tiles of the outer ~ Figure 29: Ratio of boron detected after exposurein JET to
poloidal limiters(OPL). TilesA, Cand D arefromthebottom,  that measured before exposure for tiles 2B 17 and 8D 09.
centre and top of the OPL, respectively. Peak Re signalsin

the central region prior to exposure were ~160 (a.u.).
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Figure 30: SMSdepth profile from the end of tile 8D09.
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