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1. INTRODUCTION

Carbon-fibre composites are currently foreseen as materia for the high heat |oad areas of the ITER
divertor target plates. Erosion will largely determine both the lifetime of these components and the
long term retention of fuel viathe formation of hydrogen-rich carbon layers on the targets themselves
and on remote areas. At JET the Horizontal Target plate (HT) infront of the pumping duct of theinner
MKI1-HD divertor leg was previoudy identified asthelocation with strongest carbon deposition on a
plasma-facing area[1]. Post mortem-analysisof MKII divertor tilesafter the DT campaign discovered
the thickest carbon layers with high fuel content in the louvre area of the inner divertor [2]. The
migration of carbon in the inner divertor was assumed to be stepwise; however, the key parameters
and the exact mechanism remained unclear.

The new experiments presented herefocus on the study of deposited material ontheHT asfunction
of themagneticfield configuration, the ELM strength, and the so-called “ history effect” - theinfluence
of previoudy performed discharges in different magnetic configuration. The local carbon erosion,
transport and deposition are determined by the interplay of these parameters, in particular the history
effect can largely influence the interpretation of experimental findings. In the following we will act
with @) “hard layers’ which represent the “bulk” material, b) “historic layers’: the topmost -mostly
soft- layers which can be deliberately removed in “ cleaning discharges’, and c¢) “freshly deposited
(soft) layers’ which are caused by erosion and subsequent deposition in one magnetic configuration.
A discharge scheme, described in 2, was developed to ensure (soft) layer-free starting conditions at
the HT for the experiments presented in 3 and 4. The role of each contributor to the transport will be
discussedin 5.

2. THE HISTORY EFFECT

Thefirst touch of theinner strike-point (1SP) on aplasma-facing sidein anew magnetic configuration
canleadto an artificially high carbon release coming from re-erosion of the layer at thetarget surface.
The detection of such a historic layer is done with the aid of dow ISP sweeps (fig. 1a) in L-mode
discharges (B, = 2.4T, | ,= 2.4MA, Pyg, = 1.5MW) and spatially resolved hydrocarbon spectroscopy.
L-mode sweeps provide usually not enough power flux to the target to disintegrate soft layers
completely, but they lead to the enhanced release of higher hydrocarbons (Csz) - indicated by the
strong emission of the C, Swan band. The spectrum (Fig.1b) was recorded with an overview spectro-
meter and anarrow line-of-sight into theinner divertor (Fig.2a). Theintensity ratio of the Swan to the
Ger0 band head o/dpp 1S used to distinguish between the topmost, hydrogen-rich layer with ¢~/
dcp ~0.4 fromthe“bulk” material with ¢~o/d-p ~0.2[1] whichistypical for hard and hydrogen-arm
layer. Layer decomposition/disintegration was achieved with long H-mode discharges (“cleaning”
discharge CLD: B, = 2.4T, |, = 24MA, Py, = 9.5MW) with fast (4Hz) strike-point sweeps (5cm)
over the detected layer location on the HT (fig. 1a) with parallel collection of afraction of released
material by the Quartz-MicroBalance (QMB) at the inner divertor louvre [3]. The decomposition of
the soft layer isdetermined by theflux to thetarget driven by ELMs. Theemission spectruminaCLD



during an ELM has with respect to the inter-ELM phase two additiona contributors: molecular line
emission of hydrocarbon fragments and blackbody radiation (Fig.1c).

These contributions correl ate with two phasesin the layer decomposition with smoothed transition.
At first hydrocarbon particles are predominately released with each ELM from the soft layer at cold
target temperatures (700K). The layer becomes thinner in time and fewer hydrocarbons are released
but thermal radiation up to 3000K isemitted [4]. A sweep over the HT was applied in the ohmic phase
of thefirst discharge after aCL D to ensure comparabl e conditionsfor subsegquent experimental series.

Figure 2b shows QM B deposition rates from asequence of dischargesin different configurations
and plasma conditions including several CLDs. The CLDs, which are from the point of view of
plasma conditions all comparable, show alarge variation in the deposition rates - from 3 to 10 nm/
s assuming an averaged layer density of 1g/cm3 - depending on type and number of previously
performed discharges.

3. THE ROLE OF THE MAGNETIC FIELD CONFIGURATION

Two different plasma configurations (Fig.2a) were used to investigate the influence of the magnetic
configuration on the carbon transport in otherwise comparable H-mode dis- charges (B; = 2.4T, lp=
24MA, Py = 9-0MW). In two series, three low triangularity deuterium discharges were performed
with local carbon erosion at the | SP and subsequent deposition on tile 4 using strike points on @) the
HT (Pulse No's: 68135-68137) and b) on the lower Vertical Target plate (VT) (Pulse No's:68141-
68143). The QMB deposition rates (Fig.2b) are highly reproducible in comparable discharges and
about a factor 2 larger in HT configuration. CLDs applied after each series and combined with
hydrocarbon spectro-scopy can be used as an effective measurefor the accumul ated carbon deposited
on tile 4 - the freshly growing soft layer. About 30% more deposition is found after discharges with
thel SPonthe HT itsalf, right from the deposition zone, compared with dischargesin VT configuration.
The layer location on tile 4 after discharges in VT configuration is dightly shifted away from the
pumping duct in comparison to the location of the layer built up after dischargesin HT configuration.
The deposition on tile 4 isin both configurations determined by the impinging ion flux distribution;
thedepositionin VT configuration ontile 4 ismainly caused by particlereflection at tile 3. Note, that
InHT configuration a so particles can bereflected and deposited on tile 3 (see discharges discussed in
4). The corresponding spectroscopic carbon fluxes (ClI11, CD and C,), taken from an integral line-of-
sight (wide chord, fig. 2a) and normalised to deuterium fluxes (DB)’ show little difference in both
seriesindicating that the gross erosion is comparable in HT and VT configuration.

4, THE ROLE OFELMSON LAYER RE-EROSION

A second experiment in VT configuration (fig. 3a) was used to investigate the dependence of layer
erosion on the ELM energy. H-mode discharges (B, = 2.4T, | ;= 24MA) with Pyg) = 7.6MW (Pulse
No's: 68333-68338) and Py, = 4. 7MW (Pulse No's: 68329-68331) yielding in energy loss per ELM
of dW ~ 260kJ (type-I ELMs) and 6W <15kJ (grassy ELMs) were compared. The erosion induced by



large ELMslead to afactor 4 higher deposition on the QM B during the discharge in comparison with
grassy ELMs. The deposition rate is in both cases about one order higher than in L-mode in VT
configuration. Theintegral ELM energy to the target is only dightly larger in the case of clear type-I
ELMs, the erosion seemsto increase nonlinear with the ELM energy. | dentification of the underlying
pro-cesses as well as the erosion induced by asingle ELM istopic of ongoing research [5].

Theinitial discharge seriesin VT configuration (Pulse No's: 68323-68324) isclearly affected by a
historic layer on the lower vertical target. The most probable reason is a redistribution of a deposit
from tile 4 to tile 3 in the first CLD. However, the erosion is very reproducible in the previoudy
discussed two sub-series after initial cleaning of the vertical target.

DISCUSSION AND CONCLUSION

(i) Themagnetic configuration isthe principal factor determining the location and thickness of the
deposited layer. Both VT and HT configuration lead to a significant deposition on tile 4, but the
deposition in HT configuration is closer to the pump-duct entrance and about 1/3 larger than in
VT for comparable conditions.

(i) Thelocd transport and, in particular to the QMB positioned in the pumping duct of the inner
divertor, is mainly in line-of-sight and determined by the impinging ion flux distribution (fig.
3b). Positioning of the ISP on the HT leads to atwo times stronger deposition on the QMB than
the ISP fixed onthe VT for comparable plasma conditions.

(iii) A change of the magnetic configuration after adischarge series can lead to an artificially highre-
erosion/disintegration of soft layers at the ISP (history effect). The deposition rate on the QMB
which detects a portion of the eroded material can be more than order larger than in the case of a
pre-cleaned target.

(iv) ELMsenhancesignificantly the erosion of layersin theinner divertor. A few large ELMslead to
a stronger erosion and subsequent deposition on the HT and QMB than a multitude of small
ELMs though their accumulated energy to the target in the discharge islarger.

(v) Soft layershave been detected by spectroscopy in low power L-mode sweeps. Disintegration of
thick “historic” layersisdonewith large ELMsin CLDswith the | SPfixed on the layer location.
The disintegration process, which is associated with both release of clusters and hydrocarbon
molecules, isatopic of ongoing research.

These experiments clearly show that a large portion of the deposited material is primarily swept
around in the inner divertor with each ISP variation and then, with time, material is transported to
inaccessible remote areas. Cleaning discharges, whichweree.g. applied at JET after the DT campaign
to clean up the targets and release T for re-processing, are the most probable cause for the strong
deposition found on the inner horizontal target and the louvre area. Note that athough spectroscopy
showsthat asingle CLD re-erodes mainly the top soft layer, repeated CLDs, or other dischargeswith
large type-| ELMS, can lead to re-erosion of the underlying hard layers.
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Figure 1: (a) Magnetic configuration in the layer detection sweep and the cleaning discharge.
(b) C, and thermal emission induced by ELMsin a CLD.
(c) Time evolution of the optical emission spectrum (480nm-620nm) during a CLD.
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Figure 2: a) The applied symmetric VT and HT magnetic configuration and spectroscopic lines-of-sight.
(b) Deposition on the QMB in discharges with different magnetic configuration and in CLDs.
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Figure 3: (a) Material deposition on the QMB in two series of discharges with different ELM energy.
(b) Local carbon migration in the inner divertor.
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