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Introduction

In the pastfew years,effectsinduced by the ergodic divertor suchas impurity screeningand
transport modifications in the plasma edge have been used to achieve high radiation, low
contamination regimes. A crucial issue in understandingthese effects is that of impurity
generationand propagationacrossthe plasma edge, especially in the vicinity of the Ergodic
Divertor (ED) neutraliserplates. A variety of diagnostictools and techniquesare used for this
purposeé In the case of Tore Supra, interpretation of spectroscopic data is stamgplicatedby
the complex geometryof the ED, leading among other effectsto the total lack of uniformity of
the sources. Indeed, due to the specific pattern of impsoityceson the neutralisersand to their
particular orientation with respect the local magneticfield, densitiesof lowly ionisedimpurities
are deeply modulated on the sub-centimetre scale in both directions perpenicbmagnetic
field. Accurate 3D simulations are therefore essential for the evaluation of experimental signals.

The code

The actualgeometryof a few chosenneutralisersjncluding their fingered structure,the gaps
between fingers terminating into V-shaped notches, thaal positionsand slight misalignments
as deduced from telemetric surveying, hdmeznincludedin a new adaptedversionof the Monte
Carlo code BBQ®. The code follows particleswithin a cuboid containing a neutraliserplate and
generates impurity densities in the sasmaulation boxon a 3D gridof 10° points. Magnetic field
lines are calculatedby the Mastoccodé. A suite of post processorghen producesand visualises
lines emissivities,syntheticendoscopepicturesand absoluteintensitiesfor the variousdiagnostics
to be comparedvith experimentaldata. The analysispresentedhere refersto the neutraliserraD
i.e. the 4" neutraliserdown from the top (a D plate) in the divertor module on the machine’s
JUNCTIONPLANE 1 (thereare six divertor modulesaround the torus, from Pl to PX). D platesare
located on the machine’s equatorial plane.

Plasma and impurity modelling

The ergodic nature of the magneticfield makesthe structure of plasmanear the neutraliser
quite complex. The path of magneticlines away from the neutraliserregion is affected in an
intricate way by the divertor windings amy the discretestructureof the toroidal magnet.Along
their way around the torus the field lines explore a region whose radial extensiotihésoofler of
several centimetres. Lines leaving the neutralisers frerg close positionsare suddenlyfound to
step away radially from one another after running in consistently narrow bundles over paths
correspondingusually to an integer number of poloidal turns (2rgR~50m). So, over a typical
length of 2rgR, field lines that are very close near the neutraliserwill probe the outer plasmato
markedly different radial depths.
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Due to the strong electronthermal conductivity, domains that, within such parallel distances
are connectedo deeperregionsin the plasmaperiphery will be hotter than neighbouringzones.
Perpendicular transport cancels out any effects duenger connectionlengths. This effect parts
the region close to the divertor plates into a few alternately hotter and colder layeonfiisned
by the experimental evidence of bands of higher energy flux onto target'plates

Basedon theseconsiderationsthe 3D electrontemperatureprofile T,(x,y,z) in the modelling
region was generatedas a linear function of the field lines penetrationdepth inside the torus:
T.=—k* (r...—C), wherer.,,(X,y,z) is the smallestminor radius attainedby the field line passing
by the point (x,y,z) over a path length of 1.5 poloidal turns (i.e. approximatgljoroidal turns).
A suitable choice ok and c can be madeasto haveagreementbf the temperaturevalueson the
neutraliserplateswith those given by Langmuir probesthat are embeddedon severalD plates.
However data from probesthat are situatedon the electron side (as all those on D plates) are
believedto be affectedby the presenceof supra-thermalelectronsin the pulse analysedin this
study. Therefore we reduced the T, values by 25% with respectto those giving the best
reproduction of the probe data. This choice brings the T, valuescloser to those measuredby
probes embedded anplates that are situated on tiom side. Electron density valuesasgiven by
the probes om plates were used in the simulation=T, was assumed everywhere.

For the region within the simulation box (seefig. 1) whose points are directly connectedby
field lines to the neutraliser plate (zone D), we assumed the plasma velocity directethalbelyl
lines towardsthe neutraliserand with Mach number M, = 1. At smaller radii in the samebox,
however, there is a region (zokh that is not connectedto PID but to anotherneutraliser(PXB)
some 3 m away on the sameside (left in fig. 1). For this region (the zone U) the pre-sheath
constraintM =1 is lessstringentdue to the longer distancefrom the solid surface of contact.
Indeed experimental data indicate that for the Mach number in this region the condition
M, = O(0.1) is verified (see below).

Carbon impurities production at the neutraliseris calculatedby using different models for
physical sputtering (including that by Garcia Rosalesand Roth of 1993 and that by Roth of
1998) as well as chemical sputtering (including those from &fapd thosefrom B. Mech et al.
of 1997). The physical sputtering models lead to results that are quite close emother (within
40%) and the chemical models appear to infplyour casecarbondensitiesthat are, closeto the
neutraliser, typically 10 times or more smaller thhat due to physical sputtering.Self-sputtering
of carbon, which is probably not important for low power pulses, as the one presentedstndiis
has not yet been included in the model.

The propagation of carbon ions in the plasma is determined in the simubgtithve pre-sheath
parallel electric field, by friction with the background plasma, as well as by parallel and
perpendiculardiffusion. The friction effect turns out to be of crucial importanceevenat plasma
velocities much lower than the plasma sound speed (see below), while the effects of parallel
diffusion and of the electric field appearof lower importance in determining the carbon ion
distribution. For perpendicular diffusion,B1 nf/s wasusedin the simulations.On this effect we
must observethat, the role of D, being primarily that of determining the radial extent of the
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impurity plume in front of the divertor plate,no clear-cuttestagainstexperimentaldata appears
feasible when the impurity plumes are long in the magnetic field direction (as confirmed by
endoscope pictures). In these cases the orientation of the existing telesaupesufficiently well
aligned with the field to distinguish this feature from the parallel length of the plume (see fig 1).

Comparison with experimental data

In fig. 1 we present a simulated distribution df ©ns near the PJ1D plate @nside view. Light
straight lines representthe viewing cones’ axes of 4 telescopeslocated at the base of the
neutraliser.A prominentfeaturein the picture is the long plume extending along the magnetic
field in the direction contrary to that of the plasma flow, in the zone D, tod¢héraliserPJ1D (the
thick white line in the figure). The systematic existence of this plume is confirmed by datafirom
endoscope looking at anotherplate, although the qualitgf its datafor the pulse presentechere
is not good enough to allow a detailed quantitative comparison with synthetic pictures bdaked on
simulations. Our analysis,however,shows that this feature would be totally suppressedf the
plasmavelocity were everywherein our simulationbox of the order of sound speedand in the
samedirection as in the zone D. Indeed a plume in the opposite direction would appear.The
absolute values of Cll intensities from the 4 telescopes would also be loweb®200 relative to
measurements-urthermoreratios betweensignalsfrom different telescopesvould be far from
being reproduced.

Such a stark discrepancywith the experimental observationsseemsclearly to exclude the
existence in the zone U @af significant plasmavelocity field directedtowardsthe PBB neutraliser
(i.e. say with M,>0.01). The carbon distribution presentedin fig. 1 was obtained with the
assumptionof M, = — 0.03 (i.e. plasmavelocity towardsthe right in fig. 1). It is useful in this
context to record that Doppler shift measurementsnade in the sameregion with the same
telescopes on Dline emission indicate plasma velocities directed away fa@aR®.

C+1ion distribution - side view
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Fig.1. The margin, tangent to the neutraliser’s top, between the lower and higher carbon density regions marks the
edge between the domain that is directly connected to the neutraliser (zone D) and the domain (zone U) that is connected
to another neutraliser somen8 away on the left side. The y-axis is roughly parallel to the magnetic field and the x-axis,
directed towards the plasma core, parallel to the local major radius.

Fig. 2 shows that the experimental signal levels are nearly matched by simulations, the
discrepancyin the overall level being very easily accountableby the uncertainty on density and
temperature alone. The shape of the experimental curve profile is only very vseakltiveto the
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source distribution and to the
emitted particle energy for
physically sputtered patrticles. The
fact that it is matched best by the
cases with M< 0, clearly implieghat
the plasma flow in zone s directed
away from the neutraliserp®B and
that a reversal oflow direction takes
place at the top edge of tibeplate.

For the case analysed here, the
total power radiated by C in thedose
vicinity of neutraliserds mostly due
to low ionisation statesand amounts
to a minor fraction of the total
radiation: between 0.2 and 0.4kW
from the simulation box shown in

fig. 1. Thesevaluesare obtained by
[e-scalingthe simulation data by the
factor neededto match the intensity
measurementsUsing the same re-
scaling method we estimatethe total carbon extractionfrom the p1D neutraliserplate to around
1 to 210" atoms/s; the immediately re—deposited fraction around 40% to 50%.

distance of |-o-s from neutraliser top (cm)

Fig. 2. Simulated data presented here were obtained wit
the physical sputtering model of ref. [5]

Conclusions

« We verified the substantial quantitative consistency of the present day models for production,
edge propagation and radiation of impurities with experimental data from Tore Supra.

* Our modelling tool is a versatile instrument to analyse physical phenomena occurring in the
plasma. It is also useful for estimating important unmeasured parameters from the actual
measurements such as radiated powers, particle extraction and re-deposition.

e The initial analysis reported in this paper suggests that the plasma state of motion in the region
just clear of the divertor neutraliser is sharply different from that existing in the region directly
connected to it and that possibly a (mild) flow reversal occurs in that place.
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