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Introduction - Predictionof the spatial depositionprofile of ablatedpellet atomsis of
fundamentalinterest for many possible applicationsof impurity pellet injection such as
diagnostic of plasma parameters (using injection of Li, B, C pellets), plasma fuelling (LiD, LiT)
and wall conditioning (Li, B) in magneticallyconfined hot plasmas.It presumesthe basic
understanding of the main physigabcesse#volved in the dynamicof the ablationprocess.
For simplicity of interpretation, the plasma of #dvancedstellaratorWendelstein/-AS offers
the possibility for suchinvestigationsunder net current-freeconditions (internal currents<
10kA) and in the absence of main rational surfakesto its extremelylow magneticshear.In
order to study the nature of the ablation process with better spectroscopgscarbonpellets
were injected into W7-APlasmadby a gas-dynamianjector. The dedicatecbellet diagnostics
allow highly resolvedtemporaland spatialdetectionof selectedspectralcarbonline emission
alongthe pellettrajectoryfrom which the ablation rate can be deduced.The analyticalNGS
(neutral gas shielding) modAl/ was appliedfor simulationof the experimentaradial ablation
rate profiles.

Experimental set-up - Carbonpelletsof 370-41Qum diameter(correspondingo (1.2-

1.6) 10°®C-atoms)were acceleratedby an one-staggneumatianjector /2/ up to velocitiesof
200-400 m/s, using 20-40 bar helium as propeligs The injector is connectedo the vessel

of W7-AS (R=2m, a=18cm,B=2.5T) by a slightly curved guiding tube (1.5m length, 2mm
diameter, bending radius 3.5m). The injection sygpeovidessmall amountof propellinggas

(< 10° atoms) additionally introduced into the plasma. After leaving the gutdimgthe pellets

have a stray angle of approximately 3 degree FWHM. As shiovirg.1, the pellet penetration
processis spatially imaged from the bottom side by two CCD-cameraq1,2), measuring
S|multaneously the spectral emission of two different ionization states, and from the rear side by

vavuun vesous L2 Llb-cameras a third CCD- camera(lZ) The interline-
) 3 plane mirror type CCD-cameras (PCO-FlashCam,
4 objective PCO-SensiCam) are principally capable to

5 lense, iris diaphragm  gccumulate up to 16nap-shotsvith high
‘ 3 0 beam splitter time resolution.For ablation studies, the
——————— - interference filters . .

| 11 photo diode exposuretime was generallyincreasedn
CCD and video camera  Orderto exceedthe whole pellet lifetime.
Additionally, a fast semiconductodiode
(11) providestime tracesof the ablation
light. All camerasand the diode are
supplied with interference filters
(7,8,9,10) for detectionof spectralline
radiation of selectedionization statesof
carbon.

General investigations - For
ablation rate measurements, some
milestones have to be confirmed: the

Fig.1 : Injection geometry at W7-AS and experimental centerof gravity of the emitting ablation
instrumentation for pellet observation cloud s identicalwith the pellet position;
the pellet doesnot disturb plasmatemperaturan front of the pellet position (no pre-cooling
wave); theobservedspectrallight is proportionallyrelatedto the ablationrate; the radial pellet
velocity remainsunchangediuring traversingthe plasma.Latter allows us to relate local and

temporal spectral line emission measured by CCD-camera and the diode.
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The pictureof Cll pellet cloud light measuredusing CCD camera(2) is shownin fig.2,
where the x-axis represent the effective plasma radius and the y-axis the thremt@nalong
the magneticfield lines. We can seefrom this picture a symmetricdistribution of the pellet
cloud light in toroidal direction along the radial pellet path inglzesma.The similar resultwas
obtainedfor the poloidal distribution of the pellet cloud light, measuredusing snap-shot
exposuredy CCD-cameraobservationfrom the rear side (12). The instant pellet position
should be assumed at the maximum of these symmetric toroidal and plgbiddistributions.
As aresult,no evidencefor atoroidal and poloidal drift of the ablation cloud was found. A
significant asymmetryof pellet cloud light relative to the instant pellet position along the
directionof the pellettrajectorycould be excludedby time-integratedCCD-pictures.For this
purpose the exposure of the bottom-side CCD cameras (1,2) was sttertlypted(At=30us)
during path-in-flight of the pellet. The drop in intensiipng the pellettrajectoryat the start of
the shutter time interval is symmetric to thereaseat the end of the shuttertime interval. The
steepness of both the drop and rise in this time-integpittate is determinedoy the width of
pellet cloud light in the direction perpendiculartihe magneticfield line asit was measuredy
shap-shot CCD pictures. Consequently, it can be concluded that no significant radiatlokift of
C"ions in the pellet cloud took place during the interruption of the exposure at leastiorethe
scale less than the ionization time of these idwsumulatedhigh repetitionsnap-shopictures
along the pellet trajectory always reveal a throughoutconstantradial pellet velocity. In net-
current free ECF (electron cyclotron frequency)-heated dischavgeso toroidal acceleration
of the pellet was observed. On the contrary, in ECF-heated discharges with fairly significant net
plasmacurrent (>5 kA by electroncyclotron currentdrive) but also in NBI (neutral beam
injection)-heated plasmas, bending of the pellet trajectories in toroidal direction were observed.
The absencef radial acceleratiorof the pelletsoffers the possibility to transformthe time
traces of the carboradiation,detectedby the fast semiconductodiode, into a radial emission
profile, showing up fairly goodgreementvith the time-integratedut spatially resolvedCCD
camerapicturesas shown in fig.3. From fast electron temperaturemeasurementgAt=1us)
using ECE (electron cyclotron emission)diagnostics,no indication for pre-cooling of the
plasma was found along the way towatlisplasmacore. Fromfig.2,3 a significantdecrease
of pellet cloud emission and ablation rate can be seen when the pellet crosses the plasma core.
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Fig.2: Pellet trajectory as seen from CCD camera : Fig.3: Temporal evolutions of Cll emission
behind CllI-filter, integrated over the pellet lifetime. measured by the diode and CCD camera 2.

Locations of separatrix and plasma center are marke

Ablation rate measurements - The ablation rate profile was calculated from the observed
Cll line emission (dominant transition 3pP>-3cPD, 723.1/723.7nm)assuminga direct
proportionalitybetweenboth. This approach/’l/ is basedon the consideratiorthat ionization
and excitationin the whole pellet cloud are dominatedby the ,hot* electronsof the ambient
plasma. Inthis case,a proportionalrelation canbe achievedunderthe assumptiorof a nearly
constant ratio between ionization and excitation rate. If the ,cold“ eledffgrseV) within the
pellet cloud would contribute significantly to or ev@ominatethe atomicprocessesasshown
in /3,5/, this simple approachcannotbe assumed priori dueto the strongdependencef the
rate coefficientson electrontemperaturebelow 10eV. Additionally, no detailedexperimental
knowledgeaboutthe plasmaparametersn the cloud are availableyet. In orderto proof the
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validity of the assumedoroportionality experimentally,the local changein electron density
profile after pelletinjection was calculatedusing the derivedlocal ablationrate and compared
with radially resolved measurementsfrom multichannel interferometer. Because pellet
deposition lengttand plasmasize in W7-AS havecomparabledimensionsthis comparisons
not as conclusiveasin TFTR /4/, but the depositionprofile derivedfrom CllI emissioncould
principally be confirmedevenwith regardto the limited sensitivity. Additionally, calculations
with a quasi-three-dimensional peltzide/5/ show that the proportionalrelationbetweenC II
line emission(723nm)and pellet ablationrate is not drastically varying (0.7-1.0) within the
dominant ablation region measured in experiments.

The spectralwidth coveredby the detectedClI lines was spectroscopicallyneasuredo be
approximately 1nm anthe maximumshift of the centralwavelengthof the interferencdilters
due to non-paraxial rays &6nm, which is still within the 10nmtransmissiorwindow of the
filters. The continuum radiation contributes 5% per nanometer to the observed CllI line emission
(723.1/723.7nm)peing50% for the filters (spectralwidth 10nm)mainly usedin the present
experiments. This value @bntinuumcontributionwas derivedby comparisorof the detected
radiation using filters with different spectral width (10nm/2nm) but the same central
wavelength. Theatio of continuumto line radiationalongthe pellettrajectory,however,was
observedto be nearly constant.Therefore,this doesnot falsify the proportionality between
measured Cll radiation and the ablation rate.

NGS-model - During traversing the plasma, the C-pellet will be heated by heat flux parallel
to the magnetic field lines. The carbon atomisch are evaporatediuring the pellet lifetime of
approximatelylmsform a cold and denseneutral gas cloud aroundthe pellet. When getting
ionized, the cloud expands along the magnetic field lines. The used spigmoatricsteady-
stateNGS-model/1l/ considersthe reductionof the heatflow to the pellet by absorptionof
energy within the neutral ablation cloud around the pellet only. From the remainirftphetd
the pellet, the ablationratethenis deduced.In this model, an adiabaticcloud expansionhas
beenassumed.The analytical expressiorfor the pellet ablationrate was obtainedunderthe
assumptiorof weak shieldingwhen the shieldingfactor 6=Q./Q,, of the ablation cloud being
definedasthe ratio of electronheatflux on the pelletsurfaceQ, to the flux Q,, far from the
neutralcloud satisfy the relationship1-0<<1. Possibleusageof this expressionfor lower
valuesof 0.3-0.5 hasbeenproofedby comparisonwith predictionsfrom the impurity neutral
gasshieldingcodeby Parkset al. /4/. In the casefor carbonpelletsinjectedinto the ECRH-
discharge® valuesof 0.4-0.8 were deduced.For the pellet-specificmaterial properties,the
measuredpellet densityp=0.9 g/cn? (for pellet size of d=0.4mm) and the thermo-chemically
heatof ablationof 4 eV/atomin the caseof clusterablation mechanism/6/ at pellet surface
temperatures of approximately 4500 K, were used as input for the NGS-modelling.

Modelling of experiment and discussion - Accordingto the magneticfield geometry
of W7-AS, the magnetic field strength, generated by a system of discrete non-plarapbngils
the plasma axis, varies periodically arouhe
1 it/Im= - machine resultingin a certain magneticfield
] [ ripple andthe existenceof magneticmirrors.
The machine consistsof 5 identical torus
modules. At the positions whetiee modules
come into touch large portgere installedthat
L lead to a discontinuity in the toroidal coil
- (module field B,) equipment.5 additional
ECRH-deposition .. |arge-sizenon-planarcoils (B, are locatedat
] 13 ~. [ these positions in order to reduce the

0.9 0' S introduced magnetic fieldpple. By changing

o/ deg the current ratio,l/ |, of the two coilsystems,

: : _ the magneticfield strength could be varied
Fig. 4: Example for relative magnetic field strengabng the toroidatlirection.As a result. at the
on axis within one field period for standard confi- c~RpH launching position (¢=36?) shdwn in
guration (L / I,=1, sollid line) and B,-configuration fig.4 eithera magneticminimum (,standard-
(It/1, = 1.3, dotted line). configuration) or  maximum (B,

B /Bres
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Fig.5: Comparison of ablation rate profiles deduced from the measured ClI-line emission (solid lines) anc
calculated by the NGS model (dotted lines)Ba),.-configuration and b) standard-configuration.

configuration) can be generated keepingrénanceonditionfor ECRH (140GHz,2.54T).
Carbon pellet injection experimentswere performed using these two types of magnetic
configuration(with +=0.34, P..;,~=1.2 MW). The existenceof a certainstray angle during
injection requireda full 3-dimensionabeterminatiorof the pellettrajectoryby the observation
diagnosticsjn order to relate the correctlocal electrondensity and temperatureo the pellet
ablation position.

As shownin fig.5, principally different featuresin the spatial Cll-radiation profile and,
consequently, in the ablatidrehaviourwere observedn thesetwo scenariosFor the B .-
configuration,fairly good agreementould be achievedbetweenthe measuredablation rate
profile and that predictedby the NGS model. On the contrary, in ,standard“-configuration
dischargeghe maximum of the ablationrate profiles is significantly shifted towards larger
effective plasma radii and could not be reproduced by the NGS-model which tookscotmt
a Maxwellian energy distribution @lectrons A possibleapproacho explainthis discrepancy
might be the existence of additional electron heat flux on the geli&ice.Becausehis feature
was observedn different magneticconfigurationswe could speculateaboutthe behaviourof
suprathermal electrons in these different magnetic scenarios.

Due to theexistenceof a magneticmirror in the ,standard“-configuratiorat ¢=36°, trapped
suprathermaelectronsare expectedn front of the ECRH-launchingplane. Both passingand
trapped electrons within the ECRH-depositionzone in the plasma core region, gain
perpendicular energy from the resonant ECF-heating waves. Only the passing electbles are
to thermalizetheir energyby collisionsin the region close to the plasmacenter.The trapped
electronsare expectedo be driventowardslargerradii due to a grad B-drift mechanisn/7/
until they are scatterednto the loss cone of the mirror. Therefore,the fraction of trapped
electronsin the ECRH-launchingplanewould leadto an effective broadeningof the ECRH-
depositionprofile and an increasedpopulation of suprathermalelectronsin outer plasma
regions, where thenhancedblationoccurs- evenat higherdensities(fig.5b). In the B,
configuration, a magnetic hill is located in front of the ECRH-launching plane, giving rise to the
assumptiorthat the populationof suprathermaélectronsat larger radii is not so pronounced
and their effect on the ablation process should be smaller. Theddttlay,enhanced“ablation
process is subject of ongoing investigations.
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