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Abstract. Theinvestigationof methodsfor a reductionof divertor heatloadsin orderto increasehe
lifetime of divertortiles in future fusionreactorsis the main objective of this paper Specialemphasis
is given to the reductionof transientheatloadsdueto EdgelLocalisedModes(ELMs). Two methods
arecompared:Argonseededype-l ELMy H-modesandNitrogenseededype-Illl ELMy H-modes.In
both scenarioghe impurity seedingleadsto a reductionof the pedestakenegy andhencea reduction
of the enepgy releasedy the ELM. This consequentiallyeducegshe power loadto the divertortamets.
At highradiative power fractionsin type-Ill ELMy H-modespartof thatreleasedELM enegy (25 kJ)
is dissipatedby radiationin the ScrapeOff Layer (SOL). Modelling of the ELM mitigation supports
the experimentalfindings. Both scenariosnight be compatiblewith anintegratedI TER scenariowith
respecto acceptablelivertorlifetime andacceptableonfinement.

1. Introduction

One of the mostsevere problemsfor fusion reactorsis the power load to the divertor target
plates. Technicallyonly steadystatepower loadsof lessthan10 MW/m? are acceptablavith
maigin. In orderto reducethe power load in the divertorto thosevaluesradiationcooling by
seedingof impuritiesis essential. Furthermoretransientheatloadsdueto ELMs have to be
reducedto valuesbelow 40 MJ m? s=¥/2, Presentlyunseededype-l ELMy H-modesseem
to be problematic. Alternative operatingscenariosvith tolerabletransientheatloadshave to
be developed. One of the potentialalternatve scenarioss the ELMy H-modewith impurity
seeding. The presentpapersummariseshe work aimedat the reductionof the heatload to
thetargetplates bothduring,andinbetweerELMs, usingtheradiationof a purposelyinjected

lseeappendixof the paper’Overview of RecentJET Resultsand Future Perspecties” by J. Pamelaet al,
FusionEnegy 2000(Proc.18thInt. Conf. Sorrento2000),IAEA, Vienna(2001).
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impurity. Two scenariogredescribedtype-1 ELMy H-modeswith impurity seedingandtype-
Il ELMy H-modeswith impurity seeding.

2. Results

In the first scenariodescribedNitrogenis seededn type-lll ELMy H-modesup to radiatve
power fractionsof 90%. In low triangularity configurationg[1] this regime leadsto a par
tially detachedH-modeat 85% of the Greenvald density confinemenenhancemerfactorsof
Hogy,2) ~ 0.7 — 0.8 with anormalisecblasmapressuref By ~ 1.3 — 1.4. Thesteadystateheat
flux densityis reducedo lessthan1 MW/m? andelectrontemperatured the divertor of less
than10 eV evenduring ELM peaksare feasible. Thereis an indication of radiatve dissipa-
tion of ELM enegy at high radiatve power fractions(90%), which reduceshe ELM power
load by a factorof 2 andleadsto transientpower loadsdueto ELMs of lessthan5 MW/m?
at the outerdivertortarget plate[1]. Althoughthe heatload canbe reducedsignificantly the
confinemenbf thesedischagesis reducedaswell. However, increasinghetriangularityfrom
0= 0.2to 6 = 0.47leadsto improvedconfinemenat high densitiegseefigure 1a),resultingin
Hogy,2) = 0.76 atdensitiescloseto theGreenvald densityne/nSY = fgp. = 1. Thisincreasen
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FIG. 1. Hogy 2) Vversusthe normaliseddensityne/n®V = fgp, (a), andversusthe edge safetyfactor gos
(b), type-lll ELMy H-modeswith f.oq > 0.7.

absolutedensity(Zef s O Prag/n2) alsoleadsto a reductionof the plasmacoreimpurity content
(Zett =~ 1.6). No impurity accumulatiorhasbeenobsened. The profile of the fully ionised
nitrogen,asderivedfrom CXRS, is hollow duringthe highestradiative power fractions.

This radiatingtype-Ill ELMy H-modemight enablean integratedI TER scenariofor Q = 10
operationwith acceptablesteadystateandtransientargetpowerloads.For aslightly degraded
confinemen{Hggy,2) = 0.75—0.8) aQ = 10 operationwill be possibleat a plasmacurrentof
17 MA (Bn ~ 1.5, f®PL =1, qo5 = 2.6) [2, 3]. Thoughoperationat low ggs might be difficult
dueto MHD, experimentsat low triangularityhave beenextendedto low ggs with no apparent
drawbackdueto MHD. The confinemen{Hggy,2) = 0.77) is acceptablesven at lowestedge
safetyfactors(seefigure 1b).

As alternatve to the nitrogen seededlischages, argon is seededn type-l ELMy H-modes
in orderto reducethe transientheatflux dueto larger ELMs (enegy lossesdueto ELMs of
MWLM > 0.2 MJ) sinceit hasthe potentialto radiateat highertemperaturedn this scenarica
confinementbf Hogy 2) = 1 canbemaintainedat densitieof fgp. = 0.85upto radiatve power
fractionsof 65%, provided an accurateadjustmenbf both the Argon and Deuteriumfuelling
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rates[4]. In the seriesof experimentgeportedhere,emphasifiasbeengivento the analyisof
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FIG. 2. (a) Comparisorof powerfluxesto theinner divertor target with (f;aq = 0.6) andwithoutArgon
fuelling, (b) comparisorof theelection tempeature profileswith andwithout Argonseeding

theELM heatflux in dischages,which have notbeenperformanceptimised(Hyog(y,2) ~ 0.87,
fepL = 0.78whichis 5%lessthanin DeuteriumReferenceulse andf, g = 0.6): detailedmea-
surementsf thepedestaparametergedgel D AR andECEdata)andof the powerfluxesto the
targetplates(IR camerahave beenobtained.In theseexperimentsthefrequeng of thetype-I
ELMs decreaseslightly asthe power crossingthe pedestals decreasingdueto enhanceda-
diative powerfrom theplasmacore),andthetransientdivertorpowerloadis reducedy afactor
of ~ 2 (figure 2a). The resultingpeakvalueat the outerdivertortargetis ~ 15 MW/m?, i.e. a
factorof 3 higherwhencomparedo the type-1ll ELMy H-modewith similar heatingpower.
This reducedtransientheatflux with Argon seedingstemsfrom a reducedpedestaklectron
temperaturdfigure 2b). This is furthermoreillustratedin figure 3a, which shaws the enegy
rise at the divertor target versusthe loss of storedplasmaenepy: no differencebetweendata
from Argonseeded@dndnon-seededischagesis obsered,demonstratinghelack of additional
dissipationin the SOL anddivertor plasmaunderthe presentconditions.However, for similar
ELM lossesAWE v /Wped Argon seededlischageshave alower ELM frequeng (by up to a
factorof two lower), whichis beneficialfor the divertorlifetime.

Argonseedingn type-1 ELMy H-modeswould enableanintegrated TER scenaridor Q = 10
operationat 15 MA (qggs = 3). Confinemenanddensityarewell within the ITER requirements
[5]. However, theaimedradiatve power fractionof f,q,q = 0.75is difficult to reachin this sce-
nario. Thisis consistentvith the obsenationthatthe steadystateheatflux to thedivertoris not
significantlyreducedn thosepulses.The maximumradiative power fraction hasto belimited
in orderto avoid accumulatiorof argonin the plasmacenter althoughthe applicationof central
heatingmightenablehighimpurity concentrationgvithoutaccumulationn theplasmacore[6].

Modelling of the effect of impurity seedingon the transientpower load on the divertor tiles
hasbeencarriedwith MIST, B2/EireneandEDGE2D.Thecalculationsvith MIST suggesthat
Kryptonis thebestelementor thereductionof thedivertorpowerload. However, sincehigh-Z
elementgadiatestronglyin the plasmacorethe acceptablémpurity concentratiorof thoseel-
ementss lessthanfor low-Z impurities.
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FIG. 3. (a) Reductiornof target enegy load dueto ELMs versusenegy lost from plasmadueto ELMs,
(b) dependencef ELM enegy lossesrersusELM frequency

EDGE2D modelling of the ELM mitigation by nitrogenseeding(f,aq = 0.75) demonstrates
thatroughly half of theELM enegy canbedissipatedy radiationfor smallELMs (25kJ). In-
creasinghe ELM enegy to 60 kJ diminishesthe effect of radiatve dissipationin thosehighly
radiatve plasmago negligible valuesof ~ 16%. Without the cooling of extrinsic impurities
(hereNitrogen) ELM mitigation of smallELMs (25 kJ) is alsolesseffective (=~ 25 % getsdis-
sipated).Thisis consistentvith B2/Eirenesimulationgor ITER [7], which shav thatonly very
small ELMs canbe dissipatedoy a radiatinglayer. A comparisorof regycling impuritiesver-
susnon-regcling impuritieshasbeencarriedout (1% regycling versus90% regycling), which
shavedessentiallyno significantdifferencen the effect of radiative dissipation.

In orderto assesshe applicability of bothimpurity seedingscenarioghe expectedELM size
in ITER hasto be estimated.Figure4 shavs the dependencef the ELM enegy losson the
collisionality. Both, in type-l ELMy H-modes[9] andin type-lll ELMy H-modesthe ELM
enegy lossAWe v /Wyeg increasesvith decreasingedestatollisionality. Argonseededype-
| ELMy H-modeshave the sameELM enegy loss AWe v /Wped as unseededype-l ELMy
H-modesfor similar collisionalities. For type-lll ELMy H-modesalsono differencebetween
impurity seededndnon-seededischageswith respecto theELM enegy losseA\WEe v /Wped
is obsened. Oneshouldnotethatthevaluesof AW v /Wped usedin Fig. 4bfor type-lll ELMs
are upperboundaryestimatesof the real ELM losses,sincethe noiselevel in the magnetic
measurements comparablego AW . Even consideringthis upperboundaryestimate the
enegy lossin type-lll ELMy H-modesis afactorof = 2 lower thanin type-1 ELMy H-modes.
Thereal ELM lossescanbe up to a factorof two lower thantheseestimatesas somekinetic
measurementsf AWe v indicate[1]. For ITER,anELM sizeof AW /Wpeq 0f 94-5% (assuming
Whed = 30%M\4ia Seemdo bejustacceptablg8, 9]. As shown in figure 4a,the contribution of
the pedestaktoredenengy to thetotal storedenepy is generallylower for type-Ill ELMs than
for type-1 ELMs, remainingwithin the ITER referenceof Wpeq = 30%N evenat high stored
enegy (andtriangularity upto d ~ 0.5). As in figure4b demonstratethetype-IIl ELM losses
arewithin the ITER acceptancevenfor the lowestcollisionality, whereador the ITER edge
collisionality too large type-1 ELM lossesareobsened. However, if the ELM sizein ITER is
not determinedy the edgecollisionality but ratherby the paralleltransportimesin the SOL,
type-l ELMy H-modesmightbejustacceptablg9].
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FIG. 4. Comparisorof type-1ll ELMy H-modego type-I ELMy H-modes:(a) Ratio of pedestalto total
stored enepgy versusstored plasmaeneny; (b) plasmaenegy lossdueto ELMsnormalisedto pedestal
stored enepgy versuspedestaion collisionality; non-seedetiype-1 ELMy H-modegbladk solid circles),
seededype-lELMy H-modegbladk opensquaes),seededndnon-seedetype-IIl ELMy H-modegqred
solid triangles);the ITER collisionality (dashedine).

3. Conclusion

By seedingimpurities the steadystateheatflux to the divertor target platescan be reduced
significantly Radiatve power fractionsof 90% did leadto steadystatepower fluxes of less
than1 MW/m?. For bothtype-lll ELMy H-modesandtype-l ELMy H-modesa reductionof
thetransientheatflux wasobsened. This reductionof the heatflux is mainly dueto adecrease
of the pedestakenegy in the presenceof impurity fuelling. In addition ELM mitigation by
radiatve dissipationof the ELM enegy was obsened for the smallesttype-lll ELMs. This
radiatve dissipationof ELM enepy is not expectedfor ITER, sincethe ELM enegy will be
likelyin excessof severalMJ. Hence the ELM enegy losshasto belimited. It is expectedthat
for ITER-like pedestatollisionalitiestype-Ill ELMs areacceptablewhereadype-l ELMs are
not. However, if the ELM lossesarenotdeterminedy the pedestatollisionality type-l ELMy
H-modemight beacceptabl¢l10].
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