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Abstract. The investigationof methodsfor a reductionof divertor heatloadsin order to increasethe
lifetime of divertor tiles in future fusion reactorsis themain objective of this paper. Specialemphasis
is given to the reductionof transientheatloadsdueto EdgeLocalisedModes(ELMs). Two methods
arecompared:Argonseededtype-I ELMy H-modesandNitrogenseededtype-III ELMy H-modes.In
both scenariosthe impurity seedingleadsto a reductionof the pedestalenergy andhencea reduction
of theenergy releasedby theELM. This consequentiallyreducesthepower loadto thedivertor targets.
At high radiative power fractionsin type-III ELMy H-modespartof that releasedELM energy (25 kJ)
is dissipatedby radiationin the ScrapeOff Layer (SOL). Modelling of the ELM mitigation supports
theexperimentalfindings. Both scenariosmight becompatiblewith an integratedITER scenario,with
respectto acceptabledivertorlifetime andacceptableconfinement.

1. Introduction

Oneof the mostsevereproblemsfor fusion reactorsis the power load to the divertor target
plates.Technicallyonly steadystatepower loadsof lessthan10 MW/m2 areacceptablewith
margin. In orderto reducethepower load in thedivertor to thosevaluesradiationcoolingby
seedingof impurities is essential.Furthermoretransientheatloadsdueto ELMs have to be
reducedto valuesbelow 40 MJ m2 s

� 1
�
2. Presentlyunseededtype-I ELMy H-modesseem

to be problematic.Alternative operatingscenarioswith tolerabletransientheatloadshave to
be developed. Oneof the potentialalternative scenariosis the ELMy H-modewith impurity
seeding. The presentpapersummarisesthe work aimedat the reductionof the heatload to
thetargetplates,bothduring,andinbetweenELMs, usingtheradiationof a purposelyinjected

1seeappendixof the paper”Overview of RecentJET Resultsand FuturePerspectives” by J. Pamelaet al,
FusionEnergy 2000(Proc.18thInt. Conf. Sorrento,2000),IAEA, Vienna(2001).
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impurity. Two scenariosaredescribed,type-IELMy H-modeswith impurity seedingandtype-
III ELMy H-modeswith impurity seeding.

2. Results

In the first scenariodescribedNitrogen is seededin type-III ELMy H-modesup to radiative
power fractionsof 90%. In low triangularity configurations[1] this regime leadsto a par-
tially detachedH-modeat 85%of theGreenwald density, confinementenhancementfactorsof
H98� Y � 2��� 0 � 7 � 0 � 8 with anormalisedplasmapressureof βN � 1 � 3 � 1 � 4. Thesteadystateheat
flux densityis reducedto lessthan1 MW/m2 andelectrontemperaturesin thedivertorof less
than10 eV even during ELM peaksarefeasible. Thereis an indicationof radiative dissipa-
tion of ELM energy at high radiative power fractions(90%), which reducesthe ELM power
load by a factorof 2 andleadsto transientpower loadsdueto ELMs of lessthan5 MW/m2

at the outerdivertor target plate[1]. Although the heatload canbe reducedsignificantly, the
confinementof thesedischargesis reducedaswell. However, increasingthetriangularityfrom
δ 	 0 � 2 to δ 	 0 � 47 leadsto improvedconfinementathighdensities(seefigure1a),resultingin
H98� Y � 2� 	 0 � 76atdensitiescloseto theGreenwalddensityne
 nGW

e 	 fGDL 	 1. Thisincreasein
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FIG. 1. H98� Y � 2
 versusthenormaliseddensityne � nGW � fGDL (a), andversustheedge safetyfactor q95

(b), type-III ELMyH-modeswith frad � 0 � 7.

absolutedensity(Zef f ∝ Prad 
 n2
e) alsoleadsto a reductionof theplasmacoreimpurity content

(Zef f � 1 � 6). No impurity accumulationhasbeenobserved. The profile of the fully ionised
nitrogen,asderivedfrom CXRS,is hollow duringthehighestradiativepower fractions.
This radiatingtype-III ELMy H-modemight enablean integratedITER scenariofor Q 	 10
operationwith acceptablesteadystateandtransienttargetpower loads.For aslightly degraded
confinement(H98� Y� 2� 	 0 � 75 � 0 � 8) a Q 	 10 operationwill bepossibleat a plasmacurrentof
17 MA (βN � 1 � 5, f GDL 	 1, q95 	 2 � 6) [2, 3]. Thoughoperationat low q95 might bedifficult
dueto MHD, experimentsat low triangularityhave beenextendedto low q95 with no apparent
drawbackdueto MHD. The confinement(H98� Y � 2� 	 0 � 77) is acceptableeven at lowestedge
safetyfactors(seefigure1b).

As alternative to the nitrogenseededdischarges,argon is seededin type-I ELMy H-modes
in order to reducethe transientheatflux dueto larger ELMs (energy lossesdueto ELMs of
∆WELM � 0 � 2 MJ) sinceit hasthepotentialto radiateat highertemperatures.In this scenarioa
confinementof H98� Y � 2� 	 1 canbemaintainedatdensitiesof fGDL 	 0 � 85upto radiativepower
fractionsof 65%, providedan accurateadjustmentof both the Argon andDeuteriumfuelling



3 EX/P1-09

rates[4]. In theseriesof experimentsreportedhere,emphasishasbeengivento theanalyisof
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FIG. 2. (a) Comparisonof powerfluxesto theinner divertor target with ( frad � 0 � 6) andwithoutArgon
fuelling, (b) comparisonof theelectron temperature profileswith andwithoutArgonseeding.

theELM heatflux in discharges,whichhavenotbeenperformanceoptimised(HH98� Y� 2��� 0 � 87,
fGDL 	 0 � 78whichis 5%lessthanin DeuteriumReferencepulse,and frad 	 0 � 6): detailedmea-
surementsof thepedestalparameters(edgeLIDAR andECEdata)andof thepowerfluxesto the
targetplates(IR camera)havebeenobtained.In theseexperiments,thefrequency of thetype-I
ELMs decreasesslightly asthepower crossingthepedestalis decreasing(dueto enhancedra-
diativepowerfrom theplasmacore),andthetransientdivertorpowerloadis reducedby afactor
of � 2 (figure2a). Theresultingpeakvalueat theouterdivertortarget is � 15 MW/m2, i.e. a
factorof 3 higherwhencomparedto the type-III ELMy H-modewith similar heatingpower.
This reducedtransientheatflux with Argon seedingstemsfrom a reducedpedestalelectron
temperature(figure 2b). This is furthermoreillustratedin figure 3a, which shows the energy
riseat thedivertor target versusthe lossof storedplasmaenergy: no differencebetweendata
from Argonseededandnon-seededdischargesis observed,demonstratingthelackof additional
dissipationin theSOL anddivertorplasmaunderthepresentconditions.However, for similar
ELM losses∆WELM 
 Wped Argon seededdischargeshave a lower ELM frequency (by up to a
factorof two lower),which is beneficialfor thedivertorlifetime.
Argonseedingin type-IELMy H-modeswouldenableanintegratedITER scenariofor Q 	 10
operationat15MA (q95 	 3). Confinementanddensityarewell within theITER requirements
[5]. However, theaimedradiativepower fractionof frad 	 0 � 75 is difficult to reachin this sce-
nario.This is consistentwith theobservationthatthesteadystateheatflux to thedivertoris not
significantlyreducedin thosepulses.Themaximumradiative power fractionhasto belimited
in orderto avoid accumulationof argonin theplasmacenter, althoughtheapplicationof central
heatingmightenablehighimpurity concentrationswithoutaccumulationin theplasmacore[6].

Modelling of the effect of impurity seedingon the transientpower load on the divertor tiles
hasbeencarriedwith MIST, B2/EireneandEDGE2D.Thecalculationswith MIST suggestthat
Krypton is thebestelementfor thereductionof thedivertorpower load.However, sincehigh-Z
elementsradiatestronglyin theplasmacoretheacceptableimpurity concentrationof thoseel-
ementsis lessthanfor low-Z impurities.
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FIG. 3. (a) Reductionof target energy load dueto ELMsversusenergy lost fromplasmadueto ELMs,
(b) dependenceof ELM energy lossesversusELM frequency.

EDGE2D modelling of the ELM mitigation by nitrogenseeding( frad 	 0 � 75) demonstrates
thatroughlyhalf of theELM energy canbedissipatedby radiationfor smallELMs (25kJ). In-
creasingtheELM energy to 60 kJ diminishestheeffect of radiativedissipationin thosehighly
radiative plasmasto negligible valuesof � 16%. Without the cooling of extrinsic impurities
(hereNitrogen)ELM mitigationof smallELMs (25 kJ) is alsolesseffective ( � 25 % getsdis-
sipated).This is consistentwith B2/Eirenesimulationsfor ITER [7], whichshow thatonly very
smallELMs canbedissipatedby a radiatinglayer. A comparisonof recycling impuritiesver-
susnon-recycling impuritieshasbeencarriedout (1% recycling versus90%recycling), which
showedessentiallyno significantdifferencein theeffectof radiativedissipation.

In orderto assessthe applicabilityof both impurity seedingscenariosthe expectedELM size
in ITER hasto be estimated.Figure4 shows the dependenceof the ELM energy losson the
collisionality. Both, in type-I ELMy H-modes[9] and in type-III ELMy H-modesthe ELM
energy loss∆WELM 
 Wped increaseswith decreasingpedestalcollisionality. Argonseededtype-
I ELMy H-modeshave the sameELM energy loss ∆WELM 
 Wped as unseededtype-I ELMy
H-modesfor similar collisionalities. For type-III ELMy H-modesalsono differencebetween
impurity seededandnon-seededdischargeswith respectto theELM energy losses∆WELM 
 Wped

is observed.Oneshouldnotethatthevaluesof ∆WELM 
 Wped usedin Fig. 4b for type-III ELMs
are upperboundaryestimatesof the real ELM losses,sincethe noiselevel in the magnetic
measurementsis comparableto ∆WELM. Even consideringthis upperboundaryestimate,the
energy lossin type-III ELMy H-modesis a factorof � 2 lower thanin type-I ELMy H-modes.
The real ELM lossescanbe up to a factorof two lower thantheseestimates,assomekinetic
measurementsof ∆WELM indicate[1]. For ITER,anELM sizeof ∆W 
 Wpedof 9 ( 5%(assuming
Wped 	 30%Wdia seemsto bejust acceptable[8, 9]. As shown in figure4a,thecontribution of
thepedestalstoredenergy to thetotal storedenergy is generallylower for type-III ELMs than
for type-I ELMs, remainingwithin the ITER referenceof Wped 	 30%W even at high stored
energy (andtriangularity, up to δ � 0 � 5) . As in figure4b demonstratedthetype-III ELM losses
arewithin the ITER acceptanceeven for the lowestcollisionality, whereasfor the ITER edge
collisionality too large type-I ELM lossesareobserved. However, if theELM sizein ITER is
not determinedby theedgecollisionality but ratherby theparalleltransporttimesin theSOL,
type-IELMy H-modesmightbejust acceptable[9].



5 EX/P1-09

* + , - . /10243 5
243 6
243 7
243 8
243 9

:<;=>
? @ AB C

DFEHG IKJMLONQP

Type III ELMs:RTS1UTV WYXZ\[ ]4^4_a`abaced fgihkjel m
Type I ELMs:  n4oqpTr sYtu\v w4xzy4{Y|~}e� ��a�z�a� �

0

0.05

0.1

0.15

0.2

0.25

0.01 0.1 1�� *ped

�� W
E

L
M

/W
p

ed

  

FIG. 4. Comparisonof type-III ELMy H-modesto type-IELMy H-modes:(a) Ratioof pedestalto total
storedenergy versusstoredplasmaenergy; (b) plasmaenergy lossdueto ELMsnormalisedto pedestal
storedenergy versuspedestalion collisionality; non-seededtype-IELMy H-modes(black solid circles),
seededtype-IELMyH-modes(black opensquares),seededandnon-seededtype-III ELMyH-modes(red
solid triangles);theITERcollisionality (dashedline).

3. Conclusion

By seedingimpurities the steadystateheatflux to the divertor target platescan be reduced
significantly. Radiative power fractionsof 90% did leadto steadystatepower fluxesof less
than1 MW/m2. For both type-III ELMy H-modesandtype-I ELMy H-modesa reductionof
thetransientheatflux wasobserved.This reductionof theheatflux is mainlydueto adecrease
of the pedestalenergy in the presenceof impurity fuelling. In addition ELM mitigation by
radiative dissipationof the ELM energy wasobserved for the smallesttype-III ELMs. This
radiative dissipationof ELM energy is not expectedfor ITER, sincethe ELM energy will be
likely in excessof severalMJ. Hence,theELM energy losshasto belimited. It is expectedthat
for ITER-like pedestalcollisionalitiestype-III ELMs areacceptable,whereastype-I ELMs are
not. However, if theELM lossesarenotdeterminedby thepedestalcollisionality type-IELMy
H-modemight beacceptable[10].
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