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1. Introduction

Radiationlossesn thenewLyra divertor (DIV II) of ASDEX UpgradeareinvestigatedA de-
tailed knowledgeof the radiationdistributionin the divertoris necessaryn orderto increase
and control the divertor radiationwith the aim of reducingthe power load on the divertor
plates under ITER relevant conditions.

In ASDEX Upgraderadiationlossesare measuredvith 100 bolometersplacedin 7 pinhole
cameraswhich aremountedin onepoloidal crosssectionof the torusinsidethe vacuumves-
sel. Two bolometermpinholecameraswith 7 lines of sighteachmeasureadiationfrom the in-
ner andouterdivertorleg andallow for a correctionof the neutralgaspressurelependenbo-
lometersensitivityandof theresidualbolometeroffsetdrift. Theregionaroundthe X-point is
observedwith an 8 channelpinhole camerathe main plasmawith 72 bolometersplacedin
five camerasThebolometersareminiaturized,Jow noisemetalresistorbolometerg1] which
are excitedby a 50kHz sinewave and effectively suppresshermaldrift andelectromagnetic
interferences.

In orderto obtainthe distributionof the local radiationemissivityin a poloidal crosssection
of the plasmathe measuredine integralsmustbe unfolded.This is donewith the ‘Anisotro-

pic Diffusion Model Tomography’algorithm,which is basedon the fact that the variation of

theradiationemissivityalongmagneticfield linesis muchsmallerthanperpendiculato them.
This behaviouris describedy ananisotropicadiffusion modelwith differentvaluesof the dif-

fusion coefficients lﬁ D along and perpendicular to the magnetic field lines. [2]

Radiationdistributionsandpowerbalancehavebeeninvestigatedor a wide variety of plasma
regimes.Somedifferentexampleswill be presentecindthe dependencef the radiationpro-
file and the radiated power on different parameters will be investigated.

2. Radiation pattern

The measuredine integralsof the 22 divertorbo-
lometerstogetherwith the other72 bolometerof
ASDEX Upgradehavebeenunfoldedin orderto
reconstructhe radiationdistributionin the diver-
tor region as well as in the main chamber.

Fig. 1 showsa typical, ELM-averagedradiation
profile for a discharge with IP=1MA,
n=7-13m3, g,=4 and5MW neutralbeamin-
jection power.19he highestradiationis found in
the divertor fans nearthe strike pointswith local
radiation emissivitiesof up to 20MW/m3 at the
inner and 7MW/m3 at the outer strikepoint. The
radiationin theinnerdivertoris higherthanin the ASDEX ; LYRA divertor with bro.
O!Jt?rd've”‘?rd“eto ELMs. TheShap_eOf the ra- nc?unceerzjlgigafilgr(le peaksinq[h:i;?\er a;d o%tcér
diation profile doesnot changeconsiderablyif givertor fan at the strikepoints.The input power
the neutralbeaminjection poweris increasedbut is 5SMW

scales almost linearly with the heating power.

Integratingoverthe plasmaonefinds a total radiatedpowerof about80% of the input power,
and a radiatedpower in the divertor (defined by a horizontalline throughthe X-point) of

[MW/m?]

0
Fig 1: Reconstructedradiation pattern in the
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about 40% of the input power 20
(Fig 2). These values are also §
almostindependenof the heat- 15
ing power (Fig. 4). Subtracting
from the input power the total
radiatedpower measuredy bo-
lometers,the powerload on the

5

divertor plates measured by
thermographic cameras, the o o
changeof the internal plasma o0 =&

energy,and taking into account r Power balance ]
that parts of the divertor radia- 0. ... .. .. e I T .
tion is measuredy both bolom- 1 2 3 4 5 time [s]

eterandthermographicameras, Fig. 2: Power balancefor the dischargefrom Fig. 1, showingtime
onearrivesat a reasonablygood traces of theinput power,thetota} radiated power,radiated powerin
the divertor, powerload on the divertor platesmeasuredoy thermo-

power balance (Fig. 2). graphic cameras and the radiation corrected power balance.

For dischargeswith increasedriangularityin the #11782, 4.0s [
presentdivertor configuration the outer strike- =
point must be moved on the roof baffle, which \ 6 =

meansa horizontaltargetplatein contrastto the
normal vertical one. Fig. 3 shows the radiation |—- 45
profile for sucha dischargewith a horizontaltar- |

get plate and | ;=1MA, ne:7-ldgm'3, Ogs=4 and
5MW neutral beam injection power. Again we
find the highestradiation near the strikepoints,
howeverat the outerstrikepointthe radiationden-
sity now is only about3MW/m3. Whereaghe to-
tal radiatedpower (75% of the input power) re- 0
mains nearly unchangedcomparedto discharges Fig. 3: Radiationprofile for a shotwith the outer
with both strike points on the vertical plates,the Stikepointon roof baffle (horizontal target). The
divertor radiationis lower (only 25% of theinput MPUt POWer is SMW.

P
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Fig. 4: Fraction of thetotal radiatedpowerto theinput power(left) andtheradiatedpowerin thedivertorto the

input power(right) asa functionof theinput power.Green:Outer strikepointon the strikepoint-moduldvertical

target), red: outer strikepointon the roof baffle (horizontaltarget), blue: divertor | (two horizontaltargets).The

crosses indicate average values, the lines the standard deviation for a large number of individual time points.
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power), andthe radiationin the mainchamberhasincreasedAlso thesevaluesarenearlyin-
dependentof the heatingpower (Fig. 4), and they are comparableto the valuesfrom the
former divertor 1 of ASDEX Upgrade whereboth strikepointswere on almosthorizontaltar-
get plates [3].

3. Effect of high energetic neutrals

High energeticneutralsfrom chargeexchangerocessesvhich reachthe bolometerdetectors
affectthe bolometricmeasurements$:or non-blackenedjold-foil detectorsnvhich areusedin
all bolometersof ASDEX Upgrade,about60% of the energyof the neutralsis absorbedy
the bolometer.Sincethe plasmais normally not opaquefor theseneutrals,only bolometers
which aremountednearthe plasmacanmeasurehe energyof the neutrals.This may leadto
inconsistentmeasurementsf different bolometersin different positions,which may cause
difficulties in the tomographic reconstruction of the radiation profile.

Therefore,in orderto estimatethe influenceof the high energeticneutralson the bolometric
measurementshe energyflux of neutrals(bothatomsandmolecules)eavingthe plasmaand
reachingthe bolometershasbeencalculatedrom B2-Eirenemodelings.t wasfoundthatthe
only bolometerdor which this energymay be largerthanthe noisein the measurementare
thoseof thetwo divertor cameragnountedbelow the roof baffle andviewing throughthe in-
ner and outer divertor fans. However, for
normal dischargeswith a medium density
(ne:O.Ger)) a significant influence was
found only “for the lowest lines of sight
through the outer divertor fans (Fig. 5),
wherethe energyof the neutralsmayreach o3;
up to 50% of the measuredolometerline
integrals (Taking into account that only
60% of the energyof the neutralsis ab- o1f
sorbed,the contribution of the neutralsto ol — ‘ ‘ ‘ ‘
theline integralsreducedo 30%). Calculat- inner divertor outer divertor

. . . bottom - top bottom - top

mg_th_e tomo_graph|creconstruct|0n0f the Fig. 5: Comparisonof the measuredine integralsof the
r_ad'a_‘t'on prOf'IeS once from the r_nea_sured divertor bolometersand the power of the high energetic
line integralsand once from the line inte- npeutralsreachingthesebolometerdor a shotwith SMW
gralsreducedby the energyof the neutrals, input power and a medium density.

we find a slightly reducedradiation emis-

sivity in the outerdivertor fan. However,integratingover the whole plasmawe find a reduc-
tion of thetotal powerlossfrom 70% of theinput powerfor radiationandneutralsto 68%for
radiation only, which is negligible and well within the noise of the measurements.

Although for higherdensitiesvherethe plasmais detachedhe influenceof the energyof the
neutralson the measuredine integralsis noticeablefor more of the divertor bolometersthe
differencein the total power loss (83% for both radiationand neutrals,79% for radiation
alone) is still small.

It shouldbe notedthat not only the high energeticneutralsaffect the bolometric measure-
ments,but alsothe neutralgaspressuravhich changeghe bolometersensitivity andthe re-
sidualbolometeroffsetdrift. Therefore both of the divertor bolometercameraaveonede-
tectorwhich is not exposedo the radiation,so it is usedto measureghe gaspressuran the
camera itself and to correct the measured line integrals of the other bolometers [4].

4. Global scalings of theradiated power

Typically thetotal radiatedpowerin dischargesn ASDEX Upgradeis about60%-80%o0f the
input power,andthe radiatedpowerfrom the divertoris about40%-50%o0f the input power.

06 ‘ ‘ ‘ ‘ ‘
——————— Neutrals (Atoms+Molecules)

05 —+— Bolometer Lineintegrals

[MW/m?]

0.4r

0.21
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However,looking at dischargesvith a wide variety of plasmaparameterspnefinds a consid-
erablevariationin thevaluesfor theradiatedpower(Fig. 4: Thelengthsof theindividual lines
indicatethe standarddeviationof the valuesfor manydifferenttime points. The smallerstan-
darddeviationfor higherinput powerdoesnot necessarilyneanthatthereis a lower scatter,
but only thattherearelesspointsavailable).In orderto explainthis variation,the dependence
of theradiatedpoweron variousglobal plasmaparameterfiasbeeninvestigatedy statistical
methodsThedatabaseonsistf alargenumberof time pointsfor ohmic,L- andmostly H-
mode plasmas with heating powers up to 15MW.

It wasfoundthatthedivertorradiationdependsnainly linearly on theinput power,lessonthe
plasmacurrent,the line averageddensity of the main plasma,and slightly on the magnetic
field:

Prad,divertor ~ P% gﬁno 249 SQBT 01l ~ inputNe q,o ! (RZ =0.75)
The dependencef the total radiatedpoweron the input poweris slightly lessthanlinear. It
dependslsoontheline averagediensity,but only very weakly on the plasmacurrentandthe

magnetic field:

Prad total ~ nga 049|P004BO .046 PI(rJ]gS 05q0 .04 (R2 _ 0.88)
For the rad|atedéoower|n the main plasmaa reasonablgood agreementvith the Matthews-
scalingP,_y~n.(Z 1) was found.

Howeverit wasalsofoundthatfor times
very earlyin the dischargehesescalings

025|05

#10575
T

T T T T T T T N EARIN T T T T [MW]
Neutal %F%m injection power | 4

radiation from the main plasma
(7%- 15% inside the separatrix) and
from the divertor region (20%- 50%)
slowly rise with time. Althoughin many
caseghereis simultaneouslhanincrease P Separatrix density |
in the electrondensity during this time, =—Fg———aF5———F¢——3% 5%
theincreasean theradiationis largerthan time [s]
predicted by the global scalings men- Fig. 6: Slowincreaseof radiationin the beginningof a shot
tioned above’and it alsooccursfor dis- in spite of constant global plasma parameters.
charges with constant line averaged density (Fig. 6).

The heatflux to the divertorplatesrisesalsoduringthis phaseput not asdrasticallyasthera-

diation. Howeverit is foundthatthelocal heatdepositionon the platesbecomesnoreconcen-
tratednearthe strikepoints andespeciallyat the outerstrikepointit increasedy a factor of 4

or more in the first 500 ms after formation of the X-point.

A possibleexplanationfor this behaviourmight be the non-equilibriumbetweenfluxes and
densitiesduringthe non-stationaryearly phaseof plasmadischargeskFurthermorein the be-
ginning of adischargethe plasmais still very cleanandZ_is low dueto thelargegaspuffing
in this phase.
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do not describethe radiationvery well, 2 .
becausdn the first 200-500msafter the |----- e ‘o,
X-point andstrikepointshavedeveloped, 5 b rad.total 25"
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