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INTRODUCTION
Quantifyingtheeffectof divertorgeometryon mainplasmaperformanceandits influenceon
the characteristicsof the divertor plasmaitself constitutesan importantelementof current
researchtowardsan integratedsolution for future reactorsbasedon the tokamakconcept.
Althoughit is clearlypreferabletoperformsuchresearchin largemachines[1] underconditions
as close as possibleto thoseexpectedin next step devices(high power, long pulse,etc),
experimentsin smaller,more flexible facilities can offer interestinginsights into the basic
phenomenaoccurring.Despiteits smallsize,thepossibilityfor plasmashapevariationin TCV
permitsthecreationof magneticequilibriaallowing thedetacheddivertorstateto beaccessed,
evenin completelyopengeometries.This contributionpresentsselectedresultsfrom the first
experiments of this nature on TCV.

VARIABLE DIVERTOR GEOMETRY

In the presentabsenceon TCV of additionalheatingsuitablefor high densityoperation,all
experimentshavebeenperformedwith ohmicheatingaloneandhaveusedonly D2 gasfuelling
from a singleinjectionpoint in thevacuumvesselfloor. Figure1 illustratesthreefrom a range
of equilibriaproducedthusfar anddesignedto investigatetheeffectsondetachment,if any,of
varying flux expansionfor fixed X-point heightandvaryingX-point heightat approximately
constantflux expansion.The table below describesthe differencesbetweenthe example
equilibriaof Fig.1 in termsof magneticgeometry
relevantto the divertor. Here, zXpt refers to the
height of the X-point with respectto the lower
divertor target tiles, is the approximate
magneticconnectionlengthfrom outermidplane

to outerdivertor strike point and is the flux
expansionat theouterstrikepoint (measurements
on TCV arecurrentlyavailableonly at the outer
strikezonein thesetypesof configuration).Also
givenaretheconnectionlengthsfrom X-point to
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zXpt

[m] [m] [m]

15445 340 0.57 6.8 29 21

15448 340 0.57 2.8 20 15

15521 340 0.28 2.2 13 9

15527 380 0.28 2.0 11 7
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Figure 1: Exampleequilibria for detachmentstudy
illustrating largeandsmallX-pointheightandlow
andhighflux expansionat highpoloidaldepth.See
the table alongside for more details.
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outertarget, for t = 1.0s.Thesevalueshighlightanimportantaspectof theseTCV plasmas
- a substantialfractionof occursin passingfrom X-point to target- theoppositeof what
is found in moreconventionaldivertedequilibria.Themajority of dataobtainedto datehave
beenfor Ip = 340kA. Currentsmuchlowerthan300kA resultin toogreatafractionof theinput
power being radiatedinside the separatrixat high to sustainthe divertor plasma,whilst
pushingIp too high often leadsto ohmicH-modetransitionsandsubsequentlyuncontrollable
densityincrease.It is interestingto note,however,thatconfigurationswith low X-point height
tend to remain in L-mode, even at higher current. Most experimentsto date have been
performed for the ion∇B drift direction away from the X-point in the equilibria of Fig. 1.
EXPERIMENTAL OBSERVATIONS
The approachto detachmentand the detachmentitself are studied using density ramp
discharges,frequentlyterminatingat the densitylimit for the chosenvalueof Ip (maximum
value of nGR = 0.65). Figure 2 compiles a selectionof plasmaand divertor signals for
similar rampsin main plasmadensityfor the threeequilibria of Fig. 1, correspondingto the
dischargenumbers listed in the accompanyingtable. One may immediately note the

apparentsimilarity betweenthe two dischargeswith identical (high) zXpt but varying flux
expansionand the clear differences in behaviour when decreasingX-point height or
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Figure 2: Evolutionof mainplasmaandselecteddivertorparametersfor thedischargesin theTableaccompa-
nyingFig. 1 during similar ohmicdensityramps.For zXpt = 57 cm,thepanelsat left showbothcasesof .
Notethechange in scaleof theordinatein thepanelscontainingjsat. Thesimilarity in theDα tracesfor shots
#15445 and #15448 makes it difficult to discern differences if the figure is not viewed in colour.
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increasing Ip. Independent of divertor geometry, the plasma separatrix shape is
approximatelyconstantwith κ95 andδ95 in the range1.5 → 1.6 and0.33→ 0.4 respectively
with q95 in the range2.2 → 3.2. Earlier studieselsewhere[2] haveshownthe importanceof
plasmawall separationin influencingbulk anddivertor radiation.Attemptshavebeenmade
hereto minimise suchdifferences,at leastin so far as separatrixto wall gapsat the inside
andoutsidemidplaneareconcerned(dependingon , Ip andzXpt, the distancestypically lie
in the range2 → 3 cm). It shouldalsobe notedthat the interior walls of the TCV vacuum
vessel are now almost completely graphite tiled, giving≈ 90% surface coverage.

In all cases,detachmentis clearly observedat the outerstrike zoneasa decreasein the ion
currentmeasurednearthestrikepointby Langmuirprobesembeddedin thetargettiles(Fig.2g)

andanincreasein theDα emissionshown,in Fig.
2f, for a chord passing almost horizontally
throughthedivertorlegnearthevesselfloor. For
lower zXpt , the rollover to detachmentoccursat
higherplasmadensityfor fixed input power(ie
fixed Ip). This is qualitatively expectedsince
increasing would be expectedto facilitate
the formation of parallel temperaturegradients
andhencelow Te in thedivertorplasma.For fixed
zXpt but higher Ip, detachmentis observednear
thestrikepointonlyatthehighestdensities.In all
cases,detachmentoccurs only if ≈ 5 eV
subjectto theusualuncertaintyin interpretation
of theLangmuirprobecharacteristicunderhigh
recycling conditions.The higheredgeTe at low
zXpt is alsoreflectedin highervaluesof <Zeff> for
given (Fig. 2d). Of note also are the low
valuesof <Zeff> at high , evenwhenthe total
radiationreaches≈ 65%of PΩ (Fig. 2c) andthe
divertor plasmadetaches.This reflectsboth the
reducedimpurity sourcedue to a decreasein
divertortemperatureandparticleflux butalsothe
apparent tendency for <Zeff> to depend
principally on plasma density and radiation
fractionandnot theregimeof divertoroperation
[3]. This occursevenwhen,at detachment,most
of the radiationis concentratedat or inside the
separatrixat theX-point location.Thelow <Zeff>
also indicatesthat mostof the total radiationat
high originatesfrom deuterium.Thetracesof
Te and jsat in Figs. 2g,h show that for the
discharges at highest zXpt, the outer divertor
plasmahasalreadyatttainedthe high recycling

regime,evenat low , whilst astheouterleg shortens,thedivertorplasmabeginslife in the
linearregimefor thesamemainplasmadensity.Figure3 summarisestargetplatemeasurements
in terms of the integratedcurrent to the plate surface(accountingfor field line angle of
incidence)andthepeakdivertordensity,the latternot necessarilyoccurringin thesameflux
tubeas increases.In additionto dischargessimilar to thoseof Fig. 2, a few pointsavailable
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Figure 3:Densitydependenceof a) theintegratedion
currentto theouterdivertortargetandb) thepeakdi-
vertor density.Data are compiledfrom a multi-shot
database. Symbols have the following meaning:
■ zXpt = 57cm, ≈ 7, ▼ zXpt = 57cm, ≈ 3
▲ zXpt = 57cm, ≈ 6, ★, ◆ zXpt = 28cm, ≈ 2
■ ▼★, Ip = 340 kA,◆ ▲, Ip = 380 kA
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at high zXpt andhigherIp havealsobeenincluded.For both low andhigh , thedischarges
with high zXpt show the total ion currentdecreasingto low valuesat high density, behaviour
typical of completedetachment.The latter is observed at higher as decreasesor Ip

increaseswith muchhigherpeakdensitiesbeingattainedin thedivertorbeforedetachmentas
inputpowerincreases.At low zXpt, particularlyat Ip = 380kA, thepeakdivertordensitybehaves
roughlyin accordancewith thestandardtwo-pointmodelof theSOL [4] in which ∝ at
first then ∝ at high densitywhenhigh recyclingis attained.At lower Ip, themaximum
divertordensitypeaksat lower , aswould
be expectedfor lower , but the density
increasewith is strongerthan linear at
lower .

Figure 3 highlights some interesting
differences in divertor behaviour for
different input power and magnetic
geometry.At high zXpt and Ip =340 kA, the
total integratedion currentto theoutertarget
(Fig.3a)is higherat low , whilst thepeak
divertor density (Fig. 3b) appearsto be
independentof flux expansion(notethat the
peak will not alwaysoccuron the same
flux tube in the divertor). Given the lower
valuesof for low , this is not what
wouldbeexpectedfrom thetwo pointmodel
if theupstreampower flow is constantfor given . Targetdensityprofilesfor thetwo casesat
four times(or valuesof ) areshownin Fig. 4. The profiles aremappedto the midplaneto
betterillustratetheeffectsof flux expansion- thelatterclearlyhasastrongeffectontheprofile
shape.Before detachmentbegins,there is relatively good agreementbetweenmagnetically
computedstrikepointandtheprofilepeak.At high , detachmentpenetratesfurtherinto the
divertor fanandthereis alsofaint evidencefor somestructurein theprofile itself, not seenat
low . Profilesof areremarkablyflatandin therange10→ 15eV for bothflux expansion
casesat all but the lowest plasmadensitiesand of coursewhen detachmentoccurs.The
observations at lower Ip are not yet understood.Part of the difficulty is almost certainly
associatedwith low powercrossingthe separatrixat high density.At Ip = 380 kA, Thomson
scatteringmeasurementsmadejust insidetheseparatrix(at a radiuscorrespondingto 95%of
poloidal flux) show Te thereto remainroughly fixed with increasing , exceptat the very
highestdensities.In contrast,for Ip = 340kA, thetemperaturedecreasesfrom ≈ 50 eV at low
densityto only ≈ 20eV athighest . This is aconsequenceof anincreasingradiationfraction
(Fig. 2c) leadingto lower valuesof upstreamconductedpower.Underthesecircumstances,it
is unlikely that the conditionof for electronconductionto dominateparallel heat
transportis satisfiedand significant convectionmay occur, leading to departuresfrom the
expectations of two-point modelling.

ACKNOWLEDGMENTS
This work was partly supported by the Swiss National Science Foundation.

REFERENCES
[1] L. D. Horton et al., Nuclear Fusion39 (1999) 1
[2] A. Loarte et al., Nuclear Fusion38 (1998) 331
[3] G. F. Matthews et al., J. Nucl. Mater.241-243 (1997) 450
[4] C. S. Pitcher and P. C. Stangeby, Plasma Phys. Control. Fusion39 (1997) 779

f e
out

ne Lc
out

ne
div ne

ne
div ne

3

ne
Lc

out

ne
ne

f e
out

ne
div

Lc
out

f e
out

ne
ne

f e
out

f e
out Te

div

ne

ne

Te
up Te

div»

      
0

0.5

1

1.5

−10 0 10 20 30 40
0

0.5

1

1.5

Figure 4: Timevariationof targetdensityprofile mapped
to themidplanefor dischargeswith zXpt = 57cmandlow
and high . The vertical dashedlines indicate the
mean position of the outer wall.
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