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Recently, experimentaldatabecameavailableindicatingastrongrelationbetweenrota-
tion andconfinement.For example,in TFTR L-modeplasmasincreasedconfinementwas
observedfor bothstrongco-andstrongcounterrotation[1]. Also, velocityshearin general
is believedto play animportantrole in improvedconfinementregimes[2][3].

The mechanismbehindthe influenceof rotation,andmore importantly it’ s shear, on
transportis notclear. Theenergy confinementscalinglawsusedto predicttheperformance
of new fusionmachinesdonotaccountfor theeffectof rotation.In theexperimentreported
in thepresentpapertheinfluenceof �	� on energy transport.This is doneby controlling �
�
usingtheangularmomentuminput

�� � from neutralbeams.
After having establisheda relationbetweenthecentraltoroidal rotation �
��
���� and

�� � ,
theinfluenceof

�� � on theenergy confinementtime ��� is investigated.
Not only theeffect of rotationon transportis unclear. Thereis alsono comprehensive

theorypredictingtherotationprofile �
��
���� . Thereforewehavemeasuredtherotationprofile
in two distinct confinementregimes,and comparedthem to predictionsof the revisited
neoclassicaltheory(RNT) [4] [5].

Experimental Set-up

In TEXTOR-94(major radius ��� = 1.75 m, minor radius � = 0.46 m) two NB injectors
(NBIs) areavailable. Oneinjectsin the co direction(with respectto theplasmacurrent),
the other in the counterdirection. Both NBIs have a nominal power of 1.5 MW at an
acceleratorvoltage ���! of 50 kV. Thebeamscanbeoperatedwith hydrogen,deuteriumor
heliumgas.Theexperimentsdescribedin this paperall use" injectioninto a # plasma.

TheNB power inputcanbeadjustedin two ways.Firstly, �$�! canbechangedfrom 0 to
60 kV. Sinceionisationandchargeexchangecrosssectionsarestronglyenergy dependent,
this hasa severeimpacton thepower depositionprofile. Secondly, bothbeamshave a so-
calledV-target. This consistsof two cooledplatesin front of theneutralizerof which the
mutualdistancecanbevaried,controllingtheamountof injectedbeamparticles.Thisonly
hasa small impacton the power depositionprofile, andis thereforethe methodwe have
used.

The
�� � scanhasbeenperformedin L modedischarges,at two densitiesandtwo toroidal

magneticfields. During this scan,the input power waskeptconstant,whereastheratio co
to counterpower wasvaried.

�� � rangedfrom -0.9 Nm to 1.2 Nm, resultingin �
��
%��� to
rangefrom approx.-150km/sto +200km/s,respectively.



26th EPS CCFPP 1999 ; H.L.M.Widdershoven et al.: The Influence of Angular Momentum on Energy Confinement on t...

610

−1 −0.5& 0& 0.5 1' 1.5
Beam Angular Momentum Input [Nm](

−100

0

100

200

300

Ce
ntr

al 
To

ro
ida

l Io
n R

ota
tio

n V
elo

cit
y [

km
/s]

−1 −0.5& 0& 0.5 1' 1.5
Beam Angular Momentum Input [Nm](  0.70

 0.80

 0.90

 1.00

τ E/τ EIT
ER

89
L

a) b
*

Figure 1: Angular MomentumScan. a) The central toroidal rotation velocityof C+-, is
shownversustheangularmomentuminputbymeansof Neutral Beams.Theline is to guide
the eye. b) showsthe energy confinementtime, normalizedto the ITER89Lscaling law,
versustheangular momentuminput. Thered circlesfeature a density.0/214365�798;:�< m=?>
anda field @�AB1C3�DE3GF T, thebluediamondshave .0/H1C325?798 :�< m=?> and @�AI1C3�DEF T, and
thegreenrectangleshave.J/K1MLN5�798 :�< m=?> and @HAO1P3�DEF T.

The toroidal velocity is measuredusing the Charge eXchangeRecombinationSpec-
troscopy (CXRS) diagnostic. This diagnosticmeasuresthe spectrallines emittedby a
plasmaion species(a CQSR line wasusedhere). The width of the measuredspectralline
givestheion temperature.TheDopplershift is proportionalto theplasmarotation.For the
tangentialCXRSgeometrythis is T
A .

TheCX radiationis emittedonly in theregiondeterminedby theintersectionof theNBI
andtheline of sight.By choosingtheline of sightto betangentialto themagneticsurfacein
thisregion,aradialresolutionof 3-10cmis obtained,althoughthebeamwidthhasaFWHM
of 25 cm. Presently, 15 linesof sightareavailable,coveringtheregion UP1WVX7ZY�8\[]3?7ZY
^ cm.

Energy confinementand angular momentum input

Theresultsof amomentumscan(ataplasmacurrentof 350kA) areshown in figure1.
In figure 1a, T	A�_�8�` is plottedversus ab A . As expected,thereis a cleardependencebe-

tweenangularmomentuminput and the velocity. The dataavailablestrongly suggesta
linear dependence,asrepresentedby the line. This suggeststhat themomentumconfine-
menttime cdA doesnot varysignificantlywithin theinvestigated ab A range.Figure1b shows
theinfluenceof ab A on cde , wherecde is normalizedto theITER89Lmodescalinglaw. Three
observationscanbemadein thisgraph.Firstly, counterinjectiondegradestheconfinement.
Secondly, even in the bestcase(full co beam)c�e doesnot increasebeyond the predicted
confinementtime. Thirdly, thedirectionof the rotationis important.Theenergy confine-
menttime at T
Af14798G8 km/s is betterthanat T	Ag14h2798�8 km/s. Similar experimentswere
doneon TFTR [1], reportingadecreasein c�e with decreasingmomentuminput. However,
on TFTR an increasingcde at very high counterbeaminput wasalsoreported,aswell as
normalizedcde valuesabove one at strongbeampower. This hasnot beenobserved on
TEXTOR-94.

In figure 2, a discharge with dominatingcounterandonly co injection arecompared.
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Figure2: Timetracesof two dischargeswith oppositebeaminput. Black representsthefull
powerco-beamdischarge, redthealmostfull powercounterbeamdischarge. Theneutral
beamtiming is indicatedby therectangles.

Theonly differencebetweenthedischargeswas
�� � . Thedensity(fig. 2b) is in bothcases

equally low andthe ions andelectronsareonly weakly coupled. It canbe seenthat the
electrontemperaturediffers approx. 10%, whereasthe ion temperaturediffers 25%, the
highertemperaturesin the co injectioncase.This indicatesthat the major additionalloss
channelin thecaseof counterinjectionis via theions. This hasalsobeenindicatedby the
experimentson TFTR[1]. It shouldbenotedthat theco andcounterinjectioncasesshow
differentsawteeth.Thereforeit cannotbeconcludedwhethertheconfinementchangesare
relatedto achangein �	� or to thecurrentprofile.

Rotation profiles

Therotationprofilesof twodistinctconfinementregimeshavebeenmeasuredandcompared
to theory. Measurementsweredonein L modeandin anenhancedconfinementregime,the
Radiative Improved(RI) mode[6]. RI modeis obtainedin highdensity, additionallyheated
dischargeswith impurity seeding,resultingin a radiatingmantle.

For comparisonbetweenRI modeandL modetwo typical dischargesweretaken. The
dischargeswere,apartfrom the Neonpuff in the RI modecase,identical. Their velocity
profilesareshown in figure3, togetherwith theprofilespredictedby theRNT.

In thisfigure,acleardifferencein gradientbetweentheL-modeandRI mode�	� profile
canbeobserved. Comparedto theRNT, thegradientaswell asthesizeof �	� agreebetter
with theRI modedatathantheL modedatafor theregion outsidethe qsrut surface.The
RNT is expectednot to applyto thecentralsawtoothingregionof theplasma.Thefactthat
predictionsandRI modemeasurementsagreesowell implies thatanomaloustransportis
stronglysuppressedin RI mode.

A satisfactorymodelingof �
��
v�G� for bothcasesis givenin [7], whereit wasfoundthat
the L modeprofile wasdeterminedmainly by the anomalousviscosity, but that in the RI
modeRNT effectsbecomemoreimportantsincetheanomalousviscositydecreasesandthe
gradientsincrease.
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Figure 3: A L-modeand RI modetoroidal velocity profile compared with the Revisited
NeoclassicalTheory[4]. The curvesare to guide the eye. Note the large differencein
velocitygradientbetweentheL andRI modedischarge.

Discussion

A
�� � scanatTEXTOR-94did notshow animprovedconfinementbut insteadadeterioration

for the caseof counterinjection. Theseresultsare partly conflicting with resultsfound
elsewhere[1], whereat high rotationspeeds(bothco andcounter)increasedconfinement
was found. A reasonfor this might be that the achieved rotationspeedsare insufficient
to reachtheseconditions. This is dueto the availablebeampower. In the nearfuture, a
dynamicergodicdivertor(DED)[8] will beinstalledatTEXTOR-94.TheDED will beable
to exerta torqueon theplasmaandincreaserotation.

Comparisonof RNT predictionswith L andRI modemeasurementsshowed a better
agreementwith the lattercase.Takinganomalousviscosityin accounta bettercorrespon-
denceis obtainedin bothcases.[7].
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