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The role of plasmarotation in error field scalings
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Intr oduction

Errorfield driventearingmodescanaffect the large—scalestability of tokamakplasmas,
sometimedeadingto current—terminatinglisruptions. This is a key issuefor a “next—step”
tokamakas large devices may require correctionof error fields to accesdaselineoperating
scenariosCOMPASS-D5srole in errorfield studiesis importantasit is the smallestmachine
of suitablegeometryto carry out theseexperimentsthusproviding high—leveragedatafor the
scalinglaws. It is alsoequippedwith a uniquelyadaptablearrayof toroidalresonantmagnetic
perturbationRMP) barsallowing errorfieldswith a wide rangeof harmonicmixesto be sim-
ulated. andnew Dopplerspectroscop techniquesave beendevelopedto give furtherinsight
into COMPASS—Derrorfield physics.

Experiments

The experimentswere carriedout in
Ohmic SND plasmagqk ~ 1.6, g5 ~ 3.5)
with static RMP’s of mode numbersm =
2, n=1andm = 3, n =1 at toroidal
magneticfields between0.9and1.7 T and
line—arerageddensitiesbetweer?2 and8 x
10“m=3. For toroidal field scalingexper
iments,densityand B/, were kept con-
stant,to minimisevariationsin g,;. In the
densityscalingexperimentsB, andl, were
maintainedconstant. The RMP field was
steadily rampedup during dischagesand
modepenetratiorwasindicatedby sudden _%%
changesn B, anduv,, thetoroidalimpurity % 25
velocity (fig. 1). 7
Measurements 10

Plasmdlow, relativeto theerrorfield 0f L . R L
is a key factorin determiningwhetherand o0 M e _—
when magneticislandscan form. Impu-
rity ion flows, measuredy Dopplerspec-
troscopy, are generallyclosely coupledto
thebulk plasmaflow.
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10 m=3, 2,1RMP).

B3+ hasbeensuccessfullyusedin impurity fluid studieson COMPASS-D,COMPASS-C
andothertokamaksn thepast[1]. In COMPASS—-Dplasmasthe B3t emissiorshellis located
a few centimetrednsidethe last closedflux surfaceof the plasma. However, rotationat the
g = 2 rationalsurface,nearerto the coreof the plasmais of moreinterestin errorfield mode
experimentsasm = 2, n = 1 modesareusuallyformed. B3* is notideally suitedto diagnosing
rotation at this radial location, so an impurity ion with a higherionisationenegy, emitting
radiationfurther inside the plasmawould be preferable. Transportsimulationsindicatedthat
theemissionshellof Ar'3+in COMPASS—Dplasmass locatedcloserto theg = 2 surfacethan
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thatof B** . A “forbidden” transitionof Ar'** (2s*2p(*Py» —2 Py2)) at441.3nm, thoughtto
be previously unusedn tokamakplasmaspectroscop wassuitablefor measuremenisingthe
existing visible Dopplerspectrometers.Ar'3* | anintermediatdonisationstate,is short-lived
in the plasmaasit is lost throughionisationandradial transportprocessesA seriesof small
puffs of argon during the dischage was usedto maintaina sufficient signalfrom Ar'3+ for
rotationto bemeasured.
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Figure 2: CELESTE-2lines of sight through the plasmaand poloidal cross-sectionof a
COMRASS-Dplasma fromthe TOPEOLequilibriumcode

The CELESTE-2multichord spectrometef2], fig. 2, was usedfor high—resolution
Dopplermeasurementsf the Ar'3* and B3+ lines. The Ar'3* spectrumis affectedby line
blending,makingit necessaryo discardportionsof the spectrunbeforeattemptindine fitting.
The intensity of the blendedlines is obsered to increaseuponmode-lockingandthe Ar3+
intensitydecreaseffig. 1), which makesanalysisdifficult at this time of the dischage. This
may be dueto confinementegradationandenhancedadialimpurity transportin the presence
of amagnetidsland. This decreasés seenby all chords,soit cannotbe solelydueto achange
in the positionof theemissionshell. Whentheislandunlocksandspinsup, its width decreases
[3] andthe Ar!3* intensityincreasesgain.

Rotation scaling

Fitzpatrick[4] proposeda modelfor tearingmode—erroffield interactionsin cylindrical
geometrybasedn hydromagneticyiscousandresistve effects,characterisetly thetimescales
T, Ty andry respectrely. Thethresholdslandwidth for modepenetratioratr = r, (r, is the
radiusat which therationalsurfaceq = ¢, is centred)occurswhentheislandwidth reachesa
critical value,

1)

wherew is thenaturalrotationfrequeng (of theislandwith poloidalmodenumbermn), usually
approximatedy the electrondiamagnetidrequeny, w,.. In the caseof an Ohmically—heated
tokamakthesetimescalesnaybeexpressedn termsof basicgeometricandphysicsparameters
suchasR, a,T,, B, andg. T, is estimatedy assumingrofile constang andbalancingDhmic
heatingpower againstelectronenegy losseswhich introducesrz into the relation[4]. The
errorfield at penetratioris proportionalto ,.,,%, which leadsto a generalisedcalingrelation
dBpen/Bg ~ By*En®q* R*® g%,

Wpen < 1 2 ’7—H7/3’7—R5/6 ) e

—Wo
Ts m? Ty /6
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(a) Theory Wo = Wee wp explicit

T Scalingused: op o, op o, | oy
Neo—Alcator -0.87| 0.58 -1.67| 0.58| 1.0
LacknerGottardi -1.0 | 0.21] -1.83| 0.43| 1.0
ITER89-P -2.1 1 0.42) -1.83| 0.26| 1.0
(b) Fitsto experimentakesults:|| withoutw includingw

B4 scan -283| - ||-221| - |10
ne Scan - 0.89 - 0.55| 1.0

Table1: Predictedthreshold2,1 error field (B,.,/B,) scalingsat constant; and resultsob-
tained by regressionfits to experimentalvaluesfrom scansof B, (at constantB,/1,, similar
n.) andn, (atconstantBy, I,,).
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Figure3: (a) Thresholdapplied2,1 RMPfieldfor modepenetationvs. toroidal field at constant
By/I,, n.. (b) Ar®* and B** rotationchangesat modepenetation with 2,1and 3,1 applied
RMPsasa functionof equilibriumtoroidal field at constantB,/ I,,.

Tablel(a)shonsthepowerdependencesg, o, andq,, of toroidalfield, densityandrota-
tionrespectrely in thegeneralisedcalingrelation,derivedusingseveralwell-knowvn empirical
scalingsfor 7. In thefirst two columnsw,. (~ T./B,) is usedto replacew; in columns3-5
thetheoreticalscaling(~ wy) is retained.Resultsfrom fits to COMPASS—Ddataaresimilarly
presentedn tablel(b).

Fig. 3 shaws the dependencen toroidal field of Awv, the toroidal rotationchangeseen
betweenthe first applyingthe RMP and mode penetration. The strongdependenceffers a
possibleexplanationfor someof the discrepang betweenCOMPASS-D’s obsenedstrong2,1
penetratiorthresholdscalingwith
toroidal field (3;2'8 obtainedby regressionfit) andthe behaiour of larger tokamaks(JET:
B;'?, DII-D: B;'?)[5] aswell asscalinglaw predictions(B;**~~*"). However, whenw,.
is replacedby the measuredB3* rotation changebetweenfirst applicationof the RMP and
modepenetratiorandaregressiorfit of (B,.,,/B,)/w to B, is done thereis a closeragreement
betweernthe predictedthresholderror field scalingwith B, andthe experimentalvalue. This
impliesthat COMPASS—Drotationbehaiour doesnotobey thew, = w,. scaling.
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Figure4: (a) B*T (©) and Ar'3t (+) velocity (with velocitybefole RMP switch—ontaken as
zeo refeencefor both)vs. timeat 1.1and 1.7 T with ramped2,1 appliedRMR similar to that

offig. 1. (b) B*™ and Ar'3* velocitiesvs.timeat 1.1 T with 2,1and3,1 RMP’s applied.

Dynamic effects

The majority of the rotation changeat modepenetrations obsened beforethe growth
of theislandis indicatedby magneticdiagnosticqfig. 1). Thedifferencebetweertherotation
behaiour at1.1and1.7 T with 2,1 RMP’sis furtherillustratedby the Ar'3* measurements
fig. 4(a). A rapidchangen both B3+ (nearq = 3) and Ar'3* (nearery = 2) rotationis seerno
accompap penetratiorat1.1T. At 1.7T the B3+ velocityremainssteadywhilst Ar'3* rotation
changeselatively slowvly asthe RMP level is increasedn time . Penetrations accompaniedby
anabruptchangen the B3 rotation. Thus2,1 RMP’s appeatto have similar effectson B3*
and Ar'3+ atlow toroidalfields, but significantlydifferentonesat high fields.

The helicity of the appliedRMP field alsoaffectsthe rotationprior to penetration.n all
casesgvenwhena 3,1 RMP is applied,theresultingmodehasa 2,1 structure.Fig. 4(b) showvs
thatrotationof both Ar'3+ and B3* is affectedmuchearlierby the 3,1 field asit is rampedup
thanby the2,1field, whichmaybeevidenceof 3,1RMP’s couplingto theq = 2 surface slowing
theresonany = 3 andalsoq = 2, enablingmodeformationfrom residual2,1 components.
Conclusion

The strongtoroidalfield scalingobsernedin COMPASS-Derrorfield thresholdgcom-
paredto larger tokamaks)appeardo be associatedvith changesn rotationbehaiour. New
Ar3*t measurementshawv significantvariationof error field—driven rotation effects with tor-
oidal field. This raisesquestionsfor scalingto next stepdevices, highlighting uncertainties
associatedvith rotationin predictionsfrom empiricalscalings.Furtherstudieson COMPASS—
D andonlargerdeviceswith controlledrotationwould improve the understanding.
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