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Intr oduction
Error–field driventearingmodescanaffect thelarge–scalestability of tokamakplasmas,

sometimesleadingto current–terminatingdisruptions. This is a key issuefor a “next–step”
tokamakas large devices may requirecorrectionof error fields to accessbaselineoperating
scenarios.COMPASS–D’s role in errorfield studiesis importantasit is thesmallestmachine
of suitablegeometryto carryout theseexperiments,thusproviding high–leveragedatafor the
scalinglaws. It is alsoequippedwith a uniquelyadaptablearrayof toroidalresonantmagnetic
perturbation(RMP) barsallowing errorfieldswith a wide rangeof harmonicmixesto besim-
ulated.andnew Dopplerspectroscopy techniqueshave beendevelopedto give further insight
into COMPASS–Derrorfield physics.

Experiments
The experimentswerecarriedout in

Ohmic SND plasmas( ��� 1.6, ���	�
� 3.5)
with static RMP’s of modenumbersm =
2, n = 1 and m = 3, n = 1 at toroidal
magneticfieldsbetween0.9 and1.7 T and
line–averageddensitiesbetween2 and8 �
10� ��
���� . For toroidal field scalingexper-
iments,densityand ��������� werekept con-
stant,to minimisevariationsin ����� � . In the
densityscalingexperiments�!� and ��� were
maintainedconstant. The RMP field was
steadily rampedup during dischargesand
modepenetrationwasindicatedby sudden
changesin ��" and #�� , thetoroidalimpurity
velocity (fig. 1).
Measurements

Plasmaflow, relativeto theerrorfield
is a key factor in determiningwhetherand
when magneticislandscan form. Impu-
rity ion flows, measuredby Dopplerspec-
troscopy, are generallyclosely coupledto
thebulk plasmaflow.
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Figure1: Ar � �'& intensity, RMPcurrent,edge��" and # �)( *+" ,.-0/ vs. timefor shot26851(SND
plasma,�!� = 1.1T, ��� = 130kA, 132 = 2.3 �
10 � � m��� , 2,1RMP).

B �'& hasbeensuccessfullyusedin impurity fluid studiesonCOMPASS–D,COMPASS–C
andothertokamaksin thepast[1]. In COMPASS–Dplasmas,the B �'& emissionshellis located
a few centimetresinside the last closedflux surfaceof the plasma. However, rotationat the�5476 rationalsurface,nearerto thecoreof theplasmais of moreinterestin errorfield mode
experiments,asm = 2, n = 1 modesareusuallyformed. B �'& is not ideallysuitedto diagnosing
rotation at this radial location, so an impurity ion with a higher ionisationenergy, emitting
radiationfurther insidethe plasmawould be preferable.Transportsimulationsindicatedthat
theemissionshellof Ar � �'& in COMPASS–Dplasmasis locatedcloserto the �8496 surfacethan
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thatof B �'& . A “forbidden” transitionof Ar � �'& ( 6;:=<>6@?BA0<DC �FEG<IH <JC � EG< K ) at441.3nm,thoughtto
bepreviouslyunusedin tokamakplasmaspectroscopy, wassuitablefor measurementusingthe
existing visible Dopplerspectrometers.Ar � �'& , anintermediateionisationstate,is short-lived
in the plasmaasit is lost throughionisationandradial transportprocesses.A seriesof small
puffs of argon during the discharge wasusedto maintaina sufficient signal from Ar � �'& for
rotationto bemeasured.
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COMPASS-D Error Field Experiments

• Good Doppler spectroscopy
and magnetic diagnostics

toroidal
bars
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Figure 2: CELESTE-2lines of sight through the plasmaand poloidal cross-sectionof a
COMPASS–Dplasma,fromtheTOPEOLequilibriumcode.

The CELESTE–2multichord spectrometer[2], fig. 2, was usedfor high–resolution
Dopplermeasurementsof the Ar � �'& and B �'& lines. The Ar � �'& spectrumis affectedby line
blending,makingit necessaryto discardportionsof thespectrumbeforeattemptingline fitting.
The intensityof the blendedlines is observed to increaseuponmode-lockingandthe Ar � �'&
intensitydecreases(fig. 1), which makesanalysisdifficult at this time of the discharge. This
maybedueto confinementdegradationandenhancedradial impurity transportin thepresence
of amagneticisland.Thisdecreaseis seenby all chords,soit cannotbesolelydueto achange
in thepositionof theemissionshell.Whentheislandunlocksandspinsup, its width decreases
[3] andthe Ar � �'& intensityincreasesagain.
Rotation scaling

Fitzpatrick[4] proposeda modelfor tearingmode–errorfield interactionsin cylindrical
geometrybasedonhydromagnetic,viscousandresistiveeffects,characterisedby thetimescales^�_ , ^�` and ^�a respectively. Thethresholdislandwidth for modepenetrationat b84cb)d ( b)d is the
radiusat which therationalsurface �e4f�=d is centred)occurswhenthe islandwidth reachesa
critical value, g �>2Fhb)d � ikj
 <�lnm < ^=_po E � ^=a � EGq^�` o EGq r �FEts

(1)

wherelnm is thenaturalrotationfrequency (of theislandwith poloidalmodenumber
 ), usually
approximatedby theelectrondiamagneticfrequency, lvu 2 . In thecaseof anOhmically–heated
tokamakthesetimescalesmaybeexpressedin termsof basicgeometricandphysicsparameters
suchas wyxDz{x�|J2>xD�!� and � . |32 is estimatedby assumingprofileconstancy andbalancingOhmic
heatingpower againstelectronenergy losses,which introduceŝ�} into the relation [4]. The
errorfield at penetrationis proportionalto

g �>2Fh < , which leadsto a generalisedscalingrelation~ ���>2Fh����!������������1 �)� � �=� w ��� z �=� .
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(a) Theory lnm��clvu 2 lnm explicit^�} scalingused: �n� ��h �B� �Ih ���
Neo–Alcator -0.87 0.58 -1.67 0.58 1.0
Lackner–Gottardi -1.0 0.21 -1.83 0.43 1.0
ITER89-P -2.1 0.42 -1.83 0.26 1.0

(b) Fits to experimentalresults: without l including l��� scan -2.83 - -2.21 - 1.01J2 scan - 0.89 - 0.55 1.0

Table1: Predictedthreshold2,1 error field ( �p�@2�h����!� ) scalingsat constant� and resultsob-
tainedby regressionfits to experimentalvaluesfrom scansof �!� (at constant�!������� , similar132 ) and 1J2 (at constant�!��x���� ).
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Figure3: (a) Thresholdapplied2,1RMPfieldfor modepenetrationvs. toroidal fieldat constant�!����� � , 1J2 . (b) Ar � �'& and B�'& rotationchangesat modepenetration with 2,1and3,1applied
RMPsasa functionof equilibriumtoroidal fieldat constant��������� .

Table1(a)showsthepowerdependences�B� , ��h and ��� of toroidalfield,densityandrota-
tion respectively in thegeneralisedscalingrelation,derivedusingseveralwell–knownempirical
scalingsfor ^�} . In thefirst two columns,l�u 2 ( ��|32����!� ) is usedto replacelnm ; in columns3-5
thetheoreticalscaling( � lnm ) is retained.Resultsfrom fits to COMPASS–Ddataaresimilarly
presentedin table1(b).

Fig. 3 shows the dependenceon toroidal field of �
# , the toroidal rotationchangeseen
betweenthe first applying the RMP and modepenetration.The strongdependenceoffers a
possibleexplanationfor someof thediscrepancy betweenCOMPASS–D’s observedstrong2,1
penetrationthresholdscalingwith
toroidal field ( � � <�� �� obtainedby regressionfit) and the behaviour of larger tokamaks(JET:� � �	� <� , DIII-D: � � �	� m� )[5] aswell asscalinglaw predictions( � � m � �'��� <����� ). However, when l�u 2is replacedby the measuredB �'& rotationchangebetweenfirst applicationof the RMP and
modepenetrationandaregressionfit of AF���>2Fh������ K � l to �!� is done,thereis acloseragreement
betweenthe predictedthresholderror field scalingwith �!� andthe experimentalvalue. This
impliesthatCOMPASS–Drotationbehaviour doesnotobey the lnm 4 lvu 2 scaling.
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Figure4: (a) B�'& ( � ) and Ar � �'& (+) velocity(with velocitybefore RMPswitch–ontakenas
zero referencefor both)vs. timeat 1.1and1.7T with ramped2,1appliedRMP, similar to that
of fig. 1. (b) B�'& and Ar � �'& velocitiesvs. timeat 1.1T with 2,1and3,1RMP’sapplied.

Dynamic effects
The majority of the rotationchangeat modepenetrationis observed beforethe growth

of theislandis indicatedby magneticdiagnostics(fig. 1). Thedifferencebetweentherotation
behaviour at 1.1and1.7T with 2,1RMP’s is furtherillustratedby the Ar � �'& measurementsin
fig. 4(a).A rapidchangein both B �'& (near��49� ) and Ar � �'& (nearer��4�6 ) rotationis seento
accompany penetrationat1.1T. At 1.7T the B �'& velocityremainssteadywhilst Ar � �'& rotation
changesrelatively slowly astheRMPlevel is increasedin time. Penetrationis accompaniedby
anabruptchangein the B �'& rotation. Thus2,1 RMP’s appearto have similar effectson B �'&
and Ar � �'& at low toroidalfields,but significantlydifferentonesat highfields.

Thehelicity of theappliedRMP field alsoaffectstherotationprior to penetration.In all
cases,evenwhena3,1RMP is applied,theresultingmodehasa 2,1structure.Fig. 4(b) shows
thatrotationof both Ar � �'& and B �'& is affectedmuchearlierby the3,1field asit is rampedup
thanby the2,1field,whichmaybeevidenceof 3,1RMP’scouplingto theq = 2 surface,slowing
theresonant�84c� andalso ��4�6 , enablingmodeformationfrom residual2,1components.
Conclusion

The strongtoroidal field scalingobserved in COMPASS–Derror field thresholds(com-
paredto larger tokamaks)appearsto be associatedwith changesin rotationbehaviour. New
Ar � �'& measurementsshow significantvariationof error field–driven rotationeffectswith tor-
oidal field. This raisesquestionsfor scalingto next stepdevices, highlighting uncertainties
associatedwith rotationin predictionsfrom empiricalscalings.FurtherstudiesonCOMPASS–
D andon largerdeviceswith controlledrotationwould improvetheunderstanding.
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