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Abstract. Resultsof stabilizationof neoclassicaltearingmodes(NTMs) with electroncyclotron current
drive (ECCD) in JT-60U aredescribedwith the emphasison effective stabilization: (1) identi�cation of the
minimumelectroncyclotron(EC)wavepower for completestabilization,(2) stabilizationby modulatedECCD
in synchronizationwith moderotation,(3) modellingof NTM behavior usingthemodi�ed Rutherfordequation
(MRE) and comparisonof the coef�cients in the MRE betweenJT-60U and ASDEX-U. For unmodulated
ECCD, minimum EC wave power for completestabilizationof an m=n= 2=1 NTM hasbeenexperimentally
identi�ed as0.2< jEC=jBS< 0.4for Wsat=dEC� 3 andWsat=Wmarg� 2, and0.35< jEC=jBS< 0.46for Wsat=dEC� 1.5
andWsat=Wmarg� 2. Here,m andn arepoloidalandtoroidalmodenumbers;jEC and jBS areEC-drivencurrent
densityandbootstrapcurrentdensityat the moderationalsurface;Wsat, Wmarg anddEC arefull islandwidth
at saturation,marginal islandwidth at which theislandspontaneouslydecaysandfull width at half maximum
of ECCD pro�le, respectively. Stabilizationof a 2=1 NTM with modulatedECCD in synchronizationwith
moderotationat about5 kHz hasbeenperformed. It hasbeenexperimentallyfound that modulatedECCD
hasabouttwice strongerstabilizationeffect thanunmodulatedECCDfor O-pointECCD.Degradationof the
stabilizationeffect hasbeenobserved as the phasedifferencebetweenthe modulatedECCD and islandO-
point increases.For modulationoutof phase,whichcorrespondsto X-point ECCD,NTM amplitudeincreased,
showing destabilizationeffect. In addition,evolution of magneticislandassociatedwith anm=n = 3=2 NTM
hasbeencomparedin JT-60U andASDEX-U basedon the modi�ed Rutherfordequation.It hasbeenfound
that the valueof the coef�cient describingthe contribution from bootstrapcurrentis in the orderof unity in
bothdevices.

1. Intr oduction

To sustaina high-betaplasmawith positive magneticshear, for examplethe ITER standardopera-
tion andHybrid operation,controlof NTMs is essentialsincethey degradeplasmaperformanceand
sometimescausedisruption. In particular, an NTM with the poloidal modenumberm = 2 andthe
toroidalmodenumbern= 1 is neededto besuppressedsinceits effectonplasmais serious:asshown
later, thedegradationof thebetavaluetypically 30-50%in JT-60Uexperiments.

In JT-60U, two scenariosfor NTM suppressionhave beendeveloped.Onescenariois NTM avoid-
ance,wherethe onsetof NTM is avoidedby optimizing currentandpressurepro�les. In previous
JT-60U experiments,long-durationsustainmentof high-betaplasmawasdemonstrated[1, 2]. Al-
thoughthis scenariois advantageousin thatonly neutralbeam(NB) is required,theoptimizationis
not necessarilyconsistentwith otherfactorssuchascurrentdrive. Theotherscenariois stabilization
by localizedcurrentdrive. NTM stabilizationusingEC wave is consideredto bemostpromisingdue
to its ability of highly localizedcurrentdrive. In JT-60U, experimenton NTM stabilizationusing
ECCDhasbeenperformedsincetheinstallationof the�rst gyrotronin 1999,andseveral innovative
stabilizationtechniqueshavebeendemonstratedsuchasstabilizationby real-timesteeringof ECmir-
ror [3], preemptivestabilization[4] etc. In addition,simulationof NTM evolutionusingtheTOPICS
codehasbeenalsoperformed[5–7], andtheislandevolutionwasreproducedby determiningtheun-
derminedcoef�cients from experimentaldata.However, detailedresearchon effective stabilization,
which is animportantissuealsoin ITER, wasremainedasfuturework.

This paperdescribesresultsof active control of an m=n = 2=1 NTM using localizedECCD at the
modelocationin JT-60U andcomparative studyof NTM simulationusingthemodi�ed Rutherford
equationin JT-60UandASDEX-U. In Section2, resultof theidenti�cation of theminimumrequired
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FIG. 1. Typical discharge for a 2=1 NTM stabiliza-
tion with ECCD : (a) injection powerof NB (PNB)
and EC wave(PEC), (b) Normalizedbeta(bN) and
intensityof Da line, (c) frequencyspectrumof mag-
neticperturbation,and (d) contourplot of electron
temperature perturbations.At t = 9:5 s. the island
centeris locatedat R� 3:65 m(r � 0:6).

EC wave power to completelystabilizea 2=1 NTM is described.In expedients,theminimumpower
in two differentregimeswith the toroidal magnetic�eld of 3.7 T and1.7 T, hasbeeninvestigated.
In Section3, resultof NTM stabilizationwith modulatedECCDis described.EC wave power was
modulatedin synchronizationwith themoderotationfrequency (� 5 kHz). Effect of thephasedif-
ferencebetweenmagneticperturbationsandmodulatedEC wave hasbeeninvestigated.Comparison
with unmodulatedECCDis alsodescribed.In Section4, resultof comparative studyof a 3=2 NTM
in JT-60UandASDEX-U is described.And �nally , summaryof thispaperis describedin Section5.

2. Minimum EC WavePower for CompleteStabilization

As shown in theprevioussection,NTM stabilizationusingECCDhasbeenextensively preformedin
JT-60U.However, asin otherdevices,NTMs wereoverstabilizedin mostcases,whereECwavepower
waslargerthantheminimumrequiredpower. AlthoughNTMs shouldbestabilizedwith lessECwave
power in ITER, it is still uncertainhow muchEC wave power is requiredat the minimum. Thus,
identi�cation of theminimumrequiredECwavepoweris animportantissue.To clarify theminimum
requiredpower, stabilizationof anm=n = 2=1 NTM with reducedECwavepowerwasperformed.A
partof theseexperimentswasdoneremotelyfrom Max-Planck-Institutfür Plasmaphysik(IPP)using
a newly developedremoteexperimentsystem,whereexperimentalconditionwassetat IPPandsent
to theJT-60controlroomunderhighsecurity[8].

Experimentswereperformedin two differentregimeswith differenttoroidal �eld at 3.7T (`case1')
and1.7 T (`case2'). Typical waveform of the experimentat high �eld (case1) is shown in Fig. 1,
whereplasmacurrentIp = 1:5 MA, toroidal �eld Bt = 3:7 T, safetyfactorat 95%�ux surfaceq95 =
4:1, majorradiusR= 3:18m, minor radiusa = 0:80m, triangularityat theseparatrixdx = 0:20. The
toroidal �eld was�x ed in time throughoutthis andall otherdischarges. In this seriesof discharge,
neutralbeamsof about25 MW wasinjectedandthe normalizedbetabN increasedto about2. An
NTM with m=n = 2=1 appearedat t � 5.7 s, andthe valueof bN decreasesto about1.4. Sincethe
modelockedsoonaftertheonset,thebehavior is not clearfrom thefrequency spectrumin Fig. 1(c).
At t = 7 s, NB power was decreasedand the direction of the tangentialNBs was changedfrom
balancedinjection to counterinjection to raisethemodefrequency. The2=1 NTM startedto rotate
in thecounterdirectionat t = 7:5 s, andthemodefrequency saturatedat about4-5 kHz asshown in
Fig. 1(c). Electroncyclotron wave with the frequency of 110 GHz wasinjectedat t = 9:5 s by up
to 3 gyrotrons. By changingthe power andcombinationof the gyrotrons,variousinjection power
becomespossible.Injectionangleof EC wave, i.e. ECCDlocation,was�x ed during theECCD in
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FIG. 2. Plasmacrosssectionfor (a) case1 (Bt = 3:7 T) and (b) case2 (1.7 T). (c) Top view of plasma
con�guration for thecase1.
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FIG. 3. Temporal evolution of magnetic perturbationamplitudenear the thresholdEC power for
(a) case1 and(b) case2.

all dischargesaftertheoptimuminjectionanglewasdetermined.Temporalevolutionof thestructure
of magneticislandmeasuredwith electroncyclotron emission(ECE) radiometerwith the channel
separationof about2 cm, which correspondsto � 0.02in thevolumeaveragedminor radius(r ), is
shown in Fig. 1(d). Thetwo bright peakscorrespondto theseparatrixof of the island,andthedark
region betweenthe two peakscorrespondto thecenterof the island. Note that in this discharge the
majorradiuswasshiftedinwardby 4 cm at t = 8.0-8.5s. Theshift is clearlyseenin thecontourplot.
As shown in this �gure, thecenterpositionof magneticislandis unchangedduring theECCD,and
shot-to-shotdifferenceof theislandcenteris lessthanthechannelseparationof theECEradiometer.
Themodelocation,r s, is about0.6,andthefull islandwidth beforeECCD,Wsat, is 0.12(Thevalue
is normalizedby theplasmaminor radius.).After theECCD,thedistancebetweenthetwo peaksin
Fig. 1(d), which correspondsto the full islandwidth, decreases,andthe 2=1 NTM wascompletely
stabilizedat t = 12:0 s.

Similar experimentsweredoneat lower �eld with the secondharmonicX-modeECCD (`case2').
Typical plasmaparametersare as follows: Ip = 0:85 MA, Bt = 1:7 T, R = 3:38 m, a = 0:88 m,
q95 = 3:5, dx = 0:37. Discharge scenariois similar to the case1: an m=n = 2=1 NTM was �rst
destabilizedat bN � 3 by high-power NB, andthenthepower wassteppeddown to 1.5. Thevalues
of r s andWsat are� 0:6 and0.15,respectively.

Plasmacon�gurationsof thetwo dischargeregimesareshown in Figs.2(a)and2(b). Thecold reso-
nancesurfaceof 110GHzECwavewith thefundamentalO-modeandthesecondharmonicX-mode
is locatedat3.02and2.95m in thecon�guration,respectively. SincetheECwave is injectedtangen-
tially to the �ux surface,narrow ECCDdepositionwidth is obtained.Thepoloidal injectionangles
for thecase1 and2 are16� and13� , respectively (Theangleis asthedepressionangle).Thetoroidal
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case1 case2
Ip [MA]/ Bt [T] 1.5/ 3.7 0.85/ 1.7

bonset
N � 2 � 3
b sat

N 0.9 1.5
bmarg

N 0.4 0.8
Wsat 0.12 0.15

Wmarg 0.06 0.08
dEC 0.08 0.05

( jEC=jBS)min 0.35–0.46 0.2–0.4

TABLE1. Parameters for for thetwocon�g-
urations. Thevaluesof Wsat, Wmarg anddEC
are normalizedby theplasmaminor radius.
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FIG. 4. Magnetic perturbation amplitude after
ECCDnormalizedby that before ECCDfor different
ECCDlocations.

injectionangleis � 22� in thesecon�gurations.Pro�le andamountof EC-drivencurrentwerecalcu-
latedby aFokker-Planckcode,EC-Hamamatsu.Thefull-width athalf maximumof ECCDdeposition
width, dEC, is 0.08for thecase1 and0.05for thecase2.

Figure3showstemporalevolutionof magneticperturbationamplitude,B̃, neartheminimumECwave
power for completestabilization.For thecase1, while the2=1 modewascompletelystabilizedfor
ECwavepowerPEC= 1.3MW, it wasnotcompletelystabilizedfor PEC= 1.0MW. Thus,theminimum
EC wave power is locatedbetween1.0 and1.3 MW in this experimentalcondition. For thecase2,
the stabilizationeffect becomesweakwith decreasingEC wave power, andcompletestabilization
wasnot achievedfor PEC= 0.3 MW. Thus,theminimumEC wave power is locatedbetween0.3and
0.5MW in thisexperimentalcondition.

It canbe seenfrom both experimentalregimesthat the islandevolution is similar: the island �rst
decaysandthenslowsdownand�nally rapidlydecays.Thebehavior is consistentwith thedescription
of the modi�ed Rutherfordequation,and it was also observed in previous NTM experiments[7].
The width at which the �nal rapiddecaybegins is referredto asthemarginal islandwidth (the full
width of themarginal islandwidth is describedasWmarg hereafter),andcross-machinecomparisonof
Wmarg of anm=n = 3=2 NTM wasdonebefore[9]. In Fig. 3, B̃ reachingthemarginal islandwidth
correspondsto � 1:2 for thecase1 and� 1:8 for thecase2, which correspondto Wmarg = 0.06and
0.08, respectively. The marginal islandwidth canbe alsoestimatedroughly by steppingdown the
NB power andinvestigatingthe betavalueat which the NTM spontaneousdecays.For the case1
and2, themarginal bN value,bmarg

N , is 0.4 and0.8, respectively. By assumingthat the islandwidth
is proportionalto the betavalue,which is reasonableassumptionfor NTM, this result is roughly
consistentwith theresultof theabovemarginal islandwidth.

In NTM stabilizationwith ECCD, the ratio of EC-driven currentdensity( jEC) to bootstrapcurrent
density( jBS) at themoderationalsurfaceis an importantparameter. In addition,ECCDdeposition
width with respectto the marginal islandwidth is anotherimportantparameterbecauseEC-driven
currentinsidetheislandO-pointdecreasesastheNTM is stabilizedif ECCDdepositionwidth is com-
parableor wider thanthemarginal islandwidth, whichis thecasefor mostexperimentalconditionsin
JT-60U andalsoin ITER. Accordingto theresultsfrom ACCOMEandEC-Hamamatsucodecalcu-
lations,Therangeof thevalueof jEC=jBS 0.35< jEC=jBS< 0.46for thecase1 and0.2< jEC=jBS< 0.4
for the case2. In previous JT-60U experiments,an m=n= 2=1 NTM wascompletelystabilizedat
jEC=jBS = 0:5 with fundamentalO-modeECCD,but theminimumvalueof requiredEC-drivencur-
rent could not be identi�ed [7]. The previous result is consistentwith the above new result. The
parametersin thesetwo regimesaresummarizedin Table1.

SincetheECCDdepositionwidth with respectto thesaturatedislandwidth is differentbetweenthe
two operationregimes,theeffectof misalignmentonNTM wasalsoinvestigated.Althoughtheeffect



5 EX/5-4

9 9
 
.

 
5 1

 
0 1

 
0

 
.

 
5

t
 
i

 
m

 
e

 
 

 
[

 
s

 
]

0

2

4

6

8
0

1
F 

r
 

e
 

q
 

u
 

e
 

n
 

c
 

y
 

 
 

[
 

k
 

H
 

z
 

]
P

g
 

y
 

r 
 

[
 

a
 

r
 

b
 

]
E
 

0
 

4
 

9
 

5
 

7
 

8
(
 
a

 
)

(
 
b

 
)

FIG. 5. Typical discharge of NTM stabilization
with modulatedECCD. (a) Power from a gyrotron
(Pgyr), (b) frequencyspectrumof magneticperturba-
tions. Magneticprobesignal ( �B), trigger signal at
the gyrotron (Itrig) and power from the gyrotron at
(c) t = 9.65sand(d) 10.2s.
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of ECCD depositionwidth on NTM stabilizationwaspreviously investigatedby TOPICSsimula-
tion [7], experimentalveri�cation hasnotbeenperformedyet. Figure4 showsamplitudeof magnetic
perturbationafterECCDasa functionof ECCDlocationrelative to themoderationalsurface. The
valueof the vertical axis is normalizedto magneticperturbationamplitudebeforeECCD, andthe
valueof thehorizontalaxisis normalizedby dEC. Theclosedsymbolscorrespondto thecase1, and
theopensymbolscorrespondto thecase2. In bothcases,jEC=jBS� 1 andWsat=Wmarg� 2. It canbe
seenthatsimilarV-shapepro�le is obtainedfor bothcases.It is alsofoundthatthedependenceof the
stabilizationeffect on misalignmentbecomessimilar by usingthenormalizedparameterwhile with-
out thenormalization,allowablemisalignmentdecreaseswith decreasingECCDdepositionwidth.

3. Stabilization of 2=1 NTM by Modulated ECCD

Stabilizationof NTMs with modulatedECCDis thoughtto bemoreeffective thanwith unmodulated
ECCD.In experiments,stabilizationof anm=n = 3=2 NTM by modulatedsecondharmonicX-mode
EC wave waspreviously performedin ASDEX-U [10,11]. Sinceaddinganability to modulateEC
wave at several kHz imposessigni�cant changesin designinggyrotrons,it is importantto perform
stabilizationof a moredangerous2=1 NTM andclarify whethermodulatedECCDis actuallymore
effective andhow muchthe superiorityis. In addition, issuesin performingthe modulatedECCD
shouldbeclari�ed in orderto makeNTM stabilizationin ITER reliable.

In JT-60U experiments,power modulationat several tensof Hz hasbeendoneto investigateheat
wavepropagationsincetheinitial phaseof the�rst gyrotronoperation[12]. Althoughthemodulation
frequency hadbeenincreasedyearby year, the EC wave wasnot injectedto a plasmabecausethe
frequency is ratherlow for NTM stabilizationexperiments,wheremodulationfrequency of about
5 kHz is required.In 2008,thecontrolsystemof gyrotronswasmodi�ed to achievehighermodulation
frequency up to � 7 kHz, and fast power down at eachpower modulation[13]. To synchronize
the EC wave with NTM rotation,signal from a magneticprobewassentto the control systemof
gyrotrons.Themagneticprobeis located13.5� below thehorizontalmidplaneand87� apartfrom the
EC antennain thetoroidaldirection(SeeFig. 2(c)). Thetoroidalanglebetweenthemagneticprobe
andtheintersectionof theECray trajectoryandthecold resonancesurfaceis about78� .

In theseexperiments,themodefrequency aswell asthemodelocationstaysalmostconstantin the
steadystatephase(t � 9 s in this dischargecondition;seeFig. 1 for example).However, in general,
modefrequency canchangein time. In themodulationsystem,modefrequency is monitoredin real
time, andthetriggersignalfor themodulationis generatedaccordingly[13]. Theeffectivenesswas
experimentallydemonstratedasshown in Fig. 5, whereplasmacon�gurationanddischargescenario
arethesameasin Fig. 1. In this discharge,themodefrequency changedfrom 4.3 to 6.1kHz during
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FIG. 6. Temporal evolutionof magneticperturbationamplitude, EC wavepower, magneticprobesignal
andgyrotron powerfor (a) 0� , (b) 90 � and180� phasedifferences.

ECCD.As canbeseenin this �gure, thetriggersignalwassuccessfullygeneratedin synchronization
with themagneticperturbations.Notethatin themodulationsystemthetriggersignalis generatedby
taking into accountthedelaytime of theactualpower down from the trigger. In this discharge, the
2=1 NTM wascompletelystabilizedat t = 10:4 s.

In modulatingECCD,phasedifferencebetweenmodulatedECwaveandmagneticperturbationsignal
is important: stabilizationeffect reachesthe maximumwhenthe phasedifferenceis the onecorre-
spondingto O-pointECCD;stabilizationeffectweakensandevenbecomesnegative(i.e. destabiliza-
tion) asthe phasedifferenceincreases.Althoughcalculationof the stabilizationeffect canbe done
basedonanumericalmodel,experimentalveri�cation is essentialto makeabetterpredictionof NTM
stabilizationin ITER. To investigatetheeffect of the phasedifference,thedelaytime wasscanned.
Figure6 shows temporalevolution of magneticperturbationamplitudefor the phasedifferencesof
0� , 90� and180� . Note that thevalueof thephasedifferenceis de�ned just asthephasedifference
betweentheraw signals.The injectedpower of EC wave from gyrotron#3 and#2 is both0.6 MW.
Thepower is modulatedas0-100%for #3and20-100%for #2with respectto thepeakpower. (Note
that the EC wave power in the top �gures of Fig. 6 doesnot re�ect the real waveform dueto slow
datasampling.).Duty cycle of themodulatedECCDis 50%,that is, 50%on-timeand50%off-time
asshown in this �gure. For the0� case,stabilizationeffect is seenduringECCD,andthemagnetic
perturbationamplitudeincreasesaftertheturnoff of theEC wave injection.For the90� caseno clear
effect of ECCDis seen.As shown in theexpandedwaveformsof themagneticperturbationandEC
wave, thephaseof modulationis actuallyshiftedasexpected.And for the180� case,themagnetic
perturbationamplitudeslightly increases,and it decreasesafter the turnoff the EC wave injection,
showing a destabilizationeffect.

Figure7 shows thedependenceof theinitial decaytime, t decay, on thephasedifferencearoundzero.
Here,t decaywasobtainedby �tting themagneticperturbationamplitudeas� exp[� t=t decay] by using
the initial 300msdatafrom thestartof modulationin orderto seetheECCDeffect alone.As seen
from this �gure, the decaytime reacha minimum at about � 10� , which correspondsto O-point
ECCD. For unmodulatedECCD with the samepeakpower, the decaytime is about4 s, which is
muchlargerthantheabovecases,showing thesuperiorityof modulatedECCDat (or near)theisland
O-point.Theoffsetof theminimumphasedifferencecanbeexplainedby thedifferencein thetoroidal
andpoloidalanglesbetweenthe ECCDlocationandthemagneticprobeby taking into accountthe
phasevariationby nj + mq with j � 78� , q � 120+ 13:5� , m = 2 andn = 1. Similar example
showing the superiorityof O-point ECCD is shown in Fig. 8. In this discharge, modulatedECCD
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FIG. 7. Dependenceof decaytimeof magnetic
perturbationamplitudeon phasedifference.

9 1
 

0 1
 

1 1
 

2 1
 

3
t
 
i

 
m

 
e

 
 

 
[

 
s

 
]

0

0
 

.
 

5

1

1
 

.
 

5

2

2
 

.
 

5

B 
 

 
[

 
a

 
r

 
b

 
]

~

P
E

 
C
 

 
[

 
M

 
W

 
]

0

1

2

E
 

0
 

4
 

9
 

2
 

2
 

5

#
 

1
 

+
 

2
 

 
(

 

u

 

n

 

m

 

o

 

d

 

.

 

)

#
 

3
 

 
 

(
 

m
 

o
 

d
 

.
 

)

FIG. 8. Temporal evolution of magneticperturbation
amplitudefor modulatedECCD (#3) followed by un-
modulatedECCD(#1+2).

with onegyrotronwasfollowedby unmodulatedECCDwith two gyrotrons.Thephasedifferenceof
themodulatedECCDis about� 65� . Decaytime of themodulatedECCDandunmodulatedECCD
is 1.9 s and1.5 s, respectively. As seenfrom this �gure, thestabilizationeffect is similar in spiteof
higherunmodulatedpowerandunperfectO-pointECCD.

In a theoreticalmodel,stabilizationef�ciency is describedby integratingthe currentpro�le on the
island�ux surface[14,15]. Theef�ciency hEC is a functionof full islandwidth (W), misalignment
of ECCD location (Dr EC), ECCD depositionwidth. For modulatedECCD, the duty ratio (t duty)
and the centerphaseof the modulation(ac) enterthe hEC function. The valueof hEC is 0.43 for
W=dEC = 0:15, Dr EC=dEC = 0:25, t duty = 0:5 andac = 0, which are the valuesin the modulated
ECCDexperiments.Thevalueof hEC for unmodulatedECCDis 0.15(W=dEC = 0:15,Dr EC=dEC =
0:25),showing thatthemodelis consistentwith theexperimentalresults.

It will beusefulto discusstechnicalissueswe metin performingthemodulatedECCDexperiments.
As shown above, the EC wave wasmodulatedby referringa magneticperturbationsignalsincein
JT-60U a signal-to-noiseratio of themagneticperturbationsignalis betterthanECEsignal.In some
of the NTM experiments,an instability otherthanan m=n = 2=1 modewasobserved,suchas3=2
mode.Althoughtheamplitudewasmuchsmallerthanthe2=1 modeat thesaturationphase,it could
not benegligible asthe2=1 modewasstabilizedby ECCD.In suchsituation,thetriggersignalwas
notgeneratedasweexpected,wherethefrequency of thetriggersignalwashigherthanthefrequency
of the 2=1 modein mostcases.In our modulationsystem,a protectioncircuit wasadded,where
modulationis stoppedif themodefrequency deviatesfrom a certainrange.In addition,sharppulses
dueto anELM couldaffect themagneticprobesignal. Perturbationby ELM wasnot soseriousin
theJT-60UNTM experimentsbecausethe2=1 modefrequency (� 5 kHz) wasmuchhigherthanthe
ELM frequency (severaltensof Hz), andtheamplitudeof anELM wassmalldueto relatively small
NB power. However, in general,suchELM effect will not benegligible in a higherpower (i.e. high
beta)regime.Thus,for futureexperiments,developmentof pre-processingschemeof magneticprobe
signalswill beimportant.

4. Comparisonof NTM Evolution betweenJT-60Uand ASDEX-U

Evolutionof magneticislandassociatedwith NTMs is describedby themodi�ed Rutherfordequation
(MRE).SincetheMRE containsundeterminedcoef�cients for thecontributionfrom differentphysics
suchastheeffectof bootstrap,theGlasser-Greene-Johnson(GGJ)effect. Determinationof therange
of thecoef�cients is importantto predictthebehavior of NTMs in ITER andestablishscenariosfor
thecontrol theNTMs. Although�tting of experimentaldatawith theMRE andsimulationof NTM
stabilizationwerepreviously performedindependentlyin JT-60U [5–7] andASDEX-U [16,17], the
form of the MRE wasnot identical. To understandthe NTM physicsin a wider parameterrange,
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comparisonof the coef�cients betweenASDEX-U and JT-60U for an m=n = 3=2 NTM hasbeen
performedby usingthesameform of theMRE andthesameanalysismethod[18].
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FIG. 9. Plot of csat in JT-60UandASDEX-U.

TheMRE usedin this comparisonis asfollows:
(t s=rs)(dW=dt) = rsD0+ csat(rsD0

GGJ+ rsD0
BS). Here,

t s, rs andD0, aretheresistive timescale,minor radius
at themoderationalsurfaceandthetearingparameter,
respectively. D0

BS andD0
GGJstandfor contributionfrom

bootstrapcurrentandtheGGJeffect,respectively, and
they areevaluatedby usingparametersat themodera-
tional surface. The coef�cients csat canbe estimated
by evaluatingthefull islandwidth at themodesatura-
tion (dW=dt = 0) ascsat= D0=(D0

BS+ D0
GGJ). Figure9

shows a plot of csat versuslocal bp valueat themode
rationalsurface.Theplasmaparametersin JT-60Uare
Ip = 1:5 MA, Bt = 3:7 T, R = 3:24 m, a = 0:76 m,
q95 = 3:8, b sat

N � 1:5, and those in ASDEX-U are
Ip = 0:8 MA, Bt = 2:2 T, R = 1:65 m, a = 0:49 m, q95 = 4:5, b sat

N � 2. It can be seenthat the
valueof csat is aboutunity while plasmaparametersarequitedifferentin JT-60UandASDEX-U.

5. Summary

In JT-60U, effect of localizedECCDon anm=n = 2=1 NTM hasbeenperformedwith anemphasis
on effective stabilization. In this paper, threetopicswhich are importantissuesalsoin ITER have
beendescribed:minimum EC wave power for completestabilization,stabilizationwith modulated
ECCDandmodellingandcomparisonof NTM usingtheMRE in JT-60UandASDEX-U. Therange
of theminimumECwavepowerhasbeeninvestigatedatBt = 3:7 T and1.7T usingthefundamental
O-modeECCD and the secondharmonicX-mode ECCD, respectively. For the former case,the
minimum EC-driven currentis locatedat jEC=jBS = 0.35-0.46underthe conditionof Wsat = 0:12,
Wmarg = 0:06 and dEC = 0:08. For the latter case,the minimum EC-driven current is locatedat
jEC=jBS = 0.2-0.4undertheconditionof Wsat= 0:15,Wmarg = 0:08anddEC = 0:05. Stabilizationwith
modulatedECCDin synchronizationwith magneticperturbationshasbeenperformedsuccessfully. It
hasbeenexperimentallydemonstratedthatmodulatedECCDhasroughlytwicestrongerstabilization
effect thanunmodulatedECCD if the modulationcenteris locatedat the islandO-point. Increase
in thedecaytime wasobservedwith increasingthedeviation from theO-pointECCD,showing the
degradationof the stabilizationeffect. On the otherhand,destabilizationeffect was �rst observed
for ECCDnearthe islandX-point. Comparisonof thebehavior of anm=n = 3=2 NTM betweenJT-
60U andASDEX-U hasbeenmadeby usingthesameMRE andanalysismethod.Thecoef�cients
describingthesaturatedislandwidth, csat, hasbeenfoundto beaboutunity in bothdevices.
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