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THE ROLE OF ELECTRIC FIELD SHEAR STABILIZATION
OF TURBULENCE IN THE H-MODE TO

VH-MODE TRANSITION IN DIII-D*

K.H. BURRELL, T.H. OSBORNE, R.J. GROEBNER, AND C.L. R_rTIG t

GeneralAtomics,San Diego,California

V'H--modeplasmasI-5exhibitenergyconfinementtimesup to2.4timestheDIII-D/JET
H-mode scalingrelationand up to3.9timesthevaluegivenby ITER89-P L-mode scaling.If
thiscccfmementimprovementcanbe exploitedinreactorplasmas,smallerprototypereactors
withsignificantlylowerunitcostcanbe produced.Accordingly,understandingand optimizing
the confinementimprovementisofsignificantinterest.One of thepossibleexplanationsfor
thisbulkconfinementimprovementisstabilizationofturbulenceby shearintheradialelectric
field,2 similarto the presentexplanationforthe confinementimprovement st the extreme
plasmaedgeattheL toH transition.6 Preliminarymeasurementshaveshown thattheregion
of theplasma where the electricfieldgradientissteepestbroadenswhen the plasma goes
from H-mode toVH-mode. _ More recentmeasurementshaveconfirmedthisbroadeningand
have shown thatthe changein theelectricfieldgradientoccurspriorto the changein the
thermal transport. In addition, transport analysis shows that the electric field shear increases
in the same region between magnetic flux coordinate p - 0.6 and 0.9 where the local thermal
transport decreases, s Furthermore, far infra-red (FIR) scattering measurements have detected
densityfluctuatiocJin the regionaround p - 0.8which couldbe responsibleforenhanced
transportand which disappearat the time that the electricfieldshearincreases,s These
fluctuationsappearasburstsofdensityfluctuationsinthe0.5to 1.5MHz range,s The time
betweenburstsincreasesastheelectricfeldshearincreases.Once theseburstsdisappear,the
major changeinconfinementtakesplaceinmost discharges.When isolatedburstsoccur,the
heat and angularmomentum pulseconnectedwith theburstaredetectableon the plasma
profilediagnostics.

The spatial correlation between increasing electric field shear and improved local trans-
port is illustrated by the transport analysis results shown in Fig. 1. The transport analy-
sis was carried out using the ONETWO transport code; z the electric field is inferred using
the radial force balance equation and measurements from charge exchange recombination
spectroscopy, s Local transport is assessed by considering the effective single fluid thermal dif-
fusivity, X_.rr = -(qe + q_)/(n, VTe + n_VT_), where qe and qi are respectively the electron
and ion heat flux. The greatest improvement in transport is between p = 0.6 and p = 0.9,
which is the region where the shear in the radial electric field shows the greatest increase.

In order to determine whether the change in E x B velocity shear is big enough to affect
the plasma turbulence, we use the Biglari, Diamond, Terry8 expression for the magnitude
of shearnecessaryforturbulencesuppressionV_x s _ (Aw/EsAR) - VI_DT , where Aw is
thefrequencyspreadof the turbulenceand AR istheradialcorrelationlength.Only the
magnitudeoftheE x B velocityshearentersthetheory,notthe sign.

Measurementsin the DITI-D edge regionduringL-mode 9 giveAw _ 21rx(100kHz)
and AR _ 1 cm for/_ = 2 cm -I, giving VI_DT _,_ 3 x l0 s S -1 . This value is shown as the solid
lineinFig.I.The increasedE x B velocityshearexceedsthisvalueovermu-_hoftheregion
of reducedthermaldilfusivity,suggestingthe increasedshearislargeenough to affectthe
turbulence.

The temporalcorrelationbetweentheincreasedE x B velocityshearand theimprove
ment inenergyconfinementcan be mo6t directlyillustratedby comparingthetimehistoryof
theiontemperatureTsand theplasmatoroidalrotationspeedre. Overmost ofthedischarge,
re isthedominant contributiontotheradialelectricfield;onlyintheedgeregionoutsideof

p - 0.9arethepoloidalrotationand pressuregradienttermsimportant,s Accordingly,the
timehistoryofre givesa directpictureofthechangeintheE x B velocity.
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The most obviousfeaturein thev_ timehistorygivenin Fig.2 isthemarked increase
in velocityshearafter2400 ms. The rotationslowsin the edge regionof the plasma,but
increasesin the core.Measurements furtherintothe plasma core,not shown in thefigure,
also show increasing v_#. Closer exmamation of Fig. 2 reveals that v_ in the region between
p = 0.82 to p = 0.93 begins to decrease about 20 ms prior to the first detectable change
in the thermaltransport.The thermaltransportchangeoccursat about 2395 ms on this
particularshotand isindicatedby thedistinctchangein slopeoftheiontemperaturetrace
atp "-0.67shown inFig.2. Allshotsexamined todate which showed a definitetransition
from H-mode toVII-mode alsoshowed thisdistinctslowingoftheedgerotationpriortothe
thermal transport improvement.

Most VII-mode shots studied to date show a definite improvement in energy confine
ment part way through the ELM-free phase of the shot. 5 Less frequently, shots occur which
do not mazfifest the distinct transition, but rather show a gradual, continuous confinement
improvement. These shots, too, show a correlation between increasing E x B velocity shear
and confinement improvement. As is illustrated in Fig. 3, v¢ in the plasma edge axound
p = 0.9 starts slowing within 50 ms of the L to H transition. It appears that this slowing
gradually propagates into the plasma. Around 2450 ms, there is some sign of the more rapid
velocityshearincreaseseeninFig.2,but itismuch weakerhere.

The rapidincreasein velocityshearseenin Fig.2 and, to some extent,in Fig.3 is
associatedwiththedisappearanceofa distinctive,burstingtypeofdensityfluctuationswhich
have been dubbed momentttm transferevents(MTE).s As isseeninFig.4,theoveralllevel
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Fig. 1. Radial profiles of the radialelectricfield,
the shearin the E X B velocityand one-fluid Fig. 2. Time historyof ion temperatureand
thermaldiffusivityat a time in the H-modeand toroidalrotationspeedat variousradiallocations
VH-rnode phasesof shot 75121. The insetin for shot75122. Theverticalbarin bothbo_esin-
the topboxshowsthetime behaviorof thether- dicatedthetime of thefirstdetectablechangein
mal energyconfinementtime normalizedto the thethermalconfinement,Notethat the toroidal
JET/DIII-D H--modescalingresult. Times for rotationchangesoutsideof p = 0.8 priorto the
the radialprofilesare indicatedin the insetby first detectablechangein the thermal confine-
verticalbars. merit.
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Fig. 3. Time history of ion temperature and toroidal rotation speed at various radial locations for shot
77017. The confinement improvement and toroidal rotation evolution are much more gradual than that
shown in Fig. 2. The sudden decrease in temperature and rotation after 2570 ms is due to the MHD event
that ends this VH--mode.

of core density fluctuations detected by the FIR scattering system I0 decreases with time
into the H-mode. This decrease in the overall level is associated with the core confinement
improvement that occurs when the plasma goes from L-mode to H-mode. 11 Riding on top
of this overall level are repetitive bursts of density fluctuations. The frequency of the bursts
flows as the velocity shear increases and the bursts slow dramatically and basically cease prior
to the confinement improvement. This decrease is associated with the decrease in u4,outside
ofp = 0.82.

The MTEs aremore visibleon theFIR scatteringand thesoftX-rayfluctuationdiagnos-
tics than theysreon theprofilediagnostics,s The b_stingfrequencyisusuMly sorapidthat
theprofilediagnosticssimplyaverageovertheeffectoftheMTEs. When theMTEs occuras
sn isolatedevent,asinFig.4 near2490ms, theeffecton u¢ can be distinctlyseen.We believe
thattheMTEs areresponsibleforincreasedthermaland angtdarmomentum transport.Their
suppressionleadstotheimprovedconfinement.However,shotsliketho6ein Fig.3 i11ustrate
thatthe MTE8 srenot alwaysthe dominanteffecton confinesmentnearp = 0.8and that
theassociationbetweenvelocityshearand confinementimprovementoccursevenpriortothe
suppressionoftheMTEs indischargeswheretheMTEs areweak.

AlthoughtransportbifurcationmodelsI=oftheL toH transitionhavenotbeensuccessful
to date,s thechangein v_ and Ts over10'sofmillisecondsafterthe H-mode to VII-mode
transition suggests that such a model might be more successful in explaining the VH-mode.
Our data suggest a model in which an unknown drag mechanism (possibly increased ion orbit
loss Is) causes u¢ around p = 0.9 to slow. This slowing produces a transient increase in u¢ and
E x B shear just inside this region. Since the plasma is aIRsdy in H-mode and the E x B shear
isalreadylargeenough to s/S/ecttransport, e this increasein shearleadsto reducedangular
momentum transportf_om the coreplasma,whichthenforcesu# intheedgetodropfurther.
In addition,the reducedangularmomentum transportallowsu# deeperintotheplasma to
increase.Both ofthesechangesincreasethe E x B velocityshear.Thisprocesscan feedon
itselfuntiltheE x B velocityshearhasreducedfluctuation-driventransportsignificantlyand
some otherprocesssetsthelimitingtransport.The increaseinE x B velocityshearalsoleads
toa reductioninthermaltransport.SinceE x B velocitysheariscapableofstabilizingmany
typesofturbulence,s stabilizationofMTEs by thisprocessalsoappearspossible.
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Four main observationssupportthe model thatelectricfieldshearstabilizationoftur-
bulenceexplainstheconfinementimprovementfrom H-mode toV'H-mode. First,theelectric
fieldshearchangesmost in theregionwhere the dominant changein localtransporttakes
place.Second,themagnitudeof theelectricfieldshearislargeenouf_ to affectturbulence
accordingtotheory,s Third,theelectricfieldshearchangespriortothefirstdetectablechange
inthethermaltransport.Finally,thereisa correlationbetweenthechangein densityfluctu-
ationsand increasedE x B velocityshear.
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Fig.4. Time historyof the amplitudeof electrondensityfluctuationsnear/:)= 0.8, determinedfrom FIR
scattering,and toroidalrotationat severalradiallocationsfor shot75121. The densityfluctuationsare
integratedoverthe0.5 to 1.5MHz range.The verticalbarindicatesthetimeof thefirstdetectablechange
in the thermmlconfinement.






