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Introduction. A ,-e_ime of very high confinement(VH-mode) has been observedin divertor
dischargesinDIII-D.I The VH-mode, Rrstseenfollowingtheinitialboronizationof theDIH-D
vessel2 in1991,exhibitstotalenergyconfinementafactorof2.5to3.5greaterthanthatpredicted
by theITER89-P L-mode scalingrelation._ Also,confinementofthermalenergyaloneisgreater
than 1.6timesthatoftheJET/DIH-D H-mode scaling4 and inmany caseshas exceededtwice
thatamount.

VH-mode isobservedduringa long(<_0.8sec)ELM-freephaseofthedischarges.At the
berthing oftheELM-freeperiod,theplasmaappearstobe inH-mode, withconfinementnear
thatpredictedby the JET/DIII-D scaling.In theusualH-mode, confinementisobservedto
decreaseorremainconstantovertime.In thepresentdischarges,confinementhasbeen observed
toremainnearlyconstantforup tohundredsofmilliseconds,afterwhichthebehaviorsharply
deviatesfrom H-mode astheconf_ementbeginstoincreaseovertime(Fig.I).Thisincreasein
confinementcontinuesuntiltheoccurrenceofa beta-related(_ > 2.SI/aB)_obal MHD event,
whichrapidlydecreasestheplasmastoredenergywitha temperaturereductionacrosstheentire
profile.Magneticmeasurementsindicatethatatleastinsome cases,thiseventincludesboth an
internal,= i mode and a more localizedhigh- t_mode neartheedge.Afterthisevent,the
plasmarelaxesintoan ELMing H-mode phase.

As a consequenceoftheboronization,theplasmas;nthesedischargesareunusuallyclean,
withverylow radiatedpower (Pmd/P,ux <__25). In previousH--modedischarges,theradiated
power increasedduringthe ELM-freephase,sometimesreachinglevelscomparablewith the
inputpower iftheELM-free periodwas longenough. Also,Z,_fisconstantor decreasingover
thelengthof thedischarge,with.a centralvalueof._1.ltisnotedthatmost ofthe energyin
thesedischargesisthermalenergy,with_<I0_ containedinfastions.

We have obtainedV_-r:,odeovera wide range ofconditionson severaldLfferentocca-
sions.In allcases,boronizatirOnofthevesselwas required.Most oftheVH-mode dischargesto
datehavebeen double-nulldivertorcomq._zrations,althoughwe hav_ alsobe__nableto achieve
VH-mode ina sin_e-nullconfigurationwithhightriangularity(shapesimilartodouble-null,but
biasedtoward thelowernuL). VH-mode has been obtainedat plasma currentsof I to 2 MA,
withtoroidalfmldsof1.6to2.1T and moderate tohJ_',(4-16MW) neutralbeam power.Low
ohmic targetdensity(_ 3x I019m "s withIi,= 1,.6MA.)isfoundtobeessential.Dischargeswith
highertargetdens_tiesresultintheearlyonsetofELMs, whichlimitthetimeavailableforthe
developmentof V]E[-mode.,Althoughthedatasetisins_.cientto determinehow confinement
scaleswithplasma current,._tisconsistentwitha linearscaling.

InternalFeaturesofVH-mode. The hi_ con_ue_u_t of theVH-mode isseento coincide.with
thebroadeningofthe steeptemperature-gradientregionofboth theionsand electronsinthe
outerportionof the plasma. The radialelectricReldshearregionseenin H-mode broadens,
correspondingto a decreasein turbulence.The currentprofilealsoshows a uniquefeature:
modelingindicatesthata regionofhighcurrentdensitydevelopsneartheplasma edge,which
iscausedby a largebootstrapcurrent.Thisisb_eved tobe associatedwith theaccessofthe
outerportionoftheplasma volume tothe secondre_ne ofballooningstability.

* Thi_isa reportofwork sponsoredby theU.S.DepartmentofEnergyunder ContractNo.
DE-AC03-89ERSI114.
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The transitionft'orethe L--modeto 0.4.
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100/_soi"the transition,densityfluctua- 0.2,

tions decrease inside the separatrix (p > _, 0.1 _ :" . B ..... [0.9); as shown by reflectometer and FIR
scatteringmeasurements;withinImsec of ^| H.mode ,J-.iE--W'H.mode I
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the transition, a shear in the electric field 3200 3300 3400 3500 3600
developsin thisre,on (bothtime scales 3.
aboverepresentthetemporalresolutionof
themeasurement).Overthenextfewtens 2

ofmilliseconds,the FIR scatteringshows
a decreaseofaboutafactorof2 intheam-

plitudeof thedensityfluctuationsin the ibulkoftheplasma aroundp = 0.8,shnilar

to that seenpreviously._ 3200 3300 3400 3500 3600
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When the VH-mode develops out
of the H-mode in the present discharges, 3,
the electric field shearregionis seento 2,
broadenand move deeperintotheplasma
(Fig.2). Although the data are incom- I.
plete,indicationsarethatthedensityfluc-
tuationsin theregion0.7< p < 0.9de- Oi, _ . _ _° ,.... ...... .............
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creasefurther by a factorofabout 2. time (msec)

Examination of ion (from CER) and FIG, 1. Time trace=of a double-nulldivertordischarge
electron (from ThcrJ:l_onsc&ttering) tenn- whichevolvesfrom H- to VH-mode. Shadedregionde-
pm"aCt_-epro_es during the ELM-_ee notestran=itionfromH- to VH-rnode.Shot72220,Ip =
phase (Fig. 3) showothat the steep 8;mdj- 1.6 MA, BT = 2.1 T, PNBI = 12.5 MW.
e_.txt_ions seennear the edgeinH-mode
continuetoextenddeeperintotheplasma
duringthe transitionto V'H-mode. Whether thiseffectisstrongestforthe ionsor electrons

variessomewhat from shot-to-shot.The densityproffies(Fig.3)developina way thatisroughly
consistentwith"normal"II-mode,withtheusualincreaseofdensityovertime.

Time-dependenttransportanalysisusingtheONETWO e codeshows thatthesingle-fluid
diffusivityXm duringtheearly(H-mode) phaseofthe ELM-free periodisapproximatelythe
valuespreviouslyobtainedforH-mode dischargeswithsimilarparameters.At the timeofthe
suddenincreaseinconfinement,however,XeR decreasessharply,by asmuch as a factorof2 to4
(Fig.3),most notablyintheregion0.5<.p < 0.9withlittlechangeinconvectionorotherpower
balanceterms.Note thattheregionoflargestdecreasein Xeercorrespondsto theregionofin-
creasedelectricfieldshear.Accordingly,onepossibleexplanationfortheVH-mode confinement
improvement is electricfieldshearstabilizationofturbulence.The Y'H-mode bulkconfinement
improvement would then be a furtherextensionofthe bulk confinementimprovementseeninH-mode.S,m

BootstrapCurrent and Implications.As previouslymentioned,afterboronization,we find that
DM-D dischargeshave low radiatedpower,low neutraldensityand low recycling.These con-
ditionsleadtoratherlow rL,(a)and high T,(a),and thereforelow coMsionality(v" _0.6 _t
p = 0.9). This combined with the high pressure _'adJent seen in II-mode make the conditions
idealforproductionofa largebootstrapcurrentnea_.theedge.

Modelingwith theONETWO codereproducesthishighedge bootstrapcluvent(Fig.4).
The resultingcurrentprofileshape isconsistentwith the resultsofmodeling theequilibrium
withtheEFITD Izcode. Although itis possibletogeneratean equilibriumfrom the magnetics
datawhichdoesnot containthebump inthecurrentprofile,thebestfit(lowestX2)isobtainedwhen thisf_atureisincluded.
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This large edge currentproduceslow P
shear, which in this high triangularity plasma FIG. 3. The profilesof the VH-modecontainsteep
con_guration, is associated with possible ac- gradientregionswhichareextendedfurtherinward

than thor in H-mode. Transportanalysisshows
cessto the secondreS_ne of stability to bal- thmtthis correspondsto a decreasein the single-
[ooningmodes. 12In the VH-mode discharges fluiddiffusivity,mostnotablyintheouterhalf of the
studied, Jt appears that accessto secondsta- plasma.Shot 72220, [p = 1.6 MA, B:p = 2.1 T,
bi]ity ma}, be cozzelated with the improve- Ph'Bl = 12.5 MW.
merit in conf_ement.

In Fig. 4, we see theft the :onflneznent begins to improve a,"ter the bootstrap current has
begun to increase.The M_BC code_spredictsthatwhen the bootstrapcurrentatp = 0.85
reaches50 A/cre2 30_ oftheplasmavolume willhaveenteredthes_ond stablere,me toideal
ballooningmodes_ Note thatthiscalculationrequirestheedge currentdensi.tyto be known
withgreateraccttracythanisavailable,so thisresultisqualitative.However,foranyreasonable
valtmofedgecurrentdensity,theM_BC codepredictionissimilar.With theasstunptionofzero
currentdezmityat theplasmaedge,the(first)marginalstabilitypressuregradientisbelow the
measuredpressuregradient.

Conclmlons.We have observeda regimeofveryhighconfinement(V'E-mode)in theboronized
DIII-D tok_tmsk,duringwhich theconfinementhas been observedto exceed3.5timesthatof
theFFERB9.P L-mode scalinz reJation.In thisELM-fzeephase,confinementisseentoincrease
with time,_md istet'minatedby a globalMIID eventwhich isassociatedwith high#. Low
radiatedpower,Ze]r,end a low fast-ionfractionarealsocharacteristicsoftheVR-mode.

In the VII-mode, we observethatthe steepgradientregionsof the temperatureprofiles
areextendedinwardsmore deeplythan previouslyseeninR-mode. Thishigh-gradientregionis
alsoseentocorrespondtoan extendedradialelectricfield,hearlayer,and a decreasein density
fluctuationsofperhapsa factoroftwo below R-mode. Transportcalculationsin thisregion
show a sharpdecreasein_e single-fluidheat di_sivity.



Another remsxkable feature so_S ......... '..... /" ,
of these pl&_mms is the existence
ofaregionneartheplasmabound- so
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Although a causalrelation- o ..... _ "_;',_':_
ship has not been eatabUshed o._ azs 1.oo
between these characteristics, it is o.s:-- P
believedthatboththeelectricfield ......... 6o

shear stabilizationof turbulence 0.4i .so
and thesecondstabilityaccessplay

important parts in the observed 0.3. 4o

confinementimprovement. Further , 30
experimentationand analysisisex- 0.2: "
pected to shed some light on these '_
issues. .20
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