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Investigations of VH-mode in DIII-D and JET

C M Greenfield,, B Balet t, K H Burrell_, M S Chu_, J G Cordcyt,

J C DeBoo_, N Deliyanakis t, E J Doyle$, R J Groebner_, G L Jackson,,

S. Konoshima_, D P O'Brien t, L Porter, C L Rettig_:, T H Osborne,,

H St. John_, A C C Sips_, G M Staebler_, E J StraitS, P M Stubberfield_,

T S Taylor_, S J Thompson_, K Thomsen_, A D Turnbull_ and The JET
and DIII-D Teams

General Atomics, San Diego, California, USA

t JET Joint Undertaking, Abingdon, 0xon, UK

UniversityofCalifornia,Los Angeles,California,USA

b Japan Atomic Energy ResearchInstitute,Japan

Abstract. The VII-mode regimeofhighconfinementhasbeenobservedinboth

DHI-D and JET. VH-mode ischaracterizedby thermalconfinementtwicethat

seenin H-mode, with the edge transportbarrierpenetratingdeeperintothe

plasma. Two mechanisms have been identifiedas importantin achievingthis

high levelof confinement.Expansion of the /_,x ]_velocityshearturbulence

suppressionzoneisimportantin allowingreductionsin localtransport,while

accessto the secondballooningstabilityregimein the edge allowsavoidance

or eliminationofELMs which impede the confinementimprovement.The high

performancephase ofthesedischargesisusuallyterminatedby an MHD event

which removes energyfrom a largeportionof the plasma cross-section,and is

followedby an H-mode phase.

Keywords. Fusion; tokamak; confinement; transport; stability; VH-mode;

JET; DHI-D.

1. Introductlon

The VII-mode regimeofhighenergyconfinementwas firstidentifiedinDIII-D following

the initialboronizationof the vessel(Jacksoneta/.,1991;Jacksonet a/.,1992;Greenfield

eta/.,1992;Tayloreta/.,1993;Osborne eta].,1993).Thisregimeischaracterizedby thermal

confinementwhich reacheslevelsup to 2.4times the JET/DIII-D ELM-free H-mode scaling

relation(figure1) (Schisseleta/.,1991),and inexcessof4 timesthe ITER-89P (Yushmanov

et a/.,1990) L-mode scaling.For some time,dischargeswith confinementwellin excessof

twiceL-mode have b_,enobservedin JET (The JET Team, 1989). Recently,ithas been

shown thatmany ofthesedischargeshave characteristicssimilartothe VH-mode (Deliyanakis

eta].,1993;Balet eta/.,1993),in particularmost ofthe PreliminaryTritiumExperiment

(PTE) discharges(The JET Team, 1992).VH-mode plasmashaveexhibitedhighperformance

GENERAL ATOMICS REPORT GA-A21368 / JET JOINT UNDERTAKING REPORT JET-P(93)75 1
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VH-moda H-modesize .'" .,"

database scalingdata ...d .""

D DIII-D X DIII-Do_ o .-"

O,JET +JET, .__ __-,"

o_'" Figure1. Thermalconfinementin VH-mode

can exceed twice that in H-mode. The "H-
mode size scaling data n was used to fit the

_uJ _>o#__ JET/DIII-D ELM-freeH-mode scaling re-

lation (Schissel eLal., 1991), which is shown
on the abscissa. The =VH-modedata-base"

,"_-d_ _tt_,.+_ contains both H- and VH-mode discharges.
o _i

0.1" ' ..........
0.1 I 3

ZJEET/DIII-D= 0.106111_03R1.48p--0.46LOSS

commensurate with the high confinement. In each device, the highest fusion triple product

nD(0)Ti(0)_ -THEmvtALwas obtained during VH-mode: 4 x 102° m-S.keV.sec in DIII-D and
9 x 102° m-S.keV.sec in JET.

VII-mode discharges are characterized by confinement which rises after a second transition

following the L-l=[ transition. Unlike the L--H transition, this is not a sudden transition,
but rather a more gradual improvement which can develop over hundreds of milliseconds.

Although the transport characteristics often begin improving almost immediately following the
L-H transition, there is usually some mechanism which impedes the development of improved

confinement. In DIII-D, the improvement is usually delayed by fluctuation bursts (see section 3)
known as momentum transfer events (MTEs) (Osborne et a/., 1993), which axe eventually
reduced or eliminated by the development of a broadened region of high radial electric field
shear. In JET, the delay is usually caused by ELMs, which last until the plasma edge gains
access to the second stable re,me to ideal ballooning modes. The elimination of the MTEs or

ELMs, and the corresponding confinement increase, are referred to here as the H-VII transition.
The plasma shape is found to be an important factor in obtaining the VH-mode mode

in DIII-D (figure 2). High triangularity double-null plasmas are most likely to obtain the
VH-mode. This is believed to be because such shapes always have access to the second stable

regime to ideal ballooning modes, regardless of the edge current. In JET, no dependence on
shape has been identified, probably because experiments in JET rely on the development of

high edge bootstrap currents to access the second regime and terminate the ELMing phase.
Confinement generally improves until it reaches a level of approximately twice that pre-

dicted by JET/DIII-D scaling. The high performance phase is often terminated by an MHD
event. This event is related to both high normalized beta _ = _T/(Ip/aBT) and high edge
current density. In certain discharges in which _N is kept sufficiently low by limiting the heating
power, the termination has either been delayed or eliminated.

In this paper, we will describe the "recipes" for obtaining, and the characteristics of, the
VH-mode, as seen in both DIII-D and JET (section 2). Two mechanisms have been identified

as playing a role in the improved confinement of VH-mode (section 3): expansion of the/_ x/_
velocity shear turbulence suppression zone, and expansion of the region with access to the
second ballooning stability regime. We will then discuss the termination (section 4). Finally,

we will stmunarize the understanding of the VH-mode as determined from a study of the

behavior of both devices (section 5).
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2. Characteristics of VII-mode

Although the behavior of the two devices are very similar during the VH-mode phase, the

time histories leading up to the transition are very different. In the usual "recipe" for VH-mode

in DIII-D (figure 3), the plasma is diverted early in the discharge, during the current ramp-up.

Typically, the neutral beam power is applied all at once, resulting in a very short (_ 50 msec)
L-mode phase, followed by the L-H transition and an ELM-free H-mode. The second transition

0.0 /' ' I l I II

ZS Z._rmsILzJET/DnI_D

I_ Figure 3. Time history of a VH-mode dis-0.0 charge in DIII-D, showing thermal confine-
4.0|_-- ment time "r_hennal, confinement enhance-

,,.thermal/..JET/DIII-D

ment factor 0E / °B , normal-
ized toroidal beta/_r/(Ip/aBT), llne aver-
aged electron density (no), recycling light

r- i I J I . _ . j from the divertor D., ir_ected neutral beam
0.8 power Pmj, and radiated power Pad (shot

__ 75121, DND, Ip = 1.6 MA, BT = 2.1 T,

PN'BZ= 8 MW).

0.0 !

I00100
2000 2200 2400 2600

TIME(msec)
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2 Shot_;6087,
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0 Figure 4. Time history of s Vg-mode dis-
3 chargeinJET, showingthermalconfinement

_2 T/(I/aB) time T,th'ms{ confinementenhancement fsc-
..thermsi/_.JET/Dlll-D .,.,rn_ allzedtoroi-tor 'E /'P_, ,.......

I dal beta BT/(]p/aBT), recycling light from

O - ' ' ' the divertor Do, and injected neutral beam
powerPmj (shot 26087, SND, Ip = 3.2 MA,

0.4f<ne) (x 1020m ) I J{,_._' _'-.3 BT = 2.9T, P_mz= 14.6MW).
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fromH- toVH-mode, takesplaceduringthisELM-freeperiod.Thistransitioncorrespondsto

thereductionoreliminationofMTEs (Osborneeta/.,1993),whicharevisibleindatafromFIR

scattering,aswellasinsoftx-raymeasurementsatthesame location.Thiswillbe discussed
inmore detailinsection3.

InJET (figure4),theplasmaisheldina limiterconfigurationuntilthedesiredtimefor

theL-H transition.ThisMlowsfora longL-mode phasewithsignificantpower.At 51.0sec,

theplasmaisdivertedand theinputpowerisincreased.An L-H transitionfollows,whichin

turnisquicklyfollowedby thebeginningofanELMing phase.The transitiontotheVH-rnode

phaseoccursatthetimetheELMs stop.In a recentexperimentinDIH-D, thisbehaviorwas

atleastpartiallyduplicatedby mimickingtheJET recipeofa long,highpowerL-mode phase

priorto theH-mode (figure5).The ratherlow peak confinementinthisdischargemay be

explainedby thefactthatattheH-VH transition,thedischargehad alreadyreacheda rather

highnormalizedbetaandunderwentan earlyHI) event.

The improvedconfinementinVH-mode correspondstoa broadeningoftheregionsofhigh

densityand temperaturegradientswhichdevelopneartheedgeduringH-mode (figure6).In

DIII-D,thetransitionismarkedby a %pinup"inthetoroidMplasmavelocityintheplasma

interior,and theeliminationofa flatteningofthetoroidMrotationprofileatnormalizedradius

0.6< p < 0.8.The iontemperaturegradientexhibitsa similarincrease.Transport_nalysis

has been carriedout usingONETWO (Pfeiffereta/.,1985)fortheDIII-Ddischarges,and

TRANSP (Goldstoneta/.,1981)fortheJET discharges.In DIII-D(figure7),thesinglefluid

heatdiffusivityX_ decreasesovertheentireELM-freeperiod,whiletheangularmomentum

diE_sivityXANG-MTM undergoesa rapiddecreaseattheH-VH transition.The regionwhere

thisdecreaseismost pronouncedcorrespondstotheflatteningoftherotationprofileobserved

infigure6(a).InJET (figure8),theimprovementinionthermM difl'usivityXioccursfirstin

theinterioroftheplasma,priortotheELMing phase.Here,XANG-MTM isIOWatalltimes

duringtheH- andVH-mode, withsomeslightreductionovertime.Thereisnofeatureobserved

4 GENERAL ATOIVHCS REPORT GA-A21368 / JET JOINT UNDERTAKING REPORT JET-P(93)75
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O.3
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0.0 1 ,1 I I I I i I Figure 5. A DIII-D discharge with a similar

3.oLl(vaB) ] shape and program to the JET discharge

behaves in a similar manner to the JET dis-charge. The VH-mode phase termhnates
earl), due to the high normalized beta al-

_0.0 1 | I ! ! ready attained during the ELMing phase

0.6[i (he)(x1020m'3) _ (shot 77132, SND, Ip = 1.4 MA, BT

0.0 !'_"

8.0

0.0
2200 2300 2400 2500 2600

TIME (rnsec)

correspondingto the flatterdngof the rotationprofilein DIII-D. CXRS measurements f_om

which the rotationisdeterminedhave a radialresolutionof10 to 15 crn,definingan upper

limitto any suchflattening.

AnothercharacteristicoftheVH-mode dischargesisalargebootstrapcurrentdensitywhich

developsnear theplasma edge inboth devices.This currentcan be importantin obtaining

the VH-mode by openingaccessto the second stableregimeto idealballooningmodes (see

section3).

Afterthe VH-mode begins,the behaviorof plasmasin the two devicesisquitesimilar.

Confinementincreasesby asmuch as a factoroftwo or more overthetimeperiodofhundreds

ofmilliseconds.In most ofthesedischarges,the highperformancephaseisterminatedby an

MHD eventwhich isrelatedtohigh beta and high edge current(dueto the aforementioned

bootstrapcurrent).At the timeofthisevent,energyisrapidlylostfrom theentireplasma.In

most cases,thisisfollowedby an ELMing H-mode phase,and thehighperformanceisusually

not recovered(therehave been severalinstancesof dischargeswhich appearto recoverafter

the eventinDIII-D).Indischargeswhich do not undergothisevent,confinementflattensand

remainsroughlyconstantataround twicethatofH-mode.

Exceptwhere otherwisenoted,theexpression"thermalconfinementtime" refershereto

,r_hern_ _ WMHD -- WFFORM -- 0.75 WFICRH
- POHM + PAUX- (dWMHD/dt) '

which isthatused forthe ITER H-mode databasework (ITEH.H-mode Database Working

Group, 1993).In thisexpression,WFFORM refersto the totalfastion energydue to neutral

beam injectionestimatedfrom an approximateformula(wherewe haveplottedtimehistories

ofthermalconfinementtimefrom JET, the fastionenergyisestimatedby TRANSP ratherthan

by the approximate formula), and WFICRH to the perpendicular fast ion energy content during

ICI_H heating as estimated by the PION (Eriksson et aL, 1993) code. Although none of the

GENERAL ATOMICS REPORT GA-A21368 / JET JOINT UNDERTAKING REPORT JET-P(93)TS 5
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Figure 6. (a) Profiles of electron density nz, electron and ion temperatures Te and _, and toroided
rotation speed W during the L, H, and VH-mode phases of a discharge in DIII-D (Shot 75121, DND,

]p - 1.6 MA, BT -- 2.1 T, P_x : 8 MW). (b) The same profiles in JET, early in the H-mode
phase, during the ELMs and in the VH-mode phase (shot 26087, SND, Ip : 3.2 MA, BT = 2.9 T,

/_ml= 14.6MW).

DIII-D VH-modes have ICRH, severalofthe JET VH-mode dischargesareeitherpartiallyor

fullyICRH heated.Notc thatthisexpressiondoesnot fullyincludeenergystoredin plasma

rotationalmomentum, which can be significant(on the orderof 10% of the total)in some

VH-mode plasmas.

3. Causes of enhanced confinement

Two factors have been identified which affect the improved confinement in VH-mode

discharges. The first is the stabilization of turbulence by shear in the radial electric feld

(Osborne eta/., 1993; BurreU et a/., 1993). The second factor is expansion of the region in the

plasma edge which has access to the second stable regime for ideal ballooning modes. These

two effects appear to both be necessary for the enhanced confinement; the second stabl__ edge

allows the plasma to develop the steep core gradients inherent to high confinement.

3.1.Stabilizationofturbulenceby shearedF,x B velocity

At the H-VH transitioninDIII-D,thesinglefluiddiffusivityX+e isreducedinthe region

0.6_ p _ 0.9(figure7). One possibleexplanationforthisbehavioristhe broadeningof a

regionofhighshearinthe ]_x/_ velocity(Burrelleta/.,1993).Thiseffecthas previouslybeen

shown tobe responsibleforthe developmentof thetransportbarriernearthe plasmaedge at

theL-H transition(Burrelleta/.,1992),

6 GENERAL ATONIICS REPORT GA-A21368 /JET JOINT UNDERTAKING REPORT JET-P(93)75
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The radial electric field (inferred from charge exchange recombination measurements and

the radial force balance equation) during the H-mode at 2140 msec (figure 9) has a region

of strong shear extending from p _ 0.9 to the edge. By 2490 msec, the shear region extends

inward to p ._ 0.6. The region where we had already calculated improved transport quality

(figure 7) corresponds to the newly developed Er shear. The increased shear can be more

directly perceived by the increase in toroidal velocity shear observed at 0.67 < p < 0.82

(fig_e 9), beginning at about 2350 msec. Note that at the time of the "spinup," the toroidal
velocity outside of the improved shear region actually decreases. It has also been observed that

the "spinup" occurs before the improvement in the thermal transport (Burrell eta/,, 1993),

suggesting that the improved high shear in the 1_x ]_ velocity may be the cause of the improved

confinement, rather than a consequence of it.

(.}

loot- s 75121

-5O
0._ 0.2S 0.50 0.7S 1.00

P

(b)..... Figure 9. (a) Profiles of the radial elec;.dc
2 F ] 'CE/I:JET/DIII-D _,._,_;-"_ field during the H- and VH-mode phases of

1_... , . . . ._, . . . . I a discharge in DIII-D. (b) Time historiesof confinement enhancement, electron den-
0 sity fluctuations, integrated over the 0.5 to

2 _.I 0=0.8 1.5 MHz range, at p _ 0.8 (FIR scatter-

I I_ ing), and toroidal rotation at several radialx locations (shot 75121, DND, Ip = 1.6 MA,

'_A 0 ' .... BT = 2.1 T, P_I = 8 MW).
2S0

| 1P: • 0.67 • 0:82 4,0.88 4...;kJ'"

. .sT

, t.l 2.
100_ _._._.. _,._,. _,=,_ _._ _ _,_.

SO 4,_-__,_._,__i,g _
OK[ ........................
2100 220O 2300 2400 2500 2600

Time(reset)

In order to predict the impact of the improved velocity shear, observations have been

compared to the Biglari, Diamond and Terry (1990) expression for the magnitude of shear

necessary for turbulence suppression (Osborne et a]., 1993; Burrell eta/., 1992). According to

the theory, the measured shear should be adequate to suppress fluctuations in the discharge

shown in figure 9 over most of the region where improved thermal transport is found. Density

fluctuations, detected primarily by FIR scattering measurements (Rettig, 1992) are indeed seen

around p _ 0.8 during the H-mode phase of the discharge (figure 9). The fluctuations, in the
0.5 to 1.5 MHz range, occur in short repetitive bursts, which slow and usually completely

cease at about the same time as the "spinup" in the toroidal rotation velocity begins. Because

the increased velocity shear is associated with the disappearance of these bursting density

fluctuations, the bursts have been dubbed momentum transfer events, or MTEs (BurreU eta/.,

1992). The MTEs have also been observed in soft x-ray and magnetic probe measurements of

MHI) mode rotation frequency.
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InJET, thereisno directevidencethatshearsuppressionofturbulenceisresponsiblefor

theimproved confinementand furtherstudiesare beingundertaken.However, itisobserved

thatintwo similardischarges,one ofwhich obtainsVH-rnode and one which doesnot,thereis

drasticallydifferentbehaviorinthetoroidalrotation(figure10).Inthedischargewhich obtains

VH-mode (26087),the toroidalrotationand itsshearincreasescontinuouslythroughoutthe

plasma cross-section.As previouslymentioned,no flatteningofthetoroidalrotationprofileis

observed,settingan upperlimittothe sizeofa possibleunobserved'Tiatspot"of 10to 15 cm.

The lack of a "flat spot" may not be surprising, since no MTEs have been observed in JET

discharges. Although there is no event apparent in the velocity shear formation which correlates

to the relatively sudden transition to VH-mode, there does appear to be a correlation between

a gradual global velocity shear improvement and the existence of a transition. It should also

be noted that in the "JET-like" DIII-D case (figure 5), there was also no observation of MTEs

or a flattening of the rotation profile. The toroidal rotation in this discharge behaves in a very
similar manner to the JET discharge. In the JET discharge which remains in H-mode (25432),

the toroidal rotation and its shear through most of the plasma cross-section drop continuously

during the H-mode phase, following an initial rise after the L-H transition (figure 10; there

are no ELMs in this discharge during the time shown in the figure).

2 |

Ethermal _ ---- 26087

(TRANSP) ! " _ ....... 25432

charges: shot 26087 (SND, Ip = 3.2 MA,
0 ..... , ............ BT = 2.9 T, Ptml = 14.6 MW), which ob-

• 3.15 , 3.60 tains VH-mode, and shot 25432 (DND, Ip
• I L [ J _ I I, II

2 f/(CXRS) Shot26087 • 3.25= 3.73 = 3.1MA, BT = 2.9T, Pt_: = 15.6MW,
timebaseadvancedby 1.0sec),whichdoes

.-. _ • 3.36 _ 3.87 not. The discharge which obtains VH-mode
_j_I_AAAA_I • . ..

..Ajd_It.:;;,*****,;s• a.41 ischaracterizedbytoroidalrotationwhichis

1 .I_., ,_****._:_=;+++.+.,+.* " . . J increasing every-where in the plasma during
=.r*** .__++++T. *.u4.._ the H- and VH-mode phases. In contrast,

I|_ .*_++*'T ...,,=,,=,=,,==_.$;_+-Wlelllm
_.'+:_,."=="" "..,,._*."" ......;13 the discharge which remains in H-mode ex-
_7,____ _A_ hibits toroidal rotation which decreases ev-

• 0 ................... erywhere along with the confinement time.

2 • 3.15 + 3.59 The toroidal rotation is plotted at different
major radii, as indicated. The magnetic axis

(CXRS) Shot25432 • 3.25 x 3.72 is at R _, 3.1 m and the plasma edge is at

• 3.35 ,, 3.87 R _ 4.1 m.

_ • • ....

52 =3 54

Time(see)

3.2.Accessto thesecondstableregimetoidealba//oon/ngmodes

Indischargesinboth devices,highlevelsofbootstrapcurrentarecalculatedneartheplasma

edge.CalculationsinJET dischargesindicatethata portionofthe plasma edge gainsaccess
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to the secondstableregime at about the time the ELMing phase ends (Deliyanakiseta/.,

1993)(figure11).For thesecalculations,kineticprofilesnear the edge were generatedusing

the microwavereflectometer(forelectrondensity)and heterodyneradiometer(forelectron

temperature)diagnostics.A code has been writtenwhich usesthesedata,in additionto an

equilibriumgeneratedfrom magneticsdataby IDENTC (Blum eta/.,1990)or EFIT (0'Brien

etal.,1992),tosolvetheideal(non-resistive)ballooningequation(Bishop,1986)as afunction

ofnormalizedcurrentdensityA and normalizedpressuregradienta.

ELMs ELMs Shot26087

4 Ia) t)_gln end X-event (JET)t 2
t _norm=0"95 : p,/_ _. I I

,lî .,,,-'-!', .,,.o,.--,,,on,oVH-mo o
] IAult -- i l t J \d_--_ in a JET discharge, the value of A_p (nor-

' • ' I .1 _ malized current density) exceeds the criti-
2 t I cal value Acrit, implying access to the sec-

_ ond stable regime to ideal ballooning modes
1 at _norm = 0.95. (b) At the same time,

the first and second regimes (as indicated by

the regions of stable a, or normalized pres_

I .0 sure gradient) coalesce as the second regime

Stable I _n0rm:0.95 1 is accessed. Access to the second regime

is lost at about the time of the termina-6 _ Ilal ,xp_ ] tion event (shot 26087, SND, Ip = 3.2 MA,

I._ ,_'_'x,_ l la©dI---'- | BT = 2.9 T, P_I = 14.6 MW). Note that
4 the accuracy of profile measurements is re-

duced during the ELMs between 52.2 and
52.7sec.

2

0

52 53 54

Tlml (.c)

InfigureII(a),we seethatatthetimeofthetransitiontoVII-mode, thenormalizedcurrent

densityk,xp inferredfrom the experimentaldata at II'norm= 0.95(thefluxsurfacewhere

poloidalfluxis95% ofthe edge value)exceedsthe criticalvalueAcrlt,indicatingcoalescence

ofthe firstand secondregimes.In otherwords,at themeasured currentdensity,thereisno

pressuregradientatwhich theplasma isunstabletoidealballooningmodes [figure11(b)].It

has alsobeen observedthattheregionwithaccessto the secondstableregixneincreaseswith

time,in some casesreachingover 30% ofthe plasma volume (Deliyanakiseta:.,1993).The

timeof accessto the second regime coincideswith the terminationof the ELMs. In allof

theJET dischargesstudied,itisapparentthatthe transitionto VH-mode occursonlywhen

accesstothesecondregimeisobtainedneartheedge.Thiscontrastswith thesituationinthe

"standard" DIH-D configuration.

An infinite n, ideal ballooning mode stability calculation was performed for the DHI-D

discharges using the CAMINO (Chance, 1987) code. In the "standard" DIII-D configuration,

a large portion of the plasma volume naturally accesses the second regime, by virtue of its

favorable shape (Jackson et aL, 1992; Greenfield eta/., 1992; Taylor et a/., 1993; Osborne

eta/., 1993) (figure 12). Based on this information, second regime access cannot be ruled out

as a necessary condition, but it is not a sufficient condition for the VH-mode transition to

occur. In a typical VII-mode discharge, the plasma accesses the second stable regime only in

the region between p _ 0.85 and the edge (figure 12), while the decrease in thermal ditfusivity
is observed mainly in 0.6 < p < 0.9 (figure 7). Unlike the paradigm of stabilization of turbulence

I0 GENERAL ATOMICS REPORT GA-A21368 / JET JOINT UNDERTAKING REPORT JET-P(93)75



Green_e/d et al. INVESTIGATIONSOF VH-MODE IN DIII-D AND JET

...................................................................................

0 ......... Figure 12. In a DIII-D discharge with the
2000 2100 2200 2300 2400 2500 2600 2700 "normal" VH-mode configuration (shot
60 75121,DND, Ip = 1.6MA, BT = 2.1T,

JBOOTSTRAP(p:O.9) ] Pax = 8 MW), the normalized radial po-

40 [ . . ][ sition P_eco.d,tableoutside of which the sec-
_Eo -4- 75121 ond regime is accessed is relativelyconstant,

20 I"4--77132] despitethesteadilygrowingbootstrapcur-. rent near the edge. In a discharge where

we attempted to emulate the JET discharges0 , (shot77132,SND, Ip ----1.4MA, BT

2000 2100 2200 2300 2400 2500 2600 2700 = 2.1T,Psm = 6.5MW), thesecondstable
regime is accessedat approximately the time

1,0 Ps0condstable" .............4,.......................................................the ELMing phases ends, shortly after the
• bootstrap current near the edge begins to

, grow.
.9 ..........................................................................................................

08. ............................. ' ....
2000 2100 2200 2300 2400 2500 2600 2700

time(msec)

by sheared]_x ]_velocity,thevolumeofplasma whichisaffectedby secondstableregime

accessdoesnotcorrespondtotheregionwherethetransportisimproved,nordoesthisvolume

changeappreciablywhiletheconfinementrisesby a factoroftwo.Therefore,itisunlikelythat

thesecondregimeaccesscouldbe directlyresponsiblefortheconfinementimprovement.

When thisanalysisisperformedon the"JET-like"discharge(77132,figure12),theresults

areinagreementwiththoseobtainedinJET. Secondstableaccessisobtainedattheedge

neartheterminationoftheELMing period.The regionwithaccesstothesecondregimegrows

inwarduntiltheMHD eventwhichterminatesthehighconfinementphaseofthedischarge.In

thisdischarge,asintheJET discharges,theprimaryimportanceofthesecondregimeaccess

couldverywellbe theavoidanceofELMs. The ELMs may impedethegrowthoftheradial

electricfieldshear,especiallyneartheedge,thuspreventingtheVH-mode fromdeveloping.

Exactlyhow theseeffectsinterplaywithoneanotherisunderfurtherstudy.

4. Termination of the High Performance Phase

InbothDIII-DandJET discharges,thehighperformancephaseisoftenterminatedby a

globalMHD eventwhichcanresultina prompt(100to300psec)lossofa substantialamount

oftheplasmaenergyacrosstheentireplasma(Greenfieldeta/.,1992;Osborneeta/.,1993;

Baleteta/.,1993;Straiteta/.,1993;Naveeta/.,1993).An exampleofaVH-mode termination

inDIII-Disshowninfigure13. The plasmaenergycontinuestoriseuntiltheHI) event

occurs.The MHD eventisinitiatedby a rapidlygrowing(_ 20 to50psec)mode withtoroidal

mode number n _ 3 to 5. A growing internal m = 1, n = 1 mode [see figure 13(a)] is often
observed before the rapid growth of the n _, 3 to 5. The rapid loss of energy is shown by

the abrupt drop in the soft x-ray emission from the center to the edge [figure 13(b)]. In
discharges where the n = i mode is not observed, there is an immediate loss of energy from the
edge, but a slower loss from the center (Strait eta/., 1993). Following the termination event, the
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(a)
0

2.0
5

1.5 0

0.2- 5

0.1

Figure 13. Time evolution of the MHD event

0.0" 0 terminating the VH-mode phase of a dis-
3000 3200 charge in DIII-D (shot 73203, DND, Ip

= 1.6 MA, BT -"2.1 T, PNBI-- 10.75 MW).
An interned mode with (rn,.) --- (1,1)
precedes the" rapidly growing n _ 3 to 5

20 mode nearthe surface. Energy is lost rapidly

0 across the entire cross-section at t_e MHD
event.

- 20| SXR:rla=0.2 /_..L (d)__5

30 ............ 0
3119.4 3119.6 3119.8 3120.0

Time(reset)

confinement time returns to that predicted by JET/DIII-D scaling. The precise cause of the
termination event in JET is less dear. In some shots there is evidence for the involvement of

the , = 1 mode in the collapse phase (Nave eta/., 1993). A detailed paper describing the
termination event in JET is in preparation (Reichle et a/., 1993).

These experimental observations are consistent with ideal kink mode stability calculations.
Stability of the free boundary n = 1 kink mode was calculated numerically for JET discharges

using the CASTORcode (Kemer et a/., 1991). The calculations indicate that the n -- 1 mode,
which is normally an internal mode at low beta, has a significant edge component as beta or

edge current density is increased (Nave et al., 1993). The more global nature of this MHD
mode at high beta might account for the observed prompt energy loss. The ideal stability of

DIII-D discharges were evaluated with the GATOcode (Bernard eta/., 1981). Just before the
VH-mode termination, edge-localized kink modes with n :> 1 are found to be unstable, while
the n - 1 mode is only marginally stable. It is found that both the high edge pressure gradient

and the high edge bootstrap current are destabilizing to n = 1, 2, and 3 ideal kinks (Strait

eta/., 1993).
In both JET and DLII-D, these low n MHD modes are destabilized by high beta and

high edge current density. Some success has been achieved in delaying the termination event

in DIII-D by limiting beta by feedback control of the neutral beam input power. But, the
beta limit is reduced as a consequence of growing edge bootstrap current. In JET, low power

discharges which do not attain large beta have obtained nearly steady state high confinement.
It is clear that the factor which most limits the confinement here is 1V[HDstability. Theoreti-

cal modeling predicts that if this limitation were removed, further improvements in confinement
might be realized as the region of improved transport continues to penetrate the plasma
(Staebler eta/., 1993).

Two possible methods which have been considered in DIII-D to reduce and control the

edge bootstrap current in order to obtain higher beta high performance discharges are (1) the
addition of impurities to radiatively cool the edge and (2) the use of counter lower hybrid
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currentdrive.However,theedgecurrentdensityalsoprovidesaccesstothesecondregimeof

stabilityandincreasestheregionofsecondregimeaccess,andmay be neededfortheimproved

confinement.InDIII-D,dischargeswherea strongnegativecurrentramp hasbeen usedto

substantiallyreducetheedgecurrentdensity,theVH-mode hasnotyetbeenobtained(Taylor

etal.,1993).

5. Summary

The VH-mode regimeofhighconfinementhasnow beenstudiedintwodevices,indifferent

configurationsand withdifferentheatingmethods:JET (lowtomoderatetriangularitySND

and DND, withNBI and/orICRII)and DIII-D (highand lowtriangularitySND and DND,

allwithNBI).Althoughthetemporalsequenceofeventsleadingup totheVH-mode differs

betweenthetwomachines,theresu/tingsituationisquitesimilar:theV'H-modeischaracterized

by highdensityand temperaturegradients,whichextendmuch deeperintotheplasmathan

inH-mode. Both thermaland momentum confinementisseentobe improvedoverH-mode,

resultinginconfinementon theorderoftwicethatinH-mode.

Itappearsthattherearetwonecessaryconditionstoobtainimprovedconfinement.Neither

byitselfisa sufficientconditionfordevelopmentofVII-mode.The firstisaccessoftheplasma

edgetothesecondstabilityregimeforidealballooningmodes.The primaryimportancehere

seemstobe theavoidanceofELMs whichinhibitthetransitiontoVII-mode.The second

conditionistheextensionoftheradialelectricfieldgradienttowardtheplasmacore,whichis

known tosuppressfluctuations,therebydecreasingturbulenttransport.

The differencesbetweentheJET and DIH-D dischargesaremainlyrootedinwhichofthe

aboveconditionsisthecriticalone.InJET, thefirstcondition,secondregimeaccess,seems

tobe the"trigger"forVII-mode.InDIH-D, theplasmaedgeisalmostalwaysinthesecond

regime,sothesecondcondition,radialelectricfieldshear,becomesthe"trigger."Ina DHI-D

dischargewhichemulatestheJET shapeand shotprogram,theJET behaviorisreproduced.

The highperformancephaseofbothdevicesisusuallylimitedbya globalMHD eventwhich

issensitivetobothbetaandedgecurrentdensity.Some successhasbeenachievedinavoiding

thisevent,butthishasmostlybeenattheexpenseofperformance.Work withactivecontrol

ofplasmaparameterstoavoidtheMHD eventand improveperformanceisongoing.
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