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1 Intr oduction

A recentstudy[] hasfound that the Mercier criterion[2, 3] wasviolatedin the innerregion of a
reversedsheamplasmawhenthe safetyfactoron axis, ¢.xis, €xceededathreshold.This hascontradicted
thenotionthatnegative sheaiis robustly Mercierandballoonstable bothfrom semi-analyticatesults[4
andfavorablenumerical[5]andexperimental[6,7] evidencefrom seseraltokamakdevices.

For profilessimilar to thosein Ref.[1], in a fixedboundarycircular cross-sectioplasmawe have
foundno Mercierinstability for arepresentatie rangeof ¢(v) with negative shear We recastheMercier
criterion in termsof V*, i.e., the secondderivative of the plasmavolume within a flux surfacewith
respecto thetoroidal, ratherthanwith respecto the poloidal flux, V", shawving thatthe dominantshear
termis absorbedn V*. We alsoshaw thatthe significantly differentlocal magneticsheampropertiess
morebeneficialin reversedconfigurations.

2 Circular configurations

We investigateda variety of reversedshearcon-
figurationssimilarto thecircularcaseof Ref.[1], 8= _
using representatie valuesof ¢..is of 4.5 and N\ Profles
8.0, holding ¢min, "min @Ndgedge approximately
fixed. With themagnetiaxisat R = 9, andami-
nor radius,a, of 3 theaspecratiois fixedat 3.0.
For completeneswe alsostudieda non-reversed
shearcasewith ¢..is = 1.1. The safetyfactor
profilesfor acasewith 5y = 2.0, andg.yis €qual
to 1.1,4.5and8.0areshovn asa function of the
poloidal flux surfacenumberin Fig. 1 together
with the pressurerofile which is usedfor all the
casesstudied.

pW), Nim?

0 50 100 150 200 250

3 The Mercier criterion v,
Mercier criterion with the terms groupedsimi- Figurel: Safetyfactorprofiles(lighter lines)for the
larly to thosegivenin Ref.[1], but usingour no- reversedmonotonicshearcases.

tationandnormalizationcanbe written as,
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whereq? D; < 0 for stability. Here, ¢’ (v)) denotesheglobalmagneticsheayandwe have substitutedhe

parallelcurrent,e = J-B/B* = —gp//B*—¢', into theoriginalform of [1]. B = V¢ x Vi +¢(¥) V¢,

sothatthe poloidalflux, ¥, is 27+ within thevolume, V', andg(v) = 2r RB,. The coordinatesystem
usedis suchthatr = (R, ¢, Z) = (¢, 8, ¢), with the Jacobian,7 = (Vi x V6 - V¢)~!. Theaverages,
(--y=1/2r § ---db, areareevaluatechumericallyusingthetrapezoidafule becausef the extremely
highaccurag offeredby the EulerMaclaurineffectfor periodicfunctions.
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For the casewhereq.yis = 8.0, the groupsof termscomprisingEq. (1) areplottedin Fig. 2 usinga
modifiedlogarithmicscaleusefulfor plotting datawhich smoothlyspanlarge andsmallvaluesof either

sign. It is definedby y = log,, (’yf/Q +V(vf/2)2+ 1). For |y 21y~ sign (v f) logyo |7 f|, for
both positive andnegative values.For v f < 1, f ~ (2y/7) log, 10. In this studythe stretchingfactor~y
is fixedat 10.

Consideringthe right handside of Eq. (1), the first term, labeledby ‘s?’ in the figure, is stabiliz-
ing, and,becausef the Shwartzinequality, the secondgroup of terms,labeled‘scz’ is destabilizing.
The third termis the so called “shear” term and 5
aspointedoutin [1] it is destabilizingfor ¢’ neg-
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ative. It was consideredby [1] to be the domi- 4 af
nantcausedor theinstability of reversedshearcon-
figurations. In the fourth groupof terms,labeled 2 2

‘v thelessdominantermwith p'? is destabiliz-
ing. The expressioninvolving V(= 9%V /3v?),
the “well” term,is by far the moredominantone
and is found to be stabilizing in regions where
the global shearis negative, andvice-versa. This
counterintuitve changein the sign of V" within
the cross-sectiomf the plasmasuggestghatit is
not a goodindication of the stabilizing tokamak
magnetiovell. Thecunesin thefigurerepresent-
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Figure2: Thetermsof D; usingV” (a),andV'* (b),
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ing V" andthe“shear”"termsareemphasizedvith
thedarkerines.NotethatD,, labeled D’ is ngy-
ative, (i.e. stable)over thewholeplasma.

for areversedshearprofile. ¢..is = 8.0. Theheavier
curvesof V' andthe shearterm labeled“shear” in
(a) combineto give the curvesof V' and the shear

termlabeled‘shear” in (b).

4 The Mercier criterion with V'

An examinationof Fig. 2ashavsthatthevalueof thesheatermis approximatelyequalandopposite
to thatof the“well” term. This suggestshata moreappropriateuseof V' (albeitroughly)for describing
thetokamakmagnetiowvell is V' (= 9%V /0®?), where® is the toroidal flux [on average magnetidield
linescirculateq timesaroundthelong way of thetorusbeforemakingit oncearoundthe shortway]. We
canthuswrite,

!
Vv Ar?gPvit 4 Q_V/; )
q
theterminvolving ¢/, a“shear”term,is largely responsibldor the changeof signin V. It will oppose
thedominant(toroidal) contribution of thesheartermof Eq. (1). Substitutingeq. (2) andcombiningthe
shearterms,the Merciercriterionthentakestheform:
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whereq2 Dy < 0 for stability.

Thegroupsof thesetermsareplottedin Fig 2bfor thesameconfiguratioraswasusedfor Fig 2a. The
residualdrom the shearterms,i.e., the third andfourth groupson theright, plottedtogetherandlabeled
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‘shear’in the figure,arenow reducedo the poloidalfield scale;in the cylindrical limit the formernow
alsovanish.In thereversedshearcasestudied theseresidualsarebothstabilizingin the negative shear
region. This is obviously true of the fourth group. Heuristicallyassumingthat R=2 ~ 1 — 2¢ cos#,
[V|=2 ~ 1 — Acosf, andJ ~ 1+ 7Tcosf, with ¢, A andr < 1, thenthe third group of terms
becomes- —(p'q’'/q)eA(1 — 72 /2). If thereis outwardshifting of the magneticsurfacegA > 0), this
groupis stabilizingfor negative shear(with p’ negative), andis independentf .7 to leadingorder

The“well” termcontainingV?, labeled V"', is now negative throughouthe plasmacross-section
for all the positive andreversedshearcasesstudied. This is more appropriateto describethe intrinsic
propertyof tokamakwells andtendsto ~ (1 — ¢3) atthe magneticaxis.[Z

5 Monotonic ¢(v) profile

Thetermsof Dy givenby Eq. (1) for the circu- 2 . : 2 .
lar configurationwith a monotonicq(v) profile @ (B) pos s
in is shawvn in Fig. 3a. Although Dy is negative
throughouthecrosssectionwe seeagainthatthe
destabilizing‘well” termis now opposedoy the
shearterm which is now stabilizing. Whenthe
termsaregroupedwith V* accordingto Eq. (3)
we seefrom Fig. 3b thatthe sheartermis desta-
bilizing but V** is negative throughoutthe cross
section.

Notethatthereis approximatelyanorderof mag-
nitudecancellatiorbetweenrthelarge “well” and
sheartermsin the two forms of Dy, in configu-
rationswith either reversedor monotonicshear ~ Figure3: Thetermsof D; usingV” (a), andV** (b),
profiles. for a monotonicshearprofile. gaxis = 1.1.
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6 Local magneticshear
Thelocal magneticshear[3, 4] S(v, 8), definedin normalizedform, as

y v Jg\' | 9 (Vy-VeTg
b(l/),G) - 27r2qj |:(R2) +80( |V§/J|2 RQ):|’ (4)

is comprisedunderaveraging,of the averagedglobal sheay 2V ¢’ /V'q, anda residualoscillating part.
Theintrinsic outwardshift of the magneticaxisin tokamakconfigurationgedistritutesthe poloidalflux
soasto reducehelocalmagneticshearmattheoutermajorradiusside. Thisoppositionto imposedoositive
globalsheaiin corventionalnon-reversecconfigurationsesultsin alow sheameighborhoocboutanull
in the local shearnearthe magneticaxis. On the left of Fig. 4 for the non-reversedshearcase,Seven
equallydistributedcontourlevelseachfor positiveandnegative S areshovn. Examinationof the density
of thelines showsthatthelocal sheatis negative (solid lines)outto aboutR = 11 andis very smalland
positivein theregion of unfavorablecurvature.Thislackof sheatendsto breednterchangesin reversed
shearmplasmaspn the otherhand,the imposedngyative global shearenhanceshe negative local shear
tendeng andrenderthe plasmamorestablein thereversedregion by strengtheninghe (negative) shear
andexpandingtheradialextentof the nggative shearregion. Thenull movesouttowardsthe plasmaedge
wherethe pressurggradientis small. SeeFig. 4(right). Ballooningmodesarefound to be leaststable
nearthe edgeof reversedshearplasmasvherethe local shearis small. A fully reversedshearprofile
would causethe null to migratebeyond the plasmaedge. In both casest is an unfortunatetradeoff
thatmostof the shearesidesn theregion of favorablecurvature. Althoughtheseargumentsnvolving
the poloidal dependenciearemorerelevantto ballooningmodes they are pertinentto interchangegs
well sincethe physicalmechanism®f the instability are similar andballooningstability is a sufficient
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Local Shear Contours: Monotonic Shear, %= 8.0
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Figure4: Contoursof the normalizedocal shearonthe R-7 planetogethemwith a 3D displayfor a monotonic
q profile for which gaxis = 1.1 (left) and gaxis = 8.0 (right). Sevencontourlevelsead for positiveand negative
S are shown.Dottedlinessignify S > 0, solidlines .S < 0, andthe heavysolid lines, S = 0, which are labeled.
Mostof theshearresidesn theregion of favorablecurvatue. Theoutermostircle is the plasmaboundary

conditionfor achieving interchangestability.

7 Conclusions

In this work we have attemptedto clarify the role of magneticshearin the pressuredriven sta-
bility propertiesof reversedshearconfigurations. Our resultswhich shows that theseconfigurations
arerohustly stableprovided that the safetyfactor remainsabove unity andthe triangularityis positive,
contradictthe recentresultsof Ozeki, etal. [1]. A regroupingof the termsin the Mercier criterion
demonstratethatthe sheaitermsareactuallystabilizingandsupportsconclusionf boththenumerical
analysesndthesemi-analytianodelof Ref.[4]. Thelocalmagneticsheamnalysesuggesthatreversed
shearconfigurationshave morefavorablestability properties.We have alsoexaminedplasmaswith the
ITER reversedshearplasmashape(with elongations = 2.0, andtriangularityd = 0.5) andfound no
Mercierinstability for ¢.xis rangingfrom 4.5to 10.0,andwith 5y rangingfrom 3.5to 5.5. Ballooning
instability occurredfor G5 > 4.5 wherethe magneticshearbegins to rise outsidethe ¢, location,
consistentvith thelocal shearobsenations.

Possiblereasondor the contradictioncould be distortion of the equilibrium surfacesgrrorsin the
analysisandinaccuraciesn the numericalalgorithms.
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