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1 Intr oduction
A recentstudy[1] hasfound that the Mercier criterion[2, 3] wasviolated in the inner region of a

reversedshearplasmawhenthesafetyfactoron axis, ��������� , exceededa threshold.This hascontradicted
thenotionthatnegativeshearis robustlyMercierandballoonstable,bothfrom semi-analyticalresults[4]
andfavorablenumerical[5]andexperimental[6,7] evidencefrom severaltokamakdevices.

For profilessimilar to thosein Ref. [1], in a fixedboundarycircularcross-sectionplasma,we have
foundnoMercierinstability for arepresentativerangeof �
	���
 with negativeshear. WerecasttheMercier
criterion in termsof ����� , i.e., the secondderivative of the plasmavolumewithin a flux surfacewith
respectto thetoroidal, ratherthanwith respectto thepoloidalflux, ����� , showing thatthedominantshear
termis absorbedin � ��� . We alsoshow that thesignificantlydifferentlocal magneticshearpropertiesis
morebeneficialin reversedconfigurations.

2 Cir cular configurations
We investigateda varietyof reversedshearcon-
figurationssimilar to thecircularcaseof Ref.[1],
using representative valuesof ��������� of 4.5 and
8.0, holding ������� , � ����� and ��������� approximately
fixed.With themagneticaxisat �! !" , andami-
nor radius, # , of 3 theaspectratio is fixedat 3.0.
For completenesswealsostudiedanon-reversed
shearcasewith � �������  %$'&�$ . The safetyfactor
profilesfor acasewith (*)+ !,-&/. , and ��������� equal
to 1.1,4.5and8.0areshown asa functionof the
poloidal flux surfacenumberin Fig. 1 together
with thepressureprofilewhich is usedfor all the
casesstudied.

3 The Mercier criterion
Mercier criterion with the termsgroupedsimi-
larly to thosegivenin Ref. [1], but usingour no-
tationandnormalizationcanbewrittenas,
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Figure1: Safetyfactorprofiles(lighter lines)for the
reversedmonotonicshearcases.
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where� �/0 1 2QP . for stability. Here, � � 	R�S
 denotestheglobalmagneticshear, andwehavesubstitutedthe
parallelcurrent,TAU+VXWRY[Z @ 0  \4 8 : � Z @ 0 4 8-� , into theoriginal form of [1]. Y\ C3]�^�C � 6_8 	���
 C`] Osothat thepoloidalflux, a , is , K � within thevolume, � , and 8 	R�S
  \, K � @Qb . Thecoordinatesystem
usedis suchthat c� 	 � O ] O�d 
  	R� O�efO ] 
 , with theJacobian,

>  	 C � ^gC e W C`] 
�hji . Theaverages,k WlWmW n�Uo$mZ', K�p WmWlWrq e , areareevaluatednumericallyusingthetrapezoidalrulebecauseof theextremely
highaccuracy offeredby theEuler-Maclaurineffect for periodicfunctions.
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For thecasewhere ���������  \st&/. , thegroupsof termscomprisingEq. (1) areplottedin Fig. 2 usinga
modifiedlogarithmicscaleusefulfor plotting datawhich smoothlyspanlargeandsmallvaluesof either

sign.u It is definedby vw yx{z'| i~}Q����� Z', 6!� 	 ��� Z', 
 0 6 $�� . For
B v B�� $ , vw�����{|L� 	 ��� 
 x{z'| i~} B ��� B , for

bothpositiveandnegativevalues.For ���H� $ , � � 	 ,'vfZ � 
 x{z'| � $l. . In this studythestretchingfactor �
is fixedat10.

Consideringthe right handsideof Eq. (1), the first term, labeledby ‘ �m0 ’ in the figure, is stabiliz-
ing, and,becauseof theSchwartzinequality, the secondgroupof terms,labeled‘scz’ is destabilizing.
The third term is the so called “shear” term and
aspointedout in [1] it is destabilizingfor � � neg-
ative. It was consideredby [1] to be the domi-
nantcausefor theinstabilityof reversedshearcon-
figurations. In the fourth groupof terms,labeled
‘ ����� ’, thelessdominanttermwith : �/0 is destabiliz-
ing. The expressioninvolving � ��� 	  �� 0 �SZ'� � 0 ),
the “well” term, is by far the moredominantone
and is found to be stabilizing in regions where
the global shearis negative, andvice-versa.This
counterintuitive changein the sign of � ��� within
the cross-sectionof the plasmasuggeststhat it is
not a good indication of the stabilizing tokamak
magneticwell. Thecurvesin thefigurerepresent-
ing � ��� andthe“shear”termsareemphasizedwith
thedarkerlines.Notethat 1 2 , labeled‘ 1 2 ’ is neg-
ative, (i.e. stable)over thewholeplasma.
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Figure2: Thetermsof ��� using ����� (a), and �S��� (b),
for a reversedshearprofile. ���~��� ���? '¡�¢ . Theheavier
curvesof �£��� and the shearterm labeled“shear” in
(a) combineto give the curvesof � ��� and the shear
termlabeled“shear” in (b).

4 The Mercier criterion with ¤9¥R¥
An examinationof Fig.2ashowsthatthevalueof thesheartermis approximatelyequalandopposite

to thatof the“well” term.Thissuggeststhatamoreappropriateuseof � (albeitroughly)for describing
thetokamakmagneticwell is � ��� 	 U!� 0 �SZ'�j¦ 0 ), where¦ is thetoroidal flux [on average,magneticfield
linescirculate� timesaroundthelongwayof thetorusbeforemakingit oncearoundtheshortway]. We
canthuswrite,

� ���  5LK 0 � 0 � ��� 6 � �� � �R§ (2)

theterminvolving � � , a “shear” term,is largely responsiblefor thechangeof signin ����� . It will oppose
thedominant(toroidal)contributionof thesheartermof Eq.(1). SubstitutingEq.(2) andcombiningthe
shearterms,theMerciercriterionthentakestheform:� �/0�1 2  4 � �/057698 0~:-�/0 ; < >¨@ 0B�C � B 0-D < >@ 0 B�C � B 0-D 4 < >B�C � B 0-D 0GF4 � � : �� 8 0 I < > D < >� 0 B�C � B 0-D 4 <9>� 0jD < >B�C � B 0-D©N4 � � : �� < > D < >� 0�D 4 < >H@ 0BEC � B 0-DªI : � � 0 � ��� 4 : �/0 < >@ 0MD�N O (3)

where � �/0 1 2QP . for stability.
Thegroupsof thesetermsareplottedin Fig 2bfor thesameconfigurationaswasusedfor Fig 2a.The

residualsfrom theshearterms,i.e., thethird andfourth groupson theright, plottedtogetherandlabeled
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‘shear’ in thefigure,arenow reducedto thepoloidalfield scale;in thecylindrical limit the formernow
alsovanish.In thereversedshearcasesstudied,theseresidualsarebothstabilizingin thenegativeshear
re« gion. This is obviously true of the fourth group. Heuristicallyassumingthat � h 0 �¬$­4®,°¯²±�z'� e ,B�C � B h 0 �³$­4+´?±�zµ� e , and

> �³$ 6ª¶ ±�z'� e , with ¯ O ´ and ¶ � $ , then the third groupof terms
becomes��4 	 : � � � Z �°
 ¯·´ 	 $S4 ¶ 0 Z', 
 . If thereis outwardshifting of themagneticsurfaces( ´¹¸º. ), this
groupis stabilizingfor negativeshear(with : � negative),andis independentof

>
to leadingorder.

The“well” termcontaining� ��� , labeled‘ � ��� ’, is now negative throughouttheplasmacross-section
for all the positive andreversedshearcasesstudied. This is moreappropriateto describethe intrinsic
propertyof tokamakwellsandtendsto � 	 $»4 � 0} 
 at themagneticaxis.[2]

5 Monotonic ¼�½�¾w¿ profile
The termsof 1 2 given by Eq. (1) for the circu-
lar configurationwith a monotonic �-	R�S
 profile
in is shown in Fig. 3a. Although 1`2 is negative
throughoutthecrosssectionweseeagainthatthe
destabilizing“well” term is now opposedby the
shearterm which is now stabilizing. When the
termsaregroupedwith ����� accordingto Eq. (3)
we seefrom Fig. 3b that theshearterm is desta-
bilizing but ����� is negative throughoutthecross
section.
Notethatthereis approximatelyanorderof mag-
nitudecancellationbetweenthelarge“well” and
sheartermsin the two forms of 132 , in configu-
rationswith either reversedor monotonicshear
profiles.
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Figure3: Thetermsof � � using ����� (a), and ����� (b),
for a monotonicshearprofile. � ���r� � �?Àm¡{À .

6 Local magneticshear
Thelocal magneticshear, [3, 4] Á 	R� O�e 
 , definedin normalizedform, asÂÁ 	R� O�e 
  �, K 0 � > ImÃ > 8� 0ÅÄ � 6 �� e Ã

C � W C eB�C � B 0 > 8� 0jÄ�N O (4)

is comprisedunderaveraging,of the averagedglobal shear, ,'� � � Z'� � � , anda residualoscillatingpart.
Theintrinsicoutwardshift of themagneticaxisin tokamakconfigurationsredistributesthepoloidalflux
soasto reducethelocalmagneticshearattheoutermajorradiusside.Thisoppositionto imposedpositive
globalshearin conventionalnon-reversedconfigurationsresultsin alow shearneighborhoodaboutanull
in the local shearnearthe magneticaxis. On the left of Fig. 4 for the non-reversedshearcase,Seven
equallydistributedcontourlevelseachfor positiveandnegative

ÂÁ areshown. Examinationof thedensity
of thelinesshowsthatthelocal shearis negative (solid lines)out to about �+ \$'$ andis verysmalland
positivein theregionof unfavorablecurvature.Thislackof sheartendsto breedinterchanges.In reversed
shearplasmas,on theotherhand,the imposednegative global shearenhancesthe negative local shear
tendency andrendertheplasmamorestablein thereversedregion by strengtheningthe(negative)shear
andexpandingtheradialextentof thenegativeshearregion. Thenull movesouttowardstheplasmaedge
wherethepressuregradientis small. SeeFig. 4(right). Ballooningmodesarefound to be leaststable
neartheedgeof reversedshearplasmaswherethe local shearis small. A fully reversedshearprofile
would causethe null to migratebeyond the plasmaedge. In both casesit is an unfortunatetradeoff
thatmostof theshearresidesin theregion of favorablecurvature.Althoughtheseargumentsinvolving
thepoloidal dependenciesaremorerelevant to ballooningmodes,they arepertinentto interchangesas
well sincethephysicalmechanismsof the instability aresimilar andballooningstability is a sufficient
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Figure4: Contoursof thenormalizedlocal shearon the Æ - Ç planetogetherwith a 3D displayfor a monotonic� profile for which � ����� � �ªÀm¡{À (left) and � ����� � �+ '¡�¢ (right). Sevencontourlevelseach for positiveandnegativeÈÉ
are shown.Dottedlinessignify

ÈÉËÊ ¢ , solid lines
ÈÉÍÌ ¢ , andtheheavysolid lines,

ÈÉ �?¢ , which are labeled.
Mostof theshearresidesin theregion of favorablecurvature. Theoutermostcircle is theplasmaboundary.

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
arerobustly stableprovided that thesafetyfactor remainsabove unity andthe triangularityis positive,
contradictthe recentresultsof Ozeki, et al. [1]. A regroupingof the termsin the Mercier criterion
demonstratesthatthesheartermsareactuallystabilizingandsupportsconclusionsof boththenumerical
analysesandthesemi-analyticmodelof Ref.[4]. Thelocalmagneticshearanalysessuggestthatreversed
shearconfigurationshave morefavorablestability properties.We have alsoexaminedplasmaswith the
ITER reversedshearplasmashape(with elongationÎ9 Ï,-&Ð. , andtriangularity ÑA Ï.t&/Ò ) andfound no
Mercier instability for � ������� rangingfrom 4.5 to 10.0,andwith ( ) rangingfrom 3.5 to 5.5. Ballooning
instability occurredfor (�)Ó¸ 5 &/Ò wherethe magneticshearbegins to rise outsidethe ������� location,
consistentwith thelocalshearobservations.

Possiblereasonsfor the contradictioncould be distortionof the equilibriumsurfaces,errorsin the
analysisandinaccuraciesin thenumericalalgorithms.
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