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We calculatemicroinstabilitygrowth ratesin JEToptimizedshearplasmaswith a comprehen-
sive gyrofluid model,includingsheared���
	 flows, trappedelectrons,andall dominantion
speciesin realisticmagneticgeometry. Wefind goodcorrelationbetween����	 shearsuppres-
sionof microinstabilitiesandboththeformationandcollapseof theinternaltransportbarrier.

I. Intr oduction
Suppressionof turbulenceby ���
	 shearis a leadingcandidatefor understandingthe

mechanismof transportimprovementin L-H transitionsandin theformationof internaltrans-
port barriers. However, most of the evidencesupportingthis view is somewhat qualitative.
Usually, oneexpectsturbulencesuppressionwhen �� , the ���
	 shearingrate,is on theorder
of the linear growth rateor a turbulent decorrelationtime. Many investigationsof this nature
usesimplified estimatesof the linear growth rateor approximatemodelsto includethe flow
shear. In this work we extend thesestudiesby calculatingthe microinstability growth rates
with a comprehensive numericalgyrofluid calculationevolving the dynamicsof the main ion
species,impurities,beams,andtrappedelectrons.Wealsonow includethesheared���
	 flow
directly in thecalculationof theinstability growth rates.

II. Incorporating sheared ���
	 flows in gyrofluid simulations
We have includedtheeffectsof equilibriumsheared���
	 flows in our gyrofluid simula-

tionsthefollowing manner. In eachfluid equation,���
	 convectiongivesriseto threeterms:�������������� ��"!$# � ��� � !$# � � ��� � !$# � � !%!%!'&)(+* (1)

correspondingto a shearedequilibrium � ��,-� �.	 flow, a linear convectionof theequilibrium
densitygradientby theperturbed� , andan ���
	 nonlinearity. In our flux-tubesimulations,
we solve theevolution of thefluid quantitiesin generalgeometry, in a flux-tubealignedwith
the magneticfield,

�0/21 *435*46+* �87 , where
1

and 3 are coordinatesperpendicularto the field,	 &9# 1 � #:3 , 3 is thepoloidalflux, and 6 measuresdistancealongthefield line. In these
coordinatesEq.(1) becomes:�;��<�:=?> �;@ ��� �� 3 �;���1 � > ��@�;1 �;� �� 3 � > A ��@��1 ���� 3 = ��@� 3 �;���1CB � !%!%!'&D(+E (2)

For alinearlysheared� ��,-� �.	 flow,
�;@ �F� �HG � 3I& ��JK@ �F� �LG � 3 J%/ 3 = 3 � 7 , where3 � is thepoloidal

flux at thecenterof theflux-tubesimulationdomain. The constant� �F,-� �
	 flow only intro-
ducesa dopplershift, and is not includedhere. By introducingthe variabletransformation1NM & 1 =O> �;JP@ �F�K�LG � 3 JQ/ 3 = 3 � 7R� , sothenew coordinatesshearin thepoloidaldirectionwith the



equilibriumflow, the �S�F� �� !$# �
termis introduced,consistentwith smoothstatisticallyperiodic

boundaryconditionsacrossthe 3 domain.In otherwords,aneddywhich is convectedout one
sideof theflux-tubewill re-entertheothersidewith theappropriaterotationsoit doesnot feel
a discontinuity. Theonly changeis thatnow radialderivativesaretimedependent:�� 3 & �� 3 M =?> ��JK@ ��� �� 3 J � ��;1 E (3)

In morestandardballooningnotation,this meansthat the 6 � ’s shift: 6 M� &96 � �DT � � G;UV , whereWYX & W[Z UV 6 � , and T � & /]\ G_^�` 7a�;J @ ��� �LG ��bcJ
, and

b
is a normalizedflux surfacelabel.

Fig. 1. d5egf2h for seven i M�%j in the presenceof k?l�m shear. In this representationthe addition of flow
shearintroducesoscillationsontop of exponentialgrowth,anda reducedeffectivegrowthrate.

The linear behavior of our initial valuecalculationswith flow shearis shown in Fig. 1.
Whena modeis shearedto sufficiently high 6 � , we reintroduceit at negative 6 � , to resolve the
physicallyrelevant part of

W
-space.Dif ferent 6 � ’s are linearly coupledthroughthe boundary

conditionalongthefield line,
�

makingthe linear calculationwith flow shear2D. This makes
the linear computationsmorechallenging,increasingthe importanceof the relative speedof
our fluid model. The netgrowth now dependsin somesenseon the 6 � averagedgrowth rate,
asa modeis convectedpoloidally. This approachandour resultsaresimilar to Ref. 2. The
potentiallydestabilizingeffectof parallelflow shearis not included.

In theanalysisthatfollows,we usebounceaveragedtrappedelectronfluid equationsn cou-
pledwith thetoroidalion gyrofluidequationso for D, animpurity, andbeams,in theelectrostatic
approximation.This modelthusincludesboththelongwavelengthTEM andITG instabilities,
andhasbeenthoroughlybenchmarkedagainstfully kinetic calculations.p

Becausethedetailsof themagneticgeometrycansignificantlyaffect the results,we solve
theseequationsin realisticgeometry. The detailsof flux-tubesimulationin generalgeometry
aregiven in Ref. 1. Using measuredprofilesfrom TRANSP,q we numericallycalculatethe
equilibriumat eachtime of interest,andthencalculatethenecessarygeometricalcoefficients,
e.g.the #sr andcurvaturedrifts, usingtechniquesin Ref. 7.

III. Detailed comparisonwith JET optimisedshearpulse
We now analyzeJET optimizedsheardischarge 40847,t which is a stringenttestbedfor

the ���
	 shearsuppressionparadigm.Shortly after thebeamsturn on at
� &�u s, an internal



transportbarrierforms and ^�` increasessharply, asshown in Fig. 2(a), and v ` , calculatedby
TRANSP, drops,shown in Fig. 2(b). At

� & w+EFx s, the edgeundergoesan L-H transition,
andcoreconfinementdeteriorates.However, within thetime resolutionof thedata,we cannot
determinewhethertheL-H transitionprecedesthelossof thecoreITB, or whetherthe lossof
thecoreITB precedestheL-H transition. Likewise,we cannotdeterminewhetherthe lossof
corerotationprecedesthelossof thecoreITB, or vice versa.It is alsoa possibilethatthecore
ITB collapseis triggeredby MHD.

Fig. 2. (a) y ` and (b) z ` eg{}|�~[����h for a JET optimizedsheardischarge. At f�|��[��� s the core ITB
collapses.

To analyzethis discharge we useprofiles from TRANSPand their gradientsas inputsat
the flux surfaceof interest. � X

is calculatedfrom radial force balanceusing the NCLASS
package,� using measured�Y� and #�� profiles and calculatingthe neoclassical� Z . For this
discharge thecontribution from �Y� dominates� X

. The time behavior of the measured�Y� and
calculatedshearingrate,�� , areshown in Fig. 3. After

� &�w+E�x s, rotationslows and �� drops.

Fig. 3. Toroidal rotation at �9|��%��~ cm, �%� , and the shearingrate at {}|�~[��� , ��� , vs. time. AfterfN|?�[��� s,core rotationslowsand ��� drops.

Fig. 4 showsthegrowth ratevs. timeat
b &)(cE�� , maximizedover

W[Z b `��)� EFu . Wefirst show
thegrowth rateignoring ���
	 shear, labelled �[��� � . As theprofilessteepen,thegrowth rates
first increaseandthendecrease,althoughthis doesnotappearto bedueto geometricalfinite-�



stabilization,
� � in contrastto ERSonTFTR.Thiswastestedby recalculatingtheequilibriawith� reducedby a factorof 10, andrepeatingthegrowth ratecalculationwith thenew geometry

b
�
ut thesamedriving gradients,andlittle changewasfound. As thegrowth ratesdrop,toroidal

rotationbuilds up until theshearingrate, �� , is within a factorof 2 of the linear growth rate.
This occursnear

� &9wcE�� s, roughly consistentwith thedecreasein v ` shown in Fig. 2. Later,
toroidal rotationdecreasesand  � dropsbelow � ��� � at around

� &�� s. This is alsoconsistent
with theincreasein v ` in Fig. 2, andthelossof theinternaltransportbarrier.

Finally in Fig. 4 we show thegrowth ratesincluding ����	 shear, labelled �Y���4��� . Theseare
very roughlyconsistentwith theexpectationof completelinearstabilitywhen ��� ¡�[��� � , and
evenmoreconsistentwith boththeformationof theinternaltransportbarrier, andthelossof the
corebarrierat

� &�wcE�x s. Theseresultsencouragefully nonlinearsimulationsof this discharge
in thefuture,usingthetechniquepresentedabove.

Fig. 4. Growth ratesand shearingratesvs. time at the {
|�~[��� surface,calculatedwith and withoutkIl¢m shear. At f�|¡� s theshearingratehasincreasedto within a factor of 2 of thelinear growthrate
ignoring kIl¢m shear, £Y��� � . Later, toroidal rotationslowsand ��� dropsbelow £��;� � . Thefull linear
growthratesincluding kIl¢m shear, labelled £$���4��� , correlatewell with thereductionin z ` asthebarrier
is formed,andtheincreasein z ` asthebarrier collapes.
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