
Gyrokinetic Simulations of Tokamak Microturbulence

W. Dorland,B. N. Rogers,F. Jenko (1), M. Kotschenreuther(2), G. W. Hammett(3),
D. Mikkelsen(3), D. W. Ross(4), M. A. Beer(3), P. B. Snyder(5), R. Bravenec(4),

M. Greenwald (6), D. Ernst(3), R. Budny (3)

Universityof Maryland,CollegePark,Maryland,20742,USA
(1) Max-Planck-Institutfür Plasmaphysik,EURATOM, 85748Garching,Germany

(2) Institutefor FusionStudies,Universityof Texas,Austin,Texas,78712(3) Princeton
PlasmaPhysicsLaboratory, Princeton,NJ,08543(4) FusionResearchCenter, Universityof

Texas,Austin,Texas,78712(5) GeneralAtomics,La Jolla,CA (6) PlasmaScienceandFusion
Center, MIT, Cambridge,MA, 02139

Abstract

Gyrokinetic simulationsof ITG (
����������
	 ) and ETG (

��������
 	 ) turbulenceare presented.Comparisons

of toroidal turbulencein thesetwo limits provide insightsinto the dynamicsof streamersandzonalflows. We
addressthegenerationof zonalflows by secondaryinstabilitiesandtheregulationof zonalflows by collisionless
tertiaryinstabilities.Wepresentthefirst toroidalelectromagneticgyrokineticsimulationsof smallscaleturbulence,
andgyrofluid modelswhich explain two importantgyrokineticresults: (1) Nearmarginal stability of the linear
ITG mode,the turbulencecan generatezonal flows that are sufficiently weak to remainstablebut sufficiently
strongto suppressthe linear ITG mode.This stableregion correspondsto theparameterregimeof thenonlinear
Dimits shift. (2) “Long” wavelength(

��������
 	�� ������� ) ETG turbulencedrivesexperimentallyrelevantthermal
transport,becausethesecondarymodesthatproducesaturationbecomeweak. Finally, preliminarycomparisons
of simulationswith experimentaldataaredescribed.

1 Introduction
Numericalsimulationsof ion-temperature-gradient

(ITG) driven modesin magneticallyconfined fusion
plasmasindicate that poloidal E � B flows, sponta-
neouslygeneratedby the nonlineardynamics,play a
centralrole in regulatingthesaturationlevel of the tur-
bulenceand the resultingcross-fieldheattransport[1].
This is strikingly evidentin simulationsnearmarginally
stableconditions,in which theshearedflows generated
by the systemvirtually suppressall transport,andlead
to aneffectivenonlinearupshiftof thecritical ITG mode
instability gradient[2] (the“Dimits” shift). In thecon-
text of theelectrostaticITG system,weaddress[3] three
fundamentalquestionsregardingtheseshearedpoloidal
(or “zonal”) flows. First, what is the mechanismby
which theseflows aregenerated?Second,underwhat
conditionsaretheseflows stable?And third, arethese
flows experimentallyrelevant?In thecourseof answer-
ing thesequestions,we shall obtain a clearerunder-
standingof the Dimits shift, andsomeinsight into the

Figure 1: Gyrokineticsimulation(GS2) ex-
plainsdisagreementbetweenIFS/PPPLmod-
els and this C-Mod data from the ITER pro-
file database;experimentaldata shownby
horizontal and vertical lines (#960116027,���������

, � ����� ��� ,  "!$#&%('*) �,+-��.���� .
impactit is likely to haveon ITG-basedtransportmodels[4].

The equationswhich describeelectrostaticmicroinstabilitiesdriven by electrontemperature
gradients[5] (ETG) andby ion temperaturegradients[6] (ITG) arevery similar. In fact, the



linearinstabilitiesareexactly thesame,exceptthatthespecieslabelsfor lengthandtimescales
areexchanged.ThelengthscalesaretheLarmorradiusof thenon-adiabaticspecies,i.e., /�0 and/(1 respectively. Thetime scalesfor thetwo modesare 243-06587�9:0 and 243;1<587�9=1 , where 243?> and 7�9@>
aretheequilibriumtemperaturegradientscalelengthandthermalvelocity for speciesA .
In a typical fusion plasma,/(1CBEDGFG/�0 and 7�9:0�BED(FG7�9=1 , so that
electronscaleturbulenceis characterizedby shorterwavelengths
andhigherfrequencies.Simplemixing lengthargumentssuggestH >IBJ/�K> 7�9@>L5G243M>ON H >QP , so that H 1RBSD(F H 0 . For ETG transport
to beexperimentallyimportant,thenormalizedH 5 H 0TP from ETG
simulationsshould be much larger than the normalized H 5 H 1=P
from ITG simulations.Nonlinear, electromagnetic,toroidal,gy-
rokinetic(andgyrofluid) simulationsof ETG turbulencefind this
behavior [seeFig. (2)].
It is often the casethat experimentallyinferredelectronandion
thermaldiffusivities arecomparablebecausesignificantelectron
transportis drivenby ion-scaleturbulence,mostly asa resultof
thenon-adiabaticresponseof electronswhich aretrappedin low
magneticfield regions. This is the origin of electronthermal

Figure 2: U;V�WGX� (upper) andU;YZW8X� (lower) for similar (Cy-
clone) parameters, except [ ���� .��

in EM ETGcase. [10, 11]

transportin theIFS/PPPL[4] model,for example.However, thereareexperimentalcases[7, 8]
in which distinctly anomalouselectronthermaltransportis observed without accompanying
anomalousion thermaltransportor ion-scalefluctuations. Below, we argue that ETG turbu-
lenceis areasonablecandidatefor explainingexperimentalobservationssuchasthese.Wealso
provide a simplemodelthatexplainswhy ETG transportis larger thanonemight expectfrom
lineartheory.

Themodelswedevelopto describeourETGandITG simulationsarein thespirit of Ref.[9].

2 Zonal Flows and ITG Turbulence
Insight into the generationof zonal flows by ITG modescan

be obtainedby an examinationof a nonlineargyrokinetic simu-
lation just prior to the onsetof turbulent saturation. [3] During
this phase,a burst of zonalflow growth is observed that is quali-
tatively similar to (but moreextremethan)burststhatareobserved
throughouttheturbulentphase.Startingthesimulationfrom small
amplituderandomperturbations,a dominant(primary) linear ITG
modeemergesin the linear phase.Fig. (3) shows the growth rate\;] (dotted line) of this linear mode as a function of time, from
the linear phasethrough the initial saturation,with the normal-
izations ^`_ba�^dc�e6fg>ihj5Mk</d><0mln0TP$o , /d>Q0p_rq�>Q0g5Gs�tu1 , q�>Q0p_ v ln0TP$5�wx1 ,y _ y c�e6fg>iqz><0{5Gh , \;] _ \;]=| c$e$fg>ihj5Gq�>Q0 . Theparametersusedin thesim-
ulation are hj5G243}_~D-��� , hj582"��_��;�Z� , l&1�5�l�0�_�� , �A�_SF?�,� , and

Figure 3: Growthrates.� 5Gh~_JF?����D�� . For theseparametersthe dominantlinear modeproducesthe usualpatternof
radial streamersat a well definedpoloidal wavenumber: �Gf�_�F?����_�k<F?���(58/d>Q0Lo and �G��_�F ,
where� , � areflux tuberadialandpoloidalcoordinates[12].

Thesolid curve in Fig. (3) shows thegrowth rateof thefastestgrowing zonalflow mode( �G���F?��� ) in thesimulation.In general,thegrowth ratesof thezonalflow modesexhibit a �G� spectrum
unrelatedto thatof theprimary ITG instability. A snapshot(at

y _�D��;��� ) of the instantaneous



growth ratesof thezonalmodesvs. �(� is shown in Fig.(4). For comparison,the lineargrowth
ratesvs. �G� for �Gf�_�F?��� arealsoshown. Thesecondarygrowth ratesincreasewith theamplitude
of theprimarymode,\¡  ^ ]¢  az£L¤ 9 . Justbeforenonlinearsaturation,\p¥b\;] . Thiscanbeseen
from thesolid line in Fig. (3). For comparison,thedashedline in Fig. (3) representsthecurve\;¦ _}§O�Gf;¨©^ ] ¨ , where §ª_«F?��� hasbeenchosento yield \-¦ _ \ at thetimeof Fig. (4),

y _«D��-�,� .
We obtain §¬_�F?��� below from asimplemodel.

Figure 4: Observedsecondary
modegrowthratesvs.

��­
.

Motivatedby theseobservations,wefocusonthebehavior justbe-
fore saturation,whenthesecondarymodeshave smallamplitudes
comparedto theprimary, but havegrowth rates\�¥ \;] . It is during
this phase,in which thefinite-�G� modesgrow roughlyastheexpo-
nentialof anexponential,that thebulk of thezonalflow is gener-
ated. In this regime the secondarymodescanbe analyzedin the
context of a linearstability analysis,treatingthe linear ITG mode
eigenfunctionasa static,quasi-equilibriumbackground.The ra-
dial streamsassociatedwith this ITG modebackgroundstatethen
drive a KH-lik e instability with \®  ¨�^ ] ¨ , anda �(� spectrumthat
is in goodagreementwith thesimulations.TheseKH-lik e eigen-
modesnecessarilypossessa zonalflow component,andprovide a

naturalnonlinearmechanismthroughwhichzonalflowsarecreatedthroughoutthesimulation.
Our analysisis basedon the electrostaticgyrofluid model with adiabaticelectrons[13].

At the time of interest,at which the growth ratesof secondarymodesexceed �?¯°7�9:e | 1 (taking�?¯±B²��5Mk�³Ghjo , for example),́ and l�µ decouplefrom theothermoments.Themodelis further
simplifiedby neglectingtheusuallinearcontributionsfrom theequilibriummagneticcurvature,
shear, andbackgroundgradients,whichareweakcomparedto thenonlineardriving terms.The
resultingequations,droppingtermsof order kQ�dµ&/(1<oi¶ comparedto unity, are· ´· yI¸ ���¹�º�» Kµ½¼�¾ l½µ¢¿À_�F ¾

· l�µ· y _�F ¾ (1)

where
· 5 · y _ Á&5GÁ y ¸ÃÂ ¼�¾�Ä,Å , ¼ is the guiding centerelectrostaticpotential,and ´Æ_ ¼¬ÇÈ ¼±ÉÊÇ » Kµ Â km� ¸ º o ¼«Ç º È ¼±É ¸ º l½µË5G� Å . Lengthscalesare normalizedto /d><0 , º _El&1=P�5�ln0TP ,´�_Ì´-c$e$fg>ihj5Mk</d><0L´nP$o , l½µÍ_¬l½µ | c$e6f{>°hj5Mk�/d>Q0iln1ZP$o , ¼ _`a ¼ c�e6fg>Lhj5?k</d>Q0°ln0TP�o . Angle bracketsdenote

a flux surfaceaverage,andreducein thehigh amplitude(2D) limit to an averageover � . We
next take ¼ _ ¼ ] k<�?o ¸JÎ¼ k<�?o?Ï�Ð-ÑÒk \ y ¸�Ó �G���no , l�µ�_}l ] k<�?o ¸ Îl�µ"k<�?o?Ï�Ð-ÑÒk \ y ¸�Ó �G���no , where¼ ] k<�?o ,l ] k��Mo representa periodicconfigurationof radialstreamssimilar to thatproducedby thelinear
ITG mode,e.g., ¼ ] k<�?oÔ_ ¼ÖÕ] P¢×gØ�Ù kT� ] �?og5(� ] , l ] k<�?o"_Úl Õ] P¢×gØ�Ù kT� ] � ¸ÜÛ og5G� ] , for variousconstants¼ÖÕ] P ,l Õ] P , � ] , Û . Linearizingin Î¼ , Îl½µ , andnoting

È ¼ ] É _«F , onefinds

Ç km� ¸ º � K� o�Ý\ È Î¼±É ¸ ¹ \ ¸ � K��Þ ¿ Î¼ _«Á(f ¹ Þ Ý\ Á(f�k Î¼ 5�Ý\ o ¿ (2)

with Þ _ º \ ¸ Ý\ 3 , Ý\ _ \ Ç Ó �G� ¼ÖÕ] k��Mo , Ý\ 3«_ \ Ç Ó �G� Â km� ¸ º o ¼ÖÕ] k<�?o ¸ º l Õ] k��Mo Å . In general,
this eigenvalueproblemmustbe solved numerically. In the typical case�-K]�ß � relevant to
thesimulations,however, ananalyticsolutionfor ¼ maybeobtainedasapower-seriesin � K] by
treatingtheright handsideassmall, àxkQ�-K] o . To lowestorder, thesolutionis

Î¼ _ Ý\ È Î¼±É\ ¸®á kQ�(��o�Ý\ 3 ¾ á kT�G��o"_ � K�� ¸ º � K� � (3)

The (lowestorder)dispersionrelationfollows by integratingthis equationover � . Using the
identity

È Ý\ 5 \ É _Ì� valid for theperiodiccase,it maybewrittenasÈ Ý\ Ý\ 3\ ¸®á kQ�(��o�Ý\ 3 É _«F (4)



In the limit � K� ß � , this reducesto
È Ý\ Ý\ 3 É �âF . In the usualITG casethat ¼ ] k<�?o ( �E^ ] k<�?o

for � ] ß � ) and l ] k<�?o are ãä5(� out of phase,l ] k��Mo makes no contribution, and one obtains\ _ Â km� ¸ º og5(� Å<åQæ K ¨��(��^ Õ] P ¨ for ^ ] k��Mo�_�^ Õ] P¢×gØ�Ù kT� ] �?og5(� ] . This growth rate, \ Bç�G��^ Õ] P _è�G��é , is
similar to that of the well-known KH instability in the limit �G� ß � ] . For the KH mode,the
maximumgrowth rate \;êìë �jB¬� ] é is reachedfor �(�ÊBí� ] , andstability is obtainedfor �G�Oîï� ] .
In thepresentcase,ontheotherhand,theexpansionof Eq.(4) remainsvalid until �G�ðBè� ¥ � ] ,
leadingto themuchlargergrowth rate \dêìë �IB²é at �G�IB�� (ie, �G��/d><0RBñ� ). For example,for

º _�F , onefinds \ _��(��^ Õ] P Â ki� Ç �-K� og5MkQ� Ç �;¶� o Å åQæ K .
For �G��B�� , theassumptionº � Kµ Â _�kQ�dµn/(1�o K Å ß � madein deriving Eq. (1) requiresº ß � .

However, for � ] ß � , onecaneasilyretainall ordersin �(��/(1 . Theresult,to lowestorderin �-K] ,
is the sameasEqns.(3–4),with the replacementsá kQ�(��oò_�km� Ç Þ P�og5 º , Ý\ 3®_ \ Ç Ó �G�(ó-ki� ¸º o ¼ÖÕ] k<�?o ¸çÂ©ô Þ Õ P 5Mki� Ç Þ P6o Å º l Õ] k<�?o$õ where ô _ º �;K� , Þ P�k ô o�_Eö�P�k ô oLa8÷;ø , özP�k ô o�_ ù�P�k Óúô o is the
modifiedBesselfunction,and Þ Õ P _ · Þ P$5 · ô . Again consideringsinusoidalperturbationswithl Õ] _«F , thedispersionrelationgives

\ _ Â km� ¸ º og5G� Å åQæ K Â � Ç kT� ¸ º oiû ÅÂ � Ç kQ� ¸ º o°û ¸ km� ¸ º oiû K 5(� Å åQæ K ¨��(��^ Õ
] P ¨ ¾ (5)

where ûü_ km� Ç Þ P$oL5Mk º ¸ � Ç Þ P$o . Instability is obtainedforkQ� ¸ º oiûxý«� , whichreducesfor º � K� ý«� to km� ¸ º oL� K� kQ_�/ K> � K� o�ý«� .This resultfor \-þäÿ N \ 5&¨�^ Õ ] P ¨ is plottedfor º _�� in Fig. (5) (solid
line). The datapoints show the valuesobtainedfrom a nonlinear
gyrokineticsimulationof a 2D radial streamerin the small � ] ß �
limit, in theabsenceof curvatureandmagneticshear. Applying this
resultto theparameters� ] _çF?��� , �G��_ÆF?��� relevant to Fig. (3), we
obtain \;¦ _}§O� ] ¨©^ ] ¨ with §í�ªF?�,� .
In the simulations,the nonlinearevolution of the secondarymodes
just describedproduceszonalflows which ultimately breakup the
primary ITG streamers.The bulk of thesezonalflows rapidly de-
cayaway on a timescaleassociatedwith transit-timedamping.The
dynamicsof trappedparticlesin atoroidalgeometryalsoleads,how-

Figure 5: Model and gyroki-
netic secondarymodegrowth
ratesvs.

� ­
.

ever, to an undampedresidualcomponentof the zonal flows [14], that nearmarginal linear
stability is sufficient to nearlysuppressfurther turbulencein the system. We now show this
nonlinear, shear-flow-dominatedstateis itself subjectto tertiary instabilitieswhen the zonal
flowsexceedacritical threshold.Abovethis threshold,thetertiarymodesareobservedto grow
to nonlinearamplitudesanddampthezonalflows. Thethresholddeterminestheupperbound-
ary of thenonlinearDimits upshift.

To illustratethisweexaminethefateof small �Gf perturbationsin apurezonalflow ( �(f�_�F ,�G���_ÆF ) equilibriumstate.This stateis obtainedfrom a nonlineargyrokineticsimulationjust
above marginal linear stability (i.e., within the nonlinearlysuppressedregion), evolvedout to
latetimeswhenthesystemis dominatedby theundamped,quasi-staticzonalflows. Thephysics
parametersusedin thissimulationarethesameasbefore,excepthj5G243¡_��M����� . TheE � B shear
in thesimulationat latetimesarisespredominantlyfrom anundamped�G�Ê_«F?����� componentof^ , but otherwavelengthcomponentsof ^ arealsopresent,asaresmall �G�C�èF?�Z��� components
in l½µ , lä¯ , etc.



Figure 6: Growth rates
vs.RMS ��� for  "!$#&% � .��	�$�
(dashed)and  "!$#&% �b���	�$�
(solid).

We then artificially vary the averageE � B shearingrate of this
quasi-equilibriumrelative to therateactuallyobservedin thesimu-
lation. Fig. (6) shows,asa functionof theroot-mean-squareshear-
ing rate \�
 , themeasuredgrowth rateof small �Gf��_�F perturbations
maximizedover all �Gf values.For \

 _²F (theusuallinearcase),
thegrowth ratein thefigurerepresentsanordinaryITG mode.This
modebecomesprogressively morestableas \�
 is increased,until
absolutestability is attainedat \�
 _�F-����� . The actual(i.e., non-
scaled)\�
 valueof thesimulationfalls in this stablerange,consis-
tentwith its non-turbulentbehavior at latetimes.As \�
 is increased
further, however, anew instabilitysetsin, with agrowth ratethatin-
creasesmonotonicallywith theshearflow amplitude.This modeis
localizedto a spatialregion in which the E � B shearis weak(an
extremumof é 
 f ), andpropagateswith thelocal E � B velocity at

that location, �Ú�²�Gf�é 
 f with �GfO� F?�Z� . Beforeturning to a discussionof this new mode,we
first make theimportantobservationthatthisstabilitywindow doesnotexist for all parameters.
Fig. (6) alsoshows thecorrespondingcurveobtainedwith hj582Ô3�_��-����� , in a regionof param-
eterspacein which nonlinearsimulationsdisplaysteadyturbulence. At this valueof hj5G243 ,
thenonlinearsuppressionof turbulenceis impossiblebecausethezonalflows becomeunstable
beforetheprimaryITG modecanbeshearflow stabilized.

To understandthis, we considera linear stability analysisof a shearflow dominated,� -
dependentstatelike thatfoundin thesimulation.We focuson thelimit in which theshearflow
amplitudesassociatedwith thequasi-equilibriumstatebecomelarge. In thatlimit, asdiscussed
earlier, theequationsfor ´ and l�µ (assumingfixed �?¯ ) decouple,andthecontributionsof the
magneticshear, curvature,and backgroundgradientsbecomeweak. This is consistentwith
the simulations,which show the growth rateat large \

 doesnot changeif theseeffectsare
switchedoff. We thereforereturnto Eq. (1), andconsider¼ _ ¼ P�k��no ¸�Î¼ ku�no?Ï�Ð-Ñäk \ y ¸ïÓ �Gf��?o ,l�µ�_Úl�P�ku�no ¸ Îl�µ"ku�no?Ï�Ð-Ñäk \ y ¸ Ó �Gfz�?o , where¼ P�k��no , lnP�k��no now representthestatic, � -dependent
zonalflow backgroundstate.Uponlinearizingin Î¼ , Îl�µ , andnotingthat

È ¼±É _ ¼ P (ie
È Î¼±É _�F ),

we obtain

¹ km� ¸ km� ¸ º og� K� o�Ý\ ¸ Ó �(f(kT� Kf º l ÕP
Ç º ¼ Õ Õ ÕP o°¿ Î¼ _�Á�� ¹ k º \ ¸ Ý\ 3no�Ý\ Á(�-k Î¼ 5¢Ý\ o°¿ (6)

with Ý\ _ \ ¸ Ó �Gf ¼ ÕP ku�no , Ý\ 3�_ \ ¸ Ó �Gf Â km� ¸ º o ¼ ÕP k��no ¸ º l ÕP ku�no Å . As notedearlier, thezonalflow
stategeneratedby thesimulationonwhichFig. (6) is basedis dominatedby asingle �G�Ê�¬F?�����
modein ¼ k��no . A muchsmaller �G����F?����� componentin the ion temperaturelnP�k��no , ã out of
phasewith that in ¼ P�k��no , is alsoobserved. In view of our earlierresults,onemight expectthe
smallcontribution from l�P�ku�no in Eq. (6) couldbeneglectedcomparedto that in ¼ P , but this is
not thecase.Thesimulationsshow theinstabilityat large \�
 dependscritically on thepresence
of both ¼ P and lnP . This behavior is in agreementwith our numericalstudyof Eq. (6), which
predictsaninstabilityverysimilar to thatobservedin thesimulations.Thisinstability is radially
localizedto theregionswheretheshearingrate   ¼ Õ ÕP vanishes,correspondingto extremain both¼ÖÕP and l ÕP , andhasa frequency �¬� Ç �Gf ¼�ÕP ( Ý\ �ñF ). UponexpandingEq. (6) about �Ü_ç�¢P
where ¼ÖÕ ÕP _çl Õ ÕP _ÆF , anddefining � _JkT� º l ÕP 5 ¼ÖÕ Õ ÕP o åQæ ¶�¨ ��� (where l ÕP 5 ¼ÖÕ Õ ÕP î F by virtue of the
phaserelationshipbetweenlnP and ¼ P ), a simplescalingof the growth rateis obtainedin the
limit �G� ß � , in which �¡k   �¢÷ åQæ K� o ¥ � . In this case,� is foundto representthe(normalized)

radial scaleof themode,andoneobtainsa maximumgrowth rate \ �ÃF?�����(�Gf8v º l ÕP ¼ Õ Õ ÕP 5(� for�Gf�� ��5�� thatis in goodagreementwith thesimulations.



At themoremodestzonalflow amplitudescharacteristicof thethresholdregion in Fig. (6),
thebehavior of theinstability becomessubstantiallymorecomplicated.Onecleardependence
of thestability thresholdon theparameters,however, hasbeenextractedfrom thesimulations:
increasing³ in therunsof Fig. (6) from ³ _Ì�(��� to ³ _�� eliminatesthenonlinearupshift.

Wenow discusspreliminaryexperimentalevidencewhichsupportstherelevanceof thecol-
lisionlesstertiary instability andtheimportanceof theDimits shift at low ³ . Detailedcompar-
isonsof datafrom DIII-D andC-Modwith generalgeometrygyrokineticsimulationsincluding
gyrokinetic electrons,impurities and collisions were undertaken. First resultsare shown in
Fig. (1). This is a high collisionality, low /�� , 5T, ELMy H-modeC-Mod plasma[15] with 2.5
MW of ICRFheatingfor which theIFS/PPPLmodel(evaluatedwith ����� _í�(��� ) is particularly
pessimistic.At this radius, ³Í_��(�,� . Varying hj5G243 aroundthe experimentalvalue,we find
that thegyrokinetictransportis roughlyasstiff astheIFS/PPPLmodelspredict.However, the
shift in hj5G243-t��ú1Z9 (from 4.5to BªD , softenedby thehighcollisionality [16]) clearlyimprovesthe
agreement.Thedatasuggestthatloweringthecollisionality would not changethetemperature
gradientmuchin thiscase,highlightingthepotentialimportanceof thecollisionlessmechanism
describedhere.

3 Streamers and ETG Turbulence

ETG instabilitiesarecharacterizedby ���{/�0�B � . Because���d/(1 ¥ � , the ion responseto a
perturbationis adiabatic: ´n1�BüÏ�Ð-Ñjó Ç � ¨�a?¨	�À5�ln1Qõd� As a consequence,ETG turbulencedrives
no particletransport.ETG turbulencesatisfiesthenonlineargyrokinetic[17] ordering.We use
two independentlydevelopedparallelcodes[10] to simulatethe gyrokineticVlasov-Maxwell
system,GENE andGS2. Referenceparametersarethesameasbefore,except  �_²F?�,�!� . For
moredetails,seeRefs.[10, 11].

The turbulent electric and magneticfields induceradial thermal transport " (definedin
Ref. [10]). Thethermaldiffusivity is H _#"C5Mk Ç ´%$ P'& » l($ P'& o , in unitsof H ><P . As a checkon the
numerics,wehave benchmarkedGS2 andGENE. Also,GS2 reproduces[lowercurve,Fig. (2),H 1�_«F?�,� H 1=P ] thetransportmeasuredin GK PICsimulations[2] of electrostaticITG turbulence.

Figure 7: Characteristic ) contours in the outboard * - + plane.
Thissnapshotwastakenat theendof theETGrunshownin Fig. 2.
Thefigure is , ��-�� �%. -�.�� � .

The turbulent thermaldiffusivities vs.
time shown in Fig. (2) aretypical. We
observethatlargenormalizedETGther-
mal transportis associatedwith high
amplitude,radiallyelongatedstreamers
at the outboardmidplanein the turbu-
lent steadystate[Fig. (7)].
Wenow turnto amodelwhichprovides

insightinto thesimulationresults.Again,weconsiderprimary, secondaryandtertiaryinstabil-
ities. We shallfind thatsecondarymodesin theETG systemaremuchweaker, andthatunlike
in theITG system,thedynamicsof secondaryandtertiarymodesin theETGlimit aresimilar.

First addressingthe dynamicsof secondarymodes,we considerthe electronversionof
Eqs.(1), againin the limit of a large amplitudeprimary. Only Poisson’s equationdiffers; for
ETG modes,́í_ Â º Ç ki� ¸ º o » K � Å�¼ � As for ITG modes,the relative phaseof the tempera-
tureanddensityperturbationsin theETGeigenmodeis suchthattheperpendiculartemperature
dynamicsdo not significantlyaffect theresults,sowe neglect l/� here.Lengthscalesarenor-
malizedto /�0 , º _��0���-ln0TP65�ln1ZP , ´p_�´?c$e6f{>i243-0{5?k</�0m´�P�o , and ¼ _«a ¼ c$e6fg>m243-065?k</�0il�0QP$o .

Ignoringmagneticshear, we considerthe linearization¼ _ ¼ c;k��Mo ¸ Î¼ k<�?o?Ï�Ð-ÑÒk \ y ¸®Ó �G���no ,
in which a crudemodelof theprimarymodestructureis givenby ¼ c;k<�?o"_ ¼ c$P2143 × kT��c��?o . Here,



��c representstheprimary’spoloidalwavenumberand ¼ c$P determinesits amplitude.Onefinds5�6 º� ¸ º
7 \ ¸ � K� Ý\28 Î¼ _}Á�f ¹ Ý\ K Á�f(k Î¼ 5¢Ý\ oú¿ (7)

with Ý\ _ \ Ç Ó �G� ¼ÖÕc k<�?o . TheETG secondaryequationdiffersfrom
conventionalKelvin-Helmholtz(KH) becauseof the first term on
the left-handside(the ion response).Balancingthis termwith the
other termsin Eq. (7) leadsto a maximumgrowth rate B � ¶c ¼ c$P
for �G��B���c . This growth rateis a factorof kT�!�d/�0{oiK smallerthan
conventionalKH. Relative to ITG modes,whosesecondaryinsta-
bility growth ratesexceedconventionalKH, secondaryinstabilities
of ETG modesare quite weak,particularly for small �!��/�0 . This
weakeningof thesecondaryinstabilitiesat small �!�;/�0 is the main
reasonthatETG turbulencesaturatesat high normalizedlevels for
someparameters.
A closedform solutionof Eq.(7) existsin thelimit kT�G� ß ��c ß ��o ,
with eigenvalue \ _ Þ �;¶c km� ¸ º ÷ å o ¼ c$P , Þ _ÆkQ�G��5(��c�omK65�9 � . For the

Figure 8: Secondaryinstabil-
ity growth ratesfor long wave-
lengthETGmodes.

lessrestrictive limit ��c ß � , Þ maybefoundnumerically[Fig. (8)].

Figure 9: �d! ��:� , evaluated
for thereferenceparameters,
with varying ;< and [ .

For �A=�_ÃF , the primary modestwist with the field lines, causing
thephysical� K� to exceed� K� ¸ � Kf . Thiseffect,whichtendsto enhance
the growth rate of secondarymodes,is reducedby the decreasein
theprimarymodeamplitudealongthefield lines,andby higherorder
FLR termsnot includedhere.Thenetresultis typically amodesten-
hancementin \ andunstable�G� . Thepredictionsof thesemodelsare
in reasonableagreementwith the secondaryinstability growth rates
observedin nonlineargyrokineticETGsimulations.[11]
Balancingthe primary and secondarymodegrowth ratesproduces
a scalingfor the normalizedsaturationlevel of the primary modes,^?>A@CB�B \;] 5(� ¶� . For comparisonwith nonlinearsimulationresults,we
maximizethis expressionover �G� and �Gf usingthegrowth rateof the
toroidal ETG mode,and evaluating � ¶� by squaringthe average � K�

definedin Ref. [4]. Representativecurvesareshown in Fig. (9).
The simple model predictsthe region of high

transportseenin nonlinearsimulationsreasonably
well [Fig. (10)]. The high �A , low flux region
has also been observed. Physically, high trans-
port is predictedwhen the dominantmodesshift
to longer wavelengths. Local shearplays an im-
portantrole in both the primary andthe secondary.
For \ B 9 �EDF�G�FHG0 Ç ¨©�JI6¨ 7�9 , instability requires��c�/�0LKM 243�5Mk<³8hjo , so that high ³ and high hj5G243
producelargetransport.Small 2Ô��58h canbestabilizing.[18]
The nonlineardevelopmentof the secondaryinsta-
bilities leadsto theproductionof zonalflows,which
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Figure 10: Nonlinear simulationresultsfor the
referenceparametersasa functionof ;< and [ .

aresubjectto tertiaryinstabilities.Ignoringtheeffectsof backgroundgradients,rotationalsym-
metry in theperpendicularplanemeansthatEq. (7) alsodescribestertiary instabilitiesin ETG
turbulence,sothatsecondaryandtertiarymodesin ETGturbulencearebothweak.By contrast,



theelectronresponsein ITG turbulencebreaksthissymmetry, sothatwhile tertiaryinstabilities
in the ITG systemareweak,thesecondaryinstabilitiesarestrong. This is consistentwith the
largerroleof zonalflowsobservedin ITG simulations,andlargernormalizedtransportobserved
in ETGsimulations.

In summary, wepresentedgyrokineticsimulationsof electromagneticETGandelectrostatic
ITG turbulence.Thetransportfrom eitheris largeenoughto producemarginally stabletemper-
atureprofilesfor awide rangeof experimentalconditions.Simplemodelsthatbalanceprimary
instabilitiesagainstsecondaryinstabilities,andzonalflows againsttertiary instabilities,pro-
vide insight into the simulationresults. ETG turbulencecandrive transportaseffectively as
ITG turbulenceandis naturallyharderto stabilizewith velocity shear, but maybecontrolled,
e.g., with local magneticshear. At low ³ , ITG turbulencemaybenonlinearlysuppressed,but a
collisionlesstertiaryinstability limits theextentof thesuppression.
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