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Abstract

Gyrokinetic simulationsof ITG (k. p; $1) andETG (k.p; > 1) turbulenceare presented. Comparisons

of toroidal turbulencein thesetwo limits provide insightsinto the dynamicsof streamersindzonalflows. We
addresghe generatiorof zonalflows by secondarynstabilitiesandthe regulationof zonalflows by collisionless
tertiaryinstabilities.We presenthefirst toroidalelectromagnetigyrokineticsimulationsof smallscaleturbulence,
and gyrofluid modelswhich explain two importantgyrokinetic results: (1) Near maminal stability of the linear
ITG mode,the turbulencecan generatezonal flows that are sufliciently weak to remainstablebut sufficiently
strongto suppresshelinearITG mode. This stableregion correspondso the parameteregime of the nonlinear
Dimits shift. (2) “Long” wavelength(k, p; > 1 > k, p.) ETG turbulencedrivesexperimentallyrelevantthermal
transport,becausahe secondarymodesthat producesaturationrbecomeweak. Finally, preliminarycomparisons
of simulationswith experimentaldataaredescribed.

1 Introduction

Numerical simulationsof ion-temperature-gradient
(ITG) driven modesin magnetically confined fusion

- . ———1IFS/PPPL 95 4
plasmasindicate that poloidal E x B flows, sponta- IFS/PPPL 94  /
neouslygeneratecby the nonlineardynamics,play a 15 Gs2 /

centralrole in regulatingthe saturationlevel of the tur-
bulenceand the resulting cross-fieldheattransport[].
This is strikingly evidentin simulationsnearmaginally
stableconditions,in which the shearedlows generated
by the systemvirtually suppressll transport,andlead 5
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to aneffective nonlinearupshiftof thecritical ITG mode | )
instability gradient[2] (the“Dimits” shift). In the con- | / ]
text of theelectrostatid TG systemwe addres$3] three 0 é - '/Jt 4 é -

fundamentafjuestiongegardingtheseshearegoloidal R/L,

(or “zonal”) flows. First, what is the mechanismby o _

which theseflows are generated?Second,underwhat Figure 1: Gymokineticsimulation(G52) ex-
ditionsare theseflows stable? And third, arethese plainsdisagreemenbetweerS/PPPLMod-

con i : ' elsandthis C-Mod data from the ITER pro-

ing thesequestions,we shall obtain a clearerunder horizontal and vertical lines (#960116027,

standingof the Dimits shift, and someinsightinto the » = 0.5, = 0.90, R/ Lrcri = 4.5.

impactit is likely to have on ITG-basedransporimodelg[4].

The equationswhich describeelectrostaticmicroinstabilitiesdriven by electrontemperature
gradientg5] (ETG) andby ion temperaturgradients6] (ITG) arevery similar. In fact, the



linearinstabilitiesareexactly the same gxceptthatthe speciedabelsfor lengthandtime scales
areexchangedThelengthscalesarethe Larmorradiusof thenon-adiabatispeciesi.e., p. and
p; respectiely. Thetime scaledfor the two modesare L. /v, and Ly; /vy;, Wwhere Ly, andvy,
aretheequilibriumtemperaturgradientscalelengthandthermalvelocity for species.

In atypical fusion plasma,p; ~ 60p. andv,e ~ 60v;, Sothat
electronscaleturbulenceis characterizedy shorterwavelengths
andhigherfrequenciesSimplemixing lengthargumentssuggest 40 -
Xs ~ p2us/Lrs = Xxs0, SOthaty; ~ 60x.. For ETG transport Faol
to be experimentallyimportant,thenormalizedy/x., romETG >
simulationsshould be much larger than the normalizedy/ x:o i 20
from ITG simulations.Nonlinear electromagnetictoroidal, gy-
rokinetic (andgyrofluid) simulationsof ETG turbulencefind this
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be_hanor [seeFig. (2)]. _ _ _ 0 o0 1000 1500
It is oftenthe casethat experimentallyinferredelectronandion time (L,/v,)

thermaldiffusivities are comparablebecausesignificantelectron rigure 2: xET¢  (upper) and
transportis driven by ion-scaleturbulence,mostly asa resultof xi*™@ (lower) for similar (Cy-
the non-adiabaticesponsef electronswhich aretrappedin low Clone) parametes, excepta =
magneticfield regions. This is the origin of electronthermal *4% " EMETGcase [10, 1]]
transporin the IFS/PPPL{4] model,for example.However, thereareexperimentakaseg7, 8]
in which distinctly anomalouselectronthermaltransportis obsered without accompaying
anomalougon thermaltransportor ion-scalefluctuations. Below, we arguethat ETG turbu-
lenceis areasonableandidatdor explainingexperimentabbsenationssuchasthese We also
provide a simplemodelthatexplainswhy ETG transportis largerthanone might expectfrom
lineartheory

Themodelswe developto describeour ETG andITG simulationsarein thespirit of Ref.[9].

2 Zonal Flowsand 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 obsened thatis quali-
tatively similar to (but moreextremethan)burststhatareobsened
throughoutthe turbulent phase.Startingthe simulationfrom small
amplituderandomperturbationsa dominant(primary) linear ITG
modeemegesin the linear phase.Fig. (3) shovs the grovth rate ' |
~ (dottedline) of this linear mode as a function of time, from k
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the linear phasethroughthe initial saturation,with the normal- 20 50 50
izati0n5¢ = e(bphysR/(pseTeO)a Pse = Cse/Qcia Cse = \/TeO/mia time

t = tphysCse/ Ry Vi = Yiphys R/ cse. The parametersisedin the sim-
ulationareR/Ly = 6.9, R/L, = 2.2, T;/T. = 1, § = 0.8, and
r/R = 0.167. For theseparametershe dominantlinear modeproduceshe usualpatternof
radial streamersat a well definedpoloidal wavenumber:k, = 0.3 = (0.3/p,) andk, = 0,
wherez, y areflux tuberadialandpoloidalcoordinates[1R

Thesolid curve in Fig. (3) shavs the growth rateof the fastesgrowing zonalflow mode(k,, ~
0.4) in thesimulation.In generalthegrowth ratesof thezonalflow modesexhibit ak, spectrum
unrelatedo thatof the primary ITG instability. A snapshotat: = 62.3) of theinstantaneous

Figure 3: Growthrates.



growth ratesof the zonalmodesvs. k, is shovn in Fig.(4). For comparisonthe lineargrowth
ratesvs. k, for k, = 0.3 arealsoshovn. Thesecondargrowth ratesincreaseavith theamplitude
of theprimarymode,y «x ¢; o e"*. Justbeforenonlinearsaturation;y > ~;. Thiscanbeseen
from the solid line in Fig. (3). For comparisonthe dashedine in Fig. (3) representshe curve
Yo = Cky|¢:|, whereC = 0.2 hasbeenchoserto yield v, = y atthetime of Fig. (4),t = 62.3.
We obtamC =0.3 belcw from asimplemodel.
[T Motivatedby theseobsenations,we focusonthebehavior justbe-
s o~ 1 fore saturationwhenthe secondarymodeshave smallamplitudes
v L { comparedo theprimary, but have growthratesy > ;. It is during
NI 1 this phasejn whichthefinite-k, modesgrow roughlyasthe expo-
' \1 nentialof anexponential thatthe bulk of the zonalflow is gener
N | ated. In this regime the secondarymodescanbe analyzedin the
g “on®™ 4 1 context of alinearstability analysis treatingthe linear ITG mode
\ 1 eigenfunctionas a static, quasi-equilibriumbackground.The ra-
o oz o0z o6 os 1 dialstreamsassociatedvith thisITG modebackgroundstatethen

[/ Primary

Kk, drive a KH-lik e instability with v o |¢#;|, anda k, spectrumthat
Figure 4: Observedsecondary js in goodagreementvith the simulations. TheseKH-lik e eigen-
modegrowthratesvs. k;. modesnecessarilypossess zonalflow componentandprovide a

naturalnonlinearmechanisnmhroughwhich zonalflows arecreatedhroughouthe simulation.
Our analysisis basedon the electrostaticgyrofluid model with adiabaticelectrons[13].
At the time of interest,at which the growth ratesof secondarymodesexceedk vy, (taking
ky ~ 1/(¢R), for example),n andT’, decouplefrom the othermoments.The modelis further
simplifiedby neglectingthe usuallinearcontritutionsfrom theequilibriummagneticcurvature,
sheayandbackgroundyradientswhich areweakcomparedo thenonlineardriving terms.The
resultingequationsdroppingtermsof order(k, p;)* comparedo unity, are

ZZ S [rvis. ] =0, %zo, (1)
whered/dt = 0/0t + [¢,-], ¢ is the guiding centerelectrostaticpotential,andn = ¢ —
() — V2[(1 + 1)y — () + 7T /2]. Lengthscalesare normalizedto p,., 7 = Tiy /T,
n = Nphys B/ (pseno), To = T phys B/ (pseTio), ¥ = edpnys R/ (pseTeo). Angle bracletsdenote
aflux surfaceaverage,andreducein the high amplitude(2D) limit to anaverageover y. We
next take v = ¢y (y) +U(y) exp(vt +ikex), T = Ti(y) + T1L(y) exp(vt + ik,x), whereyy(y),
T,(y) represent periodicconfigurationof radial streamssimilar to that producedby thelinear
ITG mode,e.q., i (y) = ¥y, sin(ky)/ ki, T (y) = T}y sin(kyy + 6) / k;, for variousconstantsy;,,
T}y, ky, 8. Linearizingin +,T,, andnoting (¢;) = 0, onefinds

—(1+ TE)YW) + [y + K20 & = 9, [179, (/)] )

with I' = 7y + 97, ¥ = v — ik i(y), 37 = v — ths[(1 + 7)¢yi(y) + 717 (y)]. In general,
this eigervalue problemmustbe solved numerically In the typical casek? < 1 relevantto
the simulations however, ananalyticsolutionfor ¢y maybe obtainedasa power-seriesin k7 by
treatingtheright handsideassmall, O (k7). To lowestorder the solutionis

) R
V= = T ®)

The (lowestorder) dispersionrelationfollows by integratingthis equationover y. Usingthe
identity (7/~) = 1 valid for the periodiccasejt maybewrittenas

YV _
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In the limit k2 < 1, this reducesto (yy7) ~ 0. In the usuallTG casethat;(y) (~ ¢(y)
for k;, < 1) andT,;(y) aren/2 out of phase,I;(y) makesno contritution, and one obtains
7 = [(1+7)/2]"2 ko8| Tor duly) = @}y sin(kyy)/ki. This growthrate,y ~ k,djy = k,V, is
similar to that of the well-known KH instability in the limit k£, < k;. For the KH mode,the
maximumgrowth ratey,,.. ~ k;V' is reachedor k, ~ k;, andstability is obtainedfor £, > k;.
In thepresentase pntheotherhandtheexpansiorof Eq. (4) remainsvalid until &, ~ 1 > k,
leadingto the muchlarger growth rate,,., ~ V atk, ~ 1 (ie, k,ps. ~ 1). For example,for
7 =0, onefindsy = k,¢},[(1 — k2)/(2 — k2)]*/2.

For k, ~ 1, theassumptiomk? [= (k. p;)?] < 1 madein deriving Eq. (1) requiresr < 1.
However, for k; < 1, onecaneasilyretainall ordersin k,p;. Theresult,to lowestorderin &7,
is the sameas Eqns.(3—4), with thereplacementd (k,) = (1 — LTy)/7, 37 = v — ik, {(1 +
TIi(y) + [BTh/(1 — To)r Ty (y)} whereb = 7k2, To(b) = Ip(b)e™, Io(b) = Jo(ib) is the
modified Besselfunction,andlj; = dI'y/db. Again consideringsinusoidalperturbationsvith
T} = 0, thedispersiorrelationgives

_ [0 +n)/2"”[1 = (24 7)g]
[1—(2+7)g+ (1 +7)g2/2"”

|kl (5)

whereg = (1 — I'g)/(t + 1 — Ip). Instability is obtainedfor o4 -
(2+7)g < 1, whichreducedor 7k2 < 1to (14 7)k2 (= p?k2) < 1.
This resultfor vy, = «v/|¢j,| is plottedfor 7 = 1 in Fig. (5) (solid os}
line). The datapoints showv the valuesobtainedfrom a nonlinear .=
gyrokineticsimulationof a 2D radial streameiin thesmallk, < 1 o2
limit, in theabsencef curvatureandmagneticshear Applying this » ]
resultto the parameterg; = 0.3, k, = 0.4 relevantto Fig. (3), we ©°'[ ]
obtainy, = Ck;|¢;| with C' ~ 0.3. ’ ]
In the simulations the nonlinearevolution of the secondarymodes °o oz 54 o6 o6 1
just describedproduceszonal flows which ultimately breakup the k,

primary ITG streamers.The bulk of thesezonalflows rapidly de- Figure 5. Modeland gyroki-
cay away on a timescaleassociateavith transit-timedamping. The netic secondarymodegrowth
dynamicsof trappedparticlesin atoroidalgeometryalsoleads how- "3€SVS ke

ever, to an undampedesidualcomponentof the zonal flows [14], that nearmamginal linear
stability is sufficient to nearly suppresdurther turbulencein the system. We now show this
nonlinear sheasflow-dominatedstateis itself subjectto tertiary instabilitieswhenthe zonal
flows exceeda critical threshold Above this thresholdthetertiarymodesareobsenedto grow
to nonlinearamplitudesanddampthe zonalflows. Thethresholddetermineshe upperbound-

ary of thenonlinearDimits upshift.
Tolillustratethis we examinethefateof smallk, perturbationsn apurezonalflow (k, = 0,

k. # 0) equilibrium state. This stateis obtainedfrom a nonlineargyrokinetic simulationjust
above maminal linear stability (i.e., within the nonlinearlysuppressedegion), evolved out to
latetimeswhenthesystems dominatedy theundampedguasi-statieonalflows. Thephysics
parameterssedn thissimulationarethesameasbefore exceptR /Ly = 4.75. TheExB shear
in thesimulationatlatetimesarisegpredominantlyfrom anundamped:, = 0.25 componenbf
¢, but otherwavelengthcomponent®f ¢ arealsopresentasaresmall k, ~ 0.25 components
inT,, T, etc.
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We then artificially vary the averageE x B shearingrate of this
guasi-equilibriunrelative to therateactuallyobseredin the simu-
lation. Fig. (6) shaws, asafunction of theroot-mean-squarghear
ing ratevy, themeasure@rowth rateof smallk, # 0 perturbations
maximizedover all £, values.For vz = 0 (the usuallinearcase),
thegrowth ratein thefigurerepresentanordinarylTG mode.This
modebecomegrogressiely morestableas~g is increaseduntil
absolutestability is attainedat v = 0.13. The actual(i.e., non-
scaled)yg valueof the simulationfalls in this stablerange,consis-
tentwith its non-turhulentbehaior atlatetimes.As g isincreased
further, however, anew instability setsin, with agrowth ratethatin-
creasesnonotonicallywith the shearflow amplitude.This modeis
localizedto a spatialregion in which the E x B shearis weak (an

extremumof Vy,), andpropagatesvith thelocal E x B velocity at
thatlocation,w ~ k, Vg, with k, ~ 0.7. Beforeturningto a discussiorof this nev mode,we
first make theimportantobsenationthatthis stability window doesnot exist for all parameters.
Fig. (6) alsoshawvsthe correspondingurve obtainedwith R/ Ly = 5.75, in aregion of param-
eterspacein which nonlinearsimulationsdisplay steadyturbulence. At this valueof R/Lr,
thenonlinearsuppressiomwf turbulenceis impossiblebecaus¢he zonalflows becomeunstable
beforethe primary ITG modecanbe shearflow stabilized.

To understandhis, we considera linear stability analysisof a shearflow dominated,z-
dependenstatelik e thatfoundin the simulation.We focuson thelimit in which the shearflow
amplitudesassociateavith the quasi-equilibriunstatebecomearge. In thatlimit, asdiscussed
earlier the equationdor n and7’, (assumindixed k) decouple andthe contritutionsof the
magneticsheay curvature,and backgroundgradientsbecomeweak. This is consistentwith
the simulations,which showv the growth rate at large v doesnot changeif theseeffectsare
switchedoff. We thereforereturnto Eq. (1), andconsiden) = () + 9 (z) exp(vt + ik,y),
T, = To(z) + T, () exp(yt +ikyy), whereyy(x), Ty (x) now representhestatic,z-dependent
zonalflow backgroundstate.Uponlinearizingin 1,7, , andnotingthat (1) = v (ie (¢) = 0),
we obtain

(14 (14 7)k2)7 + iky (k27T — 7")| & = 0, [(77 + 7)70($/7))] (6)

with 7 = v + ik, (), Jr = v + ik, [(1 + 7))y () + 7T§(z)]. As notedearlier the zonalflow
stategeneratedby the simulationon which Fig. (6) is baseds dominatecdby asinglek, ~ 0.25
modein ¢ (z). A muchsmallerk, ~ 0.25 componenin theion temperaturdy(z), = out of
phasewith thatin (), is alsoobsened. In view of our earlierresults,onemight expectthe
small contribution from Ty (z) in Eg. (6) could be neglectedcomparedo thatin v, but thisis
notthecase.Thesimulationsshow theinstability atlarge v dependritically onthepresence
of both, andTy. This behaior is in agreementith our numericalstudy of Eqg. (6), which
predictsaninstability very similarto thatobsenedin thesimulations.Thisinstabilityis radially
localizedto theregionswheretheshearingatecx v vanishesgorrespondingo extremain both
Y, andT§, andhasafrequeny w ~ —k, v (7 ~ 0). UponexpandingEq. (6) aboutz = z,
wherey? = Ty = 0, anddefining\ = (2773 /¥4, (WhereT} /4" > 0 by virtue of the
phaserelationshipbetweenT, andy), a simple scalingof the growth rateis obtainedin the
limit &k, < 1, in which \ (o k;/2) > 1. In this case \ is foundto representhe (normalized)

radial scaleof the mode,andone obtainsa maximumgrowth ratey ~ 0.55k,/7Ty’ /2 for
k, ~ 1/ thatis in goodagreementvith the simulations.



At themoremodestzonalflow amplitudescharacteristiof thethresholdregionin Fig. (6),
the behaior of theinstability becomesubstantiallynmorecomplicated.Onecleardependence
of the stability thresholdon the parametershowever, hasbeenextractedfrom the simulations:
increasing in therunsof Fig. (6) from ¢ = 1.4 to ¢ = 3 eliminatesthe nonlinearupshift.

We now discusgreliminaryexperimentakvidencewhich supportgherelevanceof thecol-
lisionlesstertiary instability andthe importanceof the Dimits shift atlow ¢. Detailedcompar
isonsof datafrom DIII-D andC-Mod with generalgeometrygyrokineticsimulationsincluding
gyrokinetic electrons,impurities and collisions were undertalen. First resultsare shavn in
Fig. (1). Thisis a high collisionality, low p,, 5T, ELMy H-modeC-Mod plasma[15] with 2.5
MW of ICRF heatingfor whichthe IFS/PPPLmodel(evaluatedwith Z.x = 1.5) is particularly
pessimistic. At this radius,q = 1.3. Varying R/ Ly aroundthe experimentalvalue,we find
thatthe gyrokinetictransportis roughly asstiff asthe IFS/PPPLmodelspredict. However, the
shiftin R/ Lt (from4.5to ~ 6, softenedy thehigh collisionality [16]) clearlyimprovesthe
agreementThe datasuggesthatloweringthe collisionality would not changethe temperature
gradientmuchin this case highlightingthe potentialimportanceof thecollisionlessmechanism
describedhere.

3 Streamersand ETG Turbulence

ETG instabilitiesare characterizedy kyp. ~ 1. Becausek,p; > 1, theion responsdo a
perturbationis adiabatic:n; ~ exp {—Z|e|®/T;}. As a consequenceETG turbulencedrives
no particletransport.ETG turbulencesatisfieshe nonlineargyrokinetic[17 ordering. We use
two independentlydevelopedparallelcodes[10] to simulatethe gyrokinetic Vlasov-Maxwell
system,GENE andGS2. Referenceparametersrethe sameasbefore,excepta = 0.45. For
moredetails,seeRefs.[10, 11].

The turbulent electric and magneticfields induce radial thermaltransport() (definedin
Ref.[10]). Thethermaldiffusivity is x = Q/(—n®QVT©®), in unitsof x,. As acheckonthe
numericswe have benchmarkd GS2 andGENE. Also, GS2 reproduceglower curwve, Fig. (2),

; = 0. 8XZO] thetransporimeasuredn GK PIC S|mulat|ons[2] of electrostatid TG turbulence.

QR <3 The turbulent thermaldiffusivities vs.
=y time shavn in Fig. (2) aretypical. We
obsenrethatlargenormalizedETGther

_=- | mal transportis associatedvith high

e S amplitude radially elongatedtreamers
Flgure 7. Characteristic¢ contouss in the outboald z-y plane  at the outboardmidplanein the turbu-
Th|s§nap5_hoWastakenattheendoftheETGrun shownin Fig. 2. lent steadystate[Fig. (7)].
Thefigureis 256p, x 64p,. . .

We now turnto amodelwhichprovides
insightinto the simulationresults.Again, we considerprimary, secondarandtertiaryinstabil-
ities. We shallfind thatsecondarynodesin the ETG systemaremuchwealer, andthatunlike
in the TG systemthe dynamicsof secondarandtertiarymodesin the ETG limit aresimilar.

First addressinghe dynamicsof secondarymodes,we considerthe electronversion of
Egs.(1), againin the limit of a large amplitudeprimary. Only Poissorns equationdiffers; for
ETG modes,n = [T — (1 4+ 7)V?2] 4. As for ITG modes,the relative phaseof the tempera-
tureanddensityperturbationsn the ETG eigenmodes suchthatthe perpendiculatemperature
dynamicsdo not significantlyaffect the results,sowe neglect7T’, here.Lengthscalesarenor-
malizedto Per T = ZeHTeO/n0| n= nphysLTe/(peno)u andlﬁ = ewphysLTeZ(peTeO)-

Ignoring magneticsheaywe considerthe linearizationy = ¢, (y) + ¥(y) exp(yt + ik, x),
in which a crudemodelof the primary modestructureis givenby v, (y) = 1, cos(k,y). Here,




k, representshe primary’s poloidalwavenumbeiandi,, determinests amplitude.Onefinds

(7)) -a [P 0

with v = v — ikz1,(y). TheETG secondanequationdiffersfrom o, i
cornventionalKelvin-Helmholtz(KH) becauseof the first termon i
the left-handside (the ion response) Balancingthis termwith the o1s |
othertermsin Eq. (7) leadsto a maximumgrowth rate ~ k;;,‘qﬂpo i
for k, ~ k,. This growth rateis a factorof (k,p.)? smallerthan o' f
conventionalKH. Relatve to ITG modes,whosesecondarynsta- E
bility growth ratesexceedcornventionalKH, secondarynstabilities °°° [
of ETG modesare quite weak, particularly for small £, p.. This i ]
wealening of the secondarnyinstabilitiesat small &, p, isthemain %o oz 01 o6 05 1
reasorthat ETG turbulencesaturatest high normalizedevels for K/ Ky
someparameters. Figure 8: Secondaryinstabil-
A closedform solutionof Eq. (7) existsin thelimit (k, < k, < 1), :teyngiﬁ"é’tThé?;izfgsr long wave-
with eigevaluey = Tki(1 + 7)Yy, T = (ka/kp)?/V/2. Forthe 9 '
lessrestrictve limit k£, < 1, I" maybefoundnumerically[Fig. (8)].

For § # 0, the primary modestwist with the field lines, causing
thephysicalk? to exceedk? + k. This effect, whichtendsto enhance
the growth rate of secondarymodes,is reducedby the decreasen
the primarymodeamplitudealongthefield lines,andby higherorder
FLR termsnotincludedhere.Thenetresultis typically amodesten-
hancemenin + andunstablek,. The predictionsof thesemodelsare
in reasonablegreementvith the secondaryinstability growth rates

» 1 obsenedin nonlineargyrokineticETG simulations [11]
O s e s Balancingthe primary and secondarymode growth ratesproduces
a scalingfor the normalizedsaturationlevel of the primary modes,
Figure 9: v/k*, evaluated ¢g,; ~ /K. For comparisorwith nonlinearsimulationresults,we
for therefeenceparametes, maximizethis expressiorover k, andk, usingthe growth rateof the
with varyings anda. toroidal ETG mode, and evaluatingk? by squaringthe averagek?
definedin Ref.[4]. Representate curvesareshavnin Fig. (9).
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The simple model predictsthe region of high 7.5
transportseenin nonlinearsimulationsreasonably .
well [Fig. (10)]. The high s, low flux region s ol
has also been obsered. Physically high trans- ' low transport level 0 O
port is predictedwhen the dominantmodesshift © 0
to longer wavelengths. Local shearplaysanim- 0.5 I
portantrole in boththe primary andthe secondary 0 high
For v ~ /&g — |ky|vi, instability requires ,,| . 0 Uansportieve
kppez Lr/(qR), so that high ¢ and high R/Ly —0.5 0.0 0.5 1.0
producdargetransport.Small L,,/ R canbestabilizing.[1§ S

The nonlineardevelopmentof the secondaryinsta- Figure 10: Nonlinear simulationresultsfor the
fe . . refeenceparametes asa functionof § anda.

bilities leadsto the productionof zonalflows, which

aresubjectto tertiaryinstabilities.Ignoringthe effectsof backgroundyradientsrotationalsym-

metryin the perpendiculaplanemeanghatEq. (7) alsodescribegertiary instabilitiesin ETG

turbulence sothatsecondaryndtertiarymodesn ETG turbulencearebothweak. By contrast,



theelectronresponsén ITG turbulencebreakghis symmetry sothatwhile tertiaryinstabilities
in the ITG systemareweak,the secondarynstabilitiesarestrong. This is consistenwith the
largerrole of zonalflowsobsenedin ITG simulationsandlargernormalizedransporbbsered

in ETG simulations.
In summarywe presentedyyrokineticsimulationsof electromagneti&TG andelectrostatic

ITG turbulence.Thetransportfrom eitheris large enoughto producemarginally stabletemper
atureprofilesfor awide rangeof experimentakonditions.Simplemodelsthatbalanceprimary
instabilitiesagainstsecondaryinstabilities,and zonal flows againsttertiary instabilities, pro-
vide insightinto the simulationresults. ETG turbulencecandrive transportas effectively as
ITG turbulenceandis naturallyharderto stabilizewith velocity shear but may be controlled,
e.g., with local magneticshear At low ¢, ITG turbulencemaybe nonlinearlysuppressedyut a
collisionlesgertiaryinstability limits the extentof the suppression.
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