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Abstract. Electrostaticurbulence,associatedornvective transportandshearedlows at the edgeof a tokamak
plasmaare strongly affectedby magneticperturbationswith field line stochastization.Resultsfrom threedi-
mensionahumericalsimulationsof flux drivenresistize ballooningturbulencearepresenteghaving that(a) the
level of corvective flux associatedvith fluctuationsis not quenchedy the magnetidfield perturbatiordespitea
reducedpressurdluctuationlevel and(b) the poloidal plasmarotationis suppressedndzonalflows arereduced
by ananomaloudriction dueto stochasticity This inhibits the self regulationmechanisnof large scaletransport
eventsandburstsarefoundto resistthe magneticperturbation.

1. Introduction

The impactof magneticperturbation®n electrostatidluctuationsandassociatedransports
animportantissuefor plasmaconfinementTheinterestin thistopicis twofold. First, it repre-
sentsonepartof thecompleteproblemof electromagnetiturbulenceandtransport.Secondit
appliesto theinterpretatiorandpredictionof confinementvith stochastidoundariesn fusion
devices,e.g.emgodicdivertorsin tokamaks.

Someindicationsaboutthe influenceof magneticperturbationson turbulenceare available
from simulationsandtheoryof electromagnetiturbulenceaswell asfrom experiments.Nu-
merical simulationsassumingscaleseparabilitybetweenfluctuationsand backgroundgradi-
entsshav astabilizingeffectof magnetigerturbationslueto themagnetidlutter[1]. Analyt-
ical investigationgredicta reductionof zonalflows dueto competitionof the Reynoldsand
Maxwell stresse$2]. Experimentalobsenationson TEXT [3] and Tore Supra[4, 5] in the
ergodicdivertorconfigurationshov a decreasef densityfluctuationsin aregion of stochastic
magneticfield lines dueto a stabilizationof large scalestructures.Surprisingly thereis no
evidenceof areduceccrossfield diffusivity [6, 7] whichis a beneficialeffect asit keepdarge
the heatdepositionpatternson thefirst wall elements.

In generalthe scaleseparatiorassumptiorbetweerfluctuationsandprofilesis not valid and
turbulenttransporis known now to becharacterizetyy theinterplaybetweerlargescaletrans-
port eventsandself-generatedhearedneanandzonalflows[8, 9, 10,11, 12,13, 14]. In this
work, threedimensionahumericalsimulationsof resistve ballooningturbulenceatthe plasma
edgeareperformeddriving the systemby a constanincomingenegy flux andallowing for a
self consistenevolution of the profilesof pressureandelectrostatigpotential(andassociated
ExB velocity). It is found that corvective transportassociatedvith electrostatidluctuations
is not quenchedy magneticperturbationglespitea reductionof pressurdluctuations. Fur-
thermore sheareglasmarotationis suppressedndzonalflows arereducedoy a anomalous
friction dueto magneticstochasticity This mechanisnis differentfrom the Maxwell stress



mentionedabove. A directconsequences the inhibition of the self-regulationmechanisnof
large scaletransporteventsso that radially propagatindourstscanresistthe magneticpertur
bation.

2. Characterization of Turbulent Transport

Let usfirst presentresultsconcerningturbulenttransportin the absenceof magneticpertur
bations. The latter is found to be characterizedby radially propagatingoursts, regulatedby
self-generate@hearedneanandzonalflows. Fig. 1ashavs a snapshobf the pressuredis-
tribution in a poloidal plane. On the low field side (right part of the annulus) burstscanbe
obseredthatconnecthe high pressureegion on the innersidewith the low pressuraegion
on the outersideof theannulus.A detailedanalysisof the temporalbehaior of suchbursts
revealsthatthey appeaintermittentlyandpropagateadially overlarge distancestransporting
high pressurdrom theinnerto the outerregion or low pressuran the oppositedirection. In
Fig. laonerecognizeshattheseeventshave a distortedshape.This is dueto the self consis-
tently generatedhearedotationof the plasma,ndicatedby arrons in Fig. 1a. Theresulting
adjacentzonesof clockwiseandcounterclockwiserotationleadto a distortionof the bursts.
This canbedemonstratethy a secondsimulationwhereshearedneanandzonalflows arear-
tificially suppressedn this casea straightradial propagatiorof large burstscanbe obsenred
(Fig. 1b).
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FIG. 1. Snapshot®f pressue in a poloidal plane the annuli representthe simulationregion at
the plasmaedgg, the plasmacenteris not simulated(but replacedby a constantenegy source).
In (a), the selfconsistentvolution of sheaed meanandzonalflowsis includedin the simulation,
in (b), theseflowsare artificially suppessed.

Theregulationof radially propagatindurstsby shearedlows canbe quantifiedoy comparing
probability distribution functions(PDFs)andfrequeng spectreof the flux fluctuationsin the
selfconsistentaseandin thecasewhereflows areartificially suppressedAs canbeseenfrom
Fig. 2a, the curve of the PDF is broadenednd shifted to lower fluxeswhen self consistent
shearedneanandzonalflows areincluded. This resultsin a significantreductionof a large
partof high flux events(for amplitudesof theturbulentflux roughlybetweer25and45in Fig.



2a). The enepy is evacuatedvy lower amplitudeburststhat are fluctuatingmorerapidly, as
canbeseenfrom the comparisorof thefrequeng spectraFig. 2b).
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FIG. 2. Probability distribution functions(PDFs) (a) and frequencyspecta (b) of the turbulent flux
at a givenradial position. In blue the casewith selfconsistentneanandzonalflows,andin red,the
casewheee theseflowsare artificially suppessed.

3. Magnetic Field Perturbation

A perturbatiomB is now addedto the magnetidield which is givenby
~ R r. ~
B=By (%—i-@ee) + 0B

in toroidal coordinateqr,6,¢). R is the major radius,and the safetyfactor g is chosento
increasemonotonicallywith minor radiusr. The perturbatiomB is written asa superposition
of poloidalharmonicsvith modenumberam,

88 = 3 bm(r) cos(mB — ) ,

wheren is the (fixed) toroidal modenumberof the perturbation.Eachharmonicm generates
achainof magneticislandsat the radial positionwhereq(r) = m/n, andfor suficiently high
amplitudesBm, theradialoverlappingof thesdslanddeadsto astochastizationf themagnetic
field lines.

Theradialprofile of the perturbationis shovn in Fig. 3, its amplitudeis increasingwith radius
andreachests maximumat the right boundaryof the computationadomain(r = rg—3). At
this position,the Chirikov overlappingparameteocyir [15] reachesa valueof 3. The onset
of stochasticity(ochir = 1) is locatedcloseto r = rq_5 35, andfield linesarehighly stochastic
with achir > 2 in theradialdomainr > rq—» 6. Thedetailsof themodelaregivenin Refs.[16]
and[17].
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FIG. 3. Radialprofile of the amplitudeof the magneticfield per
turbation. Field linesare highly stodasticin the region between
g= 2.6 andqg = 3 (shaded).

Two implicationsof themagnetigerturbatioraredirectly visiblein themodelequationsFirst,
transporiparallelto the perturbedield now hasacomponenperpendiculato theunperturbed
field, i.e. down the pressuregradient. Second,an additionalterm appeardan the equation
governingthe generationof meanand zonalflows. As will be shown in the following, this
termplaystherole of ananomaloudriction dueto stochasticity

4. Impact of Magnetic Perturbations on Fluctuations

a) 9)
0 | [
@l 08
S8 S
i ©
36 26
S (&)
—_— oD . - X
= = | poloidal velocity,
()] L e e "0 *
S4 24 e y
o - .
7 Bs) :
0 S, ‘
%2 v [radial velocity ..
£ R S bbb
0} : ; ‘ 0} : ‘ ‘
q=2 radius 0=2.5 q=3 q=2 radius 0=2.5 q=3
b) FIG. 4. Radial profilesof the amplitudeof pres-
1r : ‘ surefluctuationga), thecosineofthecrossphase

betweerpressue andradial velocityfluctuations
(b), andtheamplitudeof velocityfluctuationgc).
The full red lines correspondto the casewith
magneticperturbation,the dashedbluelinesin-
dicatea refeencecasewithoutperturbation.

cos(pg]ase)
o1

q=2 radius 0d=2.5 q=3

In the radialdomainwheremagneticperturbationsaresignificant,a strongreductionof pres-
surefluctuationsis obsered (Fig. 4a). The cosineof the crossphasebetweenpressureand
velocity fluctuationsis also decreasingFig. 4b), indicating a decorrelationof thesefluctu-
ationsin the perturbedregion. From thesetwo elementspne expectsa strongreductionof



turbulenttransportwhich is givenby the productof the pressureandvelocity fluctuationam-
plitudesandthe cosineof the crossphase.However, it is foundthatvelocity fluctuationscan
increasan thestochastidayer (Fig. 4c).
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FIG. 5. Poloidal wavenumberspecta of pressue fluctuations(a) and velocityfluctuationgb) in the
perturbedregion betweemy = 2.7 andq = 3. Thered pointscorrespondto the casewith magnetic
perturbation thebluetrianglesindicatea refeencecasewithoutperturbation.

Whenlooking at the poloidalwavenumberspectrajt getsclearthatthe reductionof pressure
fluctuationscomesfrom a stabilizationof large scalestructurescorrespondingo the low m

contributionsin Fig. 5a(exceptfor m= 17,18, seebelow). Thisis in agreementvith density
fluctuationmeasurementsn TEXT [3] andTore Supra[4, 5] whenoneassumeshatpressure
fluctuationdgn ourmodelfollow densityfluctuations.Thesamas truefor velocityfluctuations,
but additionally smallscale(large m) velocity fluctuationgendto increas€Fig. 5b).
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More insightinto this behaior canbe obtainedfrom snapshot®f potentialfluctuationsin a

poloidal plane(Fig. 6). At a giventime, the appearancef stationaryeddiescanbe obsened

(Fig. 6a). Theseeddiesarein resonanceavith oneof the largestcomponent®f the magnetic
perturbationwhich explainsthe local peakat m = 17,18 of the fluctuationspectran Fig. 5.

The stationaryeddiesturn out to be unstablewith respecto a secondarynstability that tem-

porarily destrgs thesestructuresandgeneratefiuctuationsof amuchsmallerscale(Fig. 6b).

Theseappeaessentiallyn theradialdomaincloseto r = rq—3 whichis highly stochasticThe

fluctuationsassociatedavith thesesmallscaleghenleadto anincreaseof velocity fluctuations
in the stochastigegion.

4. Impact of Magnetic Perturbations on Transport

Thetotal effect on transportof the differentmodificationsof electrostatidluctuationsis such
thatthe convective flux associatedo thesefluctuationsis not quenchedy the magneticper

turbation. This canbe seenin Fig. 7, shaving thatthe amplitudeof the total convective flux

is closeto the onein the referencecasewithout perturbation. The total convective flux can
be decomposedhto two parts. Thefirst correspondso stationaryeddiesandis importantin

theregion of onsetof stochasticity The secondpartis associatedvith turbulentfluctuations.
It decreasewhenstationaryeddiesappeaibut increasesvhenenhancedrelocity fluctuations
developdueto thesecondarynstability in the stochastiaegion.
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FIG. 7. Radial profilesof the total corvectiveflux with magnetic
perturbation(full red) andthe parts correspondingo stationary
eddies(dottedred) and turbulent fluctuations(dashdottedred).

Thefluxin therefelencecasewithoutperturbationis indicatedby
adashedlueline.

Evenif thelevel of corvectiveflux is notquenchedby themagnetigerturbationthedynamics
of radially propagatindourstsandshearedlows is foundto be modifiedsignificantly In fact,
themeanpoloidalrotationof theplasmas completelysuppressenh theperturbedegion (Fig.
8a), andthe amplitudeof zonalflows is stronglyreduced(Fig. 8b) by ananomaloudriction
dueto stochasticity
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FIG. 8. Radial profilesof the meanpoloidal velocity (a) and zonalflow amplitudegb) for the case
with magneticperturbation(full red)andtherefeencecasewithoutperturbation(dashedlue).

From the discussionin Section2, this modificationof shearedlows is expectedto have a
strongimpacton the dynamicsof the turbulentflux. Indeed thefrequeng spectraof the flux

in the perturbedregion shav a similar behaior asin the casewhereshearedneanandzonal
flows have beenatrtificially suppressedFig. 9), i.e. a decreasef rapid fluctuations. From
this, oneexpectslarge burststo be presenin the stochastiadegion andindeed,ascanbe seen
from Fig. 10, radially propagatingourstscan be found in the perturbedregion. Theseare
further supportedy the appearancef stationaryeddiesthat provide naturalchanneldor the
propagatiorof bursts.
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FIG. 9. Frequencyspecta of the turbulent flux
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at a givenradial positionin the stodhasticlayer.
In red, the casewith magnetic perturbation,in FIG. 10. Pressue profile asa functionof radius
blug the refeence case without perturbation,  andtime. Fluctuationscorrelatedover large ra-
and in green, a refeeencecasewithout pertur dial distancesappeay correspondingo radially

bationandwith artificially suppessedneanand  propagating bursts. Someof thesebursts propa-
zonalflows. gatein the stodasticregion.



5. Conclusions.

Turbulenttransporis characterizety intermittentbursts,propagatingadially over large dis-
tances.Self generatedhearedneanandzonalflows regulatetheseeventsby broadeningand
shifting to lower fluxesthe PDF of the turbulent flux, leadingto an evacuationof enegy by
rapidly fluctuatingsmallbursts.

A magneticperturbationwith field line stochastizatiomassignificanteffectson electrostatic
fluctuations,associatedransportand shearedlows. Two main obsenationscan be stated:
First, the corvective crossfield transportis not quenchedby the perturbationin spite of a
reducedpressurdiluctuationlevel. This is partly dueto anincreaseof small scalevelocity
fluctuations. Second meanpoloidal shearflow is suppressedndzonalflows arereducedn
theperturbedayer. Thisinhibitstheselfregulationmechanisnof large scaletransportevents,
andradially propagatindourstscanresistthe magneticperturbation.
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