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Abstract. Electrostaticturbulence,associatedconvective transportandshearedflows at the edgeof a tokamak
plasmaarestronglyaffectedby magneticperturbationswith field line stochastization.Resultsfrom threedi-
mensionalnumericalsimulationsof flux drivenresistiveballooningturbulencearepresentedshowing that(a) the
level of convectiveflux associatedwith fluctuationsis not quenchedby themagneticfield perturbationdespitea
reducedpressurefluctuationlevel and(b) thepoloidalplasmarotationis suppressedandzonalflowsarereduced
by ananomalousfriction dueto stochasticity. This inhibits theself regulationmechanismof largescaletransport
eventsandburstsarefoundto resistthemagneticperturbation.

1. Introduction

The impactof magneticperturbationson electrostaticfluctuationsandassociatedtransportis
animportantissuefor plasmaconfinement.Theinterestin this topic is twofold. First, it repre-
sentsonepartof thecompleteproblemof electromagneticturbulenceandtransport.Second,it
appliesto theinterpretationandpredictionof confinementwith stochasticboundariesin fusion
devices,e.g.ergodicdivertorsin tokamaks.

Someindicationsaboutthe influenceof magneticperturbationson turbulenceare available
from simulationsandtheoryof electromagneticturbulenceaswell asfrom experiments.Nu-
mericalsimulationsassumingscaleseparabilitybetweenfluctuationsandbackgroundgradi-
entsshow astabilizingeffectof magneticperturbationsdueto themagneticflutter [1]. Analyt-
ical investigationspredicta reductionof zonalflows dueto competitionof theReynoldsand
Maxwell stresses[2]. Experimentalobservationson TEXT [3] andTore Supra[4, 5] in the
ergodicdivertorconfigurationshow adecreaseof densityfluctuationsin a regionof stochastic
magneticfield lines dueto a stabilizationof large scalestructures.Surprisingly, thereis no
evidenceof a reducedcrossfield diffusivity [6, 7] which is a beneficialeffectasit keepslarge
theheatdepositionpatternson thefirst wall elements.

In general,thescaleseparationassumptionbetweenfluctuationsandprofilesis not valid and
turbulenttransportis knownnow to becharacterizedby theinterplaybetweenlargescaletrans-
port eventsandself-generatedshearedmeanandzonalflows [8, 9, 10,11,12,13,14]. In this
work, threedimensionalnumericalsimulationsof resistiveballooningturbulenceattheplasma
edgeareperformed,driving thesystemby aconstantincomingenergy flux andallowing for a
self consistentevolution of theprofilesof pressureandelectrostaticpotential(andassociated
ExB velocity). It is found that convective transportassociatedwith electrostaticfluctuations
is not quenchedby magneticperturbationsdespitea reductionof pressurefluctuations.Fur-
thermore,shearedplasmarotationis suppressedandzonalflows arereducedby a anomalous
friction dueto magneticstochasticity. This mechanismis differentfrom the Maxwell stress



mentionedabove. A directconsequenceis the inhibition of theself-regulationmechanismof
largescaletransporteventssothat radially propagatingburstscanresistthemagneticpertur-
bation.

2. Characterization of Turbulent Transport

Let us first presentresultsconcerningturbulent transportin the absenceof magneticpertur-
bations. The latter is found to be characterizedby radially propagatingbursts,regulatedby
self-generatedshearedmeanandzonalflows. Fig. 1a shows a snapshotof the pressuredis-
tribution in a poloidal plane. On the low field side(right part of the annulus),burstscanbe
observedthatconnectthehigh pressureregion on the innersidewith thelow pressureregion
on theoutersideof theannulus.A detailedanalysisof the temporalbehavior of suchbursts
revealsthatthey appearintermittentlyandpropagateradiallyover largedistances,transporting
high pressurefrom the inner to theouterregion or low pressurein theoppositedirection. In
Fig. 1aonerecognizesthattheseeventshave a distortedshape.This is dueto theself consis-
tently generatedshearedrotationof theplasma,indicatedby arrows in Fig. 1a. Theresulting
adjacentzonesof clockwiseandcounter-clockwiserotationleadto a distortionof thebursts.
This canbedemonstratedby asecondsimulationwhereshearedmeanandzonalflowsarear-
tificially suppressed.In this case,a straightradialpropagationof largeburstscanbeobserved
(Fig. 1b).

(a) (b)

FIG. 1. Snapshotsof pressure in a poloidal plane, theannuli representthe simulationregion at
theplasmaedge, theplasmacenteris not simulated(but replacedby a constantenergy source).
In (a), theselfconsistentevolutionof shearedmeanandzonalflowsis includedin thesimulation,
in (b), theseflowsare artificially suppressed.

Theregulationof radiallypropagatingburstsby shearedflowscanbequantifiedby comparing
probabilitydistribution functions(PDFs)andfrequency spectraof theflux fluctuationsin the
selfconsistentcaseandin thecasewhereflowsareartificially suppressed.As canbeseenfrom
Fig. 2a, the curve of the PDF is broadenedandshiftedto lower fluxeswhenself consistent
shearedmeanandzonalflows areincluded. This resultsin a significantreductionof a large
partof highflux events(for amplitudesof theturbulentflux roughlybetween25and45 in Fig.



2a). The energy is evacuatedby lower amplitudeburststhat arefluctuatingmorerapidly, as
canbeseenfrom thecomparisonof thefrequency spectra(Fig. 2b).
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FIG. 2. Probability distribution functions(PDFs)(a) andfrequencyspectra (b) of theturbulentflux
at a givenradial position.In blue, thecasewith selfconsistentmeanandzonalflows,andin red,the
casewhere theseflowsare artificially suppressed.

3. Magnetic Field Perturbation

A perturbationδ
�
B is now addedto themagneticfield which is givenby�

B � Bϕ

�
êϕ � r

Rq
êθ � � δ

�
B

in toroidal coordinates� r � θ � ϕ � . R is the major radius,and the safetyfactor q is chosento
increasemonotonicallywith minor radiusr. Theperturbationδ

�
B is written asa superposition

of poloidalharmonicswith modenumbersm,

δ
�
B � ∑

m

�
bm � r � cos� mθ � n̄ϕ �	�

wheren̄ is the(fixed) toroidalmodenumberof theperturbation.Eachharmonicm generates
a chainof magneticislandsat theradialpositionwhereq � r � � m
 n̄, andfor sufficiently high
amplitudes

�
bm, theradialoverlappingof theseislandsleadsto astochastizationof themagnetic

field lines.

Theradialprofileof theperturbationis shown in Fig. 3, its amplitudeis increasingwith radius
andreachesits maximumat the right boundaryof the computationaldomain(r � rq� 3). At
this position,the Chirikov overlappingparameterσChir [15] reachesa valueof 3. The onset
of stochasticity(σChir

� 1) is locatedcloseto r � rq� 2 � 35, andfield linesarehighly stochastic
with σChir 
 2 in theradialdomainr 
 rq� 2 � 6. Thedetailsof themodelaregivenin Refs.[16]
and[17].
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FIG. 3. Radialprofile of theamplitudeof themagneticfield per-
turbation. Field linesare highly stochasticin theregion between
q � 2 � 6 andq � 3 (shaded).

Two implicationsof themagneticperturbationaredirectlyvisiblein themodelequations.First,
transportparallelto theperturbedfield now hasacomponentperpendicularto theunperturbed
field, i.e. down the pressuregradient. Second,an additional term appearsin the equation
governingthe generationof meanandzonalflows. As will be shown in the following, this
termplaystheroleof ananomalousfriction dueto stochasticity.

4. Impact of Magnetic Perturbations on Fluctuations
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FIG. 4. Radialprofilesof theamplitudeof pres-
surefluctuations(a), thecosineof thecrossphase
betweenpressureandradial velocityfluctuations
(b),andtheamplitudeof velocityfluctuations(c).
The full red lines correspondto the casewith
magneticperturbation,thedashedblue lines in-
dicatea referencecasewithoutperturbation.

In theradialdomainwheremagneticperturbationsaresignificant,a strongreductionof pres-
surefluctuationsis observed (Fig. 4a). The cosineof the crossphasebetweenpressureand
velocity fluctuationsis also decreasing(Fig. 4b), indicatinga decorrelationof thesefluctu-
ationsin the perturbedregion. From thesetwo elements,oneexpectsa strongreductionof



turbulent transportwhich is givenby theproductof thepressureandvelocity fluctuationam-
plitudesandthecosineof thecrossphase.However, it is foundthatvelocity fluctuationscan
increasein thestochasticlayer(Fig. 4c).
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FIG. 5. Poloidal wavenumberspectra of pressure fluctuations(a) andvelocityfluctuations(b) in the
perturbedregion betweenq � 2 � 7 andq � 3. Theredpointscorrespondto the casewith magnetic
perturbation,thebluetrianglesindicatea referencecasewithoutperturbation.

Whenlooking at thepoloidalwavenumberspectra,it getsclearthat thereductionof pressure
fluctuationscomesfrom a stabilizationof large scalestructurescorrespondingto the low m
contributionsin Fig. 5a(exceptfor m � 17� 18,seebelow). This is in agreementwith density
fluctuationmeasurementson TEXT [3] andToreSupra[4, 5] whenoneassumesthatpressure
fluctuationsin ourmodelfollow densityfluctuations.Thesameis truefor velocityfluctuations,
but additionally, smallscale(largem) velocityfluctuationstendto increase(Fig. 5b).

(a) (b)

FIG. 6. Snapshotsof po-
tential on the low field
sideof a poloidalplaneat
twodifferent timeslices.



More insight into this behavior canbe obtainedfrom snapshotsof potentialfluctuationsin a
poloidalplane(Fig. 6). At a giventime, theappearanceof stationaryeddiescanbeobserved
(Fig. 6a). Theseeddiesarein resonancewith oneof the largestcomponentsof themagnetic
perturbation,which explainsthe local peakat m � 17� 18 of thefluctuationspectrain Fig. 5.
Thestationaryeddiesturn out to beunstablewith respectto a secondaryinstability that tem-
porarilydestroys thesestructuresandgeneratesfluctuationsof amuchsmallerscale(Fig. 6b).
Theseappearessentiallyin theradialdomaincloseto r � rq� 3 which is highly stochastic.The
fluctuationsassociatedwith thesesmallscalesthenleadto anincreaseof velocityfluctuations
in thestochasticregion.

4. Impact of Magnetic Perturbations on Transport

Thetotal effect on transportof thedifferentmodificationsof electrostaticfluctuationsis such
that theconvective flux associatedto thesefluctuationsis not quenchedby themagneticper-
turbation. This canbeseenin Fig. 7, showing that theamplitudeof the total convective flux
is closeto the onein the referencecasewithout perturbation.The total convective flux can
bedecomposedinto two parts.Thefirst correspondsto stationaryeddiesandis importantin
theregion of onsetof stochasticity. Thesecondpart is associatedwith turbulentfluctuations.
It decreaseswhenstationaryeddiesappearbut increaseswhenenhancedvelocity fluctuations
developdueto thesecondaryinstability in thestochasticregion.
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FIG. 7. Radialprofilesof thetotal convectiveflux with magnetic
perturbation(full red)andthepartscorrespondingto stationary
eddies(dottedred) and turbulent fluctuations(dashdottedred).
Thefluxin thereferencecasewithoutperturbationis indicatedby
a dashedblueline.

Evenif thelevel of convectiveflux is notquenchedby themagneticperturbation,thedynamics
of radially propagatingburstsandshearedflows is foundto bemodifiedsignificantly. In fact,
themeanpoloidalrotationof theplasmais completelysuppressedin theperturbedregion(Fig.
8a),andthe amplitudeof zonalflows is stronglyreduced(Fig. 8b) by an anomalousfriction
dueto stochasticity.
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FIG. 8. Radialprofilesof themeanpoloidal velocity(a) andzonalflow amplitudes(b) for thecase
with magneticperturbation(full red)andthereferencecasewithoutperturbation(dashedblue).

From the discussionin Section2, this modificationof shearedflows is expectedto have a
strongimpacton thedynamicsof theturbulentflux. Indeed,thefrequency spectraof theflux
in theperturbedregion show a similar behavior asin thecasewhereshearedmeanandzonal
flows have beenartificially suppressed(Fig. 9), i.e. a decreaseof rapid fluctuations. From
this, oneexpectslargeburststo bepresentin thestochasticregion andindeed,ascanbeseen
from Fig. 10, radially propagatingburstscan be found in the perturbedregion. Theseare
furthersupportedby theappearanceof stationaryeddiesthatprovide naturalchannelsfor the
propagationof bursts.
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FIG. 9. Frequencyspectra of the turbulent flux
at a givenradial positionin thestochasticlayer.
In red, the casewith magnetic perturbation, in
blue, the reference case without perturbation,
and in green, a referencecasewithout pertur-
bationandwith artificially suppressedmeanand
zonalflows.

FIG. 10. Pressure profile asa functionof radius
andtime. Fluctuationscorrelatedover large ra-
dial distancesappear, correspondingto radially
propagatingbursts. Someof theseburstspropa-
gatein thestochasticregion.



5. Conclusions.

Turbulenttransportis characterizedby intermittentbursts,propagatingradiallyover largedis-
tances.Self generatedshearedmeanandzonalflows regulatetheseeventsby broadeningand
shifting to lower fluxesthe PDF of the turbulent flux, leadingto an evacuationof energy by
rapidlyfluctuatingsmallbursts.

A magneticperturbationwith field line stochastizationhassignificanteffectson electrostatic
fluctuations,associatedtransportandshearedflows. Two main observationscan be stated:
First, the convective crossfield transportis not quenchedby the perturbationin spite of a
reducedpressurefluctuationlevel. This is partly due to an increaseof small scalevelocity
fluctuations.Second,meanpoloidalshearflow is suppressedandzonalflows arereducedin
theperturbedlayer. This inhibits theself regulationmechanismof largescaletransportevents,
andradiallypropagatingburstscanresistthemagneticperturbation.
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