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Abstract. Relaxationoscillationsof transportbarriersarestudiedby threedimensionalturbulencesimulations.
Barriersgeneratedby an imposedExB shearflow arefoundto relax intermittentlyon confinementtime scales,
even when fluctuationsof the ExB shearflow are suppressed.A relaxationevent hasa complex dynamical
behavior, characterizedby theintermittentgrowth of amodeat thebarriercenter. An analyticalstudyrevealsthat
this dynamicsis governedby the ExB velocity shear. A crucial ingredientthereinis a time delayfor effective
ExB velocityshearstabilization.

1. Introduction

Themostpromisingoperationalregimeof futurethermonuclearreactorssuchasITER is char-
acterizedby the existenceof a transportbarrierat the plasmaedgein the high confinement
modes(H-mode).During a transitionfrom low to high confinement(L-H transition),anedge
transportbarrierbuilds up spontaneously[1]. Thesebarriersarenot stablebut relaxesquasi-
periodically. Suchrelaxationoscillationscan have a strongimpact on energy and particle
confinement.During theserelaxationevents,turbulenttransportthroughthebarrierincreases
stronglyandthepressureinsideit drops.Thereafter, thebarrierbuildsupagainonaslow, col-
lisional time scale.The basicphysicalmechanismunderlyingsuchrelaxationoscillationsis
notfully understood.In particular, thereis noexplanationwhy theplasmainsteadof remaining
in astatisticallystationarystatecloseto pressuregradientsor currentstability limits, oscillates
quasiperiodicallycloseto theselimits. Theserelaxationoscillationsarecurrentlymodeledby
phenomenologicallyconstructeddynamicalequationsfor the amplitudesof unstablemodes
[2, 3, 4]. In this paper, we investigatethenonlineardynamicsof barrierrelaxationusing3D
turbulencesimulationsbasedon first principles. The turbulencemodelusedis the resistive
ballooningmodelfor edgeturbulence(RBM) [5, 6]. In the RBM simulationsat the plasma
edge,transportbarrierscanbegeneratedby anexternallyimposedExB shearflow (whereE is
theradialelectricfield andB is theequilibriummagneticfield) andit is foundto relaxquasi-
periodicallyin a rangeof ExB sheardecorrelationrates.Notethatthis behavior is robustasit
persistseven if theExB flow is frozen,i.e. turbulenceflow generationis suppressed.In this
case,a steadystateshearflow is imposedexternally to generatethebarrier, but theflow does
not participatein thedynamics.Themechanismresponsibleof thebarrieroscillationis fun-
damentallydifferentfrom previousreportedtheoriesbasedessentiallyon turbulentshearflow
generation[7]. Therelaxationdynamicsis foundto begovernedby theintermittentgrowth of a
modelocalizedat theplasmacenter, characterizedby low poloidalandtoroidalwavenumbers.
An analyticalstudybasedonaderivationof areduced(onedimensional)modelshowsthatthe
key elementhereis that thedynamicsis governedby a time delayfor effective velocity shear
stabilization.Thus,theeffectof theExB shearflow differsfrom ashift of thelinearinstability
threshold.
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2. Model of External Transport Barrier Formation

Resistive ballooningmode(RBM) turbulenceat theedgeof a tokamakplasmais modeledby
reducedresistivemagneto–hydrodynamical(MHD) equationsfor thenormalizedelectrostatic
potentialφ andpressurep [8],

∂t∇2� φ � � φ � ∇2� φ ����� ∇2	 φ � Gp � ν∇4� φ � (1)

∂t p ��
 φ � p �� δcGφ � χ 	 ∇2	 p � χ � ∇2� p � S � (2)

whereν standsfor the viscosity, χ 	 and χ � are effective collisional heatdiffusivities par-
allel and perpendicularto the magneticfield B, and S� r � is an energy source. The curva-
ture operatorG arisesfrom the compressibilityof diamagneticcurrentand ExB drift, and
δc ��� 5� 3� 2Lp � R0 is essentiallytheratio betweenthepressuregradientlengthLp andthema-
jor radiusR0. ThePoissonbracket is 
 φ ������� r � 1 � ∂rφ∂θ � ∂θφ∂r � , thecurvatureoperatoris
G � sinθ∂r � cosθ r � 1∂θ andthe gradientalongfield lines is ∇ 	 � R� 1 � ∂ϕ � q � 1∂θ � . As-
sumingamonotonicallyincreasingsafetyfactorq � r � , thesimulationscoveradomainbetween
q � 2 andq � 3 in thevicinity of a referencesurfacer0 at theedge.

In thepresentmodel,a transportbarrieris generatedby externallyimposinga locally sheared
poloidalExB flow. A correspondingdrive is addedto theequationfor thepoloidal flow, i.e.
themagneticflux surfaceaverage��������� θϕ of Eq.(1),

∂t ūθ ��� 1
r2∂r r

2 � ũθũr � θϕ � ν∂r
1
r

∂r rūθ � µ � ūθ � U ��� (3)

whereūθ � � uθ � θϕ is the flow profile and ũr ! θ � ur ! θ � ūr ! θ arethe fluctuationsof radial and
poloidalvelocity. Thefirst two termsontherighthandsideof (3)correspondto thedivergences
of theReynoldsstressandtheviscositystress,respectively, andthe last termhasbeenadded
artificially toaccountfor thefriction with anexternalshearedflow U . In theabsenceof external
drive (i.e. µ � 0), a poloidal flow is generatedby turbulent fluctuationsvia Reynoldsstress.
Thismechanismgeneratesboth,ameancomponent(finite timeaverage)andatimefluctuating
component(zonalflow) [9, 10]. In thelimit µ " ∞, thepoloidalflow ūθ becomesidenticalto
theexternalflow U (frozenflow case).This limit is simulatedin thenumericalcodeby using
a finite valueµ muchlargerthenν � ξbal � d � 2 (hereµ � 2) andsuppressingtheReynoldsstress
termin Eq. (3).
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Figure1: Timeaveragedprofilesof turbulentflux andpressurein normalizedunitsfor different
valuesof themaximalshearandΓtot � 36, µ " ∞.
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Fig. 1 showstimeaveragedprofilesof turbulentflux andpressurefor differentvaluesof shear-
ing ratesωEext. We observe asωEext increasesa local reductionof turbulent transport[11]
leadingto a strongsteepeningof the pressureprofile leadingto the formationof a transport
barrier.

3. Dynamics of Relaxations of Transport Barriers

In typical simulationsof RBM turbulencewith a transportbarrier, thelatteris not steadystate
but relaxes intermittently. This canbe seenfrom Fig. 2 wheretime evolutionsof the edge
energy confinementtime, thepressuregradient,theturbulentflux at thebarriercenterandthe
poloidal flow shearat the barrierpositionarepresentedfor two differentvaluesof µ corre-
spondingrespectively to a casewith zonalflows anda casewherethepoloidalflow profile is
frozen.

Theevolutionof thepressuregradientis characterizedby phasesof aslow increasequasiperi-
odically interruptedby rapidcrashes.Thelattercorrespondto relaxationsof thebarrierandare
associatedwith largepeaksof theturbulentflux at thebarrierposition.Typically, fluctuations
of thevelocity sheararealsoobservedduring therelaxations.Theedgeconfinementtime is
definedastheratio of theenergy confinedin thevolumeconsideredandthetotal energy flux
acrossa magneticsurface. It representsa measurefor the “strength” of the barrier. As can
be seenfrom Fig. 2, the evolution of the confinementtime follows the pressuregradientos-
cillations. Let usnotethatrelaxationoscillationsarefoundto persistevenif thepoloidalflow
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Figure2: Time evolution of edgeenergy confinementtime, pressuregradientnormalizedto
the diffusive value, ∂r p̄�#�$� Γtot � χ � � , turbulent flux normalizedto the total incoming flux� p̃ũr � θϕ � Γtot , and relative deviations of the poloidal flow shearfrom the imposedvalue� ∂r ūθ � ωEext �%� ωEext , at the centerof the barrier. Here,ωEext � 8, Γtot � 36, andµ � 0 � 02
(left) respectively µ " ∞ (right).
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Figure3: Instantaneouspressureprofilesbeforerespectively aftera relaxation.

profile is frozen.

The ExB flow shearin tokamaksincreaseswith heatingpower. It is found herethat if this
increaseis fasterthanlinear, therelaxationfrequency decreaseswith power. Theseproperties,
onsetof a transportbarrier, relaxationoscillationsassociatedto resistive ballooningmodes,
andtheoscillationfrequency thatdecreaseswith power, arereminiscentof so-calledtype III
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Figure4: Time evolution of amplitudes(of the potential)of different � m� n) modesduring a
flux peak.
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Figure5: Instantaneouselectricpotentialfluctuationsat thebarriercenterasa functionof the
poloidalanglein aquiescentphaseandduringa relaxation.

edgelocalizedmode(ELM) dynamicsin tokamakedgetransportbarriers[12].

As shown Fig. 3, a relaxationevent leadsto a flatteningof thepressuregradientat thebarrier
centerandanisolationof two regionsof steepgradientonbothsides.A furtheranalysisreveals
thatthesesteepgradientsarethenpropagatingradially away from thebarriercenter.

As relaxationoscillationsareobservedevenwhenfluctuationsof theExB shearflow aresup-
pressed,a “predator-prey” likemechanisminvolving energy exchangebetweenturbulentfluc-
tuationsandExB shearflow doesnotapply. Otherpossiblemechanismsfor relaxationoscilla-
tionscanbeexcludedaswell, i.e. a Kelvin–Helmholtzinstability dueto strongvelocity shear
at thebarriercenteror toroidalmodecoupling,pumpingenergy from unstablemodesoutside
the barrier to a modelocalizedat the barriercenter. Indeed,ascanbe seenfrom Fig. 4, a
relaxationevent is characterizedby the intermittentgrowth of a modelocalizedat thebarrier
center[here � m� n�&�'� 5 � 2� ]. However, no precursoron thedirectly coupledneighborsat the
barriershoulder, � m� n�#� � 4 � 2� and � 6 � 2� , is observed. This is also true for the neighbors� m� n�(�)� 8 � 4� and � 12� 4� of thenext ordercentralmode � m� n�(�*� 10� 4� .
Fig. 5, shows that a relaxationevent is dominatedby a � m� n�+�,� 5 � 2� modewhich is the
lowestorder � m� n� modelocalizedat thebarrierposition. This is a counterintuitive resultas
oneexpectsfluctuationslocalizedat this positionarestronglystabilizedby thevelocity shear.
However, aswill beshown in thefollowing by meansof a reducedmodel,a transitorygrowth
of aperturbationis possibledueto theexistenceof a timedelayfor velocityshearstabilization
which is anintrinsicallynonlineareffect.

3. Analytical Study and Reduced Model for Barrier Relaxations

A one dimensional(1D) dynamicalmodel for the radial dynamicsof one dominant � m� n�
modecoupledto thedynamicsof theprofilescanbeobtainedusingtherepresentation-

φ
p. � - φ̄p̄. � r � t �/� - φ̃p̃. � r � t � exp � imθ � inϕ � (4)

anda subsequentGalerkinprojectionof theevolution equations(1, 2). Theresultingsystem
for the fields φ̄, φ̃, p̄, p̃ is simplified further by assuminga fixed relationbetweenφ̃ and p̃
givenby thelinearmodestructure:φ̃ � i � γ0 � kθ � p̃. Imposingapoloidalshearflow of theform
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∂r φ̄ � ūθ � ωEx, a 1D modelis obtainedthatconsistsof anequationfor theamplitudeof the
perturbationp̃ coupledto thedynamicsof thepressureprofile p̄,

∂t p̃ � � ikθωExp̃ � γ0 �0� ∂xp̄ � κ0 � p̃ � ωtx
2p̃ � χ � ∂2

x p̃ � (5)

∂t p̄ � � 2γ0∂x 1 p̃ 1 2 � χ � ∂2
x p̄ � S � (6)

Here,x � r � r0, kθ � m� r0, and ωt � χ 	 �#� r0Ls � 2, whereLs is the shearlength. The par-
allel gradienthasbeenevaluatedfor a Fourier modelocalizedat thebarriercenter∇ 	 pmn �
ix�2� r0Ls � pmn. Thesystem(5, 6) reproducesbarrierrelaxationoscillationsfor finite valuesof
ωE.

Theshort-termdynamicsin themodel(5, 6) is describedby theevolution of an initial pulse
p̃ � x � t � 0�3� p̂δ � x� , infinitely localizedat x � 0, thatcanbecalculatedanalyticallyfrom Eq.
(5) for agivenpressuregradient� ∂xp̄ � κ andwhenneglectingtheχ 	 term.A solutionof the
equation

∂t pmn � ikθωExpmn � γ0pmn � χ � ∂2
xpmn � Ŝδ � x� δ � t �&� (7)

is givenby

pmn � Ŝ4
4πχ � t exp

- � x2

4χ � t � ikθωEx
2

t . exp

-
γ0t � t3

3τ3
D . � (8)

whereτD �65 14χ � � kθωE � 2 7 � 18 3. Notethatfor ωE � γ0 � 0, theusualsolutionof thediffusion

equationis recovered.Thesolution(8) describesaninitial transientgrowth of theperturbation
for t 9 τD beforethecubic term in the last exponentialtakesover the linear term, leadingto
a stabilization.Thecharacteristictime τD for thetransientgrowth is largefor smallvaluesof
the perpendiculardiffusivity χ � (closeto the collisional valueat the barriercenter)andlow
poloidalwavenumberskθ.

4. Conclusions

3D turbulencesimulationsbasedon first principleswith imposedExB shearflow reveal the
nonlineardynamicsof transportbarrierscharacterizedby relaxationoscillations.Theanalysis
of thesesimulationsshows that this dynamicsis governedby an effective time delay in the
stabilizationby theshearflow. This is confirmedby a reduced1D model. As this dynamics
bearssimilaritiesto ELMs, this suggeststhatsucheffect of ExB shearflow might beincluded
into theELM modeling.
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