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Nonlinear Dynamics of Transport Barrier Relaxationsin Fusion Plasmas
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Abstract. Relaxationoscillationsof transportbarriersare studiedby threedimensionaturbulencesimulations.
Barriersgeneratedy animposedExB shearflow arefoundto relaxintermittentlyon confinementime scales,
even when fluctuationsof the ExB shearflow are suppressed.A relaxationevent hasa complex dynamical
behavior, characterizethy theintermittentgrowth of amodeatthebarriercenter An analyticalstudyrevealsthat
this dynamicsis governedby the ExB velocity shear A crucial ingredientthereinis a time delayfor effective
ExB velocity shearstabilization.

1. Introduction

Themostpromisingoperationategime of futurethermonucleareactorsuchasITER is char
acterizedby the existenceof a transportbarrier at the plasmaedgein the high confinement
modes(H-mode).During a transitionfrom low to high confinemen{L-H transition),anedge
transportbarrierbuilds up spontaneouslyl]. Thesebarriersarenot stablebut relaxesquasi-
periodically Suchrelaxationoscillationscan have a strongimpacton enegy and particle
confinementDuring theserelaxationevents,turbulenttransportthroughthe barrierincreases
stronglyandthepressurensideit drops.Thereafterthe barrierbuilds up againon a slow, col-
lisional time scale. The basicphysicalmechanisnmunderlyingsuchrelaxationoscillationsis
notfully understoodIn particular thereis noexplanationwhy the plasmansteadof remaining
in a statisticallystationarystatecloseto pressurgradientor currentstability limits, oscillates
guasiperiodicallycloseto thesdimits. Theserelaxationoscillationsarecurrentlymodeledby
phenomenologicallgonstructeddynamicalequationsfor the amplitudesof unstablemodes
[2, 3, 4]. In this paper we investigatethe nonlineardynamicsof barrierrelaxationusing3D
turbulencesimulationsbasedon first principles. The turbulencemodel usedis the resistve
ballooningmodelfor edgeturbulence(RBM) [5, 6]. In the RBM simulationsat the plasma
edge transportarrierscanbegeneratedby anexternallyimposedExB sheaiflow (whereE is
theradial electricfield andB is the equilibrium magnetidield) andit is foundto relax quasi-
periodicallyin arangeof ExB sheardecorrelatiorrates.Notethatthis behaior is robustasit
persistsevenif the ExB flow is frozen,i.e. turbulenceflow generationis suppressedin this
case a steadystateshearflow is imposedexternally to generatehe barrier but the flow does
not participatein the dynamics. The mechanisnresponsibleof the barrieroscillationis fun-
damentallydifferentfrom previousreportedtheoriesbasedessentiallyon turbulentshearflow
generationj7]. Therelaxationdynamicds foundto begovernedby theintermittentgrowth of a
modelocalizedatthe plasmacentey characterizety low poloidalandtoroidalwavenumbers.
An analyticalstudybasednaderiationof areducedonedimensional)modelshovsthatthe
key elementhereis thatthe dynamicsis governedby atime delayfor effective velocity shear
stabilization.Thus,the effect of the ExB sheaiflow differsfrom a shift of thelinearinstability
threshold.
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2. Modd of External Transport Barrier Formation

Resistve ballooningmode(RBM) turbulenceat the edgeof a tokamakplasmais modeledby
reducedesistve magneto—hydrodynamicé@ViHD) equationdor the normalizedelectrostatic
potentialg andpressurep [8],

007 0+ {9, 0% ¢} = —Offe—Gp+vOig, (1)
dtp+{® p} = &G+ X 0fp+Xx. 07 p+S. (2)

wherev standsfor the viscosity X, andx_ are effective collisional heatdiffusivities par

allel and perpendicularto the magneticfield B, and S(r) is an enegy source. The cuna-

ture operatorG arisesfrom the compressibilityof diamagneticcurrentand ExB drift, and
dc = (5/3)2Lp/Ro is essentiallytheratio betweerthe pressurgradientengthL , andthema-
jor radiusRy. The Poissorbracletis {¢, - } = r~1(0,¢dg — 9@y ), the curvatureoperatoris

G = sinBd; + cosBr 19y andthe gradientalongfield linesis Oy = R~ (dy + g 'dg). As-

sumingamonotonicallyincreasingsafetyfactorq(r), thesimulationscover adomainbetween
g= 2 andqg= 3in thevicinity of areferencesurfacerg attheedge.

In the presenimodel,a transportbarrieris generatedby externallyimposinga locally sheared
poloidal ExB flow. A correspondinglrive is addedto the equationfor the poloidal flow, i.e.
the magnetidlux surfaceaverage. . .)94, of Eq. (1),

_ 1 i 1. _ _

whereug = <U9>e¢ is the flow profile and(irg = urg — Uy g arethe fluctuationsof radial and

poloidalvelocity. Thefirsttwo termsontheright handsideof (3) correspondo thedivergences
of the Reynoldsstressandthe viscositystressyespectrely, andthe lasttermhasbeenadded
artificially to accounfor thefriction with anexternalshearedlow U. In theabsencef external
drive (i.e. p = 0), a poloidal flow is generatedy turbulent fluctuationsvia Reynolds stress.
Thismechanisngenerateboth,ameancomponenffinite time average)andatime fluctuating
componentzonalflow) [9, 10]. In thelimit yu— oo, the poloidalflow ug becomesdenticalto

theexternalflow U (frozenflow case).Thislimit is simulatedin the numericalcodeby using
afinite valuep muchlargerthenv (Eb;,u/d)2 (herep = 2) andsuppressinghe Reynoldsstress
termin Eq. (3).

turbulent flux

=2 radius 9=2.5 q=3 q=2 radius 9=2.5 g=3

Figurel: Timeaveragedgrofilesof turbulentflux andpressuren normalizedunitsfor different
valuesof the maximalshearandr oy = 36, L — co.
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Fig. 1 shavstime averagedprofilesof turbulentflux andpressurdor differentvaluesof shear
ing ratesweg. We obsene as weey increasesa local reductionof turbulent transport[11]
leadingto a strongsteepeningf the pressureorofile leadingto the formation of a transport
barrier

3. Dynamics of Relaxations of Transport Barriers

In typical simulationsof RBM turbulencewith atransportarriet thelatteris not steadystate
but relaxes intermittently This canbe seenfrom Fig. 2 wheretime evolutions of the edge
enegy confinementime, the pressureyradientthe turbulentflux atthebarriercenterandthe
poloidal flow shearat the barrier position are presentedor two differentvaluesof u corre-
spondingrespectrely to a casewith zonalflows anda casewherethe poloidal flow profile is
frozen.

Theevolutionof thepressurgradientis characterizethy phase®f aslow increaseguasiperi-
odicallyinterruptedoy rapidcrashesThelattercorrespondo relaxationsof thebarrierandare
associateavith large peaksof theturbulentflux atthe barrierposition. Typically, fluctuations
of the velocity sheararealsoobsened during the relaxations.The edgeconfinementime is
definedastheratio of the enegy confinedin the volume consideredandthe total enepgy flux
acrossa magneticsurface. It representa measurdor the “strength” of the barrier As can
be seenfrom Fig. 2, the evolution of the confinementime follows the pressuregradientos-
cillations. Let usnotethatrelaxationoscillationsarefoundto persistevenif the poloidalflow

confinement time confinement time
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Figure2: Time evolution of edgeenegy confinementime, pressuregradientnormalizedto
the diffusive value, 0, p/ (—Ttot /X1 ), turbulent flux normalizedto the total incoming flux
(PUr)ge /Ttot, and relative deviations of the poloidal flow shearfrom the imposedvalue
(OrUg — WEex) /WEex, at the centerof the barrier Here,Weeq = 8, Mot = 36, andp = 0.02
(left) respectrely p— o (right).
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Figure3: Instantaneoupressurgrofilesbeforerespectrely afterarelaxation.
profileis frozen.
The ExB flow shearin tokamaksincreasewith heatingpower. It is found herethatif this
increasas fasterthanlinear, therelaxationfrequeny decreasewith power. Theseproperties,

onsetof a transportbarrier relaxationoscillationsassociatedo resistve ballooningmodes,
andthe oscillationfrequeng thatdecreasewith power, arereminiscentof so-calledtype lll

mode amplitude
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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: Instantaneouslectricpotentialfluctuationsat the barriercenterasa function of the
poloidalanglein a quiescenphaseandduringa relaxation.

edgelocalizedmode(ELM) dynamicsn tokamakedgetransportarriers[12].

As shown Fig. 3, arelaxationeventleadsto a flatteningof the pressuregradientat the barrier
centerandanisolationof two regionsof steepgradientonbothsides.A furtheranalysigeveals
thatthesesteepgradientsarethenpropagatingadially avay from the barriercenter

As relaxationoscillationsare obsered evenwhenfluctuationsof the ExB shearflow aresup-
presseda“predatorprey” like mechanismnvolving enegy exchangebetweerturbulentfluc-

tuationsandExB shearflow doesnotapply. Otherpossiblemechanisms$or relaxationoscilla-
tionscanbeexcludedaswell, i.e. a Kelvin—Helmholtzinstability dueto strongvelocity shear
atthe barriercenteror toroidal modecoupling,pumpingenepgy from unstablemodesoutside
the barrierto a modelocalizedat the barriercenter Indeed,as canbe seenfrom Fig. 4, a

relaxationeventis characterizedby the intermittentgrowth of a modelocalizedat the barrier
center[here (m,n) = (5,2)]. However, no precursomn the directly coupledneighborsat the

barrier shouldey (m,n) = (4,2) and (6,2), is obsered. This is alsotrue 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 the barrierposition. This is a counterintuitive resultas
oneexpectsfluctuationdocalizedat this positionarestronglystabilizedby the velocity shear
However, aswill be shown in thefollowing by meansof areducednodel,atransitorygrowth
of aperturbatioris possibledueto the existenceof atime delayfor velocity shearstabilization
whichis anintrinsically nonlineareffect.

3. Analytical Study and Reduced Model for Barrier Relaxations

A onedimensional(1D) dynamicalmodelfor the radial dynamicsof one dominant(m,n)
modecoupledto the dynamicsof the profilescanbe obtainedusingtherepresentation

?) (E(r,t)+ Ef’ (r,t) exp (im@ — ing) (4)
p/ \p p

anda subsequenGalerkinprojectionof the evolution equationg1, 2). Theresultingsystem
for the fields @, @, p, p is simplified further by assuminga fixed relation betweeng and f
givenby thelinearmodestructure:p =i (yo/kg) f. Imposingapoloidalshearflow of theform
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6@: Ug = WeX, a 1D modelis obtainedthat consistsof an equationfor the amplitudeof the
perturbationd coupledto the dynamicsof the pressurgrofile p,

0f = —ikewexP+yo(—0xP— Ko) P— @x?P+X. 03, (5)
&F = —2vodx|p°+X.029+S. (©)

Here,x =r —rp, kg = m/ro, and oy = x”/(roLs)z, wherelLs is the shearlength. The par
allel gradienthasbeenevaluatedfor a Fourier modelocalizedat the barrier centerl) pmn =
ix/(roLs) pmn. The system(5, 6) reproducedarrierrelaxationoscillationsfor finite valuesof

WE.

The short-termdynamicsin the model (5, 6) is describedoy the evolution of aninitial pulse
p(x,t=0) = pd(x), infinitely localizedat x = 0, thatcanbe calculatedanalyticallyfrom Eg.
(5) for agivenpressurgradient—0dxp = k andwhenneglectingthe term. A solutionof the
equation

0t Prmn-+ (KeWEXPmn = YoPmn+ X . 02 Pmn+ S3(X)3(t) , (7)
is givenby
S X2 ikgweX t3
Pmn= me)(p <_4XJ_t i t) exp (YOt - %> ) (8)

-1/3
wheretp = [%XL (kewE)z] . Notethatfor we = yp = 0, theusualsolutionof thediffusion

equations recovered.Thesolution(8) describesninitial transienigrowth of the perturbation
for t < tp beforethe cubictermin the lastexponentialtakesover the linear term, leadingto
a stabilization. The characteristitcime 1p for the transientgrowth is large for small valuesof
the perpendiculadiffusivity X, (closeto the collisional value at the barrier center)and low
poloidalwave numbers<g.

4. Conclusions

3D turbulencesimulationsbasedon first principleswith imposedExB shearflow reveal the
nonlineardynamicsof transportarrierscharacterizetby relaxationoscillations.Theanalysis
of thesesimulationsshaws that this dynamicsis governedby an effective time delayin the
stabilizationby the shearflow. Thisis confirmedby areducedlD model. As this dynamics
bearssimilaritiesto ELMs, this suggestshatsucheffect of ExB shearflow might beincluded
into the ELM modeling.
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