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Abstract

One of the exciting and unexpectedresultsof ergodic divertor operationin Tore Suprawas
the obsenation of edgetransportbarriers, producedby the magneticfield perturbation. In
the presentpaper formationof internaltransportbarriersin the vicinity of rationalmagnetic
surfacesn tokamakswith braidedmagnetidieldsis studiedfor asimplemodelof theperturbed
magnetidield with a broadspatialspectrumandmonotonoushearprofile. Theislandoverlap
criterionis usedto derive a conditionfor barrierformationwhich links the amplitudeandthe
spectralwidth of the perturbationwith the shearparameter The modelling of plasmaheat
conductvity usingthe 3D Monte-Carlofluid code E3D confirmsthe formation of transport
barriersin the caseof amonotonoushearprofile.

1. Intr oduction

Transportarriersmay belongto thosefeatureswvhich perhapsanbe actively controlledfrom
the outsideby ergodic divertors. Therefore,an understandingf barrierformationcausedoy
a spectrumof field perturbationscanalsobecomeessentiafor divertorsphysics. In various
tokamakexperiments,internal transportbarriers(ITBs) have beenobsered in the vicinity
of rationalmagneticsurfaces(see,e.g. [1]). Onepossiblereasonfor the formationof ITBs
is the local reductionof the anomalougransportcausedy magneticfield perturbations.The
formationof transporbarriersin theergodicdivertorwheretheartificial "anomalous’transport
dueto magnetidield braidingis dominanthasbeenobsenedexperimentally[2] andmodelled
numerically[2,3]. Therole of magnetigerturbationsn formationof ITBs hasbeendiscussed,
in particular in [4,5]. Thefactthata decreasef the shearparameteincreaseghe distance
betweemmagnetiaslandsanddisjoinsthemhasbeenusedasan explanationfor theformation
of experimentallyobsened transportbarriersin the vicinity of the shearreversalpointif the
rotationaltransformapproacheshe low order resonancevalue but doesnot crossit in this
point. At thesametime, it wasstatedin [4] thatnearintegervaluesof ¢ do not play a positive
role for the monotonousy profile. In a recentanalysisof the possibility of barrierformation
in caseof a monotonous; profile usinga "tokamap” modelfor the perturbedmagneticfield
[6], barriershave beenidentifiednearbroken KAM surfaceswith "most noble” valuesof the
rotationaltransform.

In the presentstudy the formation of transportbarriersis modelledusing a simplified
magneticfield with broadpoloidal and toroidal spatialspectraof the perturbationfield. For



suchfield spectravhich aresaturatedxponentiallywith increasingangularwavenumbersthe
formationof ITBs nearrationalmagneticsurfacess shavn in caseof a monotonougprofile of

L =1/q.
2. Magnetic field model

A simplified problemgeometryis consideredisinga straightperiodiccylinder wherethe az-
imuth @ representghe poloidalangleandthecoordinatealongtheaxis z representthetoroidal
angley = z/ Ry, with 27 Ry the cylinder period. The main magneticfield is assumedo have
constansheay. = 1/qg = r, where0 < r < 1 isadimensionlessadius.The perturbatiorfield
derivedfrom avectorpotentialof theform
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with B, = const, o, , areconstanphasevalues,andM andN satisfyM > m, N > . The
perturbatiorfield is obtainedn theform
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In orderto studythetransitionof suchasystembetweerregularandstochastibehaiour using
the Chirikov islandoverlappingcriterion,oneneedgo estimatehesizeof theislandstructure
neara given resonanimagneticsurfacewith ., = ny/mqy. Oneshouldtake into accountall
harmonicswith certainhelicity, m = kmg, n = kng, wherek = +1,+2, .... Theequatiorfor
themagneticsurfacestakesthefollowing form,

T

Rlo dr’ ( + Z bkmo,kno sin (k(m09 - no(ﬂ) + akmo,kno) = const. (3)
0

To estimatethesumin thesecondermin (3), it is assumedhatthe constanphasevaluesay, ,,

aredistributedrandomly Neglectingexponentiallysmall contributionsfrom harmonicswith

|m| > m, oneobtainsfor this secondermr (b, », /mo)/m/me. Thus,for smallperturbation

amplitudes, theislandwidth is
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Theradial positionof a resonansurfaceis r,,, n, = no/(t'mo) = no/mo, therefore the par

ticular chainof islandscoverstheradialinterval 7., g — 07mone < 7 < Tmomo + Tmomo- A

function I(r) is definedsothatit is equalto 1 if r satisfiesthe this conditionfor at leastone
mode(my, ng). I(r) is equalto zerootherwise.Thereforen theregionswherel(r) = 1 one
canexpectstochasti¢granspordueto islandoverlappingandtheformationof ergodicmagnetic
field regions,while in theregionswith I(r) = 0 noislandsarepresenandtransporshouldnot

increasej.e. atransportarrieris formed. In Figs. 1 and2, thefunction I(r) is shovn for two

differentvaluesof the perturbationamplitudee togethemwith resonantadii r,, ,, correspond-
ing to low orderresonansurfaces,m < 5, representeasverticallines. Here, Ry = 1 in all

numericalexamples.
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Figure 1. Function I(r) for m = @ = 20, Figure 2. The same as in Fig. 1fore =2.5107%.

M=N=50and e=310""*

Onecanobsenre thatwith decreasingerturbatioramplitudegapswhereareno islands(up to

the cut-off of thespectrumpappeaandbecomebroader Thesegapsfirst appeaiin thevicinity

of low orderresonansurfaceson bothsidesof thecorrespondingslandchain.Onecanexpect
regularmagneticsurfaceso formfirst in theseregionswith decreasingerturbatioramplitude.
Thisis confirmedin Figs. 2 and3 wherethe resultsof Poincaé mappingsare comparedwith

predictionsof the overlappinganalysis.For this mapping,1000poloidalrevolutionshave been
performedfor a setof field lines startingat ¢ = 0 at 20 equidistantradial positionsin the
intenal 0.4 < r < 0.6.
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Figure 3. Poincaré plot of the magnetic field and Figure 4. The same as in Fig. 3 for e = 3 107%.
function I(r) form =7 =10, M = N = 20
and e = 51074,

In orderto derive the thresholdvalue of the perturbationamplitudefor an ITB formationat

somelow orderresonancenagneticsurface («(ry) = no/mg) onehasto find the distances
betweertheradiallocationsof theresonancém,, ny) andthenearestesonancevith different
helicity. In Figs.5 and6 the inversepoloidal wavenumbey1/m, is plottedasa function of

the resonanceositionr = n/m for resonanmodeswithin the range—M < m < M and
—N < n < N whereM=N=20. Onecanobsenre that only the highestmodeswith small

valuesof 1/m arepresenin thevicinity of low orderresonancege.g.,resonancé/2in Fig.5,

andresonanc@/5in Fig. 6).
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Figure 5. Resonance locations. Figure 6. The same as in Fig. 5 focused around

the resonance 2/5.

With increasingV/ andN valuesmoreresonancesorrespondingo higherordermodesshould
appeain acloservicinity of theconsideredow orderresonanceHowever, thesehighermodes
which have beeneliminatedfrom the spectrumare not significantbecausehey areexponen-
tially small.

Thedistancebetweernr, = ng/mg andtheradiusof thenearestesonanmodeis Ar = A/t =

(d'moM)~1 ~ (/mem) . Comparingthis distanceo theradialsizeof low orderislandstruc-
tures(4), oneobtainsa criterionfor the barrierformation,

op = L'Robmo,no’ﬁ?,5/2mé/2 ~ eRy (mom)3/2 <1, (5)

whichlinks theperturbatioramplitudee, thespectralvidth m andtheshear’. Thisconditionis
mucheasierealizedfor low valuesof my, thereforel TBs shouldfirst form atthe lowestorder
resonanimagneticsurfaces. ComparingFig.1 with Fig.2 one cannoticethat new “barriers”
correspondindo the resonance&/5 and 3/5 with my = 5 appearduring the transitionfrom
e=3-10"*toe = 2.5- 10~ Estimatingo, with my = 5, m = 20, e = 2.5 - 10~* we obtain
op = 0.25 which agreeswith (5) up to anumericalfactorof orderone.

3. Heat conductivity

Thetransporpropertiesof the chosermagneticconfigurationdave beenstudiedin the MHD
approximation. The 3D Monte-Carlocode E3D [7] hasbeenusedto solve the problem of
heatconductvity. In particular the stationaryproblemof heatpropagationfrom a constant
sourceattheinnerboundarylocatedat r = 0.4 wherea constaninput heatflux of 40 W was
sustainedo the wall locatedat » = 0.6 wassolved. The boundaryconditionat the wall was
setto 7, = 0. The nonlineardependencef the parallelheatconductvity coeficient on the
plasmatemperatur@vasnottakeninto accountand?” = 25 eV waschoserfor the background
plasma.A plasmadensityof n, = 10'* cm~3 wasassumedAll lengthscalesaremeasuredn
centimetersThe perpendiculaheatdiffusioncoeficient D, = 23cm? s ! wastaken9 orders
of magnitude(by the factor1.45 - 10°) smallerthan the parallel diffusion coeficient. The
magneticfield parametersverem = i = 10, M = N = 20. Theresultsof E3D modelling
arepresentedn Figs. 7 and8 wherethe radial profile of temperatureaeragedover boththe
poloidalandthetoroidalangleis showvn.
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Figure 7. Temperature profile for e = 1073, Figure 8. The same as in Fig. 3 for e = 5 10™%.

Shadedareasrepresentergodic” regionswhereI(r) = 1. In both casestransportdue to

magneticfield braiding is dominantsince for the unperturbedmagneticfield case,e = 0,

the temperatureprofile is closeto linear with a temperaturevalue at the inner boundaryof

7.3-10% eV. It is easyto seethatin theregionswherethe overlappingconditionis not satisfied
the calculatedemperaturgradients significantlyhigherthanin the”ergodic” shadedegions.
ThereforeMHD modellingconfirmsthepresencef transporbarrierspredictedoy theanalysis
of islandoverlap.

4. Conclusion

In this analysis,the internal magnetictransportbarrierswhich form nearlow orderrational
magneticsurfacesin caseof a monotoneoug profile areexplainedin termsof magnetictur-

bulencesuppressionA simplemagnetidield modelwherethe perturbatiormagnetidield has
a broadspatialspectrumshaws barrierpropertiessimilar to thoseobsened experimentally A

simplified analysiswith anislandoverlapcriterionis confirmedthroughPoincaé mappingas
well asthroughdirect modelingof heattransport. Criterion (5) shavs the importanceof the
shearvaluefor the formationof ITBs sinceit entersthis criteriontogethemwith the perturbed
magneticfield amplitudein form of a product. Therefore,a reductionof shearfavoursthe
formationof ITBs. This alsostaysin agreementvith experimentalobsenationsof electron
internaltransportarriers[4,5] nearthe sheareversalpoint.
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