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Anomalous eletron transport due to multiple high frequeny beamion driven Alfvén eigenmodes∗N. N. Gorelenkov†, D. Stutman♭, K. Tritz♭, A. Boozer‡,L. Delgado-Apariio♭, E. Fredrikson†, S. Kaye†, R. White†
† Prineton Plasma Physis Laboratory,P.O. Box 451, Prineton,NJ, USA 08543-0451

♭Johns Hopkins University
‡Columbia University†AbstratWe report on the simulations of reently observed orrelations of the ore eletron transport withthe sub-thermal ion ylotron frequeny instabilities in low aspet ratio plasmas of the NationalSpherial Torus Experiment (NSTX). In order to model the eletron transport the guiding enterode ORBIT is employed. A spetrum of test funtions of multiple ore loalized Global shearAlfvén Eigenmode (GAE) instabilities based on a previously developed theory and experimentalobservations is used to examine the eletron transport properties. The simulations exhibit thermaleletron transport indued by eletron drift orbit stohastiity in the presene of multiple oreloalized GAE.
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I. INTRODUCTIONAnomalous eletron heat transport was observed in NSTX reently when strong, up to
PNBI = 6MW , NBI heating was applied in both H- and L-mode disharges [1℄. Subsequentanalysis allowed to infer high rates of the eletron heat ondutivity χe ≥ 10m2/sec. At thesame time strong high frequeny MHD ativity, f = 0.5−1MHz, inreasing with the appliedNBI power, was measured at the plasma edge and in the plasma ore. The high frequenyspetrum ontains multiple instabilities, whih an be interpreted as the instabilities of theGlobal Alfvén Eigenmodes (GAEs) loalized in the ore of the plasma and exited by thebeam ions [2℄.The anomalous eletron transport potentially an have signi�ant impliations for futurefusion devies, espeially low aspet ratio tokamaks. It an severely limit the range of plasmaoperation performane.NSTX is a low aspet ratio fusion experiment [3℄, whih presents a great opportunity forstudying energeti ion physis due to strong super Alfvéni population of beam injeted fastions having entral beta in the range, βf = 5 − 20%, in the plasma with a harateristientral beta, βpl = 10 − 40%, and a ratio of the birth veloity to the Alfvén veloity in therange vb/vA = 2 − 4.Two mehanisms responsible for the anomalous eletron transport due to high frequenyativity in NSTX are of interest. The �rst is the resonane interation with bulk (1 −
2keV energy) eletrons. The seond is the stohastization of the eletron drift motion inthe presene of multiple instabilities, whih was proposed reently [4℄. It is based on thebeam ion exitation of multiple ore loalized GAE instabilities, whih at su�iently strongamplitudes result in stohasti eletron drift orbits that in turn an ause the anomalouseletron transport. In this paper we investigate this hypothesis in detail using the set oftest funtions employing numerial simulations with the help of the guiding enter odeORBIT [5℄, whih follows thermal eletron trajetories. The seond mehanism turns out tobe the dominant one for the eletron transport in our simulations when multiple modes arepresent. This is di�erent from previously suggested low frequeny GAE-indued eletronheat ondutivity, whih required oherent, resonant eletron-GAE interations and theintrodution of the parallel eletri �eld due to the oupling of GAEs and kineti Alfvénwaves [6℄. Further development of the resonant mehanism and the following alternative2



explanation of the anomalous eletron transport in NSTX has been o�ered more reently[7℄. Our simulations imply that both passing and trapped eletrons have broad responseto the perturbations in the phase spae (namely in pith angle, λ =
(

1 − v2
‖/v

2
)

B0/B,and energy, E , where v‖ is parallel to the equilibrium magneti �eld vetor, B0, veloityomponent).It is interesting that the harateristi frequenies of transit and boune motion of ele-trons are lose to the mode frequenies observed in the range 0.5− 1MHz and perhaps anontribute to the di�usion via the beat-wave resonanes. Charateristi thermal passingeletron transit frequeny in NSTX plasmas is fte = 1
2π

v‖
qR

= 1.5MHz evaluated for eletrontemperature Te = 1keV , safety fator q = 2, and major radius R = 1m, whereas trappedeletron boune frequeny fbe = 1
2π

v⊥
qR

√

r
2R

= 400kHz at q = 2, r/a = 0.2, where r is theminor radius of a magneti surfae, and a is the plasma minor radius. In experiments q anhange so that this estimate should be adjusted. Beause of suh lose frequeny relationsthe adiabati ontribution to the �utuations of partile trajetories in response to the per-turbations remain signi�ant and if oupled with the stohastization mehanism an induepartile di�usion.Appliation of the guiding enter ode, ORBIT, shows that the required level of theeletron heat ondutivity, χe ≥ 10m2/sec is established in simulations with >∼ 20 inter-mittently unstable GAEs with the internal density perturbation amplitudes on the order of
δne/ne = 10−3. This is lose to the experimentally measured plasma density �utuationsinferred from the density averaged over the sight line of the high-k diagnostis operatedin the interferometri mode. Our simulations address the requirements for GAE struture,amplitudes and the number of modes to ahieve the eletron heat di�usivity resulting fromexperimental analysis. Results from the omparisons of the theory and reent NSTX exper-iments are presented. In this paper we fous not on exat omparison with the experiments,but on the theoretial and numerial insights of the eletron transport mehanism due tomultiple GAE instabilities with the test funtions of GAE strutures. Suh insight is neededfor further experimental and theoretial studies. In addition, to aount for the e�etsdue to the ollisions we will use eletron Coulomb sattering frequeny νe/ωce = 3 × 10−7(ωce = 0.7 × 1011sec−1), and assume that e-i ollisions double its value.This paper is organized as follows. In Setion II we outline key experimental evidene ofthe anomalous eletron transport in NSTX plasma. Then we present the numerial model3



in Setion III. Results of the simulations and their interpretations are given in Setion IV.It turns out that the e�et of the parallel eletri �eld is important for the eletron di�usioneven when it is small. The relevant simulation results are given in Setion V. The mainresults of the work are summarized in Setion VII.II. EXPERIMENTAL EVIDENCE OF ANOMALOUS ELECTRON TRANSPORTExperimental results from NSTX were reported earlier [1℄ and showed that at high NBIpower, eletron temperature does not inrease in the enter during the heating phase evenwhen the applied power inreases from PNBI = 2, to 4, and then to 6MW . Instead, the Tepro�le beomes �at in both L− and H− mode disharges near the plasma enter, r/a ≤ 0.4,as an be seen in �gure 1. Here we studied NSTX plasma with parameters that are typialfor NSTX operations: aspet ratio, R0/a = 0.85m/0.61m = 1.4, NBI energy of 70− 90keV ,plasma urrent Ip = 0.8 − 1MA, equilibrium magneti �eld BT0 = 0.45 − 0.55T , and �atdensity pro�le with a entral density value 5− 6× 1013cm−3. The safety fator was lose to,but above 1, so that the sawtooth osillations are avoided.

Figure 1: Correlation of the high frequeny MHD ativity with the �attening of thermal eletrontemperature pro�les near the plasma enter as reprodued from Ref.[1℄ for NSTX shot #120438.An analysis of the overall plasma performane using the TRANSP ode was onduted toinfer the thermal eletron heat ondutivity. The ode solves the power balane equationsand aounts for the heat di�usion via various hannels. It uses several onstraints from4



the measurements of the internal plasma parameters, suh as eletron and ion temperatureand density pro�les, as well as the neutron �ux. Suh analysis required strong χe so thatat PNBI ≥ 4MW TRANSP predits harateristi χe ≥ 10m2/sec. The preditions for thelow end of the χe range seem to be robust even with the unertainties in the measurementsand in the analysis. The robustness in part omes from the dominant heating hannel ofeletrons by the beams. Only below ritial energy, Ebcrit ≃ 20Te ≃ 20keV , beam ionstransfer their energy to the thermal ions, so that the majority of the NBI power is absorbedby eletrons. Beam ions are expeted to have peaked pro�les with insigni�ant low frequenyMHD suh as in the studied plasmas. This is supported by the neutral partile analyzer(NPA) measurements. Further, in many experiments the loalization region of low frequenyAlfvéni ativity is at the minimum of the safety fator surfae, whih is outside the plasmaenter. Thus, the low frequeny modes are deoupled from the mehanism of the eletrontransport. As detailed analysis shows, the �attening of the fast ion pro�les is not onsistentwith the neutron �ux and NPA measurements [8℄.Thermal ion transport stays low, within the neolassial range, an order of magnitudelower than χe, in high NBI power shots. This suggests that the stohasti thermal ionheating mehanism [9℄ is not appliable in these plasmas. We also note that entral Te�attening is aompanied by a temperature inrease at the periphery, whih is re�eted in
χe radial dependene and in the fat that total heating power substantially inreases.An independent support of TRANSP inferred χe value omes from a speial experimentalstudy of the indued Te perturbation propagation in high NBI power disharges [8℄. In thoseexperiments applied Li pellet ablates in a shallow region near the plasma edge and introdues
Te perturbation propagating rapidly in the high beam power plasmas towards the plasmaenter. Suh a tehnique was applied to Edge-loalized modes (ELM) studies and ELMe�ets on eletron transport [10℄. The rate at whih the temperature perturbation prop-agates allows observation of radial dependene of the χe value independently of TRANSPresults. From those perturbative experiments χe emerges in the range of tens m2/sec, whihis in the same ballpark as the preditions from TRANSP. The absolute value of temperatureperturbation is relatively small and amounts to ∼ 10%Te (0) and an be omparable to theedge eletron temperature. As an example we show ontours of the eletron temperature inFigure 2 measured by the SXR diagnosti in the (time, Te) plane. Te perturbation is shownto propagate from the edge (t ≃ 453msec) to the plasma enter (t ≃ 455msec). The total5



time of the old front propagation is very short, on the order of 2msec.The time dependene of the perturbation propagation an be obtained from the di�usionequation. If the perturbation gradient is strong, Te/∇Te < r, and the perturbation isGaussian in radius the radial oordinate of the perturbation front should evolve aordingto
rpert = a−

√

tχe (r).Thus, in observations we should look for the fastest hange of Te (t) (point of strongest slopegradient of the Te (t) dependene in Figure 2) to haraterize the front propagation. Theorresponding urve of the Te perturbation front is shown in Figure 2 as a thik dashed line.This urve is di�erent from the urve used in Ref.[8℄, where the minimum of the perturbationin time was used as a referene point to haraterize the perturbation propagation. Figure2 orresponds to when the beam power was hanged from 4MW in the pre-heat phase to
6MW . Inferred χe reahed 100m2/sec, whih is onsistent with the TRANSP simulation (seeFigure 1). A more aurate omparison requires more detailed study of the SXR diagnostimodeling. If the power is hanged to 2MW the perturbation does not propagate beyond
r/a ≃ 0.5 to the plasma enter. This points to low χe value.

Figure 2: The SXR diagnosti measured the eletron temperature evolution during the shallowpellet perturbation in NSTX shot #120440 with 6MW beam power. NBI power is inreased from
4MW in the pre-heat phase.We also note that the behavior of the Te perturbation front propagation indiates thedi�usive proess rather than the presene of the onvetive ells, exept near the very enter6



of the plasma, r/a < 0.25.Subsequent analysis of the plasma with regard to the mirosopi stability performedusing the linear GS2 ode indiated that the entral gradient is too weak to sustain anyknown drift instability at the growth rate above the observed shearing rate of the plasmarotation [8℄. Measurements of the wavevetor spetrum with high-k diagnosti did not showany evidene of the ETG driven instability at frequenies where they are usually seen.On the other hand, a orrelation between the �attening of the eletron temperatureand the high frequeny ativity was observed as shown in Figure 1. The frequeny rangewhere instabilities are seen, 0.5 − 1MHz, is typial for NSTX plasma. This frequenyrange was shown to be populated by both GAEs [2℄ and CAEs (Compressional AlfvénEigenmodes) [11℄. The mode identi�ation was based on the observed instability frequenyevolution and its polarization. The aveat in the polarization measurements is that reentsimulations using HYM ode [12℄ have demonstrated that the GAEs having shear Alfvénpolarization, δB⊥ > δB‖, in the plasma enter an have di�erent polarization at the plasmaedge, δB⊥ < δB‖, whih is the property of CAEs. Thus, to robustly identify the instabilityone has to measure its internal struture in addition to the polarization and frequenyspetrum. GAEs are loalized primarily near the plasma axis [2℄, whereas CAEs are loalizedloser to the plasma edge [13℄, but an be also present near the plasma enter [14℄. Oneimportant theoretial result is that GAEs with di�erent m,n pairs have di�erent frequenyevolution as follows from a simple GAE dispersion relation: ω ≃ vA(m−nq)/qR0. Based onthe frequeny evolution of the peaks in the spetrum in �gure 1 we an onlude that someof the peaks evolve independently in time. This means that GAEs are apparently exitedby the beams. More detailed struture measurements and mode identi�ation are requiredfor more aurate omparisons with the experiment.III. MODEL FOR NUMERICAL STUDY OF GAE DRIVEN ELECTRON TRANS-PORTA. GAE perturbationWe use previous results of theoretial �ndings and numerial modeling to set up the GAEtest funtions for e-transport investigations.7



First, we note that onventional GAEs are loalized just below the minimum in theAlfvén ontinuum[15℄. GAEs were studied for the ase when the ontinuum has a minimumbetween the plasma enter and the edge. Typially with �at ne pro�les near the plasmaenter in NSTX and monotoni q pro�les, Alfvén ontinuum has a minimum at r = 0. Thisase was also shown to have ore loalized GAEs in both theory and numerial simulations[2, 16℄. It follows that to predit GAE loalization and the width one has to know q pro�lewith very good auray, whih is often di�ult to ahieve in experiments. Instead, inthe following numerial studies we set up all GAEs to be loalized at r0/a = 0.2 (whereTRANSP predits the peak of χe), having one poloidal harmoni, m, and Gaussian radialstruture at radial width proportional to m−1, whih diretly follows from the theory [2℄.Many radial solutions an exist at eah m,n pair, but we will use only the lowest one, whihorresponds to the widest GAE radial struture and are likely to be more unstable than thehigher radial number solutions.At the high frequenies of interest we an neglet the ompressibility of GAEs and leaveonly �ute-like perturbation, whih implies the following form for the perturbed magneti�eld [5℄
δB = R0∇× (αB0) , (1)where B0 is the equilibrium magneti �eld, and the sum over various modes is assumed:

α =
N
∑

j=1

αj = α0

N
∑

j=1

e−iωjt+imjθ−injϕ · e−m2

j
(r−r0)

2/δr2 + c.c. (2)Here ωj, mj, and nj are the frequeny, poloidal and toroidal mode numbers of the jth mode.All the GAEs are assumed to have the same amplitude α0. We also �x n to be negativeranging from −1 to −7 (ounter to the plasma urrent propagation), whih follows from themagneti oil measurements of GAE spetrum in the frequeny range of interest. For eah
n we vary the poloidal mode number and hek the simpli�ed GAE dispersion relation

ωj = vAk‖j ≃ vA
mj − njq

qR0
(3)to verify if the mode frequeny falls into the frequeny range 0.5 to 1MHz of MHD ativity.With the plasma parameters of the analyzed NSTX shot up to N = 31, modes an exist inthis frequeny range with the rotation e�et inluded. We do not study the stability riteriafor eah mode, so that some of the modes used in the simulations ould be stable. It turns8



out that for the stohasti di�usion due to GAEs it is su�ient to inlude only some of
N = 31 GAEs. It will be shown in setion IVC that the stohasti threshold is ahieved inthis ase at N >∼ 16, whih is also sensitive to the mode amplitude.Given the perturbations, Eq.(1), the radial omponent of GAE perturbed magneti �eldan be approximated as

δBr/B0 ≃ ikθαR0 = iαmR0/r. (4)For the baseline ase of the simulations we onsider, qmin ≃ 1.3, α0/R = 4 × 10−4, itsharateristi value is δBr/B0 ≃ 0.5 × 10−2, and δr = 0.4a.Perturbation in the form of Eq.(1) allows for the �nite parallel eletri �eld, whih is notompatible with the ideal MHD model widely used in GAE theory. Beause of its stronge�et on eletron dynamis one has to be sure that E‖ is zero in the old plasma limit, i.e.the eletrostati polarization potential needs to be introdued via the equation
E‖ = −∇‖φ− 1

c

∂αB0R0

∂t
= 0 (5)for eah eigenmode, whih implies that for one mode denoted with the subsript j the linearapproximation for the eletrostati potential is

φj = ωjαjBR0/ck‖j. (6)Nevertheless, even the ideal MHD GAE struture allows for a small but �nite paralleleletri �eld. Its value an be found using the quasi-neutrality ondition inluding suhe�ets as thermal ion �nite Larmor radius (FLR), eletron drift frequenies, two �uid e�etsand fast ions. One an show that all those e�ets are of the same order as the FLR e�et ifomputed perturbatively given the ideal MHD GAE struture. For the FLR e�et we ande�ne parallel eletri �eld potential E‖ = −∇Ψ (see for example [17℄)
Ψj = φj

bi
bi + 1

, (7)where bi = (k⊥ρi)
2 /2, and k⊥ ≃ kθ. It is onsistent with vanishing E‖ in the zero FLR limitorresponding to the ideal MHD. In the NSTX baseline ase we estimate bi ≃ 0.5 × 10−4given the ideal MHD GAE struture. At that level E‖ has a small e�et on the eletrontransport. Another soure of the �nite parallel eletri �eld impliitly present in simulationsomes from the seond order orretions to Eq.(5), whih is also small as seen in simulations.The disussion of its ontributions to φ is given in Appendix A.9



B. Use of partile ode for heat di�usion simulationsOne an show that thermal ions do not interat with the high sub-ylotron frequenyosillations of interest due to their low veloities. Fast ions, as we argued, provide the drivefor GAE instabilities, but their density is negligible in omparison with the bakgrounddensity. Thus one an expet that the net thermal eletron partile transport is negligible.This requires the introdution of the ambipolar eletrostati potential to ompensate for theradial eletron partile �ux. If the eletron distribution funtion is
Fe = ne exp [− (E + eφ) /Te] (me/2πTe)

3/2 , (8)the eletrostati ambipolar potential an be found via
Γe =

∫
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+
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e

− 3
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e
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)

d3v = 0, (9)where prime means radial derivative. It follows from Eq.(9) that the ambipolar potential iszero as expeted for the Maxwellian distribution with a �at density pro�le. For the arbitrarydistribution funtion suh as found in numerial simulations we �nd
eφ′
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3v. We also �nd for the distribution lose to Maxwellian
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e. (10)Whereas for the numerial distribution
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〈E2Dev〉
T 2
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− 〈EDev〉2

T 2
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. (11)This expression is important as it allows to infer χe from the partile di�usivity, whih iseasily omputed using partile odes, suh as ORBIT.IV. ORBIT MODELINGA. Single eletron motionGuiding enter ode ORBIT [5℄ is employed here with the perturbation in the form Eq.(1).The underlying proesses responsible for the stohasti eletron transport an be understoodfrom single eletron dynamis. 10



First, we study the single eletron motion in the presene of GAEs for the baseline ase.It is possible to onstrut the Poinare map in the plane {ψ̄, θ0 = ωt+ nϕ
} for one mode.Trapped partiles with only one mode inluded, (m,n) = (3,−1) at f = 510kHz, form amap shown in �gure 3(a). When the seond mode is added we show the Poinare map inthe plane with the phase determined by the harateristis of the �rst mode, θ0 = ω1t+nϕ.In both ases one an see the seular motion of eletrons, whih is bounded in the radialdiretion. However, when multiple modes are inluded, suh as the N = 20 ase shown inFigure 3(), the eletron motion beomes stohasti.
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Figure 3: The eletron Poinare plot in the plane {ψ̄, θ0 = ω1t+ nϕ
} with ψ̄ being the poloidal �uxnormalized to its edge value. The baseline ase is onsidered with α0/R = 4 × 10−4 and δE‖ = 0.Perturbed eletron motion in the diretion perpendiular to the equilibrium magneti�eld an be desribed by two e�ets, the magneti �eld bending and the drift due to theperpendiular eletri �eld:

δv⊥ = v‖
δB⊥

B0
+

c

B2
0

[δE ×B0] , (12)where δ refers to the perturbed quantities. Radial displaement of an eletron, ξr, an befound from here using Eqs.(4,5):
dξr
dt

=
dδBr

dt

1

ik‖B0
+
ckθδE‖

k‖B0
− (vdr∇) δBr

ik‖B0
=
dδBr

dt

1

ik‖B0
+
ckθδE‖

k‖B0
+

(vdrδE) ckθ
vAk‖B0

, (13)where vdr is the toroidal drift veloity of eletrons. The full derivative, �rst term in theRHS of this equation, is integrable and orresponds to the adiabati eletron motion. Thus,without the perturbed eletri �elds there is no net radial di�usion. The seond and thirdterms on the RHS are non-adiabati, whih an result in the radial di�usion in the ase of11



few modes. We note that parallel eletri �eld and the toroidal drift a�et both non-resonantand resonant eletrons. E‖ was used to desribe the resonant eletron interation in Ref.[6℄.As we will show the resonant oherent motion of eletrons is destroyed in the presene ofmultiple modes and is less relevant to our problem. This onlusion is the result of thenumerial study illustrated in Figure 5. If the seond and the third terms of Eq.(13) aresmall we �nd the harateristi eletron radial displaement:
ξr =

δBr

ik‖B
= αR0

kθ
k‖
. (14)It also follows that the equation for ξr an be rewritten in the form

dξr
dt

≃ −i (kθR0) v‖α
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√

me

βemi
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√
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√

2me
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) (15)Two last terms in the RHS of Eqs.(13,15) are related as √
bi :

√
2βe/k‖R, whih meansthat with the NSTX parameters of interest and with the ideal MHD GAE strutures, theparallel eletri �eld term is smaller and the non-adiabati interation is mediated by theperpendiular eletri �eld and the toroidal drift. The last term in Eq.(13) was negleted inRef.[6℄), whih was justi�ed in that work by an assumed signi�ant inrease in bi from theideal limit.Thus, the mehanism of eletron di�usion follows. The �rst term in Eq.(13) determinesthe radial eletron displaement, whereas the third term (toroidal drift aross the �eldline) makes the eletron motion non-integrable by dephasing it from the seular adiabatimotion (detahing from the �eld line). The eletron-GAE dephasing introdues eletronorbit stohastiity when many GAEs are present.We estimate the harateristi dephasing time, τdeph, from the requirement that the thirdterm in the RHS of Eq.(13) introdues radial displaement su�ient to hange eletron phaseby ∆rkr ≃ π. From Eqs.(13,6) we �nd that the inverse dephasing time is proportional tothe toroidal drift veloity and the mode amplitude:

τ−1
deph =

krkθR0

πk‖
vdrkα. (16)It is important to note here that in both Eqs.(14) and (16) α inludes all the modes. Theresulting sum of the modes depends strongly on the partiular spetrum used in simulations.It an be shown that in our ase the sum of GAEs, ∑j αj, along the partile orbit is limitedby the maximum value, whih inreases with N . It is trivial in the ase of two modes,12



but gets more ompliated in the ase of multiple modes, whih is di�ult to omputeanalytially. Leaving the details to future work we o�er an empirial expression for the limitvalue of the α variation, |α| ≤ α0NNthr/
√

N2 +N2
thr, whih appears to be valid for low tomedium N , where Nth ≃ 15. We also note that at high N , |α| < α0Nthr.B. Partile di�usionIn the numerial study we load eletrons with the Maxwell isotropi distribution funtionon a ertain �ux surfae and monitor how their radial positions evolve in the presene ofmultiple GAEs and ollisions. Eletrons are allowed to drift in the equilibrium magneti�eld over a long time period ompared to their transit, preession periods around the torus,and the osillation periods of GAEs. If the proess is di�usive then we should observelinear in time behavior of the average over partiles of the �ux variable, 〈∆ψ2〉 (t), where

∆ψ = ψ̄ − ψ̄0, and ψ̄0 is the partile initial normalized poloidal �ux.
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(t) averaged over the eletron distribution inthe presene of multiple GAEs.In the example shown in Figure 4 we used the baseline ase with α0 = 4×10−4, ψ̄ = 0.06,
ψ̄0 = 0.04, Te = 1keV and N = 31. One an see almost linear dependene of 〈∆ψ2〉 in timefrom t =∼ 0 (after eletrons prompt relaxation) to t = 0.012msec. It is well known thatthe linear dependene is harateristi for the partile di�usion with the initial distributionlose to the delta funtion in radius. By t = 0.012msec most e�eted eletrons reah theboundaries of the GAE loalization region and the e�ets of the mode �nite width beomes13



important.It is interesting to look into the phase spae piture of the eletron di�usion. In Figure 5we plot the ontour map of the eletron displaement in the plane-pith angle, λ = µB0/E ,energy, E(keV ), where µ is the adiabati moment. Shown is the deviation of the partilepoloidal magneti �ux from the mean poloidal magneti �ux over the partile distribution:
〈∣

∣

∣ψ2 − 〈ψ〉2
∣

∣

∣

〉

dv
,where dv means that the average is taken over the viinity (small retangle on the ontourmap) of a point in the map plane. In Figure (a) the deviation is plotted for the intermediatevalues of the GAE amplitudes, α0 = 10−4, and νe = 0, whereas for the �gure (b) weused muh larger amplitudes α0 = 4 × 10−4. In both ases we had N = 31 modes and

ψ̄ = 0.05. For weak GAE amplitudes two regions are seen to have stronger, perhaps resonant,interations with the modes. First is the passing partile region, approximately at λ =

0.3, E = 3keV , at whih energies eletrons do not have diret transit resonane, but mayhave some beat frequeny transient resonanes with the frequenies ∆ωjk = ωj ± ωk. Theseond region is the trapped eletron region, near λ ≃ 1 in a broad energy range. Simulationsindiate that it is broad due to many frequenies present and thus many trapped eletronspotentially may be in resonant interation.GAEs with strong amplitudes smear the regions of strong oherent eletron-GAE intera-tions, suh as at α0 = 4× 10−4 shown in Figure 5(b). Clearly the interation with eletronsis muh broader in the phase spae at high mode amplitude, whih indiates that the reso-nant strutures are not established. Appliation of the expression, Eq.(11), to the ase (a),
α0 = 10−4, gives very low eletron heat ondutivity χe < 1m2/s, whereas at α0 = 4× 10−4we �nd χe ≃ 10m2/s, whih is marginally lose to the TRANSP inferred values.As we argued in the disussion after Eq.(13) the deorrelation of the eletron GAE in-teration is due to the osillating eletri �elds. For the oherent wave partile interation,whih is expeted in the ase of resonant interation, the partile energy hange is propor-tional to the hange in the partile radial position ∆ψ ∼ ∆E [18℄. If the resonanes areimportant and if they remain oherent over the simulation time they should be reognizableas strutures in the eletron test partile simulations beause only a �nite number of low nmodes is present and beause the frequenies of all the modes are lose to eah other. Weillustrate suh dependene obtained in simulations in Figure 6, where no sign of resonant14
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Figure 5: Contour map of eletron displaement in the phase spae. Mean values 〈∣∣∣ψ2 − 〈ψ〉2
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dvare plotted in eah bean, where the outer averaging is taken in the viinity of eah point of theplane. Elevation is in arbitrary units re�eted in the linear olor sheme. Figure (a) is for low GAEamplitudes α0 = 10−4, whereas �gure (b) is for high amplitude α0 = 4 × 10−4.strutures an be identi�ed. This lends support to our interpretation of the mehanism ofeletron di�usion to be broad in the phase spae in whih the oherent interation with theGAEs is not established and eletron drift trajetories are stohasti.
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Figure 6: The hange of the eletron radial position shown via the hange of the normalized poloidal�ux versus the hange of its energy for the baseline ase. Partile parameters are taken at the endof the run shown in Figure 4.
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C. Thermal eletron heat ondutivity dependeniesBeause of the importane of the stohasti threshold onset we show the dependene ofthe heat eletron ondutivity on the number of GAEs inluded in the simulations in Figure7. In this study we inreased the number of modes by varying n from -1 down and varying
m's to �t the 0.5 to 1MHz frequeny range.

Figure 7: Eletron heat ondutivity dependene versus the number of applied GAEs. The resultsare obtained for the baseline ase νe/ωce = 6 × 10−7, ψ̄ = 0.06, α0/R = 4 × 10−4.At small N 's χe is small and only weakly depends on N . This is onsistent with ourargument about the adiabatiity of the eletron motion. Note that the role of resonanes isweak at these amplitudes as only a narrow region of the phase spae is a�eted. Eletrondi�usivity jumps by almost two orders of magnitude at N > 16. The modes inluded insimulations are all lose in values of k‖ and frequenies, and interhanging them produessimilar results. At N >∼ 16 we �nd a plateau: weak dependene on the number of modes,whih is a surprising result.In simulations we observed various dependenies with regard to the GAE amplitudes.The results of suh study are shown in Figure 8.These results together with the single partile harateristi motion (see Setion IVA)helps to onstrut the expression for χe and to understand its dependenies on some plasmaand GAE parameters. The radial partile displaement is randomized by the toroidal driftdephasing with the harateristi time given in Eq.(16). Thus we an onstrut the followingexpression having in mind Eq.(14) and harateristi values k‖ ≃ 2m/qR, m = 3, α0 =16



Figure 8: Eletron heat ondutivity versus GAE amplitude dependenies. Solid urve orrespondsto the χe without ollisions at ψ̄ = 0.05, dashed urve inludes ollisions, dash-dot-dot-dot urveinludes ollisions but is obtained at ψ̄ = 0.06. For omparison, two lines, dash-dot and dot-dot,are plotted with α3 and α6 dependenies.
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, (17)whih is evaluated to χe ≃ 4m2/s. This is reasonably lose to the observed values of thethermal heat ondutivity at the plateau given the spread of used GAE parameters.The expression for the di�usion oe�ient we found has ubi dependene on the modeamplitude χe ∼ α3. This is di�erent from the di�usion due to the resonant island overlap
χe ∼ α, where the island width inreases like √

α. It is also stronger than quadrati powerdependene obtained in Ref.[6℄.Although both the absolute value from the estimate, Eq.(17), and its dependene on themode amplitude, χe ∼ α3, are in agreement with simulations at α0 < 5× 10−4, we observedstronger dependene, χe ∼ α6 at higher mode amplitudes, suh as shown for ψ̄ = 0.05. It ispossible that higher order nonlinear resonanes ontribute to the di�usion, but we defer itsinterpretation to future works. However, we rule out the potential e�et of nonlinear highorder in α orretions to E‖ by arefully examining their ontributions numerially usingseveral tehniques. The disussion of suh e�ets is presented in the Appendix A.Strong amplitude power dependenies, χe ∼ α3 and χe ∼ α6, an introdue intermittentlystrong e-transport, whih an be expeted if the GAE amplitude burst over a short time17



period. At the same time, measured amplitudes are often obtained from time-averaged dataso that the peak GAE amplitude an be higher. The evidene of suh behavior should bereviewed in the experiments. We also note that the ollisions have small e�ets at largemode amplitudes as expeted.Radial dependene of the eletron thermal di�usion is determined by the GAE strutureassumed in simulations. It is found to be peaked near the mode loalization region as shownin Figure 9. From these results we an onlude that the marginal agreement between thesimulations and χe > 10m2/s inferred from the experiments an be ahieved at the levelof mode amplitudes α > 4 × 10−4, whih also means that the perturbed magneti �eld is
δBr/B >∼ 0.5 × 10−2, or ξr

R
∼ α m

k‖r
∼ α

ǫ
∼ 10−3 and δn/n ≃ ξr/R.

Figure 9: Radial dependene of thermal eletron ondutivity obtained for the baseline ase at
α0 = 4 × 10−4 with (dashed line) and without (solid line) ollisions.V. PARALLEL ELECTRIC FIELD EFFECT ON ELECTRON TRANSPORTDue to small mass eletron transport is sensitive to the parallel eletri �elds. To inves-tigate this e�et we use an additional ontribution to the eletrostati potential, Ψ, so that
E‖ = −∇Ψ, whih appears due to thermal ion FLR and is given by the equation (7). In thisstudy E‖ variation is ahieved by hanging parameter bi taken to be the same for all modesfor the purpose of illustration. The ontribution of Ψ to E⊥ is small, but is a key fator for
E‖ e�ets. Depending on the initial radial position, even relatively small E‖ an inreasethermal eletron heat ondutivity by as muh as an order of magnitude if, for example, bi18



hanges from zero to bi ≃ 10−3 at ψ̄ = 0.05 as presented in Figure 10.

Figure 10: Parallel eletri �eld dependene of the eletron heat ondutivity for the baseline ase
νe = 0, α0 = 4 × 10−4. Two urves orrespond to two di�erent initial radial positions of eletronsas indiated.We observe two harateristi dependenies here. Linear dependene, χe ∼ E‖ ∼ bi, istypial and is seen at ψ̄ = 0.06. On the other hand, from Eq.(13) it follows that dephasingof eletron-GAE interation is possible due to the parallel eletri �eld. The harateristitime in this ase is

τ−1
deph =

krkθvAR0

π
αbi.Consequently, we �nd the heat di�usion oe�ient

χe =
3

2

k3
θR

3krvA
π

α3bi. (18)This expression has the same linear dependene on bi as seen in the numerial experiment,Figure 10. We should note, though, that at ertain radii and small values of bi we �ndquadrati dependenies of the eletron heat ondutivity, χe − χe|E‖=0 ∼ E2
‖ ∼ b2i , bi <

3 × 10−4. One an imagine that at a low parallel eletri �eld the additional ontributionto the di�usion omes from the resonant eletron displaement (along the lines of Ref.[6℄),but more detailed study of the phase spae maps did not reveal the presene of the resonantstrutures if multiple modes are inluded.Beause of the strong e�et of the parallel eletri �eld it is important to understandits possible origin. As we saw, the perturbative parallel eletri �eld with the ideal MHDlimit for k⊥ has negligible e�et on the transport. Another e�et an be brought up, whih19



is oupling to the kineti Alfvén wave (KAW). It an potentially introdue strong paralleleletri �eld due to large k⊥.In the standard GAE theory [2, 15℄ eigenfrequenies lay below the Alfvéni ontinuum,where the KAW does not have a propagating wave-like solution. GAEs will have kinetifeatures with a strong KAW presene if their frequeny is above the Alfvén ontinuum. Suhoupling was suggested to exist in stellarators [6℄. In tokamaks the theory suggests that theeigenmodes do not always exist in this ase. If GAE frequeny lays above the ontinuummaximum (q has a loal minimum at some point, r = r0, slightly away from the axis) theriterion for the mode existene was obtained in Ref.[19℄, Q > 1/4, where Q is a ertainfuntion responsible for the �e�etive� potential well. With the expression for Q obtained inhigh aspet ratio, high-n approximation in Refs. [20, 21℄ this riterion has a form
Q ≃ |n|
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, (19)where α = −R0q

2β ′, ε = r/R0, ∆′ is the derivative of the Shafranov shift. In another asewhen the Alfvén ontinuum has a minimum (q has a loal maximum at r = r0) and GAEfrequeny lays above it, the riterion for the eigenmode existene an be written in the sameform and was obtained in Ref.[22℄
Q > 2. (20)One an see that the seond ase is more restritive and requires �atter q pro�les. It alsofollows from both riteria that at su�iently �at q-pro�les (small r2

0q
′′) kineti GAEs anexist.One partiular issue to be resolved is showing that the hybrid kineti GAE modes aremore unstable than the onventional GAEs.VI. DISCUSSION AND IMPLICATIONS FOR EXPERIMENTSBeause of the di�ulties of measuring the internal mode strutures we an omparemodel GAE spetrum only with the spetrum of the high frequeny modes measured by ahigh-k diagnosti working as an interferometer [23℄. The high-k measured high frequenymode spetrum is averaged within 10msec and has a maximum of the integrated densityperturbation on the level of 〈δne〉 / 〈ne〉 ≃ 1.5 × 10−4. We show the syntheti diagnosti20



signal of the used GAE spetrum integrated along the same line as in experiments (seeFigure 11) with the amplitude α0 = 1.5 × 10−4, whih has to be hosen in suh a way thatthe maximum among all GAE amplitudes �ts the measured maximum over the spetrumpeaks value 〈δne〉 / 〈ne〉 ≃ 1.5 × 10−4. Our plotted spetrum is to be ompared with thespetrum shown in Figure 4 of Ref.[1℄. In plotting Figure 11 we made use of the followingrelations
α =

(m− nq) r
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qR0m

δne
R0∇ne

. (21)From the latter and Figure 11 it follows that approximately we indeed have α0 ≃ 〈δne〉 / 〈ne〉.
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Figure 11: Spetrum of N = 31 GAEs used in ORBIT simulations with the amplitude α0 =

1.5 × 10−4. Figure (a) shows a line averaged perturbed density spetrum with the line of sight at
r/a = 0.25. Figure (b) shows the loal amplitude of the density perturbation. Plasma rotationwith the frequeny frot = 25kHz is taken into aount.One important onlusion to be drawn from Figure 11 by omparing (a) and (b) is thatthe loal value of the density perturbation an be signi�antly larger than its integral by asmuh as 5 times. This has to be taken into aount when making a omparison with theexperiments.Beause of the time averaging used in high-k measurements, GAE peak values within theaveraging time interval are larger than the value ited here and in Ref.[1℄ by as muh asa fator of 2 or 3. GAE amplitude �utuation an be seen in the magneti oil spetrumevolution. We note that the marginal value for the eletron heat ondutivity inferred fromexperiments, χe = 10m2/s, an be explained by simulations presented in this work giventhis unertainty.In order to make a projetion for the eletron transport due to multiple GAEs to other21



fusion experiments one has to predit the number, the struture and the amplitudes ofthe unstable GAEs. This requires the nonlinear simulations with the apabilities to modelthe ylotron resonanes in wave - fast partile interations. These tools are under thedevelopment [2, 12℄. However basing on the present work and previous observations we andraw some qualitative onlusions.Essential elements of the GAE driven eletron transport model presented here for NSTXimply a strong drive on the level γ/ω = 1 − 10% [2℄ due to strong anisotropy of beam ionveloity distributions. Suh anisotropy is also expeted for alpha distribution in an ST-likereator, but less in ITER [24℄. GAE instability similar to the ones in NSTX requires alarge ratio vf/vA = 2 − 4, whih is typial for STs. Weakly damped multiple instabilities,
N ≥ 10, have to be present. Beause the drive is proportional to the energy availablefor the instability, whih in turn is proportional to the fast ion beta, βf , the latter seemsto be one of the key parameters responsible for how many GAE instabilities are exitedand how virulent they an be. Suh onditions mean that relatively high βf and βf/βpl arerequired. Hene, one an onlude that the ST-like fusion reators are more likely to developanomalous eletron heat transport due to multiple GAE instabilities driven by fusion alphapartiles.VII. SUMMARYWe have demonstrated that multiple unstable GAEs with su�iently strong amplitudesan be responsible for the anomalous eletron transport in NSTX. The mehanism for suhanomalous transport is stohasti eletron radial drift motion in the presene of multipleGAE instabilities. Spaial overlap of multiple instabilities is required for suh transport.Anomalous eletron thermal ondutivity on the level of χe = 10m2/s, whih is inferredfrom TRANSP modeling, is obtained in numerial simulations with N > 16 GAEs eahhaving the amplitude of the parallel vetor potential α0 = 4×10−4. Within the experimentalunertainties of the mode struture and measured amplitude (fator of 2-3) our simulationsprodue the required level of eletron heat ondutivity. Aurate mode identi�ation andstruture measurements of high frequeny instabilities are needed for better omparison withexperiments.We demonstrated that eletron heat ondutivity has a strong mode amplitude power22



dependene (χe ∼ α3, and up to χe ∼ α6 at high mode amplitudes) and onjeture thatit an introdue intermittently strong e-transport. If GAE amplitudes burst over a shorttime period, GAEs an intermittently indue strong eletron di�usion. The evidene ofsuh behavior should be sought in the experiments. It is interesting that the harateristimagneti �eld of the perturbations in our simulations, δB/B ≃ 0.5 × 10−2, is the same asused in Ref.[7℄, where the resonant eletron-GAE interation was brought about as a basis forthe energy hanneling of the heating power from beam ions to GAEs and �nally to eletronsin the regions outside of the plasma enter. In this mehanism persistent exitation of GAEsis required, implying that almost all the energy from high energy beam ions is transferred tothe modes (about half of the injeted power omes in low energy ions: at half and one-thirdfrations of the injetion energy). In our mehanism it is possible that GAEs indue eletrontransport on a short time sale when the perturbation amplitude peaks. In our simulationsit is a fration of a milliseond.We showed that the perturbed parallel eletri �eld an strongly enhane the radialdi�usion. Evidene for E‖ presene in experiments have to be sought by resolving ρ−1
isales. We ruled out the possibility that the nonlinear seond order in perturbation orretionontributions to the parallel eletri �eld have an e�et on the eletron thermal di�usion.We would like to note that the interation between GAEs and the bakground turbulenean be of interest and has to be studied.Appendix A: E�et of seond order orretions to the parallel eletri �eld onanomalous eletron di�usionAs the GAE amplitude inreases linear approximation for the derived parallel eletri�eld, Eqs.(5,6), may not be aurate beyond some α value. Sine the e�et of E‖ is strong,it is important to investigate suh a possibility. We have done two independent heks toaddress it.First, E‖ is fored to be zero for eah partile on its orbit in the equations of motion[18℄ during the numerial run. Suh proedure shows idential results to the baseline asespresented. The problem with it is that the eletrostati potential is not omputed using theequation E‖ to higher orders and, thus, hanges eletron Hamiltonian.The seond method is to diretly ompute the seond order ontributions. It allows for23



selfonsistent evaluation of the eletrostati potential to satisfy the ideal MHD requirement
E‖ = 0 to that seond order in α. This method after implementation in the ORBIT odeprodues again almost idential results to the ones presented in this paper. We derive theexpression for φ hereafter, where we employ the same notations as in Ref.[18℄.Let us expand the eletrostati potential

φ = φ0 + φ1, (A1)where φ0 is the linear in α ≪ 1 approximation, and φ1 is the seond order orretion. Thelinear part of the eletrostati potential satis�es
∇‖φ0 =

iω

c
αB0, (A2)whih results in Eq.(6). The seond order orretion an be found from the following equation

∇‖φ1 = −δB
B0

∇φ0 +
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c
αδB‖, (A3)where higher order terms were ignored.We also have for the parallel to the magneti �eld operator
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(∂θ + q∂ϕ) ,where J is the Jaobian satisfying the ase of the Boozer equilibrium B2J = I + gq, and

g = B0ϕR. Using Eq.(A2) we �nd that only δB⊥ ontributes and
∇‖φ1 = −∇⊥φ0

B0

[∇α× B0 + α∇×B0] . (A4)After some algebra and assuming α =
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′,where primes in the mode numbers and frequeny mean that they are related to j′ sum.
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