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MotivationsNumerial modelingDisussion and Summary Observations on NSTXe-transport evideneTe �attens in NSTX H-mode shots as Pb inreased
χPBe ≥ 10m2/s inside r/a ≤ 0.4, while χi ∼ χNCiNot aused by low-f MHD or fast ion radial distributionE-transport orrelates with GAE ativity (Global shear Alfvén Eigenmode)(Stutman, et.al. PRL'09)Can GAEs indue eletron transport? If yes, under what onditions?NSTX - spherial tokamak, B = 0.5T , R/a = 0.86m/0.65m, PNBI = 6MW ,

ENBI = 60−90keV . N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary Observations on NSTXe-transport evideneNo ETG instabilities seem to be present (due to ∇Te)

Single GAE indued βe degradation was observed in W7 and explained(Kolesnihenko, PRL'05). E‖ from kineti AW to GAE oupling issuggested to be responsible for βe degradation.N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary Observations on NSTXe-transport evideneTe �attening (and inferred χe) orrelates with GAE ativity

Plasma & strong GAEs have �at Te (r), high entral χe > 10m2/sePlasma & weak GAEs have peaked Te (r), low χe < 10m2/seCompressional Alfvén Eigenmodes (CAEs) are also present, but loalizedat the edge N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsHigh-f GAE (Global shear AEs) instabilities were identi�ed in NSTX
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ωGAE ≃ vA0(m−nq0)/q0R.

GAEs in NSTX:observed spetrum peaks of di�erent
(m,n) modes an interset ⇒harateristi of shear AEs,polarization δB⊥ > δB‖,GAEs are driven by fast super Alfvénibeam ions, vb/vA ≃ 2−4,multiple modes are often presentdamped on eletronsat ω < ωi no interation with thermalions expeted to a�et eletrons.(GAEs reported by Appert, et.al., Pl.Phys.1982; Mahajan.et.al. Phys.Fluids, 1983;GAEs in NSTX, N.N.Gorelenkov, E. Fredrikson, E. Belova et.al., IAEA'02, NF'03).N.N. Gorelenkov et.al. e-transport due to GAEs



MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsGAEs have loalized struture below eah Alfvén ontinuum (NOVA)Alfvén ontinuum radial struture
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ωGAE ≃ vA0(m−nq0)/q0RMany radial modes an exist below eah A-ontinuum lineFrequenies are shifted downward from the ontinuum up to 30%.Theory is extended to ωA (r) having minimum at r = 0 (Gorelenkov, NF'03)GAE radial mode width is ∼m−1, dominant single m harmoninonlinear hybrid ode HYM GAE modeling on�rms their experimentalidenti�ation and theory (Belova,'09)N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsCharateristi frequenies of eletron drift motionGAE instabilities at fGAE ∼ 500−1000kHz , but may go higher.transit (passing) frequeny fte = 12π
v‖qR = 1.5MHz Te = 1keV ,boune (trapped) frequeny fbe = 12π
v⊥qR√ r2R = 430kHz at q = 2,R = 1m, a = 0.8m, r/a = 0.2.eletron Coulomb sattering frequeny νe/ωe = 3×10−7(ωe = 0.7×1011se−1), e-i ollisions double this.thermal ion ylotron frequeny fi = 3MHz .GAEs are driven by Doppler shifted ylotron resonane of beamions ω − k‖v‖−ωf = 0.fGAE ∼ fbe and may be ∼ fte!!!N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsEmploy ORBIT (White, Ph.Fl.'84) to study e-transport due to GAEsIdeal MHD perturbation, E‖ = 0
α (r) : δB= ∇×αB
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Set up test GAE strutures
α = α0e−m2(r−r0)2/δ r2 .and δBr/B ≃ ikθ α = iαm/r .Baseline ase:

α0/R = 4×10−4 ⇒ δBr/B ≃ 0.5×10−2at r/a = 0.2 (mode's peak),up to 31 GAEs with n = 1−10, m is suhthat f = 500−1000kHz - observedwindow,loalization is lose to the enter -unertainty in q-pro�le exist.Use ORBIT for the physis insight into the driven e-transportN.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsEletrons make radial exursions due to δBr and [Eθ ×B] driftEletron Poinare map in {ψp ,θ0 = ωt+nϕ
} plane.1 mode, ξre ∼ δBr/Bk‖ 2 modes (f1 6= f2) N = 20 modes (fi 6= fj )

(m,n) = (−3,1) ; f1 = 510kHz
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsStrong GAEs smears resonanes with eletronsCompare phase spae map of loal ψ deviation: 〈∣∣
∣
ψ2−〈ψ〉2v3 ∣∣∣〉∆v3 .

α0/R = 10−4, νe = 0, χe < 1m2/sE e,keV
α0/R = 4×10−4, νe 6= 0, χe ≃ 10m2/sE e,keV

λ

Take 31 modes, ψ̄ = 0.05, Te = 1keV
(λ = µB0/E )Small amplitude GAEsTrapped eletrons are e�eted by GAEs (λ ≃ 1) ina broad energy range.Passing eletron an resonate via

ω −
(k‖ + l/qR)v‖ = 0. (similar to Kolesnihenko,et.al, PRL'05)But χe is too small < 1m2/se.Strong amplitude GAEsPith angle broad response to GAEs

χe is larger ∼ 10m2/se.N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsUse partile ode ORBIT to simulate eletron thermal ondutivityLoad partiles on one surfae & Maxwellian isotropi distribution.Look for linear �di�usive� dependene of 〈ψ2〉v (t) over time
∆t ≫ qR/v‖,ω−1GAE ,ωdr .
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introdue ambipolar potentialFe = ne ( me2πTe )3/2 e−(E +eφ)/Teeletrons are attahed to ions,
Γe = 0, but an transfer energy
χe is on the same order as De

χeDe =

〈

E
2De〉T 2e 〈De〉 − 〈EDe〉2T 2e 〈De〉2 .

χe = 3De/2 for weakly perturbedMaxwellianN.N. Gorelenkov et.al. e-transport due to GAEs



MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsHow many modes introdue stohastiity?Baseline ase νe/ωe = 6×10−7, r/a = 0.245, α0/R = 4×10−4.At NGAE > 16 there is a plateau in χe (N)Construt the random walk:
ξ2re =

(

δBrk‖B )2
.If modes are inoherent harateristi time is smallest of ν−1oll , τpr ,

τtransit/(k‖qR) (on�rmed by numeris).Then the di�usion is (δBr/B = iαm/r , k‖ ≃ 2m/qR, m = 3,
τ−1transit = 1.5(v‖/v)MHz)

χe = ξ2re (k‖qR)/τtransit =
δB2r qRk‖B2 /τtransit ≃ 25v‖v m2/s.This estimate gives D ∼ α2N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etse-transport strongly growth with GAE amplitudeBaseline ase νe/ωe = 6×10−7 at r/a = 0.22.Small amplitude χe ∼ α3(deviates from α2).Large amplitude χe ∼ α6 intoduesintermittently strong e-transport.Time averaged amplitude is lower thanpeak amplitude, whih an be aboveintermittent threshold.Collisions have small e�ets at largeamplitudes.N.N. Gorelenkov et.al. e-transport due to GAEs



MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsRadial dependene of χe
α (r) : δB= ∇×αB α0/R = 4×10−4
Peak of D (r) is near/outside the mode amplitude peak.Low-m modes ontribute more to the di�usion.From ORBIT χe ≃ 10m2/se di�usion we need α > 4×10−4 or δBr /B >∼ 0.5×10−2,
ξrR ∼ α mk‖r ∼ α

ε ∼ 10−3 and 〈δn〉/〈n〉 ≃ ξr /RN.N. Gorelenkov et.al. e-transport due to GAEs



MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsOutline1 MotivationsEvidene of eletron transport driven by NBI2 Numerial modelingGAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�ets3 Disussion and SummarySimulation omparisons with experimentsProjetion to future reatorsSummary N.N. Gorelenkov et.al. e-transport due to GAEs



MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsParallel eletri �eld an strongly enhane χeBaseline ase, νe = 0, r/a = 0.22, α0/R = 4×10−4 .Ideal MHD GAEs: E‖MHD = 0,Finite E‖ =−∇Ψ is omputed perturbatively viathe quasi-neutrality ondition due to thermal ionFLR
Ψ = φMHD bi1+bi , bi =

k2⊥ρ2i2 ,bi ≃ 0.5×10−4 in NSTXOther soures of E‖: two �uid e�ets,ompressibility (∼ bi ), beam ions:
Ψ/φMHD =O (ωki ,e

ω ,bi)≃ bi .
χe ∼ E 2

‖ ∼ b2i at bi < 3×10−4
χe ∼ E‖ ∼ bi at bi > 3×10−4 as τ−1

‖ =
(v‖ + eE‖τtransit/me)/2πqR .N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsOrigin of parallel eletri �elds
KAW ouples to GAEs if ω > ωA similar to stellarator GAEs(Kolesnihenko, PRL'05). Can they exist in tokamaks? Interested in longradial MHD sale.

N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary GAE observations and theoryORBIT model for e-transportORBIT analysis with ideal MHD GAEsParallel eletri �eld e�etsExistene ondition for GAEs oupled with KAWGiven z2 = (r − r0)2m2/r20S , ε > 0, q = qmin/(1− (r − r0)2 /w2) ,GAE equation at ω > ωA:
λ−2 ∂ 4

∂z4 φ +
∂

∂z (1− z2) ∂
∂z φ −S (1− z2)φ +Qφ = 0Denoting ω̄ = ωR/vA, k00 = k‖R|q=qmin (Fu, et.al, PoP'06, Gorelenkovet.al, PPCF'06):S =

mqminw2r20 (ω̄ −|k00|) ; Q ≃ w24r20 [α22 −∆′α +αε
q2−1q2 − ε2 (ε +2∆′)

]

.hGAEs (hybrid, global/kineti, GAE oupled to KAW) exist with ω >
∣

∣k‖∣∣is Q > 2 (Gorelenkov, PoP'08 on RSAEs) ⇒ �at q-pro�les,low shear, w >
√8R .Another branh is similar to sweeping up RSAEs if the ontinuum has a�hump�, Q > 1/4 (Berk, PRL'01) or w > R less restritive.N.N. Gorelenkov et.al. e-transport due to GAEs
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MotivationsNumerial modelingDisussion and Summary Comparison with experimentsProjetion to future reatorsSummarySummaryGAEs with su�iently strong amplitudes an indue eletrontransport in NSTX.Eletron transport is due to
δBr/B aused deviation from the magneti surfae for bothpartilesmultiple modes introdue stohastiity in eletron motion.overlap of eletron radial motion is the mehanism ofe-transport.omparison with high-k interferometry shows the de�it of theobserved GAE amplitudes by fator of 2 to 3 required tomath the lower end of the inferred eletron thermalondutivity, χe = 10m2/s.E‖ oming from KAW to GAE oupling an strongly enhaneradial di�usion. Need to searh for E‖ e�ets (ρ−1i sales) inexperiment.Interation between GAEs and turbulene has to be studied.N.N. Gorelenkov et.al. e-transport due to GAEs


	Motivations
	
	Evidence of electron transport driven by NBI 

	Numerical modeling
	GAE observations and theory
	ORBIT model for e-transport
	ORBIT analysis with ideal MHD GAEs
	Parallel electric field effects

	Discussion and Summary
	Simulation comparisons with experiments
	Projection to future reactors
	Summary


