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 = vm
/eBϕPoloidal Larmor radius (drift orbitwidth) determines 
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al 
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y gapsShear Alfvén 
ontinuum s
hemati
 (
ylinder, zero β )Magneti
 �eld variation shapes the 
ontinuum through the safetyfa
tor pro�le q = Bϕr/BθR ,k̂‖φ = −i~BB ·~∇∑m φme−iωt+imθ−inϕ = ∑m ( mq (r)R − nR)

φme ...

B = B (θ , r), ω2A (r) = v2Ak2
‖ ⇒ ____m m+1

n n
__
n

m−1
continuum

cyllinder
uncoupled

Ω
2

qRational surfa
es 
orrespond to k‖m = 0.Solutions should a

ount for the 
ontinuum stru
ture.If harmoni
s are 
oupled (nonhomogeneous) 
ontinuum gaps appear.N.N. Gorelenkov ITER EP le
ture
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al analysisTAE gaps
odes on stru
turelow frequen
y gapsWhy 
ontinuum gaps are important?Gaps in the 
ontinua are 
ommon phenomena.Example: energy spe
trum gaps of valen
e ele
trons in a periodi
potential well of a 
rystal latti
e.Higher order e�e
ts are tested as 
oupling is des
ribed by smallparameters: toroidi
ity aR ; pressure β :... great test for theories,global modes may exist with frequen
ies inside gapsif modes with frequen
ies in the gaps exist they have low damping:no 
ontinuum damping from kineti
, singular mode.Can help to organize Alpha 
hanneling (r-di�usion) together withthe RF antennae (E-di�usion - N. Fis
h talk)N.N. Gorelenkov ITER EP le
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odes on stru
turelow frequen
y gapsRealisti
 shear Alfvén 
ontinuum (s
hemati
, torus)Again take the eigenmode equation:1r ∂
∂ r (

ω2v2A − k2‖) r ∂
∂ r φ +

(

ω2v2A − k2‖) 1r2 ∂ 2
∂θ2 φ +Qφ = 0.If pol-/toroid. harmoni
 expansion is applied

φ = ∑m φmexp [−iωt+ imθ − inϕ] ,geometri
al e�e
ts 
ouple harmoni
s:v2Ak2‖ =B2 (r ,θ )k2‖ /4πρ;B =B0 (1+ ε
osθ ...)⇒(high order) toroidi
ity, ellipti
ity, triangular-ity, ..., pressure indu
ed gaps. ω
ωA0

ωci

EAEs

R(m)

RTAEs(EPM)Cascades

KBMs,BAEs

NAEs

CAEsGAEs

TAEs(Cheng,Chan
e'86,K.L.Wong'91,W.Heidbrink'91)N.N. Gorelenkov ITER EP le
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsGeneral pro
edure for ideal MHD 
odesBased on m-trun
ated expansion
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ts 
an be present perturbatively on nonperturbatively:FLR, kineti
 ...Analyti
 theories employ sometimes similar approa
h.N.N. Gorelenkov ITER EP le
ture
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tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsGenerally TAE stru
ture is 
ompli
ated in realisti
 geometry
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In ITER RS plasma AEs can be driven.
2 typical structures, TAE, RSAE

(NOVA code)RSAEs and TAEs 
an be unstable, lead to α , beam losses in ITER.Both modes are known to indu
e beam losses in DIII-D.N.N. Gorelenkov ITER EP le
ture
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olle
tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsA remarkable agreement between TAE, RSAE mode stru
ture inDIII-D and NOVA modeling (ideal MHD)NBI into ∼low density DIII-DplasmaVarious gap modes reside in ane�e
tive waveguides, su
h as
aused by qmin presen
eRSAEs are lo
alized near
ontinuum extrema pointsRSAEs have one dominantpoloidal harmoni
Both RSAE and TAE stru
turesagree quantitatively with idealMHD (NOVA simulations)Van Zeeland'06 PRL, '07 PhysPlasmas.N.N. Gorelenkov ITER EP le
ture
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsIdeal MHD TAE stru
ture agrees with ECEInternal TAE/RSAEs mode stru
tures measured by ECE showex
ellent agreement with ideal MHD predi
tions (NOVA 
al
ulations,Van Zeeland, PRL '06)RSAE & TAE frequen
ies 
rossover
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It 
ould be that earlier works (Carolipio'01, Heidbrink'97) dealt with othermodes su
h as EPMs in high fast ion beta plasma.N.N. Gorelenkov ITER EP le
ture
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsPlasma pressure introdu
es BAAE (Alfvén-a
ousti
) gaps/modesAlfvén (A) 
ontinuum at low frequen
y: Ω2 = v2Ak20,±1 /
(1+2q2)(modi�ed)A
ousti
 (a) bran
h Ω2 =

[

γβv2A/2(1+ δ )
]k20,±1 is 
oupled viam±1 sidebands with modi�ed Alfvén 
ontinuum (m harmoni
) dueto geodesi
 
urvature and pressure.
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsAlfvén/a
ousti
 
ontinuum bounds global modesShear Alfvén and a
ousti
 
ontinua equations 
apture main e�e
tsin low-β , large aspe
t ratio plasma, low ω∗, (Cheng, Chan
e, PFl '86):
Ω2y + ∂ 2

‖ y +γβ sinθ z = 0 (Alfveni
) (1)
Ω2(1+

γβ2 )z +
γβ2 ∂ 2

‖ z +2Ω2 sinθ y = 0 (a
ousti
) , (2)where Ω ≡ ωR/vA, y ≡ ξsε/q, ξs ≡ ~ξ · [B×∇ψ]

|∇ψ |2 and z ≡ ∇ ·~ξ , k̂‖ ≡ i∂‖/R.Geodesi
 
urvature 
oupling: m Alfvéni
 and m±1 a
ousti
 harmoni
s.Various solutions existun
oupled a
ousti
 (a) Ω2 = 12 γβk2‖R2and Alfvéni
 (A) bran
hes Ω2 = k2‖R2 +Ω2GAM .GAMs: Ω2GAM = γβ
(1+1/2q2)modi�ed shear Alfvén bran
h Ω2 =

k2‖ R21+2q2 ξs ξdiv−>

N.N. Gorelenkov ITER EP le
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olle
tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsNOVA: gap BAAE broadens as qmin de
reases in NSTX
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ξr has one dominantharmoni
m= nqmin = 3.fBAAE is 
lose tomodi�ed Alfvén bran
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes lo
al analysisTAE gaps
odes on stru
turelow frequen
y gapsUltra SXR measures the same radial stru
ture broadeningRaw USXR signal (∼BAAE stru
ture, Tritz, JHU) Radial pro�le evolution
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MotivationsFrom single parti
le to 
olle
tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITER EP driven instabilitiesThree 
onditions should be satis�ed:sour
e of free energy must be presentparti
les should be at resonan
edrive should be higher than the dampingFree energy sour
es:pressure radial gradient (universal drive), low frequen
yvelo
ity spa
e gradient, high frequen
yinversed velo
ity distributionvelo
ity anisotropyAs an example we 
onstru
t the universal instability drive
γ
ω

= K−1 [

∆E βα
∂ f (vres)

∂Eα
+

∆rr ∂βα
∂ ln r f (vres)] ∼−ωβα f (vres)+

n
ω
 ∂βα

∂ ln r f (vres) ∼ n.Slow ramp up of the alpha sour
e ⇒ avoid thermonu
l.instabilityN.N. Gorelenkov ITER EP le
ture
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le to 
olle
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITERMost unstable mode number s
ales with the ma
hine sizeAmong possible Alfvén eigenmodes toroidi
ity-indu
ed AE (TAEs) modesare likely to limit fusion produ
t 
on�nement in BP.Low frequen
y modes are mostly responsible for fast ion radial transport:TAEs, EPMs, BAEs.High frequen
y modes are responsible for phase spa
e parti
le di�usion:GAEs, CAEs, ICE.Theory:n range of most unstable TAEs determined by Finite Orbit Width (FOW)e�e
ts: (Berk PL,'92, Fu PF, '92, Breizman'95, Candy'95)k⊥∆b ≃ nq2ρbr ∼ 1 |⇒ rR nmax < n < nmax ≃ rω
αq2vACodes (NOVA) show agreement with theoryN.N. Gorelenkov ITER EP le
ture
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le to 
olle
tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITERExperimental observations 
on�rm theory predi
tionsDIII-D/NSTX similarity experiments were designed to 
on�rmtheory predi
tions (W. Heidbrink, PPCF '03):The a = 0.8m radius in NSTX and DIII-D but di�erentR = 1m vs R = 1.7m, B = 0.6T .Use similar NBI features: inje
tion geometry, energy, trappedto passing parti
le ratio.
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le to 
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITERTrend of unstable TAE's n-dependen
e is re
overed by theory
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� no damping, � - with dampingTAEs ex
itation thresholds are reprodu
ed for medium-n numbersNOVA-K with isotropi
 d.f. does not predi
t observed unstable modesMain damping me
hanisms are:ion Landau damping (dominant in ITER), radiative dampingStabilization of TAEs at high end of n range is due to FOW e�e
ts andhigher dampingHelps to validate predi
tive 
apabilities of theory.N.N. Gorelenkov ITER EP le
ture
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le to 
olle
tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITERNumeri
al simulations of AE stability in ITER1MeV beam ion drive is 
omparablewith the α−drive.lowering NBI energy to0.5MeV signi�
antly redu
esdrive.medium, high-n's are unstablen = 6−13.most unstable modes arelo
alized at r/a∼ 0.5 andavoid 
entral ion Landaudamping.TAE 
ontrol is possible viaNBI aiming.N.N. Gorelenkov ITER EP le
ture
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tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITERProje
tions to ITER and other BPs designsAnalyti
al model for TAE sta-bility in BPs with drive frombeams and alphas
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∂ ln rtheory (dashed 
urve),normalized to NOVA (solid
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α's slowing down d.f., ionLandau and trapped ele
tron
ollisional dampings.see K.Ghantous poster for details.N.N. Gorelenkov ITER EP le
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tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITER The StatusLinear theorywell developed, routinely �nds zoo of modestheory is validatedproblems exist: kineti
 e�e
ts, damping me
hanisms are nottested, 
omprehensive 
odes are buit.Non-linear theoryNonlinear/transport with multiple instabilities should be #1priority:Develop realisti
 redu
ed modelsRealisti
, global nonlinear 
odesV&V needed (ITPA?)Experiments on the �sea of Alfven modes� driven transportshould be done on present day ma
hines.N.N. Gorelenkov ITER EP le
ture



MotivationsFrom single parti
le to 
olle
tive e�e
tsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n s
ales with Rexperimental 
onfrmationappli
ation to ITERE�e
t of instabilities on energeti
 ions depends on frequen
yIf 
y
lotron intera
tion is ignored we have
∆Pϕnϕ

=
∆EEP

ωor
∆rr EEP

∆EEP =
(nqr ρEP)(ρEP2r ω


ω

)

.Low frequen
y instabilities (< 200kHz) may indu
e radialparti
le transportHigh frequen
y instabilities a�e
t velo
ity spa
e transport.N.N. Gorelenkov ITER EP le
ture
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