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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes Fusion is vital for mankind to surviveontrolled fusion on earth (ITER) vs. therm. fusion in the sun

N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes for EP studieswho started itMotivations to study energeti partile (EP) physisHeating for Deuterium-Tritium (DT) reator: 1 GW DT plasma shouldhave 200MW (20%) in fusion alpha partiles.Where does this power go ... e,i, lost?What are the mehanisms of power transfer?How to ontrol it? Can we design an e�ient fusion reator?Can it damage the plasma faing omponents, diagnostis?Can we make use of EP instabilities for plasma diagnostis?...Leture is far from systemati review, some names/labs are omitted,not onsistent...Duong Nul.Fusion 33 (1993),Carbon oats DIII-D mirrors when esaping fast ions ablate the graphitewall. Need to mitigate the risk: ITER ost is >$10bln.N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes for EP studieswho started itFirst potential thermonulear instabilities were suggestedL.V. Korablev and L.I. Rudakov, Zh.Eksp.Teor.Fiz. (Sov.JournalExp.Theor.Phys.) 54 (1968) 818Ya. Kolesnihenko, V.N.Oraevski, Atom. energy, 1967, veloityspae gradient drive requires �slow� start.A.B. Mikhailovskii, Nul.Fusion. 68 (1975) 727M.N. Rosenbluth and P.H. Rutherford, PRL 34 (1975) 1428... studied EP drive of Alfveni thermonulear instabilities??...Not eigen- , loalized modes, strong kineti damping.Later (review) papers on EP physis:A.B. Mikhailovski, Rev. Plasma Physis 9Ya.I. Kolesnihenko, Nul. Fusion. 20 (1980) 727S.V. Putvinski, Rev. Plasma Physis 18G.Y. Fu, J.W. Van Dam, Phys.Fl. 89C.Z. Cheng, Phys. Rev. 92W.W. Heidbrink and G.J. Sadler, Nul. Fusion. 34 (1994) 535
. . . N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes for EP studieswho started itFirst potential thermonulear instabilities were suggestedL.V. Korablev and L.I. Rudakov, Zh.Eksp.Teor.Fiz. (Sov.JournalExp.Theor.Phys.) 54 (1968) 818Ya. Kolesnihenko, V.N.Oraevski, Atom. energy, 1967, veloityspae gradient drive requires �slow� start.A.B. Mikhailovskii, Nul.Fusion. 68 (1975) 727M.N. Rosenbluth and P.H. Rutherford, PRL 34 (1975) 1428... studied EP drive of Alfveni thermonulear instabilities??...Not eigen- , loalized modes, strong kineti damping.Later (review) papers on EP physis:A.B. Mikhailovski, Rev. Plasma Physis 9Ya.I. Kolesnihenko, Nul. Fusion. 20 (1980) 727S.V. Putvinski, Rev. Plasma Physis 18G.Y. Fu, J.W. Van Dam, Phys.Fl. 89C.Z. Cheng, Phys. Rev. 92W.W. Heidbrink and G.J. Sadler, Nul. Fusion. 34 (1994) 535
. . . N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes origin of EPsnumerial odes for EPsOutline1 Motivations�thermonulear� instabilities2 From single partile to olletive e�etssoures, parameters, distr. funtion...global MHD odes are brought for studies3 Alfvén (+other) waves, eigenmodesLoal analysisContinuum gapsMode strutureLower frequeny BAAE gaps4 Fast ion drive of Alfvén modesn of unstable mode sales with ω∗, Rexperimental on�rmation of growth salingsapply salings to ITER plasmaN.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes origin of EPsnumerial odes for EPsTypial EP soures in present day (PD) experimentsSoures of energeti partiles (ions):resonant frequeny heating (RF): H, 50÷1000keV ,beam injetion (NBI): D,H, 50−350keV (1MeV in ITER),fusion produts: α (3.52MeV ,DT ), p (3MeV ), T (1MeV ,DD)...test partiles,EP, super-thermal ions: EEP ≫ Tpl , vTi < vEP ≪ vTeRelation to Alfvén veloity, vA = B/
√4πρi , in fusion plasmasvTi =

√

βivA < vA ≤ vEPCorollaryEPs are deoupled from bakground ions for EEP > 20Te ,typially only eletron drag (or RF) is present.harateristi drift, transit frequenies are muh larger thanthose of thermal ions.N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes origin of EPsnumerial odes for EPsHow EPs are on�ned? What is speial?Shemati of harged partileorbits in a tokamak ρLi ≪ ρLf ≪ R
Z

R

θ
ϕ

Plasma urrent estimateLarmor radius should be small enough(1) ρLf ≪ a, ρLf = v/ω = vm/eBϕPoloidal Larmor radius (drift orbitwidth) determines on�nement ⇒(2) a > ρLf θ = v‖m/eBθ .Find required plasma urrent via:Bθ [T ] =
( 12)0.2Ipl [A]/a[m]adiabati moment onservationv2⊥/B ≃ onst ⇒ v‖ ≃ v√2a/R / ⇒Iplrit [A] = 10ρLα [m]√R/2a B [Gauss] ≃ 2×106In ITER plasma Ipl = 10MA≫ Iplrit .Ramp up regime an violate this.N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes origin of EPsnumerial odes for EPsWhat is lassial steady state EP distribution funtionFor drift-kineti stationary equation, ∂ f /∂ t = 01
τsev2 ∂

∂v (v3 + v3∗ ) f +S (v) = 0If S (v) = (4π)−1S0δ (v − v0), suh as alpha's S0 = 〈σv〉nDnT :1v2 ∂
∂v (v3 + v3∗ ) f +

δ (v − v0)4π
S0τse = 0,has a solution f =

S0τse4π
v20H (v0− v)v3 + v3∗ .H is ∼ step funtion.N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes origin of EPsnumerial odes for EPsClassial EP on�nement is demonstrated in DT TFTR plasmaif plasma is not in steady state,i.e. beam like(fast start of the disharge)
E

f

source

slowing down d.f. ~1/E

t

3/2

TFTR fusion alphas
Numerial simulations of NPA in TFTR: moree�ets are inluded: (1) realisti geometry, (2)S = S (v ,t) (Gorelenkov, NF'97)Is it stable?N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes origin of EPsnumerial odes for EPs�New� development ame from powerfull MHD odes
suh as NOVA, CASTOR > 1986 ...good plae, good time ...MHD was well appliable for suh �novel� problems:established odes, PEST, GATO, KINX, ...benhmarked against analytial solutions��//�� other odesgood problem for young researhers

N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsOutline1 Motivations�thermonulear� instabilities2 From single partile to olletive e�etssoures, parameters, distr. funtion...global MHD odes are brought for studies3 Alfvén (+other) waves, eigenmodesLoal analysisContinuum gapsMode strutureLower frequeny BAAE gaps4 Fast ion drive of Alfvén modesn of unstable mode sales with ω∗, Rexperimental on�rmation of growth salingsapply salings to ITER plasmaN.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsThree types of plasma osillations an be of interestompr. Alfvén shear Alfvén sound waves
Charaterti wave veloities: ω = k‖vA or ω = k‖vsN.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsShear Alfvén equation in nonuniform plasmaUse loal Alfvén dispersion ω2/v2A−k2‖ = 0.Operate with
∇2 =

1r ∂
∂ r r ∂

∂ r +
1r2 ∂2

∂θ2on equation for eletrostati potential or (div)(grad) ; (

ω2v2A −k2‖ )

φ = 0.We �nd shear Alfvén equation (AE)1r ∂
∂ r (

ω2v2A −k2‖ )r ∂
∂ r φ +

(

ω2v2A −k2‖ ) 1r2 ∂2
∂θ2 φ +Qφ = 0.Some other terms are inluded in Q, suh as ballooning term.Eah radial point of ω2A (r) = v2Ak2‖ (r) orresponds to (AE) singularity andrepresents the ontinuum via vA and k‖.N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsDiret loal solution is damped

(Heidbrink, '08)

loal Alfvén ontinuum ωA (r).Radially loalized kineti modes(KAW) are strongly damped
γ ∼ d (k‖vA)

/drMehanism of the damping isthrough strong parallel eletri�eld ⇐ thermal ion FLR + smallsale.No muh interest!Rosenbluth'75, Mikhailovskii'75N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsShear Alfvén ontinuum shemati (ylinder, zero β )Magneti �eld variation shapes the ontinuum through the safetyfator 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 surfaes orrespond to k‖m = 0.Solutions should aount for the ontinuum struture.If harmonis are oupled (nonhomogeneous) ontinuum gaps appear.N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsVarious AE exitations are possible

Pinhes, PhD Thesis.

antenna, loal AE are highly dampedr-extended solution below loalextremum (ylinder)Solution is regular & spatiallyextendedGap reates onditions for broad modeNatural instability an exist if damping isnot high: (i) gap; (ii) near extremum (STs);
N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsWhy ontinuum gaps are important?Gaps in the ontinua are ommon phenomena.Example: energy spetrum gaps of valene eletrons in a periodipotential well of a rystal lattie.Higher order e�ets are tested as oupling is desribed by smallparameters: toroidiity aR ; pressure β :... great test for theories,global modes may exist with frequenies inside gapsif modes with frequenies 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. Fish talk)N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsRealisti shear Alfvén ontinuum (shemati, 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] ,geometrial e�ets ouple harmonis:v2Ak2‖ =B2 (r ,θ )k2‖ /4πρ;B =B0 (1+ εosθ ...)⇒(high order) toroidiity, elliptiity, triangular-ity, ..., pressure indued gaps. ω
ωA0

ωci

EAEs

R(m)

RTAEs(EPM)Cascades

KBMs,BAEs

NAEs

CAEsGAEs

TAEs(Cheng,Chane'86,K.L.Wong'91,W.Heidbrink'91)N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsGeneral proedure for ideal MHD odesBased on m-trunated expansion
φ = ∑M,Lm,l φm,lUl (ψ)exp [−iωt+ imθ − inϕ] ,1r ∂

∂ r (
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= 0 ⇒Sophistiated geometrial e�ets are present.Non MHD e�ets an be present perturbatively on nonperturbatively:FLR, kineti ...Analyti theories employ sometimes similar approah.N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsGenerally TAE struture is ompliated in realisti geometry
r/a

ω__
ω

2

2
ΑΝ

RSAE

TAE

r/a

n=10

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 indue beam losses in DIII-D.N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsA remarkable agreement between TAE, RSAE mode struture inDIII-D and NOVA modeling (ideal MHD)NBI into ∼low density DIII-DplasmaVarious gap modes reside in ane�etive waveguides, suh asaused by qmin preseneRSAEs are loalized nearontinuum extrema pointsRSAEs have one dominantpoloidal harmoniBoth RSAE and TAE struturesagree quantitatively with idealMHD (NOVA simulations)Van Zeeland'06 PRL, '07 PhysPlasmas.N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsIdeal MHD TAE struture agrees with ECEInternal TAE/RSAEs mode strutures measured by ECE showexellent agreement with ideal MHD preditions (NOVA alulations,Van Zeeland, PRL '06)RSAE & TAE frequenies rossover
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It ould be that earlier works (Carolipio'01, Heidbrink'97) dealt with othermodes suh as EPMs in high fast ion beta plasma.N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsPlasma pressure introdues BAAE (Alfvén-aousti) gaps/modesAlfvén (A) ontinuum at low frequeny: Ω2 = v2Ak20,±1 /
(1+2q2)(modi�ed)Aousti (a) branh 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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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsAlfvén/aousti ontinuum bounds global modesShear Alfvén and aousti ontinua equations apture main e�etsin low-β , large aspet ratio plasma, low ω∗, (Cheng, Chane, PFl '86):
Ω2y + ∂ 2

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

γβ2 )z +
γβ2 ∂ 2

‖ z +2Ω2 sinθ y = 0 (aousti) , (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 aousti harmonis.Various solutions existunoupled aousti (a) Ω2 = 12 γβk2‖R2and Alfvéni (A) branhes Ω2 = k2‖R2 +Ω2GAM .GAMs: Ω2GAM = γβ
(1+1/2q2)modi�ed shear Alfvén branh Ω2 =

k2‖ R21+2q2 ξs ξdiv−>

N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsNOVA: gap BAAE broadens as qmin dereases in NSTX
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes loal analysisTAE gapsodes on struturelow frequeny gapsUltra SXR measures the same radial struture broadeningRaw USXR signal (∼BAAE struture, Tritz, JHU) Radial pro�le evolution
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITER EP driven instabilitiesThree onditions should be satis�ed:soure of free energy must be presentpartiles should be at resonanedrive should be higher than the dampingFree energy soures:pressure radial gradient (universal drive), low frequenyveloity spae gradient, high frequenyinversed veloity distributionveloity anisotropyAs an example we onstrut 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 soure ⇒ avoid thermonul.instabilityN.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITERMost unstable mode number sales with the mahine sizeAmong possible Alfvén eigenmodes toroidiity-indued AE (TAEs) modesare likely to limit fusion produt on�nement in BP.Low frequeny modes are mostly responsible for fast ion radial transport:TAEs, EPMs, BAEs.High frequeny modes are responsible for phase spae partile di�usion:GAEs, CAEs, ICE.Theory:n range of most unstable TAEs determined by Finite Orbit Width (FOW)e�ets: (Berk PL,'92, Fu PF, '92, Breizman'95, Candy'95)k⊥∆b ≃ nq2ρbr ∼ 1 |⇒ rR nmax < n < nmax ≃ rωαq2vACodes (NOVA) show agreement with theoryN.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITERExperimental observations on�rm theory preditionsDIII-D/NSTX similarity experiments were designed to on�rmtheory preditions (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: injetion geometry, energy, trappedto passing partile ratio.
0 50 100 150

FREQUENCY (kHz)

L
o

g
1

0
P

O
W

E
R 0

−4

−8

NSTX 107335.0140
DIII−D 109855.1035 n=1

2
3

5 6

7Most unstable mode number sales asn ∼ a/q2N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITERTrend of unstable TAE's n-dependene is reovered by theory
0 2 4 6 8

−0.1

−0.05

0

0.05

0.1

0.15

n

γ/
ω unstable

stable

NSTX

2 4 6 8 10
−0.1

−0.05

0

0.05

0.1

0.15

n

unstable

stable

DIII−D

� no damping, � - with dampingTAEs exitation thresholds are reprodued for medium-n numbersNOVA-K with isotropi d.f. does not predit observed unstable modesMain damping mehanisms are:ion Landau damping (dominant in ITER), radiative dampingStabilization of TAEs at high end of n range is due to FOW e�ets andhigher dampingHelps to validate preditive apabilities of theory.N.N. Gorelenkov ITER EP leture
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MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITERNumerial simulations of AE stability in ITER1MeV beam ion drive is omparablewith the α−drive.lowering NBI energy to0.5MeV signi�antly reduesdrive.medium, high-n's are unstablen = 6−13.most unstable modes areloalized at r/a∼ 0.5 andavoid entral ion Landaudamping.TAE ontrol is possible viaNBI aiming.N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITERProjetions to ITER and other BPs designsAnalytial model for TAE sta-bility in BPs with drive frombeams and alphas
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∂ ln rtheory (dashed urve),normalized to NOVA (solidurve)
α's slowing down d.f., ionLandau and trapped eletronollisional dampings.see K.Ghantous poster for details.N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITER The StatusLinear theorywell developed, routinely �nds zoo of modestheory is validatedproblems exist: kineti e�ets, damping mehanisms are nottested, omprehensive odes are buit.Non-linear theoryNonlinear/transport with multiple instabilities should be #1priority:Develop realisti redued modelsRealisti, global nonlinear odesV&V needed (ITPA?)Experiments on the �sea of Alfven modes� driven transportshould be done on present day mahines.N.N. Gorelenkov ITER EP leture



MotivationsFrom single partile to olletive e�etsAlfvén (+other) waves, eigenmodesFast ion drive of Alfvén modes unstable n sales with Rexperimental onfrmationappliation to ITERE�et of instabilities on energeti ions depends on frequenyIf ylotron interation is ignored we have
∆Pϕnϕ

=
∆EEP

ωor
∆rr EEP

∆EEP =
(nqr ρEP)(ρEP2r ω

ω

)

.Low frequeny instabilities (< 200kHz) may indue radialpartile transportHigh frequeny instabilities a�et veloity spae transport.N.N. Gorelenkov ITER EP leture
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