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Full Wave Approach of Linear Stability Analysis

¢ Conventional analysis of global stability analysis

— MHD Analysis (Ideal, Resistive)
— Extended MHD Analysis (Hall, Multi-fluid)
— MHD including Kinetic Effect (perturbative)

- Eigen function from MHD analysis
- Growth rate including kinetic effects

¢ |ssues in MHD analysis

— Propagation in vacuum
— Strongly coupled with plasma model

¢ Full wave approach to global stability analysis

— Boundary value problem of Maxwell’s equation
— Dielectric tensor describes plasma response
— Physical damping mechanism



Damping Mechanism of Alfvéen Eigenmodes

e MHD model

— Absorption near Alfvén resonance
(Continuous spectrum damping)

¢ Perturbative treatment of kinetic Alfvén waves
(Eigen function: MHD, Damping: Kinetic)
— Radiative damping
(power propagating outward)
— Landau damping

(Estimation of parallel wave electric field)
¢ Kinetic absorption mechanism

— Electron Landau damping
— Landau damping of energetic ions



Present Structure of Integrated Modeling Code TASK

¢ [Integrated code for the analysis of toroidal plasmas



Full wave code in TASK

Features of full wave component: TASK/WM

— Boundary value problem of Maxwell’'s equation

— Various models of dielectric tensor: TASK/DP

— Magnetic surface coordinates from MHD Equilibrium Analysis
— Fourier mode expansion in poloidal and toroidal direction

— Finite difference method in radial direction

— Complex wave frequency to maximize the wave field.

Other full wave components

— Using finite element method

Coupling with Fokker-Planck analysis of f(v): TASK/FP
— Generation of energetic particles



TASK/WM

Magnetic surface coordinates: (¢, 6, ¢)
— Non-orthogonal system (including 3D helical configuration)

Maxwell’s equation for stationary wave electric field E
2
W < : .
VxVxE:Z € - E +1wug Joxt

— ‘€ : Dielectric tensor with kinetic effects: Z[(w — nw)/k]

Fourier expansion in poloidal and toroidal directions
— Exact parallel wave number: k" = (mB? + nB¥)/B

Destabilization by energetic ions included in €

— Drift kinetic equation
0 e 0
— + v”V” + (Ud + UE) -V + —a/(l)”E” + 0] - E)— fa =0
ot My o€

Eigenvalue problem for complex wave frequency
— Maximize wave amplitude for finite excitation proportional to ne



Coordinates

Magnetic Surface Coordinates (Non-Orthogonal)

— Minor radius direction: 7
Poloidal Magnetic Flux -
— Poloidal direction: 6 : N %

— Toroidal direction: ¢

Co-variant expression of E

E = Eie' + Eqe” + Eze’

where contra-variant basis
el = Vy, e’ = Vo, e = Vo

J : Jacobian J =

g - Metric tensor

1 1
el -e2xe3 Vy-VOx Vo

gij = e; - e j, where co-variant basis e; = dr/dx;



Wave Equation

¢ Maxwell’s equation for stationary wave electric field E
(angular frequency w, light velocity c¢)

w2

— . .
VXVXEZ?E - E + 1w jext

— € : Dielectric tensor : plasma response
Cyclotron damping, Landau damping

— Jext . Antenna Current
¢ Wave equation in non-orthogonal coordinates (radial components)

1 _ 1[0 [g3 (OE; OEy\ gxn (OE, 0E3\ g3 (0E, OE,
(VX VxE) = J [(9)62 g\ a0 )T T\ ") T T o T e
_ 0 Jgn (0Es OE3\  gn (OE1 OE3)\ g (OE» OE,
ox3 | J \ox* 0x° J \ox* ox! J \ox!  ox?
3
- (L, x5, 0) = (.6, ¢)
— Similar expression for poloidal and toroidal components




Response of Plasmas

e Usually the dielectric tensor € is calculated in Cartesian coordinates
with static magnetic field along the z axis.
e Local normalized orthogonal coordinates

v
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eS — ’ e
VY|
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é,=¢e,XxXey,, @e,=

e Variable Transformation: &

1 d
— g!! W
H 0 c3J\g'' 2922+ 3923
0 —cpJ /g cag3 + ¢3933
® Dielectric tensor in non-orthogonal coordinates:

N -1
€ = - €gpp- H

C2g12 + €3913 ¢ =B’/B, ¢, =B?B
d = c2(g23912 — 922931) + ¢3(g33912 — 932931)
g'' = (922933 — 923932)/J*




Fourier Mode Expansion

¢ Fourier expansion in poloidal and toroidal directions
® Spatial variation of wave electric field, medium and the L.H.S. of Maxwell’s
equation |
EW,0,¢) =Y  Epn(y)e' ")
mn

GW.0.¢) = Y Gu)e! W+ Np?)
lk

J(V XV XE) = GW,0,Q)EW,0,0) = Y [J(V XV X E)] el ™ 07)

m’n’
e Coupling between various modes (N, : Rotation number of helical
coil in ¢)

Mode Number Toroidal Direcition Poloidal Direction
Wave electric field E n m

Medium G kNy, [

J(VXVxE) n’ m’

Relations n’ =n+ kN m =m+1




Parallel Wave Number

77 .17

e Dielectric tensor € (¢, 6, ¢, kl’”l"l ") depends on parallel wave number

144 144 77 17

klrln ™" through the plasma dispersion function Z[(w=Nawes) /K" ™ vrs]
77 .7/ a a
m ’n _ _0/\ . _ _o/\ .
k” = —ie;, -V = —iey, (VH_OH +V<,0—(990)
0 0 B? BY
A 2 3 /7 /7
- — . — 4+ e’ —) = — + S
ey - (e 0 e 9 m B n B

¢ Fourier components of electric displacement

JE-Ef=ug @ Sy w ' E
m’ £ 6t m

/

n k3 ko k1 n
therefore i {
m":m+€1+§€2 n":n+k1+§k2
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Destabilization by Energetic lon

¢ Drift kinetic equation

g + U||V|| + (vd + vE) -V + e—a(U”E” + 04 E)2 fa =0
t My oe
where
1 2 E X B . ~ A
g = Emav , UE= P Vg = vqSIn OF + v4 cos 66,
2
0y = My vy

eaBR U%_ + Uﬁ

¢ Linear response

— Velocity integral of perturbed distribution function
— Poloidal mode coupling due to magnetic drift motion



Response of Energetic Particles

¢ Anti-Hermite part of electric susceptibility tensor

I -10 0 0 Qm—l,m—l
(/?mm’ - -1 -10 Pm—l,m—26m’,m—2+ 0 0 —1 Qm—l,m—l 5m’,m—1

0 00 Qm,m—l —1 Qm,m—l 0

(Pm—l,m + Pm+1,m) i(Pm—l,m - Pm+1,m) 0
+ —1 (Pm—l,m - Pm+1,m) (Pm—l,m + Pm+1,m) 0 5m’,m
0 0 Rm—l,m—l

0 0 Qm+1,m+1 1 1 0

+ 0 0 iQm+l,m+l 5m’,m+1 + i-10 Pm+l,m+26m’,m+2
Qm,m+l 1 Qm,m+1 0 0O 0 0

¢ |In the case of Maxwellian velocity distribution

Pumw = iw—gw(l—w*aml>'0—‘2¥\/%x (l+x2+x4>e_x'2n
e 2w? w / R? "\2 Tmom

O = 1222 (1= Loty o (3+2)e
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R = 122 (1= 220 o
o 2w? w "

Xm = w/lkllmlvTas Pa = UTa/ Weas UTa = V 2T/ my,



Boundary Conditions

e (Calculation region surrounded by perfectly conducting wall
(Vacuum region exists between plasma surface and wall)

¢ Boundary condition on the conducting wall:
Tangential components of E vanishes.

— Co-variant expression (E = E{Vy + E;VO + E3Vp): E5 =0, E3=0

¢ Boundary condition on the magnetic axis (¢ = 0):
Finiteness of the wave magnetic field and the induced charge density

)
8E0n

m=20 —
! N

m+0 EZ‘":O

=0

\
Co-variant component E"" always vanishes on the axis.



Typical TAE with Positive Magnetic Shear

Alfvén Frequency
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Energetic Particle Mode (EPM)

® Energetic ions can excite EPM with frequency below the TAE frequency gap.

* With g of energetic ions about 0.5%, wa and contour of wave amplitude
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®* Eigenmode structure

A: f. = 41.8kHz B: £. = 57.7kHz
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Parameter Dependence of Mode Structure
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Effect of Toroidal Plasma Rotation

Experimental Results on JT-60U
Ref. M. Saigusa et al., Nucl. Fusion, 37 (1997) 1559.

Co-NBlI — Counter-NBI Counter-NBl — Co-NBI

Counter-NBI; stabilization Co-NBI: destabilization



Dispersion Relation including Toroidal Rotation

¢ Dispersion relation
(k” » (w- k||mu)2) ( , (w— k||m+1u)2) _ 2 (w — k) (W — Ky 11)? _

k m+1 0
Dp2 I 2 4

VA DA

1
* Parallel wave number @k, = E (n 4 T)

q
e Alfvén resonance condition without toroidal effect
W =k uxoa),  w* = kg 2(utop)?

e Condition for frequency gap
Kjm (4 = vA) = Kjm1(u + va)

e Safety factor at TAE gap: q

m+1/2 1 u

=T o,

e TAE gap frequency w: parabolic with respect to u

Z u?
w=—""o1[1-—
2gR A2




Effect of Rotation on » = 1 mode

n = 1 Eigenmode for
JT-60U parameters
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Effect of Rotation on » = 7 mode

® Ref. M. Saigusa et al., Nucl. Fusion 37 (1997) 15509.
®* n=7,m=-17~ -3, f =223kHz Good agreement with Nova-K




Influence of poloidal mode range : n = 7 mode

e Radial structure of Alfvén Continuum

®* n="7,m=-21~ -7, f =238k
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AE in the Reversed Magnetic Shear Configuration (JT-60U)

e Takechi et al. IAEA 2002 (Lyon) EX/W-6

Fluctuation Amplitude

Observed frequency calculated frequency



First observation of RSAE by TASK/WM

e Analysis of AE in RS Configuration at TCM on EP in 1997.



Analysis of AE in Reversed Shear Configuration

gmin Dependence of Eigenmode Frequency
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dmin Dependence of Radial Structure of Alfven resonance
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Eigenmode Structure (n = 1)

Alfvén resonance

Higher freq.

Lower freq.
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Excitation by Energetic Particles (¢min = 2.6)
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Progress in Full Wave Analysis

¢ Variety of humerical schemes

module system  scheme

WM torus toroidal & poloidal: FFT, radial: FDM
WMF  torus toroidal & poloidal: FFT, radial: FEM
WF2D torus toroidal: FFT, poloidal and radial: FEM
WF3D Cartesian x,y,z: FEM

— Merit of FEM: Flexibility of mesh, sparse matrix, localized analysis

e Extension of dielectric tensor

— Uniform, kinetic, Maxwellian, Fourier expansion

— Nonuniform, gyro kinetic, Maxwellian, Fourier expansion
— Nonuniform, kinetic, Maxwellian, Integral form

— Uniform, kinetic, arbitrary f(v), Fourier expansion

— Nonuniform, gyro kinetic, arbitrary f(v), Fourier expansion

e Coupling with Fokker-Planck analysis of f(v)



Momentum Distribution Functions

Electron D T He

p=017

p=0.37

o =0.57

p=0.77

e Radial diffusion proportional to E~1/? reduces energetic ions in
the outer region.



Summary

¢ Full wave approach of linear stability analysis is powerful for sys-
tematic analysis of various kinds of global eigenmodes.

— Alfvén eigenmodes
— Resistive wall mode, internal kink mode, - - -

e Kinetic effects of energetic particles and bulk species can be in-
cluded in the dielectric tensor, though non-uniformity and gyro-
Kinetic effects may complicate the derivation.

e Avariety of Alfvén eigenmodes have been analyzed by TASK/WM
and the results were compared with other codes and experimen-
tal observations.

¢ [ arge scale computer will enable us to carry out systematic pa-
rameter survey in more realistic plasma models for future reac-
tors..



