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Abstract

In order to investigate the behavior of ICRF waves and Alfvén eigenmodes in toroidal
plasmas, such as tokamaks and toroidal helical devices, we have revised the full wave
code TASK/WM to deal with the plasma with three-dimensional inhomogeneity. We
solved Maxwell’s equation as a boundary-value problem in the flux coordinates and the
response of the plasma is described by a dielectric tensor including kinetic effects. First
we analyze propagation and absorption of the ICRF waves in LHD plasmas. Next we
analyze the Alfvén eigenmodes both within and below the toroidicity-induced frequency
gap in tokamaks. The effects of toroidal plasma rotation and reversed magnetic shear

are studied. Mode-structure of RTAE and excitation by energetic ions are also studied.



Linear Stability Analysis of Alfvén Eigenmode

® MHD Analysis (Ideal, Resistive)

® MHD including Kinetic Effect (perturbative)

© Eigen function from MHD analysis, Growth rate including kinetic effects

® Kinetic Analysis (Electron thermal motion, Ion gyromotion, Drift motion)

© PENN code (Jaun, Alfvén Lab)
o TASK/WM (Fukuyama)

® Ballooning Expansion (High n mode)

o HINST (Gorelenkov, Cheng)
© 2D-WKB (Vlad, Chen, Zonka)

® 3D Full Wave Code: TASK/WM

© Magnetic surface coordinates from MHD Equilibrium Analysis
© Boundary value problem of Maxwell’s equation. Dielectric tensor)
© Fourier mode expansion in poloidal and toroidal direction, FDM in radius)

© Looking for complex eigen frequency which maximize the integral of wave field.



Full Wave Code: TASK/WM

® Magnetic Flux Coordinates (Non-Orthogonal)

© Minor radius direction: Poloidal Mag- 7
netic Flux v ~—

R
© Poloidal direction: z N
© Toroidal direction: ¢ Ro V
]

® Co-variant expression of E
_ 1 2 3
E = Fe + Eyse”+ Ese
where contra-variant basis

el = Vi, e’ = Vo, e’ =V

1 1
el-e2xed Vi -VlIxVoy

e J: Jacobian J =

® g : Metric tensor g¢;; = e; - e;, where co-variant basis e; = dr/0x;



Wave Equation

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

D2
V x V x E——2€ E +iwpgg e

c
o ¢ : Dielectric Tensor : Effects of finite temperature
Cyclotron damping, Landau damping

© 7.t - Antenna Current

® Wave Equation in Non-Orthogonal Coordinates (radial components)

110 (g (OF3 Oy g2 (OE, OF3 gs3 (OE,  OE,
I _ _ _
(VX VxB) = J [8$2 { J (8332 83:3) " J (8$3 8x1> " J \Ox!  Ox?
_ 8 go1 8E3 _ 8E2 n goo 8E1 _ 8E3 n go3 8E2 _ 8E1
ox3 | J \0x? 0x° J \O0z3  Oxl J \ ozl  0x?
o (z',2%,2°) = (¢¥,0, ¢)

© Similar expression for poloidal and toroidal components




Response of Plasmas

® Usually the dielectric tensor € is calculated in Cartesian coordinates with static
magnetic field along the z axis.

® Local normalized orthogonal coordinates
. vy oo ) B

€s = 3 €y = éh X é , e, = —/—
Vi ' By
® Variable Transtformation: i
E P
Ey | =0 | Ep
Es E),
1 d , ;
N o gt C2912 + C3413 co=B"/B, ¢y,=B?B
H = d = _ _
0 csJ\/ g1 cagon + 3903 : c2(g23912 922931)/—;203(933912 g32931)
0 —coJ /g1 g3 + C3033 g = (922933 — 923932)

® Dielectric Tensor in Non-Orthogonal Coordinates:

1

— —
€ €

= [ 1




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

¢7 790 Z Emn m9+ngp)

¢, 7@ Z G lt9—|—kNpg0)

J(V XV x E) = G(1,0,0)E(,0,0) = > [J(V X V x E)]ye™*7)

m/n/

® Coupling between various modes (/Vy, : Rotation number of helical coil in )

Mode Number Toroidal Direcition Poloidal Direction
Wave electric field E n m
Medium G k Ny, [
J(VxV x E) n’ m’
Relations n' =n+ kN, m' =m +1




Parallel Wave Number

1,1

® Dielectric tensor ?(zp, 6, o, kﬁ" ") depends on parallel wave number k|’

through the plasma dispersion function Z|(w — Nwes)/ m//”//vTS]

I
m”, n!! a 6

kH = —zeh-V:—zeh-(VH@JrVgp%)
9, 9, B B¥
s S 2 7 3 7 _ n = n =
= —iey- (e 89+88 )=m ‘B|+n B

® Fourier components of electric displacement

<—>_1 <

(Je-By =Jg -pi-cg-n - E
m’ {3 s 4 m
n’ ]fg ]{2 kl n

therefore

1 1
m”:m+€1+§€2 n":n+/€1+§k‘2
m’:m+€1+€2+€2 n':n+k1+/€2+k3

2 71//



Destabilization by Energetic Ion

® Drift kinetic equation

0 €0 0,
— + ’UHVH + (’Ud + ’UE> -V + —(UHE” + vq - E)—

ot My, Oe
where
1 E x B . A
£ = émoﬂﬂ, VE = 7B Vg = UgsinOr + vgcos 00, vy

® Anti-Hermite part of electric susceptibility tensor

I —1 0
Xmm! = -1 —1 0 Pm—l,m—25m’,m—2
0 0 O
0 Qm—l,m—l
+ 0 0 —1 Qm—l,m—l 5m’,m—1

Qm,m—l —1 Qm,m—l 0

fa =0
My vi
~ e,BR 2+ v?

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



Qm+1,m—|—1

+ 0 0 1 Qm+1,m+1 5m’,m+1
Qm,m—i—l 1 Qm,m—H 0
1 1 0

+ 1 —1 0 Pm+1,m—|—25m’,m—|—2
0 0 O

® In the case of Maxwellean velocity distributution

2
w w*am —Z
Pant = 155 (1= =25) & ”m( + o ”) '
w2 Wiam!\ Pa 1 2 :
Q. = (1— ) Pa Jmoz2 (= 422 ) e
’ 2w2 w 2
wga Wikam! — 2
Rm,m/ = lﬁ( )\/7437 e m
w
Ly = w/|k||m|UTcw
Pa = VTa/Weas

VUTa — 2Ta/ma



ICRF Waves in Toroidal Helical Plasmas
(Cold Plasma Model)

LHD (By = 3T, Ry = 3.8m)
f =42MHz, ng = 20, ne = 3 x 10 m™?, ny/(nge + nu) = 0.235,
Nomase = 100, Nomaxe = 16 (m = —7...7), Nymax = 4 (n = 10,20, 30)

Wave electric field (imaginary part of poloidal component)

Power deposition profile (minority ion)
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Typical Poloidal Profile
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Frequency Dependence

® Power deposition profile
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® Total power absorption

P, (arb.)
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Parameter Dependence

P, (arb.)

Dependence on ny Ratio

1.0 T .
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Dependence on ng
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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-NBI — Counter-NBI

(a) ICRF (4 MW)
Perpendicular-NB #14 for CXRS (2 MW) |
Counter-NB #7b for MSE (1 MW)
Co-NB Counter-NB (2MW)
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Counter-NBI — Co-NBI

(b) ICRF (4 MW)
Perpondicular-NB 514 for CXRS (2 MW) |
Counter-NB #7b for MSE (1 MW)
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Dispersion Relation including Toroidal Rotation

® Dispersion relation
<k|m2 — w | @ ) (k|m+12 — w ! +11) ) R, (w | u)*(w I u) 0

2 2

VA VA VA
1
® Parallel wave number Uk, = — (n + @)
R q
® Alfvén resonance condition without toroidal effect
WQ — kaQ(uj:UA)Q; w2 — kaHQ(u:I:vA)Q

® Condition for frequency gap
ka (u — UA) — /-chH(u + UA)

® Safety factor at TAE gap: q
m+1/2 1 u
n 2nUA

q:

®* TAE gap frequency w: parabolic with respect to u

2
VA u
_ A
~ ZqR( UAQ)



Effect of Rotation on n = 7 mode

*n="7m=—17~ =3, f =223kHz Shape of eigen function agree with Nova-K
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Influence of poloidal mode range : n = 7 mode

m = —17~ —3

300

® Radial structure of Alfvén Continuum
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Alfvén Eigenmodes Below (Gap requency

Parameters
R 3.5016 m
a 0.9837 m
K 2810
0 0.3098
b/a 1.1
By 3.3119 T
I, 1.6945 MA
ne(0) 0.2356 10*'m—3
ne(a) 0.0510*m=3
To(0) 4.1 keV
Te(a) 0.8 keV
Tp(0) 3.7 keV

(
Tp(a) 0.4 keV

Radial profile of
Alfvén resonance frequency

0. 30 —
n =1 + +$+ + +
0.25 } Y g
-+
Voo
0.20 —_ .
r— + :
N TR
T TAE ¥
0.15 7
= ; %
A *
] *
0. 10 4,
Fi ++
/ TN
n F. : ':+ ;
Lo,
+ +
0.05 F Lo
+ * * +
I v,
O OO 1 1 1 1 1 1 I’ 1 +]
®

0.0 0.2 0.4 0.6 0.8 1.0 1.2
r/'a



Complex Eigen Frequency of Alfvén Eigenmode

Im f [MHz]
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Radial Mode Structure of Alfvén Eigenmode (n = 1)

Jr =97.0kHz f. =199.4kHz
fi = —23.6kHz fi = —3.37kHz

f. = 136.4kHz f. = 149.8 kHz f. = 164.3kHz
Ji= —24.1kHz fi=—8.12kHz fi = —5.08 kHz



Mode Structure with Energetic Particle

® npp =2 x 101" m™3, Ty = 500keV, L,z = 0.5m
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Modes and Eigenfunctions Driven by Energetic Ions

® npg=2x 10"m™3, Ty = 500keV, L,p = 0.5m, n =1
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Parameter Dependence of Mode Structure
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Analysis of TAE in Reversed Shear Configuration

Assumed ¢ profile

pmin

Plasma Parameters

Major Radius

Minor Radius

Wall Radius

Toroidal Magnetic Field
Center Electron Density
Edge Electron Density
Central Temperature
Edge Temperature

Ion Species

Central Safety Factor
Edge Safety Factor
Toroidal Mode Number

¢-Minimum Radius

3m

1m
1.2m
3T

1020 =3
1020 3
3keV
3keV
Deuterium
3

5

1

0.5



gmin Dependence of Alfvén Frequency Profile
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gmin Dependence of Eigen Frequency and Damping Rate
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Effect of ITB Density Profile on TAE

Pen.SI.ty .p'r(.)ﬁl'e Alfvén resonance frequency
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Damping Rate and Eigenfunction
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Summary

® We studied ICRF waves in a toroidal helical plasma and Alfvén
eigenmodes in tokamak plasmas using the 3D full wave code,

TASK /WM.

® Characteristics of ICRF heating in LHD was studies using the
cold plasma model. Dependence on the minority ion ratio
agrees with experimental observation.

® The toroidal rotation changes the TAE frequency mainly
through the change of gap position and ¢ value.

® Destabilization by co-rotation agrees with experimental obser-
vation in JT-60U, though the stability is sensitive to the Alfvén
resonance near the plasma surface.

® The mode structure of the EPM /RTAE below the gap frequency
was studied. Two types of modes can be destabilized by the
energetic ions; strongly damped TAE mode and weakly damped
shear Alfvén mode.



® Reversed magnetic configuration supports GAE with single
dominant poloidal mode number. The eigen frequency is close
to the lower bound of the frequency gap and increases quickly
with the decrease of ¢,;,. The density jump at ITB usually
stabilizes TAEs.

® ['uture work

© Kinetic analysis of ICRF heating in LHD

o Systematic analysis of EPM /RTAE destabilized by energetic
ions

© Kinetic Analysis of low-frequency modes including the effect
of particle orbit



