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Motivation Equilibrium Velocity Distribution Function Evolution of Momentum Distribution Function
® For heating and current drive in high-density core plasmas of spherical toka- * Forarbitrary velocity distribution function * Full wave analysis for arbitrary velocity distribution function
maks, electromagnetic waves with electron cyclotron (EC) range of fre- — Numerical integration with respect to vy and 6 = w.t is necessary : : _
. . . . . — Dielectric tensor:
quencies have been extensively studied theoretically and experimentally. ) ' Ofw 1)
: : : o w N/ p.r , . :
e The propagation and absorption of EC waves are usually analyzed by the * Anisotropic Maxwellian distribution: VXV XE(r) - ) / dro / dr oy ° o Z L Ki(r, ', r0) - E(F) = 1 0oy,
ray tracing method based on geometrical optics for waves with short wave — Perpendicular temperature: T, parallel temperature: 7) , iy
length 3/ 2 , ) where r is the gyrocenter position.
. m T, vy l
: : : i~ fi S0,V) = n — exp |— —
* Inaplasma with high density or low magnetic field, however, the presence Jolso,0) = o <2nT L) (T”) P [ 207, 20%] e Fokker-Planck analysis including finite Larmor radius effects
of cutoff layer may prevent the waves from penetrating into the central part o
from the low field side. — Integral over v: Plasma dispersion function: Z(n) — Quasi-linear operator
. : : : 0 0 0 dfo(p’,ro,t 0
* In this case, full wave analysis of EBW (Electron Bernstein Wave) is re- — Integral over 0 = w.t: Reduced to four types of kernel functions J O+< J O) +— / dr / dr'E(r) E(r')-Ky(r, ', rp)- folp ,rO ) (ﬁ)
quired for evaluating the power absorption profile and Fokker-Planck analy- ot \op)E Op op op /) o
sis of electron momentum distribution function for evaluating the driven !
current profile. Kernel Functions ®* The kernels K; and K are closely related and localized in the region |r — rg| <
3pand |r' — ro| < 3p.
* |n the present analysis, the full wave analysis and the Fokker-Planck analysis e Kernel Function and its integral F(()lOO) P | ol = 3p
of EBW using integral formulation are discussed. |
FP(X,Y) Consideration on Quasi-Linear Diffusion Coefficient
Full Wave Analysis 1" X2 y? ,.
d = 202, 40O [‘1 o050 T-cosg| ¢ @ 12107 | o Ordering
¢ Boundary-value problem of Maxwell’s equation with fixed w where 105 : I E(r,t) = eE((r,t) + E2E>(r,f) + - - -
- i wave electric field ( cos to (=1 PN B(r,1) = eB(r,0) + &By(r, ) + -+ -
~ € dielectric tensor sin x f@.1.0) = fo0, ) + efi(0,7,0) + E L@, 1, 1) + -+
W2 sin £6 (i=2) (100)
VXVXE=—€-E+iwtgje - F, * Vlasov equation
c Je @ =19 sineo o3 of  of ¢ af
i i 1 = -7 R L A
¢ Merit of full wave analysis sin2 0 5 +v o + e (E +vXxB) 9 0
— Wave Iength longer than the scale length of medium cos 6 sin £0 = 4) . ) e First-order distribution function
— Propagation over an evanescent layer | sin®6 T L 1810 t of
— Coupling to antenna — Integral — 10 iy *:5?}:;2% B fi(r,v,1) = —%/ dt' (E((r',v',1') +v" X B{(r',v', 1)) - 6v(’)
— Formation of standing wave v Yy’ 0> ) /e e
FRx y) = / dY’ / dX’x"7 y* FO(X', v 2 0 ® Second-order Vlasov equation
¢ T £ 1010 X
- - - - 0 0 Afo  Of f2  gs dfi
Finite Larmor Radius Effects in Full Wave Analysis ot oS (Ertox By =
* Fast wave approximation: Final Form of Induced Current + 4 (Ey +v X B)y)- % =0
mg v
— Estimate k, p from fast wave k, in cold plasma approximation * Induced current: _ o _
. e . mn m'n * Particle motion in a local orthogonal coordinates
— Applicable parameter range is limited: fast wave, traveling wave JIM"(s) y ET"(s)
Jmis) | = [ds' > @M, ) - | BT o(f) = (v, cos b, v, sinb, vy

¢ Differential operator approach: k,p — ipd/or, Jm(s) — E"7 (s
| mn [

® Electrical conductivity:

77 2 on o 7
' mn(s, §') = —il’lo% Z / dS()/ dXO/ dlyexpi {(m' —m)yo + (' - n){o} H (s, s, 50, x0, (o)
’ 0 0

— Expansion in k, p: not applicable for k. p > 1 v(t') = (vo cos[ + Q' — 1], v, sin[0 + Q@ - 1], v))

— Difficult to cyclotron harmonics higher than the third order v

r(t) =ro+ (—al sin 6, % cos 6, O)
® Spectral approach: Fourier transform in the inhomogeneous direction

N _U_J- . ’r U_J- /_
— This approach can be applied to the case k,p > 1. e Matrix coefficients: H (5, 5, 50, X0s £0) r(t) =ro+ ( R sin[ + Q" — 1)], O cos[0 + Q¢ — 1)], 0)
— All the wave field spectra are coupled with each other. — Four kinds of Kernel functions e Diffusion term
— Solving a dense matrix equation requires large computer resources. o function of s — so, s — so and harmonics number ¢ | b ; 0
, A ’ s Uy 7t ‘A ’ ’
— AORSA code (Jaeger, ORNL) o localized within several thermal Larmor radii Ov ©1, 01,6, 7.1) 6vf o8, 0., Fo)
: / N ! o depending on guiding center position (sg, xo, o) 2 9
® |ntegral operators: | e(x — x') - E(x")dx g5
. J . — Plasma dispersion function = = S B ) +0@) X By(r. 0] - =
— This approach can be applied to the case k,p > 1 s
— Correlations are localized within several Larmor radii . ! L . . , 0
. Coefficient Matrix ﬁ{ X / dt' [E\(r', 1) + (') x By(r,1)] - == fo(vy, v, 70)
— Necessary to solve a large band matrix oo ov
— Sauter(NF, 1992), TASK/WH1 T ; ; ini
( ) Hpw = —nAF2 Hyy = —Ai(X + V)X - V)FO1 ® Quasi-linear diffusion coefficient i :
1 T T
. . . _ _ _vpOn 0) Hp, = AyX +YV)FO1 Do (v, v ,I‘()):—/ dt/ déD(v,v,,0,r,1)
Integral Formulation of Wave-Particle Interaction Hos = iMX-D{X-DF"3 - (e DFP4] Hey = A+ DI AT T om0 s 0 "

Hp. = iA, {(X +V)FO3 - (X - Y)F§0)4} .

Hp. = —iA, {(X ~VFO3 - (X + Y)F§,0>4} Magnetic toroidal coordinates: (s, y, ¢)

® General form of dielectric tensor

5 , 0 0 Hy. = AxX-Y)FP1 ¢ Variable transformation: (6,1) — (s, §’)
V VXE( )_(U_ dr/ (—)(r r/. )-E(I” )_ 1(,() J (r w) _0 foy = —IAI(X-l-Y) {(X+ Y)Fg 3—(X—Y)F€ 4} v, v,
X r,w 2/, €(r,r;w , W o extF, W) = Hy.. = V2o 4,FO1 s =85y — Q sin 6, s’ = 50— Q sin[@ + Q1" — 1)]
® Particle orbit: where the kernel functions T e Jacobian
r=r +Ar(,r,t—1t) 0) L X y? (i)
> T F/(X,Y) = —/ dfexp |- - G 1
/ / 21~ ) I +cos@ 1—cos@ _ 0
v=0 + Av(v,r,t - 1) with J - 000, 1) _ v, cos@ o
o . : _ d(s, s")
¢ Perturbed distribution from Vlasov equation: _ Q xX+x _Q : _ w—nl 0 —
t 9 A X = - (XO - ) : Y = E(x - Xx), n= kor N3 v, cos[@ + Q(t —1)]
flrov,0) = - % / dr' [E(r') + v x B(r')] - = o . I\ Zo) w (T. O/ T _Q  sign(p - po) sign(p” — po)
0o A = Z —— ., Ay = S+ (1= Z (). -2 ;
e Induced current: T 2k - ( TI> 2 "7 2k {Tn " ( Tn)} ) UL /1= Qs = 502 /v} /1 = Qs = 50)?/v}
., o * Poloidal and toroidal mode number: (m, n)
(r) = /dv quf(r,v,)e ' = /dr’ or—-r,t—t) E(r) . . .
! One-Dimensional Analysis E(r,n) = E™(s)expli(my +n{ — wr)]
® The integral form of the conductivity tensor is defined by o m.n
; O-X-B excitation .- . . ..
o oo 4[4 dfo(r',v") N 1 o« s ® Quasi-linear diffusion coefficient
olrri-t)= -/ Ew e vt o Ar(orf—f major radius Ry=0.22m ong:  [FO° 2 f
00 ’ é > /; qS /
v =0 - Ao i~ minor radius a=0.15m Dacposro)==¢ 5 | dr ) o[ di
central magnetic field By = 0.08 T ’
Variable transformation toroidal mode number n, =24 X [E\(r,1) + (@) x Bi(r,0)] |E\(r', 1) + v(t') X By(r', )]

central electron density 3 x 10" m™

27.“12 so+vy /Q so+v1 /Q 00
¢ Transformation of integral variables /V\M T.(0) = 2 kev | T.(0) = Skev = - o /S e ds /S e ds /0 drJ Z

t Ex (E'BW) ! ] Ex (EL;,W)
— Transformation from velocity space variables /\t 4001 ECR| | EGR) X E""(s) <I_(>(v 01 S — 50, X0, £0, 0)
. - . e ! ’ s Ulls ® = 905X 05 60>
(v.,6,) to particle position s’ and guiding center y 0 Mo . L
iti * ' : : ‘ : : : : <
position s 3 / _400} | ! 1 _s00| B B - x E™(s")- K@y, v, — S0, X0, L0, T)
a 1)) 6 wz 40 [ ! E } E E: ] : 1 i L |
. JaCObian: J _ a(( J,_a g)) — _ : C . \_/ 20: Ey (X-mode) ool 201 | Ey(X-mode)
S,S() ULSIHQ)T - | : 1 | X 10}
‘ S8 s : . ! Summary
| 1 1 1 | -10
* Express v, and 6, by the use of s/, so, 7 = — ¢ [ A o | | | |
_40 1 : i _ : : o : ®* For the analysis of heating and current drive by the electron Bernstein waves,
7 2 2 7\ 2 2 268 £ Omode) | Lo 200 SR
R We (575 Wy wol | IS B et A SN integral formulation of full wave analysis and Fokker-Planck analysis in
- 0 - . L | 1 1 1 | .
+ 2 cos? %wc‘r 2 sin’ %wCT 0 0 | - an inhomogeneous plasma has been developed.
. s—s 1 s+ s 1 o ] L * Implementation of integral form of dielectric tensor for one-dimensional full
— —_ — -200 - 1 1 1 . . .
UL O8Oy = Wy Let T We | So = 5 |l St w1 160 fo—————r—— wave analysis has been done for TASK/W1. The O-X-B mode conversion of
| abs abs 1 1 1 .
[ [ EC waves were successfully described.
[ ® Future wor
¢ Integral over 7: [ . . . o er -
g 0 — 0 . . — — Completion of integral form of quasi-linear velocity diffusion coefficients.
— Fourier expansion with respect to periodic cyclotron motion e e1e oe 000 018

R-Ro [m] R-Ro [mi — Two-dimensional full wave analysis including finite Larmor radius effects



