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= current drive is a key tool for real-time control of
plasma performances and stability of tokamak plasmas

= keywords for current drive are localization and
efficiency.

= high frequency rf waves are attractive tools for a long
time:

- Lower Hybrid (1-10GHz): Dy, || B

- Electron cyclotron (~100 GHz): Do, 1L B
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» integrated tokamak modeling put high constraints on
the level of accuracy that should be reached by
simulations of rf current drive:

- interpretation of the observed phenomenology

- reliable prediction capability

= physics: unified multi-wave description (synergism),
consistent momentum/configuration space dynamics,
neoclassical corrections (high Vp), locally non
-axisymmetric magnetic configuration,...

= numerics: high modularity, fast and robust algorithms
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Outline

= background of rf current drive theory

= the current drive module
- C3PO ray-tracing
- LUKE Fokker-Planck

= rf current drive in tokamaks
- LH wave: ITER, Tore Supra
- EC wave: TCV

= conclusion and prospects
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J(x,t) =le|Zs [[[ d°pfs (x,p,t) P/
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AC@:J ' = Boltzmann equation (ion dynamics ignored (m,/m; << 1)

S =S+ %V +D-Vpf =C(f, 1)
- p=c¢(E+v xB) !
Fokker-Planck
\)’( — V = p/’y collision operator
O (1/logA)

= Maxwell’s equations
'V xE=—-0B/ot
'V x B = pugJ —c20E/0t
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Space- and time-scale ordering

- Small parameter expansion: 0% ™ p/R ~ 1,/
= |n tokamaks, Coulomb collisions V/Q < 52

9/t =|0/0t, ol +920/0t,]

Vi =V, | +]0Voer| 67V,
‘ l

Gyro-motion < Radial transport > Orbits
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= Expansion in power of

ff = fo+df1+6fa+ ...

E =E;+0E{ + 6°Es + ...
J:J0—|—5J1—|—52J2—|—

(' = (5202 =+ ...

* Magnetic equilibrium: gy = ()
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= {0 order &°

———
8f%u,ﬂ + V/prfo +Q0fo/0p = 0]

gyro-independent <J

Equilibrium magnetic field and current:

p——

@ vXR X BO — IU‘OJO
Jo(x,t) =e [[[Vvfo(x,p,t)d°p
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= {0 order &

8f1/atw,9 + V- vxpfl —|—Qﬁf1/({990 =
—e|E;1 +v xXB1]-Vpfo—Vv-Vx,fo

@
Ji(xt) =e[[[vfi(xp,t)d’p
:ﬂ fO) E; -« constitutive

relation

conductivity tensor 1
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Maxwell equation linear in E;:

vxp X vxp X El + MOS (f()) ) 8E1/atﬂ,w

+c20%E, 0% g, = 0
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&0

Of2/0tu.0+ V-V, fo+ Q0fa/0p+
10fo/0tp|H+ v - Vxpfo+ V- Vg fit
e[Ex +v X Ba] - Vp fot

e E1 +v xBi]-Vpfi=C{(fo)

= {0 order &2

Using linear relation between f, and f, (order &) +
averaging over fast time scales — slow time scale
evolution of f.
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i Quasilinear kinetic equation

8f()/(9tb + Vg vafO
= C (fo) +Q (fo) + T (fo) + E (fo)

(fo) = ( e(E2)q ., - fo)
)= Vp - (Dg - Vpfo) - ]DquCHElH2

T (fo) = Vx; - (Dx - Vi fo)
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¢S

—— = quasilinear approximation valid for small wave field

amplitude

* no electron trapping in the rf wave field (collisions)

» Guiding center approximation

Veg == pHE)/’y —|— (order 02)

= pitch-angle cosine: & = p||/p

Expansion to &4 for self
-consistent rf & boostrap
current calculations

g Jo (lba 0, ¢7P||7PL) Is function of five coordinates
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0 Bounce-averaging

= axisymmetric configuration ——s averaging over ¢
= New ordering: low collision or « banana » regime

0 <<l
= Thin banana width approximation ||[vp|| /|| Vvegl| < 1

0{fo} /0t = {C (fo)} +{Q (fo)} + {E (fo)}
- {VCQ ' VXRfO} = (

{0 =L 3] fo At 220

min
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~ Passing

<
o
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f(g()) (¢7p7 50)
3-D

All the electron dynamics is projected at B=B, .
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Momentum space dynamics on the magnetic flux surface w
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10 - . ‘
ITER, scenario |V
*5 100 K
| € >
3-D
10~

Domain of validity of the bounce-averaging procedure
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= rf wave dynamics

@L@[EJ R)

v v
wave length  beam width  gradients length

AL Op j> quasi-plane wave approximation

AN R j> WKB approximation
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¢S

E1 (X, t) —

Eikonal S(k, w,X,t)
I

Ek,w (X, t)

eilkl (x,t)‘-x~|w(x,t)lﬂ
1 )

/l\

v

‘Quasi-plane wave approximation ‘

e

Smooth wavefield envelope

~——

‘WKB approximation ‘

e

Methods for uniform plasmas

can be applied locally:

limy— o || Bic|* = 0

lim||x||—>oo HEk,wH2 — 0

- Fourier space description
- group velocity
- local conductivity tensor

Theory of Fusion Plasmas, Varenna, Italy, 25-29 August 2008



= rf wave dynamics

beam-tracing

complexity

-
ANL o ~ R j> WKB full-wave
-

full-wave

Alpiien |apoN
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0 N < ¢dp < R

= Narrow spectral width transverse to the beam (v)

|1Aky xvall / ki X vall ~ A/¢B

= weak damping approximation along the beam

6’Ek,w/8t . Vg‘ /

Wave equation: \_/

VxEx o - val/ | Bxw - va| < | ki

Ex ., vg| <w

Dy o - Ex o =tV o, : ViEk
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0

= dispersion tensor

Dk, = nn —n?T+ Ky, (fo)

» Permitivity and susceptibility tensors

Kk,w (fO) =1+ Xk,w (fO)
Xiw (fo) = iSk,w (fo) / (€ow)

= wave refractive index
n — fklnnb +1n
= wave polarization vector

exw = Eio/ [[Exwl
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Weak damping ordering

= Assuming w and n, are real (rf wave propagates)

= weak damping approximation:

5~ DL, (i,5)

/

Dy, (i,j)| < 1

where Dy o, = D{jw + iDﬁw

~~

Expansion in powers of & — —

Ny =ni,+in1;,
Ck,w

‘Dk,w
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| . = to order &°

D, (n1o) - €kwo =0

g

dispersion relation satisfied by propagative eigenmodes
H _ _
det (DI, ) = D(n1o,ny,w) =0
\—> nijo—"Nnlo0 (nva)
N =0
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Equation of energy
transfer between wave

and electrons
v - Vx ||Eil[+ 7

K A
€k,w,0 Di,w €k, w,0 HEl H = (
— —
8(e1";7w,0-ID)k7w -ek,w,o)/aw

= to order &'

Weak damping approximation

e

Separation propagation/absorption
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Resonance condition

= non-resonant contribution

]lejw ——— principal value of Sk,w

]D)llj,w (fO) —~ Dlliw (fM)

= resonant contribution 7Y — T\ P — nQ/w = ()

Dﬁw — resonant part of Sk,w

D, (fo) # D, (far)
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= the ray-tracing 0D(n g, n|,w) = 0 is function of f,
* the wave amplitude, i.e. the quasilinear diffusion
coefficient D, must be calculated self-consistently with
the distribution f,.

= Global consistency: power lost by the wave = power
gained by electrons from quasilinear operator

o T om————— - ~ P - o - o o e e e e . . ~
1 C3PO ke, LUKE
: 1 » Dq I
l 11 P, l I
' 11 :
| | RT/BT solver | | | Wave power Fokker-Planck :
\ equation solver

A /1 !
I Pabs :
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The current drive module

Magnetic equilibrium

Wave propagation solver (C3PO)

1

Current
drive
module

Absorption kinetic solver (LUKE)

Fast electron

Current & energy transport

bremsstrahlung (R5-X2)
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——— The ray-tracing C3PO

» Separation between plasma dispersion models and the

metric associated to the magnetic equilibrium
oY on, 0Y on 0Y

aXsz aﬂTs 4 aij awps aXfy aﬁs

9B, OY T w,. OY | 90, 0Y
Y = (X,k,t,w)
68 — \/kfrs/ﬂlsc2
wps :wps/w ﬁs :Qs/w
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= Curvilinear coordinate system: (p (w) , 0, ¢)

= Vectorization of the magnetic equilibrium: Fourier
series + piecewise cubic interpolation using Hermite
polynomials: no interpolation performed at each time
step

= 6" order Runge-Kutta

* rays are calculated inside the separatrix. Specular
reflexion enforced (if needed) at p=1.

= ray calculation stopped when the rf power is linearly
damped

= cold, warm, hot and relativistic dielectric tensors

= written in C (MatLab mex-file)

= distributed computing capability (1ray/processor)
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= The Fokker-Planck solver LUKE

» Fully 3-D conservative formulation

0f© /ot + v - 8O = 0 _ 5O

By & /aA ;
.g(0) | 20 g(0) momentum space
v o (L7l 54 :
. . 1 0 1 0
configuration |+ = = (p250)) _ ()\ /1 — €25(0)>
space p* Op ( P ) Ap 08 07e

S(0) — _(0) . v £(0) 4 F(0) £(0)
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* Non-uniform grids (f and fluxes)

= Fully implicit time scheme: large time step Atv ~10+*
» Usual Chang & Cooper interpolation for p grid

» Linear interpolation for radial and pitch-angle grids

= Discrete cross-derivatives consistent with boundary
conditions — high rf power densities

» Generalized incomplete LU factorization technique
for an arbitrary number of non-zero diagonals (highly
sparse L and U matrices)

= written in MatLab

= [terative inversion method (MatLab built-in or external
linear solvers MUMPS, PETSc, SUPERLU)

= Distributed and parallel computing

= Coupled with ray-/beam tracing and full-wave codes
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e=d rf current drive simulations

- The RF wave is described by a set of rays
- The plasma is divided into incremental flux surfaces
- D, is calculated on each flux surface:

- contribution of all rays

- contribution of all passes of the same ray

incremental
S (y.,dy)

DQL(‘//’E)) = ZD{;L(PWW,FJ) 0.5/
y
Ray power flow equation N0
dPY(l//) abs
=|P 0 5|
dV(y) y (W)H, 0.5
Unknown 2 Rzls
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e¢SD Self-consistent calculations

abs
Ponw) | |

linear absorption

p

ray power
dPy(l//) abs
W) _p

4

QL absorption

P?“%) | e(p)— D

y of
QLa :| d3p

QL diffusion
oefficient

RN

DQL(Waﬁ)

= Z D}(;L(P,W W1ﬁ)
y

Fokker-Planck equation

C(f) + |:

(e

8f

\4

N~
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Few ray simulations

* The quasilinear convergence is carried out using the
power flow along each ray, and not on the global power
absorption profile.

* This technique requires to use a reduced number of
rays (one per poloidal antenna row, one for the positive
and negative lobes for the LH wave), otherwise very weak
Or N0 convergence.

* The small number of rays allows to reduce considerably
the computational effort, and to interpret An, as a real
spectral width (consistency with Fourier theory).
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Py = 1.9 MW

0.4}

1y R . S

N ‘
case 28 rays 7 rays 1 ray
AN" (each ray) 0.1 0.2 04

J. Decker, and Y. Peysson, m 33rd EPS Conference on Plasma Phys. and Contr. Fusion, 2006.
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Linear limit

In the limit of low RF power level (D=0), the result from
the relativistic linear theory is well recovered (1A/1W)

15 l
— lmear theory

—— LUKE

dP/dp
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(=] LH current drive simulations

dP/dNI|

Gap spectral

Toroidal mode Vires 1
¢ N D

coupling
log(f)
/ lo g(fo)

i ——

0 5 10 15 0 5 10 15

N P

The spectral gap is bridged by a small fraction of the LH
power at high n, which pulls out a tail of fast electrons
from the bulk which itself contributes to absorb the
remaining part of the power at low n,,.
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§=8 LHCD in ITER (Scenarlo 1V)

1.0F _IRF 197 MA|
Iy =1.99 MA L. =153MA LUKE
T | ILy=169MA —Lp=134MA
< 05| Iiy=1.44MA
O‘ 1 [l i 1 . i i i
02 04 06 08 10 0 02 04 06 08 1
rho P
GENRAY - CQL3D: 80 rays C3PO - LUKE: 3 rays
- r']II = 20 < V”/C oC 1/n||

P. T. Bonol, et al_, in Proceedings of the 21st IAEA Conference
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LHCD in ITER (Scenario 1V)

6

x 10

| ' — linear
S o X ——LUKE

\\\\= e & S
2= - i i

\ —1 % 5 10 15
S L™} | s

2 -1 0 1 WKB approximation almost valid
X (m)

P(s)

Almost linear single pass absorption: results are
independent of the number of rays !
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Power (MW)

1.5
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0.0

LHCD in Tore Supra

Time (s)
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: S § = n”O =1 7 + 02
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i —0.2
I
| | | Tore ISupra #32299 |_ 00
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I
I
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D. van Houtte, et al.. Fusion Eng. and Design 74, 651-658 (2005).
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G0 Fast electron bremsstrahlung (HXR)

3 3
60x10 , , , — , , , 40x10 : , , ,
Ahv = 60-80 keV E Tore S“prat ’f‘?’lzgg 9S ' Tore Supra #32299
: . .o i H t=100-110s
50+ E i Sampling time = 16 ms . . Sampling time = 16 ms
& = a H
é.d §-<>-<> ? <>'_ e Exp. - : !
§ E < - o= Abel inverted 2 301 N
401 ¥ : 1 -
~ g : =
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20} 8 (X2 103
[ 14 s Z 10k .
3 T % 5
8 £ .
10+ : n % ;) . —
4 £
o880 : 8§ By
o G Ahv = 60-80 keV .
O? I I I L I I I 0 ! ! ! !

Ak = 60-80 keV
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Line-integrated profile :> Abel inverted profile

' 4 Peyssbn, etal..m vol. 4 of Advances in Plasma Physics Research, Nova Science Publisher, Inc. New York, 2003.
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Ray trajectory

Ray-tracing (C3PO)

Parallel wave retfractive index

188

104 ' - -4.5¢

Ray—tracing
Accessibility

Landau dampir

16 18 2 22 24 26 28 3 32 0

R(m)

WKB approximation not valid !

3 4 5
abs(d)/2m
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800,

Fast electron transport model

1000 AEE IR _ i 15 ] :
C3POLUKE vjo/vr = 3.5
: - —— 10— 1 i
g
—E—Xp;—:—:—:z—:——:——:'—z—; i 5
=
O_
LR Dyyyo=10m?/s
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10 10% 10 : B -
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Dy = Dyyo (lvy| = vyjo) H (|v)] —v)p0)
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&0 LHCD in Tore Supra

J (MA/m?)

(=)

(8 0 =0.17053

Lh

0 ’r/(//////////f//// N A
-20 -10 0 10 20

4o 1 SR — — + 0
0 02 04 06 08 1 P/Pre

= predicted LH current too large by 40%
= large fast electron radial transport inconsistent with exp.
= weak effect of spectral broadening
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y (m)

ECCDin TCV

— 12 beamlets/ray
. . 20 . - . . 20
0-2' I, (Exp.) = 100 = 10 kA
. |, (Calc.) = 90 kA =
0.1 S £
£ =
of < 10
-0 = .
1 - mé
~0.2|
03] |
02 0 02 0 02 04 06 08 1
X (m) P

O. Sauter, et al., Phys. Rev. Lett. 84, 3322-3325 (2000)
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&= Conclusions & prospects

= A new current drive module for integrated tokamak modeling
has been developed.

» Based on a strict implementation of the rf wave theory: few
ray approach

» Fast electron radial dynamics consistent with quasilinear self
-consistency: both P, and J,; depend on the radial transport.

» Advanced algorithms for fast and robust calculations

= LHCD: linear theory holds for ITER and WKB approximation
almost valid. Partial agreement with experiment on Tore Supra
with toroidal spectral upshift and anomalous fast electron
radial transport.

= ECCD: good agreement for full current drive in TCV without
anomalous fast electron radial transport.
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= LHCD: More physics must be incorporated in
simulations within the WKB approximation for filling the
spectral gap: fluctuations

* LHCD: C3PO ray-tracing — WKB full-wave for LH
(ELECTRE-T)

= LUKE: bounce — orbit averaging + toroidal quasilinear
operator (wave-induced radial transport, consistent
description of the rf and bootstrap currents, ion physics)
» LUKE: electron back current calculations from non
-Maxwellian ion distribution

= advanced tools: LUKE 3-D (g,p, &) — (9,p, &), LUKE 4
-D for edge current drive physics
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