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Situations Where Fokker-Planck Modeling is Indicated

e Due to variation of the Coulomb collision frequency (o< v—3),
nonthermal features are generally observed in the tails of the
electron or ion distibutions.

2

Shase /n, for

e RF electron CD efficiency is proportional to v
Uphase > Ure

— Pushes experiments towards high phase velocity, low
density

—> For ECCD, substantial tail formation occurs if
pec(W/em?) > O.5(n%3/(vphase/2vTe)2.
Nonthermal effect on CD for n3 < 3-4,
tail diagnostic effects to larger density.

— For LH, tail formation is a ubiquitous feature of high
power experiments.

e Pellet injection leads to large induced toroidal electric fields
providing prompt runaways and knock on avalanche.

e LH enhanced knock-on runaway production may be a feature
in LHCD experiments (V.S. Chan, 1999).

e Radial transport leads to nonthermal tail, when 7y0ying >
Ttransport- 1his was observed on ALC-A. Its possible effects
on global transport depend on the velocity dependence of the
transport coefficients. In any case, a radial diffusion operator
in a FP code provides a natural way to treat the coupling
between particle, momentum and energy transport.

e Bootstrap current can be enhanced by elevated tail distribu-
tions (due to RF and NBI) and modified by RF scattering
(LH).

e There are important nonthermal effects in edge divertor plasma
which are properly treated by Fokker-Planck codes but will not
be covered here.
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CQL3D: 3D Bounce-Averaged Fokker-Planck Code for ECH/LH/FW/NBI

Solves the coupled equations:
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(3) NBI Source (FREYA) QL OPERATOR

(4) Equilibrium Equation

V¥ = [LOJ¢



CQL3D Assumptions

Diffusive processes (Fokker-Planck)
Coulomb collisions |
Quasilinear RF

Neglect RF particle pinch

Azimuthally symmetric distributions about B4, in velocity

(Teyetotron << Teoll)

Bounce average (Thounce < Teoll)
Zero banana width

y Toroidal geometry

Up-down symmetric noncircular equilibria
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Numerical Approach to B,
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CQL3D Radial Diffusion and Convection Operator
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where

Lp = Distance along B-field line on a flux surface
Y = B/Bunin (Bmin = minimum B along £p)
H = ONETWO (Hinton & Haseltine) Volume Factor
= (dV/dp) / (47 Rop)
Velocity Space constants of radial diffusion:
Presently: @ vy, 6,
or ®@ E, 7]

Cls Cz

*The 3D equations are solved by a fully implicit velocity radial-splitting
scheme (a method originally explored by Greg Hammett).
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CQL3D is Coupled to Major Codes in the Community

° RAYLH — Brambilla Ray Tracing Code
for LH and Fast Waves

° TORCH — LLNL EC Ray Tracing

° FREYA — NBI Deposition (ORNL)

e  SELENE — 2D Noncircular Equilibria (JAERI)

° HORACE — Electron Cyclotron Emission Diagnostic
(GA-Culham)

° XRAY — Xray Bremsstrahlung Diagnostic
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Asdex Combined 90° and 180° Spectra
Give Current Profile Control

(Two independent “grills”: 750 kW from 90°-phased grill, overlapped
with additional 300 kW from 180°-phased grill)

MNeog = 2 X 1013/CC, Teo = 4.5 keV

Central (r = 0.1a) QL diffusion coefficient versus u,, u,:
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Electron Distribution Function f(u,,u,)atp=0.5a

Contour of f versus u, and u,:

1.0 Y

-1 0.0 +1

Uy (1500 keV)

Slices through f at constant pitch angle:

10-, v B M v M ¥ M ¥ M

1074

10°¢

[/ (em - em/sec)?]

1078

feo

0.0




030 CENERAL ATOMICS

Calculated Power Deposition and Driven Current
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Conclusions on CQL3D/LH Modeling of ASDEX

1. Current drive efficiency agrees with experiment.

2. Agreement with anisotropy and £; changes from ohmic (except
too peaked in central current drive cases), over a range of 90°,
—90°, 90° + 180°, 180°, and 120° phasing cases.

3. The code provides a quite reliable means to estimate current

profile control.

4. Demonstrates the physics of spectral gap filling and efficient

current profile control by mixed spectra.



EXPERIMENTAL DEPENDENCE OF E 4, IS

MODELED WELL BY CQL3D
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Fig. 1. (a) Poloidal view of 30 MHz HHFW rays, n_par=3-4, propagating into 5% betu
NSTX equilibrium. n(0)=1.14 cin**3, T(0)=1 keV plasma, parabolic profiles.
(b) Top view of rays. (c) Variation of parallel refractive index along the ray.
The magnetic axis occurs at about 65 cms. poloidal distance.



Fig. 2. Birth pointsfor fast ions calculated with the FREY A neutral beam
deposition code. Beam injection energy is 80 keV, with 70% H+,
20 % H2+, and 10 % H3+ ions from the source. The plasma has

n(0)=1.el4/cm**3, T(0)=1 keV.
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Fig. 3. Hydrogen ion distribution function at plasmaradiusr/a=0.6 Maximum

energy on the grid is 500 keV, giving the velocity normalization v_norm.
(a) Cuts of theion distribution versus velocity, at constant pitch angles
asindicated. (b) Contour plot of the distribution, versusv_parallel
andv_perpendicular. Thisisfor acase of 80 keV neutral beam
injection only.
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Fig. 4. Contour plot of thev**2*D_vv quasilinear diffusion coefficient in v_parallel,
V_perp -space. Thisisat r/a=0.6. Maximum velocity onthegridisasin
Fig. 3. Only five HHFW rays, shownin Fig. 1, have been used to form the diffusion
coefficients, hence the graininess of the coefficient. At this plasmaradius, the
9th harmonic hydrogen ion absorption is dominant.
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Fig. 5. Hydrogen ion distribution function at plasma radius r/a=0.6, resulting from
a combination of HHFW and neutral beam injection. Parameters are as
inFig. 3. (a) Cuts of the ion distribution versus velocity, at constant pitch
angles, asindicated. (b) Contour plot of the distribution, versusv_parallel
and v_perpendicular. The HHFW has inflated the distribution in the

perpendicular velocity direction.



Enhanced/Modified Bootstrap Current

P

e Bootstrap current is enhanced by

1. elevated electron and/or ion tail distributions
2. added RF pitch angle diffusion

¢ These effects can be seen from the parallel momentum balance

equation:
For jbanana = —€7Y||PL,poloidal antrap/ap7
we have (jbootstrap/en)uei = (V_L/G)me(jbanana/en):

where v,; x v73,

and(v, /€) is the effective collision frequency for detrapping.

e CQL3D calculates the enhanced bootstrap current by intro-
ducing a jump into the velocity space boundary conditions
at the trapped-passing boundary, of size pr ;oi0idaiOfeci/Op
[Harvey et al., Sherwood Theory 1993; Westerhof and Peters,
CPC, 1995].

This model gives “good” agreement with the Hinton and
Haseltine expression for banana regime bootstrap current.

o The model has been applied to DIII-D ECCD experiments
to explain enhanced ECCD as reported by Luce [IAEA, 1998],
but for this case the collisions were dominating the pitch angle
collisions.

e A substantial effect has been shown in connection with LHCD,
and needs further follow up work.
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Code Development Plans

e Add Ampere-Faraday Maxwell equations to obtain the self-
consistent toroidal electric field as a function of radius and

time.

e Add ripple and banana losses.

Concluding Comments

e The Fokker-Planck approach in CQL3D has a broad range of
useful applications, particularly for high power current drive
situations in experimental AT plasmas.



