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ABSTRACT.

Recently developed at the University of Wisconsin-Madison, the global full-wave code, ALFA, -
simulating RF plasma heating and current drive in tokamak plasmas, is presented. This code
solves Maxwell's equations in a toroidal tokamak plasma as a boundary problem using the finite
clement Galerkin scheme. The ALFA code includes many features of the global full- wave code,
FASTWA [1-3] developed also at the University of Wisconsin-Madison, but significantly
cnhances it in a few directions. Among additional features of the ALFA code are the arbitrary
toroidal gecometry of a plasma and a vacuum vessel of a tokamak, ability to treat Alfven
frequencics (below the ion cyclotron frequency), obtain solution for both, fast and slow waves
simultancously, including mode conversion between them, incorporate large Larmor radius
effcets, and treat high cyclotron harmonic absorption. This paper discusses the physical and
q%mcriial h:L;;is of the code and displays a few examples of calculations for parameters of the

X tokamak. :

INTRODUCTION,

JCRF plasma heating via fast waves was confirmed to be an cffective method in present
tokamaks. For future thermonuclear reactors, however, many questions of wave penctration,
absorption and current drive still have to he clarificd. Many factors, such as directionality of
wave excitation and penetration in the plasma, dependence of wave absorption and current drive
clficicncy on plasma and magnetic ficld geometry, effective RF power deposition into clectrons
and parasitic absorption of wave encrgy by ions might play a very significant rolc and have to be
analyzed more vigorously. At the same time the ray-tracing methods, normally used for the high-
frequency wave examination, cannot be generally utilized for Alfven or ICRF waves because of
ceffeets of diffraction, wave interference and mode conversion can be significant. For these
relatively low frequencies the full-wave approach, suggesting the direct solution of Maxwell
cquations in # plasma, is more appropriate. However, full-wave calculations require significant
amount of computer time, especiatly when carried out in more then one dimension. Various
simplifications and approximations are important to make a solution feasible. The ALFA code is
essentially a 2D full-wave code, but it obtains a 3D picture of RF wave ficlds and absorbed power
via Fouricr composition of solutions for many independent toroidal modes.

PHYSICAL AND COMPUTATIONAL BASIS,
The starting point for the ALFA code is a weak form of the Maxwell’s equations [4, 5):

Jav [(VxE*)(VxE)-z—’:Et‘E’E} =4—:;,—“’j dv E*J, . n

. . . . . .
where E is the wave clectric Ticld, € is a hot plasma diclectric tensor, Jj is an antenna current,

o is a frequency, and ¢ is the light specd. Integration is carried out over the volume inside the
vacuum vessel of a tokamak. The gencral toroidal geometry was represented hy a metric tensor
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where R is a major radius at a given point with coordinates x = x(p,9). y = y(p.9), and
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The tokamak magnetic field, B, has toroidal and poloidal components:

B=Bp+Bg =BoRo [ Vo +fi(p) VoxVp |, @

where @ is a toroidal angle, while Bp and Ry are magnetic field and the major radius at the
magnetic axis. Function, f1(p). is proportiona) to the toroidal current.

The hot-plasma dielectric tensor, € ., is well-known in coordinates related to the local
magnetic field, and was translated through the metric coefficients to the toroidal coordinate
system, It included terms for fundamentat and general harmonic ion cyclotron absorption, and for
electron absorption via TTMP, Landau and cross-term effect, through the proper corrections to
the dielectric tensor components. The following terms in Eq. (1) have been used for ion harmonic
absorplion
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where the standard notations are used: Gni = (@-nC:Mkyvi, i = /i, A= 0.5€ pf, In s the

modificd Besscl function, and Z is a plasma dispersion function of Fried and Conte. The E*

clectric field component and operator, ; , are defined in the coordinates (p, ) perpendicular to
the tokamak magnctic field

E+ =Ep +iEy, 9+ =0/dp +idlon . ®)

Computation of clectron absorption terms nceds expression for the pamallel component of electric
ficld, Ey . We have used the onc proposed in [1]:

Eg=-im[yBy - V-Er/kgE3} , 1))

where ko= @/ ¢, ny=kn/ko. Y= ove / 20c?  and &3 = 1 = (6o /g v5) Z'(Coe) . Then
clectron ahsorption for Landau damping, TTMP, and cross-term effect are given respectively by
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To use ky in above expressions we Fourier decomposed wave field components into polaidal and
toroidal modes with ng and m being toroidal and poloidal wave numbers. Then, ky is given by

ky=ngcos®/R + msinB/hy , (10)

where 8 is an angle between the direction of the tokamak magnetic field and the toroidal
direction. All terms in Eqg. (1), and also terms for power deposition and for field components have
been then written in terms of the poloidal and toroidal modes. As an example, the expression (7)
for Ej becomes
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where index, m, denotes the poloidal mode. Using the traditional Galerkin scheme with the cubic
finite elements led us to the lincar algebraic system with the three-block diagonal matrix, which
was solved via the standard mathematical subroutines available in FORTRAN.

NUMERICAL RESULTS,

The ALFA code, although presently in progress, has extended diagnostics with the possible

output of up to 300 various plots during the single run of the code. It includes the dispersion

relation analysis, 3D distribution of all wave clectric and magnetic ficld componenis and power

absorhed via various absomption mechanisms and mode conversion, and results on RF driven

current. The code has been uscd recently for ICRF heating and current analysis in TPX |6], for

l/_\l!{z\a:n;imvc current drive in Phacdrus-T | 7], and for low frcquency fast wave current drive in
(7.

Below we present an exampie of computations, via the ALFA code, of fast and slow (IBW)
waves for the standard minority heating regime (deuterium plasma with 5% of hydrogen) in TPX
at frequency, £ = 6() MHz, central density, ne(®) = 1020 m3, magnetic field, B = (T, and
temperature, Te(0) = Ti0) = 10 keV. One wroidal mode. ng = 15, and 15 differcnt poloidal
mades are taken into anaiysis for this cxample. Fig. [ gives the contour lincs of the fast wave

dispersion root, ki . Fast change of ki corresponds 1o the mode conversion region. Fig. 2
represents the distribution of Re(E*) in the poloidal cross-section. Fast wave launched by the
antenna and mode convericed IBW are seen clearly. The following, Figs. 3-6, show the power

deposition profiles, respectively, via the D-ions (19.33%), H-ions (65.64%), clectrons (14.13%),
and deposited by IBW (0.9%).

This work was supported by the U.S. Department of Encrgy grant DE-FG02-88ER53264.
| P. E. Moroz, P. L. Colestock, Plasma Phys. and Contr. Fusion 33, 417 (1991).

I
2} P. E. Moroz, N. Hershkowitz, R. P. Majeski, J. A. Tataronis, Proc. Eur. Top. Confl. on RF
Heating and Current Drive of Fusion Devices, Brusscls, Belgium, 16E, 185 (1992),

[3} P. E. Moroz, D. B. Batchelor, E. F. Jaeger, T. K. May, D. R, Mikkelsen, M. Porkolab, AIP
Conf. Proc. "RF Power in Plasmas”, Eds. M. Porkolab and J. Hosea, Boston, 218 (1993).

[4) K. Appert, S. Succi, J. Vaclavik, L. Villard, Comp. Phys. Reports 6, 335 (1987).

[5] M. Brambilla, T. Krucken, Nucl. Fusion 28, 1813 (1988). .

|6} P. E. Moroz, 7th Boulder International Workshop on RF Current Drive and Profile Control for
Advanced Tokamaks, Boulder, Colorado (1994). .

{7] N. Hershkowitz, P. Moroz, P. Probert, E. Y. Wang, T. Intrator, D. Diebold, R. Breun, et al.,
Proc. 15th IAEA Int. Conf. on Plasma Phys. and Contr. Fusion Rescarch, Madrid (1994).

W m

DISTANCE FROM EQUATORIAL P

DISTANCE FROM EQUATORIAL PLANE, m

®= g8 3 33 2 e g 8 & 3 3 = g 8 & 8 1

MAJOR RADIUS, m MAIJOR RADIUS, m MAIJOR RADIUS, m
Fig. 4 Fig. § Fig. 6



