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ABSTRACT 

Optimum launch parameters are determined for localized electron-cyclotron current drive 
near the magnetic axis and the o = 2 surface by solving several minimization problems. For 
centTal current drive, equatorial and bottom launch are compared. Localized current drive near 
Q = 2 is studied for equatorial launch and for an alternative outside launch geometry that may 
be better for suppressing tearing modes and controlling disruptions. 

INTRODUCTION 

One of the best uses of electron-cyclotron power in a tokamak is for localized current 
drive, because superior localizability tends to compensate for lower efficiency compared to other 
current-drive schemes. Localization near the magnetic axis and the q ~ 1 and q = 2 surfaces 
is of interest. To determine launch scenarios that yield an optimum combination of efficiency 
and localizability, one must search through a parameter space that includes the poloidal launch 
location, the launch direction, and the ratio fta*i»/w of on-axis cyclotron frequency to wave 
frequency. This paper determines optimum launch parameters automatically by solving several 
minimization problems. Application is made to the ITER tokamak. 

PLASMA MODEL 

We use flux surfaces computed at Liverinore SOT the ITER Basic Engineering Device during 
the technology phase. The specific case "i023" corresponds to the start of bum. At the 
nominal major radius of RQ = 5.5 m, the magnetic field is Bo = 5.3 T. The magnetic axis is at 
Raxa = 5.76 m, where the field is Ba%i% — 5.08 T. The safety factor q increases monotonically 
from (fc*;, = 1.14 at the magnetic axis to 995 = 3.64 at ij) = 0.95. The poloidal flux V is 
normalized so that ip = 0 at the axis and 0 = 1 at the separatrix. The q = 2 surface is located 
at iff = $2 ~ 0-725-

The density and temperature profiles are not consistent with the pressure in the flux-surface 
calculation but have th«* widely used forms n(V>) = n(l - $)Qn and Te(i/0 = T«(1 - Tp)QT with 
Tx = T e a n d a n = 0.5 and err = 1- The peak (on-axis) density and temperature are h = l 0 2 O m ~ 3 

and fe = 35 keV. 
Ray tracing and absorption is based on the weakly relativistic dielectric tensor of 

\ Shkarofsky.1 Current-drive efficiency is calculated with the inclusion of trapped-particte effects2 

but with the omission of momentum transfer from hot to bulk electrons.3 The latter effect 
: enhances current-drive efficiency by roughly 50% near the magnetic axis but much less on outer 

flux surfaces. Current-drive efficiency is reduced from that found in a pure plasma by our choice 
of Zeff = 2.2. In studying all physical situations, we employ single-ray calculations to understand 
the absorption and current-drive physics, then we complete the study with multi-ray calculations 
to learn about the sensitivities to finite size and divergence of realistic microwave beams. 

FORMULATION OF OPTIMIZATION CALCULATIONS 

Optimization calculations are performed with the aid of IMSL routine N0ONF, which is 
based on work by Schittkowski.4 This routine attempts to minimize an objective function F(x), 
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subject to constraints and lower and upper bounds on the variables x. In this work we use no 
constraints but specify bounds to limit the parameter space searched by the solver. Depending 
on the current-drive problem of interest we make various choices of F and x. 

To maximize the current driven near the magnetic axis, we choose F{x) = -/d(^c) with 
ijic — 0.1, where Jdi^) is the current driven on all flux surfaces between the axis (ip - 0) 
and tf>. We model power launched along the equatorial plane {Z = 0) by a single ray, and 
we choose x to consist of the microwave frequency / and the angle <f>t between the launch 
direction and a line joining the launch point (A* = 750 cm, Y = Z = 0) with the machine 
center (A* = Y = Z = 0); symbolically, a: = {/,<&}. For power launched below the plasma 
("bottom launch"), more variables are required to specify the launch location and direction. 
Using a cylindrical coordinate system (J2,$,Z), we fix the radial and azimuthal components 
of the launch location at Rt = 830 cm and $f = 9.25° and vary the vertical component of 
the launch location Z( and all components (Rt,$t,Zt) °f a target location that determines the 
launch direction. Thus, we use a: = {/,2>,i?t,*ei^e}-

Current drive just inside of the q = 2 surface is capable, at least theoretically, of suppressing 
tearing modes, which may help to reduce the number or severity of disruptions. The current 
required drops dramatically as localization improves,5 so we choose to maximize dla/d^t just 
inside V = V's- F° r power launched along the equatorial plane, we use x ^ {/,<#*} as 
before. An alternative launch geometry fixes the launch location below the equatorial plane 
at (A* = 750cm, V* = 0, Z = -100cm) and varies two launch angles Bi and fa, which are 
related to the wavevector components at the launch location by tan $i — -kzj{k\ •+ fey)1'2 and 
tantfc = ky/kx- Thus, we use x = {f,Btt$t}< 

OPTIMUM LAUNCH PARAMETERS FOR ITER 

Power launched along the equatorial plane drives maximum current near the magnetic axis 
for / = 198 GHz and 4>i = 39°- In terms of dimensionless parameters that play important roles 
in the absorption and current-drive physics, this result can be expressed as ftaxii/w = 0.72 and, 
at the absorption peak, JV1( = 0.82. These optimum parameters are similar to those found in 
Ref. 6. However, that work found a substantially higher current-drive efficiency than we do at the 
optimum launch parameters, for reasons that are not presently understood. Taking momentum 
transfer into account (which Ref. 6 did not), we find a total driven current per incident watt of 
]d/Px = 0.05 A/W, or T) = {n)U!Ux»fPi = 0.20 x 10 2 0 A/Wm 2 . 

Bottom launch is optimum for central current drive at / = 204 GHz and with launch 
parameters Zt = -324cm, Rt = 557cm, $ ( = -48°, and Zt = 100cm. A projection of the 
ray trajectory into the poloidal plane is shown in Fig. 1. There is little refraction for this ray. 
The apparent curvature seen in Fig. 1 is mostly an effect of projection onto the non-Cartesian 
HZ plane. The wave frequency corresponds to n a x i , /w — 0-7 and, at the absorption peak, 
JVfl = 0.82. Although the bottom-launch geometry deposits power on electrons with higher 
mean energy than does launch in the equatorial plane, current-drive efficiency is only slightly 
better: i? = 0.21 x 102° A/Wm 2 . The single-ray bottom-launch calculation shows that ovsr 90% 
of the driven current is concentrated within the flux surface ip = 0.05, which compares with 
i> — 0.03 for equatorial launch. 

Power launched along the equatorial plane with the optimal / = 137 GHz and fa = 25° 
drives a localized current with peak dld/d^ at V = 0.675. The total driven current, ignoring 
the small momentum-transfer effect on this outer flux surface, is 0.022 A/W, which corresponds 
to TJ - 0.09 x 10 2 0 A/Wm 2 . To characterize the localization of the driven current, we quote the 
width Ai/i = 0.15 that contains the middle 80% of the current. 

The alternative launch geometry for localized current drive near q — 2 has optimum ray 
trajectories shown in Fig. 2. To account crudely for finite beam divergence, we model a Gaussian 
beam emerging from a corrugated waveguide with i.d. of 9 cm by means of three rays. AH rays 
have the same fa, but the outer rays have 6t that differ by ±1° from the central ray. For an 
optimal / = 148 GHz, the maximum dl<tfdil> at ip = 0.7 occurs if the central ray is launched 
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Fig. 1. Poloidal projection of a ray trajectory launched far below the 
equatorial plane and passing up through the plasma center. The short-dash 
curve is the xf> = 0.95 flux contour of an equilibrium calculated for the ITER 
tokamak. The long-dash curve is the fundamental cyclotron resonance. The 
filled circles indicate the location of wave absorption. 

with 4>, = -15.5° and $t = 23°. At the absorption peak, JVB * 0.5, slightly more than the 
0.4 found ior equatorial launch. The total driven current is 0.030 A/W, which corresponds to 
rf = 0.12 x 10 2 0 A/Wm 2 . The middle 80% of the current occurs in a width At/» = 0.03. Thus, 
the efficiency and especially the localization are significantly better for the alternative launch 
geometry than for equatorial launch. 

CONCLUSIONS 
Central current drive, optimized for either equatorial or bottom launch, is found to have an 

efficiency of TJ =s 0.2 x 10 2 0 A/Wm a . Localization is somewhat better with equatorial launch. 
Current drive just inside the q - 2 surface is more efficient and much more localized if the 

power is launched so that the power is absorbed while the microwave beam is nearly parallel to 
the flux surface. A specific launch geometry with these characteristics is found here for ITER. 
Further studies should address the degradation of efficiency and localization that would occur 
if TK were lower at q = 2 or if scattering by drifl-wave fluctuations caused the beam to broaden 
significantly. 

For all of the current-drive schemes discussed here, we must assess the prospects for tracking 
moving flux surfaces using the simplest possible technology. 
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Fig. 2. Poloidal projection of three ray trajectories launched below the 
equatorial plane at angles designed to drive current localized just inside the 
9 = 2 surface. The open circle is the magnetic axis. 
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