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INTRODUCTION 

A possible scenario fo r steady state current drive in large, high-
temperature tokamaks includes current driven by lower hybrid (LH) waves in 
the outer region with high-energy neutral beams (NB) used for current drive 
in the core. In addit ion, provided the poloidal beta is su f f i c ien t ly high, 
there can be substant ia l bootstrap (BS) current, as observed in the TFTR 
and JET experiments. In work reported previously [ l ] - [ 2 ] , a computer code, 
ACCOME, was w r i t t e n to obta in a so lu t ion to the MHO equations which is 
consistent w i th current dr iven by neutral beams, e l e c t r i c f i e l d s , and 
neoclassical (bootstrap) ef fects. For the computation of the solution to 
the Grad-Shafranov equation, the SELENE code [3] 1s used. I t e r a t i o n 1s 
necessary between SELENE and the current -dr ive computations to obtain a 
consistent solut ion. In th is paper we describe modifications to ACCOME to 
enable the computation of LH current in add i t ion to the NB, BS, and OH 
currents. The next section describes the models used and then the f i n a l 
section presents an application to ITER. 

DESCRIPTION OF THE MODEL 

The LH module, which has been modified to model elongated plasmas, is 
based on a code developed for c i r c u l a r geometries [ 4 ] . The densi ty and 
temperatures are taken as algebraic functions of the poloidal f lux . The 
numerically computed f lux is f i t with bicubic splines. The magnetic f i e l d 
and der ivat ives are obtained from d i f ferent ia t ion of the splines. The ray 
t r a j e c t o r i e s are computed wi th a var iab le-order p r e d i c t o r - c o r r e c t o r 
a l g o r i t h m . The accuracy o f t h i s method i s examined by computing the 
deviation from zero of the dispersion re la t ion along a ray path . Errors 

-5 are typ ica l ly less than 10 . 
The 1-D ( v i i ) Fokker-Planck equation fo r the fas t e lectrons wi th 

quas i - l i near di f fusion from the lower hybrid waves is solved to obtain the 
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power absorption and the driven current on each flux surface. The v. 
portion of the distribution Is assumed to be Maxwelllan with temperature 
typically that of the thermal electrons. 

The lower hybrid current 1s Included 1n these calculations 1n the same 
manner as the other components. First, SELENE Is used to obtain a 
reference MHD equilibrium from a model current distribution. Next, the 
values of the neutral beam, ohmlc, bootstrap and lower-hybrid currents on 
the flux surfaces are computed. These currents are summed to yield the 
total flux-surface-averaged parallel current <J•• B>/B t Q, whera B t Is the 
vacuum toroidal magnetic field at the geometric major radius, R . This 
quantity, together with the pressure function, p(^), and the previous 
values of the toroidal function, f • R B t, and <B Z> from SELENE, allows the 
computation of new values of the function, ff » -pQ(f P' + f<Ji|B>/<B » 
on the flux surfaces. This quantity, along with p(f), Is used in the next 
solution of the Grad-Shafranov equation with SELENE. This method 1s 
continued for 5-10 Iterations until the current profile no longer changes 
between iterations. 
APPLICATION TO ITER 

We have carried out calculations for ITER 1n steady state operation 
with R 0 * 5.5 m, a * 1.8 m, /t g 5 - 2.0, and B 0 « 5.3 T. Density and 
temperature profiles are taken to vary as (1 - j0°, with a « 0.5 and 1.0 
for density and temperature, respectively. Lower hybrid waves are launched 
from the outer periphery with frequencies of 4.6 or 8.0 GHz. The ni, 
spectrum 1s typically centered at 1.7 to 1.9. Various half widths of the 
spectrum, A n... have been tried. Several different neutral beam energies 
from 1 to 1.5 MeV have been used. The beams are usually aimed at the 
magnetic axis, which Is near R * 5.7 m, but aiming inside of this radius 
has also been investigated. 

The results from one set of calculations are Included in Figures 1-4. 
In this case, the LH frequency 1s 4.6 GHz with the central ni, * 1.9 and a 
Gaussian half-width of 0.05. This width Is quite narrow; 1t was chosen to 
maximize the penetration of the LH waves Into the plasma. The neutral beam 
energy 1s 1.0 MeV with tangency radius, R t * 5.6 m. The beam footprint 
1s elliptic with a half height of 0.92 m and a half width of 0.56 m. Three 
beams are used, one aimed in the horizontal mldplane, and one above and one 
below it by 1.3 m. Figure 1 shows the trajectory of the central LH ray in 
the poloidal plane. The outer surface of the plasma 1s also plotted. The 
numbers on the ray represent 10% decrements of the power 1n the ray. As the 
ray travels through a poloidal angle of 180°, 80% of the power 1s absorbed. 
It reflects near the plasma surface, where the frequency equals the local 
electron plasma frequency, but less than 1 X of the Initial power In the 
ray remains at this point. The variations of nil along the central ray and 
two other rays are shown 1n Fig. 2. We see a slight upshift as the rays 
pass into a higher toroidal field and then a downshift which continues 
until the central ray.passes into the upper half of the plasma where n,, 
again increases. The plasma current distribution 1s showr, 1n F1g. 3. The 
neutral beams drive current in the core, as intended, while the lower 



hybrid 1s restricted to the outer half (1n f) of the plasma. In computing 
these currents, the LH power was fixed at 25 MW and we varied the NB power 
to obtain the desired total plasma current of 18 HA. The components of the 
current are: NB: 11.1 HA, LH: 2.9 MA, and BS: 4.0 MA. A respectable 23% of 
the current comes from bootstrap ef fects, but this Is less than the 30% 
heretofore assumed 1n ITER steady state scenarios. The figures of merit, 7 
(= <n e > I R 0 / P ) . for NB and LH are 0.52 and 0.35 x 1 0 2 0 A/W-m2, 
respectively. Including the bootstrap current raises the overall figure of 

20 2 
merit to 0.61 x 10 A/W-m . The absorbed power 1s used 1n the flgur:; of 
merit, but the absorption of both LH and NB power Is close to 100% for this 
case. Figure 4 shows a last quantity of Interest, the safety factor. The 
near flattening of the curve 1n the vicinity of the LH-drlven current Is 
readily apparent. The edge (95% flux) safety factor 1s only 2.8, somewhat 
less than the design goal of at least 3.0, but some adjustment of the beam 
deposition would raise the value to this goal. 
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Figure 1. Trajectory of the 
central LH ray In the pololdal 
plane. The outer curve is the 
plasma boundary. 
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major radius for the central and some 
adjacent rays. The (barely visible) 
numbers refer to the percentage absorp
tion of the power 1n the ray to that 
point. 
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Figure 3. D is t r ibu t ion of current 
density vs. pololdal f lux In the 
plasma, f l : fast Ion current; bd: fast 
1on cu r ren t less the p a r t i a l l y 
cance l l i ng electron current ; bs: 
bootstrap current; l h : lower hybrid 
current; tot : total current. 
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Figure 4. Safety factor vs. pololdal 
flux (solid l ine). 


