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INTRODUCTION 

Calculations of non-inductive current drive typically have been used with model MHD equi
libria which are independently generated from an assumed toroidal current profile or from a 
fit to an experiment. Such a method can lead to serious errors since (1) the driven current can 
dramatically alter the equilibrium and (2) changes in the equilibrium B-fields can dramatically 
alter the current drive. The latter effect it quite pronounced in LH current drive where the 
ray trajectories are sensitive to the local values of the magnetic shear and the density gradient. 
In order to overcome these problems, we have modified a LH simulation code1 to accomodate 
elongated plasmas with numerically generated equilibria. The new LH module has been added 
to the ACCOME code3 which solves for current drive by neutral beams, electric 6elds, and 
bootstrap effects in a self-consistent 2-D equilibrium. We briefly describe the model in the next 
section and then present results of a study of LH current drive in ITER. 

DESCRIPTION OF MODEL 

The LH model1 includes ray tracing using a dispersion relation with electromagnetic and 
thermal effects and the solution of a relativistically correct 1-D Fokker-Planck equation with 
quasi-linear diffusion due to the absorbed LH waves on each radial (</>) surface. The distribu
tion function in vx is modelled by a MaxwelBan with an effective temperature, T± > Te. In 
the present simulation, the ray equations are integrated in Cartesian geometry using spalial 
derivatives obtained with the aid of a bicubic spline fit to the numerical solution of the Grad-
Shafranov (G-S) equation. Computations along typical rays indicate that the dispersion relation 
a generally satisfied to within 10~ 5. 

Before the computation of the LH and the other currents, an initial MHD equilibrium must 
be available. We find it desirable to start from an equilbrium with certain desired properties, 
namely a specified toroidal current, / p , and current profile which yields a specified safety factor 
on axis, go. We assume j+ « (1 — i>)°', where V is the poloidal magnetic flux, with a specified 
Pp, and allow the equilibrium code to adjust a; until it obtains the desired ft. During this 
process, the currents in the external coils are also adjusted to obtain the desired plasma size and 
shape. With the aid of this initial equilibrium, we compute the ray trajectories, the deposition 
of neutral beam atoms, and all the components of the current. The computed total current is 
then used to construct a new right-hand-side for the G-S equation. We compute new values 
of ff = - p o ( / V '+ f < j\\B > ) / < B 3 >, where /(V>) = RB4,, p(^) is the pressure from 
the thermal species, the fast ions and the fast alpha particles, B is the magnetic field with B$ 
its toroidal component, R is the major radius coordinate, j\\ is the current parallel to B, and 
0 denotes a flux surface average. Neither / nor < B 2 > change rapidly between iterations, 
so values from the previous equilibrium along with p' and the computed < jj|B > are used on 
the right-hand side of the equation for / / ' . The toroidal current density is then found from 
7* = —Rp' — ff'/noR which is used in solving the G-S equation. 

'Work performed under the auepicee of the U.S. Department of Energy by Lawrence Livermore National 
Laboratory under Contract W-740S-ENG-48 
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«»(«r) = 0.5(0.5} 0.5(1.0) 1.0(0.5) 1.0(1.0) 
ft,, = 1.7 0.40(1) — 0.48(1) — 
1.8 0.40 0.28(2) 0.48 0.33 
1.9 0.45 0.32 0.53 0.35 
2.0 0.43 0.34 0.62 0.40 
2.1 0.47 0.33 0.64 0.40 
2.2 0.46 0.34 0.65 0.38 
2.3 0.53 0.36 0.66 0.39 
2.4 0.52 0.35 0.70 0.47 
2.5 0.49 0.35 0.84 0.49 

Table 1: Lower hybrid figure of merit, 7m for different profile exponents, a„ ,ar , and central 
refractive index, n„ with fixed An,,. Number* in parentheiei indicate the number of reflections 
of the rayi at the pluma boundary 

APPLICATION TO ITER 

In the technology phase, the proposed ITER design specifies a major radius, Ho = 5.5 m, 
a minor radius, a > 1.8 m, a toroidal field, Bo • S.3 T, a plasma current, Ip ™ 18 MA, and 
Z.ji — 2.2. We take an elongation at the separatrix of 2.28 and a triangularity of 0.35 with 
density and temperature profiles of the form i(0)(l - «>)"• where i m n,T. We fix n,(0) and 
T,(0) to obtain a volume-average electron density of approximately 7.3 x 10" m~ a and a density-
weighted average temperature of 22 keV. We first examine the effect of varying the spectrum 
and the shape of the density and temperature profiles on the figure of merit •> =\n,iol*RcIfP 
in a fixed equilibrium. The volume-average electron density is in.soi. in 10 3 0 m~ 3 , and / and 
P are the current and absorbed power. The I>H frequency is 5.5 GEs with a Gaussian spectrum 
of half width An,, = 0.05 centered about a central n„ ranging from 1.7—2.5. The LH waves are 
launched from the midplane on the low field side. 

The results of this study are shown in Table 1. The numbers in parentheses in Table 1 indicate 
the number of reflections which the central ray undergoes before it is completely absorbed. At 
low rt|, the LH rays reach the limit on accessibility before they are totally absorbed, refract 
back to lower d-̂ nsity and temperature and then reflect from the plasma edge. A subsequent 
upshift in n„ aids the absorption, although additional reflections may occur before absorption is 
complete. An example of ray trajectories for the case with A„ = 1.8 and two reflections is shown 
in Fig. 1. An example with strong absorption at a higher frequency, / = 8 GHz is shown in 
Fig. 2. Except for the frequency change, this case has the same parameters as the 5.5 GHJ case 
shown in Fig. 1. The much improved absorption arises from the scaling of the ratio of wave 
group velocity components perpendicular and parallel to the field, Ujx/*>g|| a / . The rays at 
higher frequency penetrate sooner to the region of strong damping. 

The general trend in Table 1 is for 7m to increase as n„ increases. However, the LH current 
drive profile peaks towards the outer edge a* n,, increases as can be inferred from the scaling 
formula for the temperature at which strong electron Landau damping occurs, T,[kcV) » 50/n„. 
In the cases with strong single pass absorption, there is little shift in n„ as the LH waves penetrate 
the plasma. The highest values of 7 occur when a* = 1.0 and a;- = 0.5 i.e. peaked density and 
flat temperature profiles. The ITER design guidelines call for an = 0.5 and a? — 1.0. We see 
from Table 1 that these profiles have the lowest figure of merit, approximately half of the values 
obtained with a peaked density and fiat temperature. 

- In the next study, also for a fixed equilibrium, we have investigated the effect of increasing 
the LH power for / = 5.5 GHs and central n„ = 2.2 for the ITER baseline, cs„ = 0.5 and 
ay = 1.0. As the RF power level is increased from 25 to 100 MW, a greater flattening of 

2 



Cue P19D I19D P19C I19C P119D I119D 
Number of iterations 1 5 1 5 1 5 
/RP(GHS) 5.5 5.5 5.5 5.5 8.0 8.0 
flk(MW) 24.7 24.7 49.5 49.5 24.7 24.7 
< n« > ( 1 0 w m - a ) 7.34 6.72 7.34 6.92 7.34 6.71 
< T. > (keV) 22.3 20.6 22.3 21.1 22.3 20.6 
7lh 0.35 0.32 0.33 0.33 0.34 0.31 
Ink 0.55 0.51 0.55 0.65 0.55 0.51 
/m(MA) 2.0 2.0 3.7 4.0 0 0 
MMA) U.5 11.4' 9.8 8.1 11.6 11.5 
Ji.(MA) 4.5 4.6 4.5 6.0 4.5 4.6 

Table 2: Comparison between fixed profiles and self-consistent profiles for launched RF power 
with / = 5.5 and 8.0 GHs, A|| = 2.2 and Any = 0.05. 

the plateau in the electron distribution function occurs which decreases the electron Landau 
damping and allows the LH waves to penetrate further into the plasma. However, the increase 
in penetration is only slight-fall absorption with 25 MW occurs by T, = 14 keV while 100 MW 
penetrates to T« = 19. The figure of merit also decreases slightly with higher power, reflecting 
the higher density at which the absorption occurs. 

We next show the effect of varying the Gaussian half-width, Any, of the initial RF power 
spectrum over the range 0.05—0.14. As the Gaussian-width increases, the velocity-width of the 
plateau of the distribution function increases but the slope of this plateau also increases. This 
produces a broader RF current distribution which peaks towards the outside as An|| increases. 
The increasing slope in th« distribution lowers the current drive efficiency of the RF and the 
figure of merit decreases from 0.3S to 0.26 as Ari|| increases from 0.05 to 0.14. 

All of the above caces have been computed for a fixed current profile, i.e. without iterating to 
find self-consistent current and magnetic fields. We show some examples of results obtained when 
ACCOME is used to obtain self-consistent parameters in Table 2. In these cases, the central 
densities and temperatures are fixed but, since the profiles depend on the spatial distribution 
of î , their profiles in real space are altered during the iteration. Both the electron density and 
temperature profiles become somewhat more peaked as ACCOME iterates to find a consistent 
solution with a corresponding decrease in the average electron density and temperature. Results 
for the current and safety-factor profiles for a case at 5.5 GHs are shown in Figs. 3-4. The 
peak in i\\[i>) due to the LH waves is reflected in a plateau in the <j(̂ >). Hopefully, the plateau 
and the loss of magnetic shear will not cause loss of ideal MHD stability. On the other hand, 
if such a plateau could be generated at a rational surface, such waves could be used to stabilise 
resistive modes. When the RF power is raised to 50 MW, much more of a dip occurs in the <j(i/>) 
profile due to the LH. At higher power, the bootstrap current is increased due to the flattening 
of the current profile when more of the driven current occurs at large radii. Shown in Figs. 5-6 
are current profiles for LH at 8 GHs with 25 and 50 MW of power and fly = 1.8. Comparison of 
Figs. 3 and 5 shows that considerably deeper penetration is possible at the higher frequency and 
lower n||. The penetration can be further enhanced by doubling the power, as shown in Fig. 6. 
Although the LH efficiencies are similar between these two frequencies, 8.0 GHz demonstrates 
the capability of driving current closer to the plasma center because of the scaling of uj.„ with 
frequency. 

'P. T. Bonoli and R. C. Englade, Phys. Fluids 29, 2937 (1986). 
2 R. S. Devoto, D. T. Blackfield, M. E. Fenstermacher, P. T. Bonoli, and M. Porkolab, in 

Sixteenth European Conference on Controlled Fusion and Plasma Physics, Venczia, p.. 1295 
(1989). 
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