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Abstract 

Electron cyclotron (EC) power has technological and physics advantages for 
heating and current drive in a tokamak reactor, and advances in source develop- 
ment make it credible for applications in ITER. Strong single pass absorption makes 
heating to ignition particularly simple. The optimized EC current drive (ECCD) 
efficiency ((n)IR/P) shows a linear temperature scaling at temperatures up to - 15 keV. For temperatures above 30 keV, the efficiency saturates at approximately 
O.3.1O2O A/(m2W) for a fiequency of 220 GHe in an ITER target plasma with toroidal 
field of 6 T, due primarily to harmonic overlap [G.R. Smith et al., Phys. Fluids 30 
3633 (1987)l and to a lesser extent due to limitations arising from relativistic effects 
[N.J. Fisch, Phys. Rev. A 24 3245 (1981)l. 

The same efficiency can also be obtained at 170 GHz for the same plasma 
equilibrium except that the magnetic field is reduced to (170/220) x 6 T = 4.6 T. The 
ECCD efficiencies are obtained with the comprehensive 3D, bounce-averaged Fokker- 
Planck CQL3D codes [R.W. Harvey and M.G. McCoy, Proc. IAEA TCM/Adva;nces in 
Simulation and Modeling in Thermonuclear Plasmas 1992, Montreal], and BANDITSD 

[M.R. O’Brien, M. Cox, C.D. Warrick, and F.S. Zaitsev, ibid.]. 

t Lawrence Livermore National Laboratory, Livermore, California, U. S.A. 
*UKAEA Government Division, Fusion, Culham, Abingdon, Oxon OX14 3DB, U.K. 
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1. Introduction 

Electron cyclotron resonant frequency (ECW) waves provide a source of aux- 

iliary power for heating to ignition that can be injected into the ITER tokamak 
through a simple launching structure. This paper examines injection of ordinary mode 
radiation from the outboard side of the tokamak at frequencies near the fundamental 
cyclotron frequency. This is the preferred approach because of higher density limits. 
Absorption can be strong and localized near the plasma center, even in high density 
and temperature operation. In particular, the plasma density has a minor parametric 
effect on the plasma heating up to densities in the vicinity of the cutoff density, 
n, M 3.6 x lo2' m-' at 170 GHz. Besides heating, electron cyclotron (EC) waves can 
fulfill a variety of roles in ITER, for example, startup assist, instability control, and 
current drive (CD). 

In the present paper we report the results of extensive calculations to examine 
optimizing EC current drive (ECCD) by frequency and injection angle in an ITER, 
ignited, target plasma. For 220 GHz at 6 T, the ECCD efficiency (y) = (n)IR/P 
shows linear temperature scaling up to 15 keV, where (n) is line averaged electron 
density, I is the driven current, R is the major radius of the magnetic axis, and P 
is the injected rf power. For temperatures above 30 keV, the efficiency saturates at 
approximately 

2 (7) = 0.3 x lo2' A/W-m , 

assuming a microwave beam launched from the plasma mid-plane at a launch angle 
4 = 40 deg from the normal to the plasma surface. 

The ITER JCT has recommended 170 GHz as the frequency for the ITER ECRF 
heating and CD system. The above efficiency can also be obtained at 170 GHz for 
the same plasma equilibrium except that the magnetic field is reduced accordingly to 
(170/220) x 6 T = 4.6 T. 

Present high power gyrotrons operate at frequencies up to - 160 GHz. At 
these lower, technologically more advantageous frequencies, the CD efficiency in full 
toroidal field simulations peaks at angles closer to the perpendicular, and is lower 
in magnitude. At f = 170 GHz and full field equilibrium, the peak efficiency is 
y M 0.19~10~~ A/W-m2 at alaunch angle of approximately 22 deg from perpendicular. 
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2. Description Of CQLBD/BANDITSD 

The results reported here have been obtained with the CQL3D Fokker-Planck and 
ray-tracing code [l]. The same results, to close approximation, have been indepen- 
dently obtained with BANDITSD [2] for the 20 and 30 keV cases reported here. The rf 
power densities are sufficiently low that the distribution function is observed to remain 
nearly Maxwellian [3]. The Fokker-Planck packages in these codes incorporate the 
effects of momentum conserving electron-electron collisions which contribute typically - 20% to the increased CD efficiency compared to models which omit the current 
carried by the bulk electrons due to collisions with the tail. 

The codes are bounce-averaged, 2-D in momentum space, 1-D in the plasma 

radial variable, and are fully relativistic. Noncircular plasma geometry and the finite 
angular width of the injected microwave beam are accounted for using actual ITER 
freeboundary equilibria. Thus, the detailed effects of geometry on CD efficiency 
are taken into account. Note, however, that CQLSD assumes an up-down symmetric 
plasma, whereas this restriction is removed in BANDIT3D. Since ITER is a single- 
null device, it is necessary with CQLSD to symmetrize the plasma by averaging the 
upper and lower elongation and triangularity before modeling the ECRF CD and 
heating. Both codes include a capability of modeling diffusive radial transport of the 
distribution function, but this effect is assumed negligible for present purposes. 

The codes have been benchmarked by comparison between code results and 
analytical derivations of the neoclassical conductivity [4] (which verifies that the 
codes correctly handle collisions between passing and trapped particles) and with 
independent calculations of relativistic fundamental electron cyclotron absorption [5] 
(which verifies the codes’ quasilinear diffusion package and the treatment of the wave 
polarization). Comparisons with similar 3-D Fokker-Plmck codes for a DIII-D ex- 
perimental situation which was particularly sensitive to several competing effects such 
as trapping, tail formation, and dc electric field/EC synergy, showed good agreement 
amongst the codes [6]. 

The parasitic overlap of the second harmonic absorption with that of the primary 
f is t  harmonic [7] has been accounted for in the codes. The ECRF wave polarizations 
from a relativistic dispersion code [5] are used with the relativistic rf quasilinear oper- 
ator to obtain the ECFU? wave damping. Interestingly, the second harmonic generally 
contributes a small positive component to the CD [8]. At 170 GHz the fractional 
power absorption due to the second harmonic resonance remains less than 30%. At 
higher frequencies, the second harmonic absorption becomes substantial (reaching 
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nearly 100% at small launch angles). This results in a substantial degradation in the 
CD efficiency at the lower injection angles. This effect is also a function of aspect 
ratio, becoming more significant for smaller aspect ratio tokamaks. 

3. Heating and Current Drive in 24 MA, 30 keV Discharges 

Electron cyclotron heating (ECH) and CD was modeled in a 24 MA reference 
ITER discharge, using a plasma configuration after Bulmer [9] (modified to be up- 
down symmetric). The toroidal magnetic field is 6.0 T at R = 7.7 m, and the 
magnetic axis is at R = 8.43 m. The plasma has a volume averaged density of 
1.54 x lo2’ m-’ with a very flat density profile of the form ne = n=(l -p2)’m1, and a 
peaked temperature profile of the form Te - (1 -p2)”. ( p  is a normalized minor radius 
from 0 at the magnetic axis to 1.0 at the separatrix. For CQL3D, p is proportiond 
to the square root of the toroidal flux in a flux surface.) A microwave beam with a 
divergence of 10 deg (full width) was modeled by a bundle of 18 rays. The beam was 
launched in the plasma midplane at R = 11.2 m. The angle between the initial wave 
vector and the normal to the flux surface q5 was varied between 5 to 50 deg in the 
toroidal direction, and the ECRF frequency was varied between 160 and 240 GHz. 

The results of our survey of CD in a target plasma with Te, = 30 keV are shown 
in Fig. 1. The CD efficiency depends strongly on both the ECH frequency and on 
the launch angle 4. For each ECH frequency there is an optimal launch angle 4- 
at which the CD figure-of-merit takes on its maximum value ( Y ) ~ ~ .  

We see that ( Y ) ~ ~  increases by a factor of two as the ECRF frequency is 
increased fiom 160 to 220 GHz. This increase in efficiency reflects a complex interplay 
between the increase in the frequency upshift at the location of wave absorption (which 
results in a corresponding increase in the energy of the resonant electrons, leading to 
an increase in the CD figure-of-merit), parasitic second-harmonic absorption (which 
generally increases with increasing ECH frequency and electron temperature, and 
leads to a reduction in the CD figure-of-merit), and the location of the microwave 
power absorption (electron trapping effects, which can greatly reduce the ECRF 
current drive efficiency, increase rapidly as the absorption moves away from the 
magnetic axis). 

These results can be further understood with the help of Fig. 2. As a function of 
ECFU? launch angle 4, the figures give the CD figure-of-merit (Y), the radial location 
of the peak in the driven current profile (T~u),,, and the fractional absorption due 
to the second harmonic resonance, for frequency 170 GHz [Fig. 2(a)] and 200 GHz 
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FIG. 1. CD figure-of-merit for a 24 MA target plasma with T,, 
= 30 keV. The figure-of-merit (7) is plotted against launch angle 
q5 for a variety of ECRF frequencies. 

[Fig. 2(b)]. Also recall that, due to relativistic effects, as EC energy propagates along 
the rays from the outboard side of the tokamak there is no fundamental harmonic 
absorption until the point where 

where w, is the local cyclotron frequency, w is the wave frequency, and n the 
local refractive index at this “pinch point.” In the cases studied here at densities 
significantly below the cutoff densities, nll remains close to its vacuum value and thus 
nl1 increases toward 1.0 as the launch angle increases. At the pinch point, where the 
relativistic resonance condition along the ray fist becomes satisfied, the energy of 
resonance particles is Epp = (ypp - 1) mc2, where 

llPP 

The major radius of the pinch point Etpp relative to that of the resonance w = w,-layer 
R, is also 
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FIG. 2. (a) Current drive figure-of-merit (y), radial location of the 
peak of the driven current profile ( T ~ u ) , , ,  and the fiactional ab- 
sorption due to the second harmonic resonance are plotted against 
launch angle 4. This is for 170 GHz radiation launched into the 
same 24 MA target plasmas at 30 keV as used in producing the 
data in Fig. 1. (b) Results at 200 GHz; otherwise the same as (a). 
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where the magnetic field variation in w, has been approximated as E'. Thus as the 
launch angle is increased, nI1 , ypp, and the resonant energy all increase. But also the 

PP 
major radius %p of the pinch point increases. When %p becomes greater than the 
major radius at the magnetic axis Rmg, the efficiency is degraded due to trapping. 
Also, the peaking of the temperature profile at the magnetic axis favors maximization 
of (y) near the magnetic axis. Thus as the .frequency increases, R, becomes smaller, 
and n,, can be increased to give greater energy Epp and efficiency, still keeping Rpp 
near Rmag. 

The parasitic loss of EC power due to the second harmonic overlap [7] is the 
major factor which prevents attainment of even greater efficiency by going to higher 
and higher frequency (and launch angle). At 170 GHz and Te0 = 30 keV, [Fig. 2(a)] ,  
the second harmonic damping is 20% at the launch angle (20 deg) of maximum CD 
efficiency. At 200 GHz [Fig. 2(b)], the second harmonic damping is pushing the 
optimum CD angle to greater than 35 deg. At 240 GHz, the parasitic second harmonic 
absorption dominates at all injection angles. This parasitic loss of EC power due to 
second harmonic overlap is a dominant factor. 

An additional consideration is that at a launch angle of 45 deg, the rays just graze 
the magnetic axis. At higher angles, the rays only pass outside of the magnetic axis, 
where trapping effects reduce the CD efficiency. This pulls down the CD efficiency at 
angles greater than 45 deg. 

4. Current Drive at Reduced Magnetic Field 

We expect the current drive efficiency to vary with ECRF frequency mainly 
as a function of the ratio between the wave frequency and the electron cyclotron 
frequency at the magnetic axis. Hence, if the B-field of the target plasma is reduced 
by the amount (170/220) M 0.77, the electron cyclotron CD efficiency at 170 GHz 
should be nearly equal to that obtained at 220 GHz in a full-field target plasma. We 
investigate this by comparing the CD figure-of-merit computed for 220 GHz waves 
injected into a 6 T target plasma with a central temperature, Te0 = 30 keV, with that 
obtained when injecting 170 GHz waves into a target plasma in which Bo is reduced 
to (170/220) x 6 T = 4.636 T. The results of this survey are shown in Fig. 3 below. 
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FIG. 3. The CD figure-of-merit (7) for 220 GHz ECRJ? waves in- 
jected into a 6 T target plasma (solid line) and for 170 GHz waves 
injected into a 4.636 T target plasma (dashed line). In both tar- 
get plasmas, the temperature and density were held fixed at T,O 
= 30 keV and n,o = 1.7 x lo2' m-3. 

We see that the reduction in the peak CD figure-of-merit is less than lo%, with 
(7) peaking at 0.28 x lo2' A/W-m2 for 170 GHz into the Bo = 4.636 T target plasma, 
versus (7) = 0.30 x lo2' A/W-m2 for 220 GHz into the Bo = 6 T target plasma. The 
slight reduction in efficiency seems to be related to a reduction in opacity which occurs 
for the lower frequency/B-field combination. Thus the technically accessible source 
frequency 170 GHz can give the highest efficiencies by reducing the B-field. 

5. Optimized Current Drive Efficiency Versus T,, 

Sets of runs have been performed at various temperatures, varying launch angles, 
and wave &equency, as in the previous 30 keV case. At each temperature, results are 
obtained similar to those shown in Fig. 1. 

The peak (i.e., optimized) efficiencies obtained in each of these runs are presented 
in Fig. 4 as a function of Tea. Results are given for the zt5 deg divergence (10 deg 
FW) 18-ray cases such as in Fig. 1, as well as for single ray cases with the narrow 
T,-profile - (1 - p2)2, and with a broader temperature profile, T, - (1 - p2).  Also 
shown are experimental points which we will briefly discuss below. 
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FIG. 4. Optimized CD efficiency versus central plasma temperature 
for the 24 MA target plasmas. Curves are shown for single ray 
models for two different temperature profiles, and for a model with 
10 deg divergence in the launch angle. Experimental results we 
shown for comparison. 

The main feature is that the CD efficiency exhibits a saturation setting in above 
central electron temperature - 20 keV. The major cause of the saturation is the 
second harmonic overlap. As the temperature increases, the resonant energy Epp 
of the pinch point can be increased in accord with Eq. (2) still obtaining sufficient 
damping. The increasing resonant energy leads to greater CD efficiency, in accord 
with the Fisch-Boozer mechanism [lo]. But the wave frequency must also be increased 
in accord with Eq. (3), to keep the pinch point near the plasma center. As the wave 
frequency is increased, the second hannonic overlap becomes more of a limiting factor. 
At 57, = 20 keV, the second harmonic absorption is a significant factor in degrading 
CD efficiency, as evidenced by the difference between the single ray results in the 
peaked 57'-profile [- (1 - P ~ ) ~ ] ,  compared to the broader T,-profile - (1 - p 2 ) .  At 
30 keV, second harmonic absorption is moving the peak of the CD efficiency off- 
ax is  [see Fig. 2(b)] into the region of trapping-reduction of the efficiency, giving the 
saturation of efficiency. 
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A secondary cause for saturation is relativistic effects [ll]. For perpendicular 
diffusion, the CD efficiency is a function of pasallel resonance momentum-per-mass yI. 
The efficiency increases proportional to '1~: at low velocity, but maximizes at uII / c  M 2. 
[for T,, 5 75 keV, see Fig. 2(b) of Ref. 111. At Te = 25 keV, the efficiency at uII/c = 1 
has achieved about 80% of its u , , / c  = 2-maximum (when there is a parallel component 
to the QL diffusion [12] then this limit may be relaxed). The maximum CD efficiency 
which we have obtained at 30 keV is near the absolute maximum consistent with 
relativistic limits for perpendicular difJhsion (usually the case for EC). 

Experimental points have been included in Fig. 4 for comparison with the 
optimized d u e .  The DIII-D results [13] and T-10 results [14] are for fked launch 
angles and thus are not optimized over launch angle for the particular experimental 
conditions obtained, as can be easily done with the codes, but the results have been 
adjusted upward (from the experimental values represented by the open squares) 
to account for the quite flat density profile and low 2, assumed in these studies. 
Evidently the experimental efficiency improves with T' but much higher temperature 
plasmas are required to achieve the full CD efficiencies that EC waves are capable of. 
Future work will focus on optimization of off-axis CD for profile control in advanced 
tokamak operations. 

6. Conclusions 

The CQL3D and BANDIT3D Fokker-Planck codes have been used to calculate 
the maximum current drive efficiencies 7 obtainable in ITER/EDA for EC waves 
launched at the outer equatorial plane of the tokamak. At low temperature, the 
optimized efficiency scaled approximately linearly with plasma temperature Tea. At 
20 keV, onset of a saturation of +y was evident, and at 30 keV, the maximum efficiency 
is 0.3 - lo2' A/(m2.W). The optimal wave frequency in a full field ITER equilibrium 
at 30 keV is approximately 220 GHz at launch angle 40 deg from perpendicular in the 
toroidal direction. Approximately the same efficiency can be obtained at 170 GHz, if 
the plasma magnetic field is proportionately reduced. 
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