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Abstract. Experiments on the DIII-D tokamak in which the measured off-axis electron cyclotron 
current drive has been compared systematically to theory over a broad range of parameters have 
shown that the Fokker-Planck code CQL3D provides an excellent model of the relevant current 
drive physics. This physics understanding has been critical in optimizing the application of ECCD 
to high performance discharges, supporting such applications as suppression of neoclassical tearing 
modes and control and sustainment of the current profile. 

INTRODUCTION 
Electron cyclotron heating (ECH) and current drive (ECCD) have been intensively 

studied in experiments on the DIII-D tokamak [ 1-31. The key objectives are to develop 
and validate a predictive computational model which will be applicable to next-step 
devices as well as present-day experiments and to use that model to optimize the many 
applications of EC power in DIII-D as part of the Advanced Tokamak program. Full 
validation of the model requires that the relevant physics parameters be recognized and 
varied in a systematic way in experiments, and that the measurements of the magnitude 
and profile of driven current be determined and compared with the predictions of the 
model. The physics model is implemented in the ray tracing code TORAY-GA [4,5] 
and in the quasilinear Fokker-Planck code CQL3D [6]. This model has been used 
successfully to obtain the best possible performance of the ECH system on DIII-D in 
experiments on stabilizing m=3/n=2 [7-91 and m=2/n=1 [ 101 neoclassical tearing 
modes and to improve and sustain the current profile which has led to improved 
tokamak performance [l 11. 

EXPERIMENTAL APPROACH 
Detailed current drive experiments were carried out on the DIII-D tokamak [12]. 

For these experiments plasmas have major radius 1.7 m, minor radius 0.6 m, 
elongation typically 1.8, and toroidal field up to 2.1 T. The EC system uses up to five 
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gyrotrons in these experiments to generate up to 2.5 MW incident on the plasma for 
pulses up to 2 s [13]. The 110 GHz frequency of the gyrotrons is resonant with the 
second harmonic EC frequency at a field of 1.96 T. The EC launcher is placed at the 
outboard side about 0.7 m above the midplane, and most of the launchers can steer the 
beam independently in both the vertical (poloidal) and horizontal (toroidal) directions 
[14]. This launching system provides great experimental freedom to control the 
location and width of the profile of driven current, as both the radial location and the 
n can be determined by the launch angles for a given equilibrium and kinetic profiles. 
l%e physics of ECCD is studied in these experiments through orthogonal scans, such 
as of minor radius with njI fixed or of nil with the minor radius fixed. 

The critical diagnostic for measurement of the magnitude and profile of ECCD is 
the motional Stark effect system [15], which measures the pitch angle of the magnetic 
field at =5 cm intervals across the plasma outer midplane. Time-dependent plasma 
simulations are used for a range of radial locations, magnitudes, and profile widths to 
determine the profile of driven current which best matches the actual measurements 
[2]. Thus, the effects of the back emf generated by the localized ECCD can be taken 
into account, since in many cases the toroidal electric field is not fully equilibrated. 

The dimensionless current dnve efficiency 5 = (e3/c;) ne IEC R/Te PEC is used as a 
figure-of-merit to characterize the effectiveness of the EC power in driving current [3]. 
This efficiency follows from a natural normalization of the current and power density, 
and it includes the theoretical dependencies on plasma density and temperature [aside 
from the slowly-varying ln(A) factor] which would be expected of any current drive 
scheme which acts on the electron distribution near the thermal velocity. Hence, 
deviations of from a constant are due to interaction with a different part of velocity 
space or to an effect like trapping of electrons in the magnetic well. Plotting 5 in a 
radial scan illustrates the dependence of the physics of off-axis ECCD without the 
expected but uninteresting fall-off in current due to decreasing Te. 

The driven currents can be compared with the currents theoretically expected. The 
relevant theory has been encapsulated in the ray tracing code TORAY-GA and in the 
quasilinear Fokker-Planck code CQL3D. TORAY-GA uses the cold plasma dispersion 
relation to determine the ray trajectories and relativistic models for the wave polariza- 
tion and absorption. It also uses the Cohen Green's function model [5] for calculating 
the driven current. The ray trajectories and polarizations from TORAY-GA can be 
input to CQL3D to calculate currents including quasilinear effects due to higher power 
densities and the effect of Ell on the distribution function. CQL3D uses a collision 
operator which preserves momentum in electron-electron collisions, unlike that in 
TORAY-GA. In practice, all of these effects can be important. 

COMPARISON OF EXPERIMENT AND THEORY 
Excellent agreement of the measured current with the calculated current is found 

over the DIII-D database of about 80 discharges [I]. This agreement is illustrated in 
Fig. 1, which shows the measured current vs the current calculated by the CQL3D 
code, including the effects of Ell. The dashed line in Fig. 1 represents perfect 
agreement, and the error bars of most data points intersect that line. Note that the data 
base includes many cases with negative driven current which are also in good agree- 
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ment with theory. In those cases the 
quasilinear effects on the resistivity given 
finite positive Ell increase the calculated 
ECCD rather than decrease it ,  but still 
the agreement with theory is excellent. 
The data points illustrated in Fig. 1 rep- 
resent a range of temperatures, densities, 
minor radii p, nil, and e,, where the 8, is 
the angular variable along a flux surface 
going from 0 at the outboard midplane to 
180 deg at the inboard midplane, and all 
quantities are measured at the location of 
the wave-particle interaction. Subsets of 
these data can then be replotted as single 
parameter scans, where all parameters 
but the independent parameter are held 
fixed. In Fig. 2 the dimensionless current 
drive efficiency is plotted against nil for 
two such scans. In these scans, the 
density and temperature dependences are 
categorized jointly as @e, which is a good 
characterization of the behavior even 
though the physics of the dependences on 
ne and Te is slightly different. In Fig. 2 
the two curves are for low @e L-mode 
discharges, the principle difference being 
that the upper curve is for an interaction 
near the inboard midplane where the 
magnetic well depth is minimum, while 
the lower curve is for an interaction near 
the top of the flux surface where the well 
depth is moderate, both cases being for 
p=0.3. Comparing these cases, it can be 
seen that the efficiency saturates for suf- 
ficiently large nil, but that the saturation 
level is larger for the case with smaller 
well depth (i.e., 8, = 175 deg). The 
agreement between the data points and 
the CQL3D calculations, including Ell 
effects, shows that the model has very 
little systematic variance from the mea- 
surements for this cut through the data. 

The data in Fig. 2 are consistent with 

I I I I I 
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FIGURE 1. The measured ECCD current for the 
entire database of discharges in DIII-D versus the 
current calculated by the CQL3D Fokker-Planck 
code including the effect of the parallel electric 
field. The circular data points are for L-mode and 
the squares are for H-mode discharges. 
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FIGURE 2. Dimensionless current drive 
efficiency versus parallel index of refraction for 
discharges with ECCD at p=0.3, low p, (<0.3%), 
and CjpOl = 175 deg (triangles) and CjP0l = 100 deg 
(circles). The dashed lines represent the values 
from calculations using CQL3D. the physically int2tive idea that trapping 

of the current-carrying electrons reduces the efficiency of ECCD. Figure 3 shows 
another case illustrating this behavior. The unfilled points in Fig. 3 show that the effi- 
ciency at low fixed @e, fixed 8, near 90 deg, and fixed nil drops as the normalized 
minor radius increases and the well depth increases. However, the filled points for the 
same conditions but higher @e show that the decrease with radius is much smaller, 
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arises when electrons with one sign of V I \  
are accelerated by the EC waves to higher 
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----- Fokker-Planck 
with Ell 

I I e 

the VI \  must be large relative to the thermal velocity. This resonance in velocity space 
corresponding to this location in physical space is shown in Fig. 4(c) for the central ray 
of the ray bundle. The wave-particle interaction takes place along this resonance curve, 
which does not closely approach the T-P boundary. Because of this relatively weak 
interaction with the trapped region of velocity space, the FB current is strongly domi- 
nant and dI/ds is large and positive, As the wave approaches closer to the resonance, 
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FIGURE 4. (a) Geometric arrangement of rays; (b) (l/P)(dP/ds), duds, and d2Qe -1 as a function of 
ray arc length for the central ray of the bundle shown in (a) as calculated by the TORAY-GA code; 
(c-e) resonance curve (dotted) and trapped-passing boundary (solid curve) in normalized velocity space, 
for the locations along the ray path indicated. The dashed curves in (c-e) represent the range of the 
resonabce given the spred in kll in the beam. For this discharge, the wave power is deposited near p=0.5 
and 8, near 90 deg, with local density 1 . 4 ~ 1 0 ' ~  rnm3 and local T, = 2.2 keV. The electron beta @,=0.33% 
and the estimated optical depth is 10. 

smaller V I !  is needed to satisfy Eq. (1). Hence, the resonance moves closer to the T-P 
boundary as calculated for the location shown corresponding to Fig. 4(d). For this 
location the FB and OK currents are approximately equal, so that dI/ds is near zero 
while (l/P)dP/ds remains large. Power deposited in this part of the ray has almost no 
ability to drive current. Finally, at the location shown corresponding to Fig. 4(e) the 
T-P boundary is osculatory to the resonance and the OK current dominates strongly, so 
the net dUds is negative. Further along the ray dI/ds rapidly drops to zero because the 
wave power is predominantly deposited in trapped electrons for which neither the FB 
nor the OK current drive is effective. Integrated along the ray, the net current is small 
because of the cancellation of the current driven along the different parts of the ray. In 
practice the ray bundle has a spread in kll and in physical location, so the parts of the 
rays with positive and negative dI/ds average to a small value on any particular flux 
surface under most conditions. 

At higher Pe the situation is quite different. The absorption rate and optical depth at 
the second harmonic are proportional to Be, which implies that at higher Pe the wave 
will be absorbed further from the cold resonance. This reduces the trapping effects. 
Fig. 5 shows data from a case nearly identical to that of Fig. 4 except that the density 
and temperature have been doubled. The peak of absorption takes place further from 
the cold resonance with (0/2Qe) - 1=0.029 as compared with 0.018 for Fig. 4. This 
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strongly shifts the resonance away from the T-P boundary, reducing the degradation in 
driven FB current due to the trapping effects of the OK current. 

FIGURE 5. Same as Fig. 4, but the local density is 2 . 7 ~ 1 0 ' ~  ~ n - ~ a n d  T,=4.2 keV. For this case 
pe=1.24% and the estimated optical depth is 38. 

For a large device like ITER the optical depth will be very large, well above 100 
even for interactions near the plasma boundary where Te is reduced. Much of the 
increase in optical depth comes from the large physical size of ITER, as optical depth 
is proportional to B/(dB/ds) which varies like the major radius. Therefore, ITER will 
have very little OKCD compared to FBCD. Even so, trapping effects cannot be 
neglected due to convective cells which set up in velocity space in response to the EC 
power deposition. 

APPLICATION OF ECCD TO AT DISCHARGES IN DIII-D 
The developing understanding of ECCD which was described above has been 

applied to optimize the applications of ECCD to Advanced Tokamak discharges in 
DIII-D. Two important applications which require off-axis ECCD are stabilization of 
neoclassical tearing modes and control and sustainment of current profiles with 
optimized magnetic shear. 

Stabilization of the neoclassical tearing mode can lead to significant improvement 
in the performance of discharges [9]. Such a case is illustrated in Fig. 6. Here, 2 MW 
of ECH power is used to drive a highly localized current near the q=3/2 surface. The 
aiming of the launcher optimizes the current density driven at that flux surface rather 
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than the total current, since the criterion 
for stabilization is that the quantity 

number of order unity rather than a con- 
dition on the total driven current. For 
the discharge in Fig. 6 the ECCD is ap- 
plied at 3 s when the 3/2 NTM is fully 
grown. The mode shrinks and 
disappears over a 400 ms period. After 
the mode disappears the neutral beam 
heating power is raised in three steps 
from 4 MW to 7 MW, raising PN from 
less than 2 when the mode is saturated 
to 3. The neutron rate, a measure of 
plasma performance, doubles as in the 
last anel. 

1 s  the beta of the discharge in Fig. 6 
increases, the plasma Shafranov shift 
increases, and the q=3/2 surface moves 
relative to the current drive location 
which is fixed by the toroidal field. So 
in the higher beta phase of the dis- 
charge, the ECCD is no longer well 
aligned with the rational surface and the 

jECCD/jBOOTSTRAP be greater than a 

R. Prater, et al. 

Time (s) 

FIGURE 6. Discharge in which the m=3/n=2 
neoclassical tearing mode was stabilized by the 
application of ECCD near the q=3/2 surface at 
p=0.54. (a) Neutral beam and ECH power, 
(b) amplitude of the n=2 magnetic field fluctuation, 
(c) PN and AR3/2, the displacement between of the 
q=3/2 surface from its location when the mode is 
stabilized at 3.5 s, (d) central soft x-ray emission 
and D, emission from the divertor region, and (e) 
the neutron emission rate, as a function of time. 

3/2 mode eventually restarts. (Algorithms which keep the location well aligned even 
when the mode is not present are under development.) This observation illustrates the 
accuracy with which the ECCD must be aligned, and it further suggests that the actual 
width of thejECCD must be not much greater than the displacement which loses the 
stabilizing effect, or 1.5 cm in this case. This is consistent with the calculations of 
JECCD by TORAY-GA which give 2.8 cm in FWHM. Note that this high degree of 
localization is observed even in a discharge with H-mode edge with large ELMS and 
sawteeth [Fig. 6(d)] and with a large tearing mode present. 

A second critical application of off-axis ECCD is control of the current profile as 
needed to obtain or sustain discharges with desired current profiles, as required by the 
Advanced Tokamak program. Recent results from DIII-D have demonstrated the 
ability to modify the current density in a high beta plasma [ll]. In Fig. 7 two 
discharges are presented, one of which has ECCD driven by 2.5 MW of EC power 
while the other discharge has heating by the same EC power but without the current 
drive (that is, the EC power is launched radially rather than obliquely). In both cases 
the EC interaction takes place near p=0.4. The evolution of the q profile is quite 
different in the two cases, with the co-ECCD case having much larger qo and hence 
stronger central negative shear. This stronger central shear results in improved 
transport properties in the plasma, causing the central ion temperature to rise strongly 
as shown in Fig. 7(c. For this 1.2 MA discharge the fraction of the current supported 
noninductively is about 90%, comprising 10% ECCD, 20% NBCD, and 60% bootstrap 
current. These results validate a key motivation for the development of the ECH 
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system for DIII-D: that control of the 
current profile will lead to improved and 
sustained performance. 
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