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ABSTRACT: Electron cyclotron current drive is a key option for driving current off-axis
in a tokamak, as needed for example for current profile control or for suppression of
neoclassical tearing modes. Experiments in DIII-D at low beta have shown that the partial
cancellation of the Fisch-Boozer co-current by the Ohkawa counter-current can cause strong
deterioration of the current drive efficiency at larger minor radius. However, more recent
experiments at higher power have shown that the loss in efficiency can be mostly recovered if
the target plasma has higher electron beta, Be. The improvement in efficiency with beta can
be understood from a theoretical viewpoint by applying the Fokker-Planck code CQL3D,
which shows excellent agreement with experiment over a wide range of parameters, thereby
validating the code as an effective means of predicting the ECCD.

Electron cyclotron current drive (ECCD) is a key element of the advanced tokamak
program on DIII-D, the goal of which is to develop high performance discharges with the
potential for economical steady-state operation. Extensive computational modeling has
shown that ECCD is an excellent tool for sustaining the current profile which supports
improved confinement and stability as well as for stabilizing MHD activity like neoclassical
tearing modes. Validation of the models used in the calculations is needed to support these
applications of ECCD.

Measurements of plasma current driven by ECCD have been made over a very broad
range of parameters, including electron density and temperature, normalized minor radius p
between 0.1 and 0.4, poloidal location on a flux surface, parallel index of refraction n|
between —0.5 and 0.5, and plasma edge conditions (L-mode and H-mode). The driven
current is obtained from an analysis of the magnetic pitch angles near the plasma midplane
determined from motional Stark effect measurements [1]. For each experimental case the
driven current can be calculated by the linear TORAY-GA code and the quasilinear Fokker-
Planck code CQL3D [2]. The Fokker-Planck code results are expected to be more accurate
since the effects of the parallel dc electric field are taken into account including the effect of
quasilinear modification to the resistivity and the collision model is more accurate (i.e.,
momentum is conserved in electron-electron collisions and the high-velocity approximation
to the collision operator is not made as in the linear codes [3]).

These measurements are summarized in Fig. 1 [4], in which the measured current is
shown to be in excellent agreement with the Fokker-Planck code calculations for the
complete data set, including discharges with negative n)| corresponding to counter-current
drive. This agreement strongly validates the CQL3D code over the range of experimental
parameters. The agreement between the TORAY-GA calculations of the driven current and
experiment is not quite as good [4], particularly for the cases with larger driven current in
which quasilinear effects might be expected , but for many cases and purposes the agreement
is also adequate.

It is expected from theory that trapping of the current-carrying electrons in the magnetic
well will lead to reduced current drive efficiency. Data from Fig. 1 may be selected and
replotted to illustrate the physics of the effects of trapping on ECCD. The normalized current
drive efficiency [5] € = (e3/ey?) IgcneR/PE(Te is plotted in Fig. 2 for measurements of { for
current drive at a fixed location (p of 0.3 and 0.4, poloidal angle near 90°) as a function of the
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Fig. 1. The measured current driven by ECCD versus  Fig. 2. The measured normalized current drive
the current calculated by the COL3D Fokker-Planck efficiency as a function of Be, for p=0.3 (squares) and
code for the experimental conditions [4]. The dotted p=0.4 (circles) [4]. In all cases the poloidal angle is
line represents perfect agreement. near 90°. The dotted lines represent the results of
calculations for the experimental conditions.

local electron beta Be. These plots show that the current drive efficiency increases strongly
with Be, especially at the larger p where trapping effects should be larger. At the highest B¢
the normalized efficiency at p=0.4 is almost the same as that at p=0.3. Figure 2 also shows
the results of calculations of { from the CQL3D code, which are highly consistent with the
measurements. These results are very favorable for applications such as those mentioned
above which require that the current be driven at a normalized minor radius of 0.5 to 0.8
where the magnetic well depth is large. At present measurements of current drive at p greater
than 0.4 have not been made, although suppression of neoclassical tearing modes by
ECCD [6] has indicated that the efficiency at p=0.6 should be close to the theoretical
efficiency.

The strong recovery of the efficiency of off-axis current drive with B¢ can be understood
by considering the effects of increasing density and temperature on the wave absorption and
the resulting electron diffusion in velocity space. The electron cyclotron resonance written for
low-field-side launch of waves near the second harmonic is

®=2Qo/y+k|v| , (1)

where o is the applied frequency, Qp=eB/m is the nonrelativistic cyclotron frequency, y1is the
relativistic factor, k|| is the applied wavenumber, and v|| is the parallel velocity of a resonant
electron. Defining y=(w/2€()? and n|=ck|/o, this becomes
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where v =c[(T« +T*2/4)/(1 + T + T>x<2/4)]1/2 is the thermal velocity and T+=kTe/mc? is the
electron temperature normalized to the rest mass energy. In this equation the velocities have
been normalized by vi in order to connect heuristically to the wave-particle interaction which
occurs typically at 1 to 3 times the thermal velocity.

For the purposes of this study the key is to evaluate Eq. (2) at the physical location in the
plasma where the wave power is absorbed at the maximum rate per unit ray length. This is
done for a fixed set of conditions, namely the equilibrium, the kinetic profiles [Te(p),
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ne(p), Zeff(p)], and the EC ray launching angles. Note that this location is not the maximum
of the absorption coefficient along the ray path, since the ray may be well attenuated before
reaching that location. The ray tracing code TORAY-GA is used to determine the coordinates
(R,z) of the maximum attenuation rate, and the local Tk, nj, and B then fully determine the

resonance curve for that location.

This computational process has been
applied to the conditions of a discharge with
the EC wave launched so as to intersect the
resonance directly above the magnetic axis
(poloidal angle 90°) at a normalized minor
radius of 0.4. The resonance curve is shown
in Fig. 3. Also drawn is the trapped-passing
boundary, which is simply a straight line
through the origin at an angle
asin[(Blocal/Bmax)!/2] from the vertical axis,
with electrons above the boundary trapped.
The resonance clearly lies in the vicinity of
the trapped region and the wave-particle
interaction with the boundary may be
expected.

The temperature and density in the
calculation may be arbitrarily changed to
illustrate their effects on the resonance. For
example, Fig. 3 shows three other cases. In
these other cases, the ray launching angles in
the calculation were changed slightly or the
toroidal magnetic field was adjusted by up to
5% to keep the location of the maximum

5

F 96157.01740 T
s nTy/ L
: S
F K Re - D
s ST
3f i 03
= ftrapped- yooe
= ;Bassing £ .:'
o f oundar SN F
/ .':i
' N -
0e -
0 1 2 3 4 5
V)iV

Fig. 3. The electron cyclotron resonance curve
plotted as a function of v /vt and v///v; for the
experimental conditions (solid curve, ne =
1.57x101° m™3, T,=1.29 keV, njj=0.518) and for other
conditions (dashed curve: 3 times higher ne,; dotted
curve, 3 times higher Tp, and chain dash, both n, and
T, 3 times higher). Also shown is the trapped-passing
boundary for the mirror ratio 1.23. The plasma is an
L-mode discharge in DIII-D with low local electron
beta of 0.14%, and the peak of wave attenuation is at

absorption rate and the n| there constant for p=0.385 and poloidal angle near 90°.

all cases. First, ne was increased by a factor 3. Because there are more electrons the wave
absorption coefficient is larger, so the location of maximum attenuation moves further from
the cold resonance, requiring a larger Doppler shift in Eq. (1). This shows up as a shift in the
resonance curve in Fig. 3 to the right, away from the trapping boundary even though Eq. (2)
has no explicit dependence on density. Alternatively, T, was increased by a factor 3. Since
higher T, also increases absorption this also shifts the resonance curve to the right. Raising T,
has the additional effect of curving the resonance away from the trapping boundary due to the
explicit T+ dependence in Eq. (2). Finally, increasing both ne and T by a factor 3 shifts the
curve and bends it more strongly away from the trapping boundary.

It is this effect of increased density and/or temperature on the location of the resonance
relative to the trapping boundary which accounts for the improvement in the efficiency of oft-
axis ECCD in plasmas with higher Be. In describing the physics of this effect, the proper
dimensionless physical quantities are T+ from Eq. (2) and ®,2/Q¢? (which is proportional to
ne) from the absorption coefficient for the second harmonic X-mode [7], where ®;, is the
plasma frequency. Since both dimensionless variables tend to reduce the effect of trapping,
their product e may be a suitable shorthand roughly describing their combined effect.

It should be noted that this behavior is valid for the fundamental O-mode as well as the
second harmonic X-mode but not valid for the fundamental X-mode for which the absorption
coefficient is inversely proportional to density. Another geometric factor which can affect {
by moving the absorption location away from the trapping boundary is the angle of incidence
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of the ray, given by (B/R)/(dB/ds), where s is the arc length along the ray. In this work this
variable does not change much and is neglected, but in experiments where the rays are
launched nearly parallel to the axis of symmetry this factor can be very important.

Any electron satisfying Eq. (2) is resonant with the wave. However, not all resonant
electrons interact strongly with the wave. For example, absorption of the second harmonic
X-mode is a finite Larmor radius effect, so electrons with small v interact only weakly with
the wave. In order to see more clearly the electrons which are affected by the wave, the
CQL3D code was applied to these model cases. CQL3D calculates a solution to the relativistic
bounce-averaged Fokker-Planck code including a source term representing the diffusion
induced by the rf waves. This code calculates the distribution function and other quantities
fully relativistically, as a function of parallel and perpendicular momentum per unit rest mass
normalized to an arbitrary maximum energy; in this work, these coordinates have been
translated to the particle velocity normalized by the thermal velocity as defined in Eq. (2).

The CQL3D calculations for model cases N o P —
clearly show the effect on the normalized 3 3
efficiency of increasing ne and Te. Figure 4 § 2 E 2
shows two cases for geometry similar to that 1 : 1 i
of Fig. 3, one with low Be (ne(0) = 2 — Total flux 2 Total flux
2x1019 m-3, T.=4 keV) and one with 9 times o N
higher B¢ (ne(O):6xlql9 m3, T=12 keY). 5 2; § ol
Figure 4 shows the particle flux in velocity 1 n
space due to rf diffusion at the location of 0_4 Lo

maximum rate of ray attenuation. In the low vVt Vvt

Be case the wave-induced flux causes strong ) ) )

. . ith the trappine boundary. while Fig. 4. The flux in velocity space due to the wave-
%nteracu_on wit pping . I:y’ 4 particle interaction (upper panels) and the total flux
in the high B¢ case the wave interaction is far including collisional effects (lower panels) calculated
from the trapping boundary. This illustrates by COL3D for two cases: (a) low Be (neg=2x10"9 m™3,
the process by which the trapping effect is Teo=4 keV) and (b) higher B, (neg=06x101% m3,
mitigated at high Be~ To0=12 keV). In both cases p=0.385 and poloidal
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