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Localized currents due to electron cyclotron current drive have been measured for the first time in
experiments on the DIII-D tokamak. The location of driven current in the plasma has been varied from
near the center of the tokamak out to half of the minor radius. The measured current drive efficiency
agrees with quasilinear Fokker-Planck calculations near the center and exceeds the predicted value with
increasing minor radius. Reduction of the trapped electron fraction due to finite collisionality is a
leading candidate to explain the discrepancy.

PACS numbers: 52.55.Fa, 52.25.Fi, 52.35.Hr, 52.50.Gj
The experiments reported here represent the first direct
measurements of localized, noninductive current genera-
tion by electron cyclotron waves in a high-temperature
tokamak plasma. The motivations for this research are to
supply the toroidal current necessary for plasma confine-
ment in a tokamak by means other than the transformer
action, and to allow feedback control of the current profile
to extend the fusion performance beyond the stability lim-
its found for inductively driven tokamaks [1]. These con-
ditions can only be realized in steady state at high energy
gain if the bulk of the current in the plasma is driven by
self-generated currents [2] due to density and temperature
gradients (bootstrap current), somewhat analogous to ther-
moelectric currents in metals. It is unlikely, however, that
the bootstrap current will perfectly match the desired pro-
file; therefore, a flexible, localized source of noninductive
current will be needed for control. Current driven by ab-
sorption of electron cyclotron waves, as reported here, is a
leading candidate to fulfill this role because the location of
the driven current is easily controlled and these waves can
be launched with high power density into the plasma with
a remote launching structure. In addition to these practi-
cal considerations, these experiments provide a unique test
of the electron dynamics where magnetic mirror trapping
of electrons with low parallel velocity should be impor-
tant. (Trapped electrons are those which are confined to
the outward side of the tokamak due to conservation of
energy and magnetic moment as they move in the spa-
tially varying magnetic field.) The trapping effects have
profound implications in many areas of magnetic confine-
ment physics, and a clear local test of the theoretical treat-
ment has not been carried out.

Two gyrotron oscillators at 110 GHz are the source
of the electron cyclotron waves [3]. In the experiments
reported here, approximately 1 MW of power is applied
to the plasma for up to 1 s. The waves are launched at an
0031-9007�99�83(22)�4550(4)$15.00
angle with respect to the major radius to generate current
parallel to the existing current [4]. Between discharges,
the launched beam can be steered in the vertical direction
and wave absorption takes place near the intersection
of the ray trajectories and the second harmonic of the
electron cyclotron frequency.

In previous experiments with off-axis electron cyclotron
current drive (ECCD), the magnitude of the driven current
was inferred from changes in the voltage at the plasma
boundary required to maintain constant plasma current
[5,6], providing no information about the location and
magnitude of the driven current density. The advantage in
the present experiments is that the internal magnetic fields
are measured directly using motional Stark effect (MSE)
spectroscopy [7] of the deuterium atoms injected by neutral
beams. This allows detailed reconstructions of the mag-
netic configuration, specifically the poloidal flux function
c , as a function of both space and time [8]. The current
density along the magnetic field �Jk� is determined from
Ampère’s law by spatial derivatives of c , while the time
derivative of c on a surface of constant toroidal flux gives
the parallel electric field �Ek� from Faraday’s law. The
analysis is done in a Lagrangian system of equations to
more easily account for voltages induced by plasma mo-
tion. Axisymmetry is assumed, and all of the kinetic quan-
tities are assumed to be constant on a surface of given c

due to the rapid parallel transport. The appropriate radial
coordinate is r, which is the square root of the toroidal
flux normalized to its edge value. The neoclassical Ohm’s
law is assumed to hold [9], which implies the noninductive
current density JNI is given by Jk 2 sneoEk, where sneo
is the conductivity given by neoclassical theory [10]. For
this Ohm’s law to hold, transport or transformation of mag-
netic flux due to magnetohydrodynamic instability cannot
be present. Therefore, very quiescent discharges (no saw-
teeth or edge localized modes) which are slowly evolving
© 1999 The American Physical Society



VOLUME 83, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 29 NOVEMBER 1999
are required for these measurements. Low power neutral
beam injection (NBI) is used to slow the resistive evolution
and to acquire MSE data. The JNI includes contributions
from neutral beam current drive, the bootstrap current, and
ECCD. To isolate the current density arising from ECCD
�JEC�, the difference is made between the ECCD discharge
and a fiducial discharge with NBI only. The inferred JNI
for the fiducial is corrected for changes in the bootstrap
and neutral beam driven currents due to the differences in
density �n�, temperature �T �, and Zeff between the two dis-
charges. This correction is small for the cases shown here.

Using this technique, clear examples of localized cur-
rent generation are obtained near the magnetic axis and
at the half radius, as shown in Fig. 1. Focusing first on
the case with current driven near the magnetic axis, the Jk
and loop voltage �VL � 2pR0Ek, where R0 is the geomet-
ric center for the flux surface) inferred from the magnetic
reconstructions are shown in Figs. 1(a) and 1(b), respec-
tively, for the ECCD case and the fiducial. A clear in-
crease in Jk is observed in the ECCD case at r � 0.15,
which is the expected resonance location. The loop volt-
age drops to 0 there, indicating the current is supplied

FIG. 1. The radial profiles of (a) Jk, (b) VL, (c) JNI, and
(d) JEC for the case of near central ECCD (solid line)
and NBI only (dashed line). The discharge parameters are
B � 1.76 T, I � 0.89 MA. n � 1.7 3 1013 cm23, PNB �
2.6 MW, PEC � 1.1 MW. Boxes (e)– (h) are the same profiles
for the case of current drive near the half radius; the
discharge parameters are B � 1.86 T, I � 0.94 MA. n �
1.8 3 1013 cm23, PNB � 2.6 MW, and PEC � 1.0 MW. The
curves without error bars in (d) and ( h) are the Fokker-Planck
calculations as explained in the text. For (d) this calculation is
scaled by 0.25 to fit the experimental plot.
noninductively. The current density on axis drops as ex-
pected from flux diffusion acting to yield an equilibrium
with constant VL at all r. Note that in both cases VL has
not equilibrated, which prevents an accurate estimate of
the change in the noninductive current from the change in
VL at the edge. The error bars shown are one standard de-
viation �1s� random errors in the determination of ≠c�≠t
which is the dominant source of random error. Error bars
in the subsequent figures are these same errors propagated
through the analysis. The profile of JNI is shown for the
ECCD discharge and its NBI fiducial in Fig. 1(c). The
graphs are stopped at r � 0.7 because the carbon density
measurements used to determine the effective ion charge
�Zeff� are not available outside of this radius. The peak
JNI occurs as expected near r � 0.15.

Finally, the radial profile of JEC is clearly observed
from the difference between the ECCD case and the
fiducial, as shown in Fig. 1(d). The profile is well
resolved in the sense that the peak is more than 3s

above zero and the value at half maximum is more than
2s from the peak. The integrated current to r � 0.3 is
92 6 29 kA. The uncertainty quoted is the integral of the
uncertainty in JEC, which is a conservative estimate. Also
shown in Fig. 1(d) is the predicted JEC from a quasilinear
bounce-averaged Fokker-Planck calculation [11] using
the measured n, T , Zeff, and Ek. The current in this
profile is 97 kA, in good agreement with the experimental
value. The theoretical prediction has a much narrower
profile than the experimental profile. It is not possible
at the present time to attribute this difference to either
finite spatial resolution of the analysis technique or actual
broadening of JNI due to transport or other effects.

A clear demonstration of driven current at the half
radius by the same technique is shown in Figs. 1(e)–
1(h). The modification of Jk [Fig. 1(e)] is much less
pronounced than in the previous case because JEC is only
about 20% of the total current density. The reduction in
ECCD is expected due to lower temperature and increased
trapped electron fraction. Still, it is possible to see a
small increase in Jk near r � 0.5, and a corresponding
decrease in Jk to the inside. Comparison of the VL

profiles [Fig. 1(f)] for the ECCD discharge and the
fiducial clearly shows less inductive flux is required in the
ECCD discharge. Using the same methodology described
above, the inferred JNI and JEC are shown in Figs. 1(g)
and 1(h). Note that the scale in Fig. 1(h) is an order of
magnitude smaller than in Fig. 1(d). However, the peak
is well resolved in the statistical sense, and the integrated
current is 35 6 13 kA.

The theoretical prediction from the Fokker-Planck cal-
culations for this case falls well short of the measured
value, as shown in Fig. 1(h). The difference in profile
width is again apparent; however, there is also a sig-
nificant discrepancy in the total driven current, which is
predicted to be only 8 kA. A physical model which may
explain this discrepancy will be introduced at the end of
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this Letter. It is felt that the difference between the theory
and experiment does not arise from a systematic error due
to finite spatial resolution of the analysis technique, since
the analysis technique must account for the inductive flux
balance in the discharge.

One of the goals of this series of experiments is to test
the present predictive models of ECCD. To this end, two
types of scans have been carried out—a scan of radial
location of the driven current and a scan of the poloidal
location of the driven current at fixed radius. The radial
scan (fixed toroidal field and variable beam steering) tests
the trapped electron and T dependence of the ECCD
theory since T changes by a factor of 2 over the range
r � 0.1 0.5. The poloidal scan (fixed beam steering
and variable toroidal field) test the trapped electron
dependence since the local trapped particle fraction varies
from zero at the inboard midplane to maximum at the
outboard midplane.

The radial scan shows no drop in measured efficiency
with radius, in disagreement with theoretical predictions,
as shown in Fig. 2. The comparison uses a dimensionless
current drive efficiency

z �
e3

´
2
0

nIR
PkT

� 33
n20IARm

P�W�T �keV�
,

where n20 is the local density in units of 1020 m23, IA
is the driven current in A, Rm is the major radius of the
geometric center of the outermost flux surface in m, P�W�
is the absorbed power in W, and T �keV� is the local elec-
tron temperature in keV. This efficiency is simply derived
from normalizing the standard theoretical efficiency �J�p�
to neyth�nkTne, where yth and ne are the electron ther-
mal velocity and collision frequency, respectively. This
normalization should isolate the effects of the increas-
ing trapped particle fraction in these scans. Three types
of theoretical calculation are shown in Fig. 2—a linear

FIG. 2. Dimensionless current drive efficiency (defined in
text) versus radius for fixed plasma parameters. The solid
symbols are experimental measurements and open symbols are
various theoretical model predictions.
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calculation [12], a quasilinear Fokker-Planck calculation
[11], and the same Fokker-Planck calculation including
the effects of a finite Ek. The figure clearly shows that the
predicted radial dependence in the normalized efficiency
due to trapped electrons is strong, while the experimental
data show essentially no variation. This trend in the theo-
retical predictions has been verified using an independent
calculation [13]. In all but the centermost case where the
power density is high, the quasilinear effects are expected
to be small, and in all cases the measured Ek is predicted
to have a minimal effect on the efficiency.

The two poloidal scans of the resonance location
at r � 0.34 and r � 0.47 also show the measured
efficiency exceeds the theoretical predictions. Figure 3
shows the measured ECCD efficiency along with the
same theoretical models described above. The trend in
the measured efficiency with poloidal angle is similar
to that in the theoretical models, but with a substantial
offset. The very large efficiency for the case with the
largest poloidal angle prompted a modification of the
Fokker-Planck code to allow an estimate of the current
drive efficiency in the absence of trapped particles.
This is shown by the open triangles in Fig. 3. This
calculation sets a theoretical upper limit on the efficiency
and provides a check that the measured efficiencies are
physically reasonable.

The observation that the experimental z lies between
the full calculation and the calculation with no trapping
suggests that modification of the trapped particle bound-
ary by finite collisionality may provide a physical expla-
nation for the enhanced efficiency. [Collisionality �n�� is
quantified as the ratio of the effective collision time to
the bounce time of a particle with the thermal velocity.]

FIG. 3. Current drive efficiency versus poloidal angle (rela-
tive to the magnetic axis). The dark symbols joined by the
solid line are for the scan at r � 0.30 0.37 and the lighter
symbols are for r � 0.44 0.50. The inset shows the location
of the current drive on a plot of contours of constant c. The
vacuum vessel cross section is shown, and the center line is to
the left.
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The prediction of nearly zero current drive for r � 0.5 in
Figs. 2 and 3 indicates that the “Ohkawa effect” [14] is
the dominant velocity space effect. In the theoretical cal-
culations, the velocity space is divided into two distinct
regions— trapped and passing electrons. This boundary
condition presumes zero collisionality, i.e., every electron,
regardless of velocity, experiences the magnetic well. The
Ohkawa effect is simply a realization that, in this order-
ing, the trapped particle region of velocity space acts as a
short circuit from the cocurrent side of the distribution
function to the countercurrent side, since the bouncing
particles traverse this region in a fraction of a collision
time. It is possible to get net negative current drive even
when interacting with electrons initially carrying positive
current.

Suppose now the effects of finite collisionality are
introduced. The trapped particle region is effectively
reduced by the probability that some particles will scatter
into passing orbits before bouncing in the well. This
reduction will occur preferentially at the lower velocities.
From neoclassical theory [15], the first order correction
for finite collisonality on quantities sensitive to trapped
electrons is ~

p
n�, so even though n� � 0.05 in the cases

shown in Fig. 3, the reduction in the effective trapped
particle fraction is �20% over all velocities and could
be even higher in the region of velocity space where the
ECCD is generated �y � yth�. The current is enhanced
because the passing electrons carrying the current must
now pitch-angle scatter through an additional region of
velocity space in which they would have otherwise been
trapped. This means that the electrons spend more time
on the positive current side of the distribution and,
hence, more current is obtained. Because the Ohkawa
effect is subtractive, not multiplicative, this picture would
explain the offset in the poloidal angle scans shown in
Fig. 3. At present, this is simply a physical model, but
work is in progress on theoretical calculations using a
modified adjoint calculation without bounce averaging
[16] and a Fokker-Planck calculation with full parallel
dynamics [17].
In summary, clear evidence of localized current gen-
eration by EC waves has been demonstrated for the first
time in experiments on the DIII-D tokamak. The mea-
sured current for cases with the current at r $ 0.3 is
significantly larger than the present state-of-the-art the-
oretical calculations predict. The leading candidate to
explain this enhancement is finite collisionality which
reduces the effects of the trapped electrons.
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