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Abstract. Clear measurements of the localized current density driven by electron cyclotron
waves have been made on the DIII1-D tokamak. Direct evidence of the current drive is seen on
the internal magnetic field measurements by motional Stark effect spectroscopy. Comparison
with theoretical calculations in the collisionless limit shows the experimental current drive
exceeds the predictions by a substantial amount for currents driven near the half radius. In all
cases the experimental current density profile is broader than the predicted one.

INTRODUCTION

Extension of tokamak discharges to steady state is a major goal of the worldwide
controlled fusion effort. For conventional tokamak discharges, an efficient source of
non-inductive current is needed to reduce the recirculating power and thereby increase the
net electrical output. For advanced tokamaks, the requirement is much more stringent, in
that the appropriate current profile must be maintained to retain the enhanced stability and
confinement. Current drive by electron cyclotron waves (ECCD) has the potential to
fulfill these roles in future devices due to the high predicted efficiency for plasmas with
the electron temperatures expected in fusion power plants and the controllable localized
deposition set largely by optics and diffraction limits, which are small due to the short
wavelength of electron cyclotron waves (2-3 mm). ECCD has the further technical
advantages of high power density transmission systems (1 GW/m?2 achieved) and the
possibility of launching waves using structures far from the plasma since the waves
propagate in vacuum. The experiments reported here represent the first measurements of
local non-inductive current profiles away from the magnetic axisin a hot plasma.

EXPERIMENTAL CONDITIONS

For the experiments reported here, two gyrotron oscillators operating at 110 GHz
were employed. The range of power delivered to the plasma was 0.95-1.14 MW for
generated powers of 1.23-1.43 MW, giving a typical transmission efficiency of 75%—
80%. Most of the non-transmitted power is lost in the matching optics unit which
converts the non-Gaussian output from the gyrotron to a Gaussian beam suitable for
coupling to waveguide. The power istransmitted to the tokamak by evacuated corrugated
waveguide designed for low loss. The transmission line contains a pair of grooved miter
bends which can be oriented to polarize the beam to nearly any linear or elliptical
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polarization. The beam islaunched into the tokamak using apair of turning mirrors. For
these current drive experiments, the final mirror has atoroidal facet angle of 19° to direct
the beam in the direction to enhance the existing current for the standard operation of
DIlN-D. The poloidal aiming of the beam can be changed between tokamak pul ses.
Further information on the DII1-D system can be found in Ref. 1.

The EC waves at 110 GHz are absorbed in DIl1-D near the second harmonic of the
electron cyclotron frequency. Of the two possible polarizations for electromagnetic
waves in the plasma, only the polarization corresponding to X mode for ky =0
(k OBOE) is strongly absorbed for the DIII-D conditions. For the finite kj needed for
current drive, this polarization is nearly circular. To maximize the current drive, thein-
line polarizers must be set to generate this polarization. Experiments to verify proper
operation of this system have been successfully carried out and are reported in Ref. 2.

Discharges without MHD instabilities are needed to successfully apply the current
drive analysis technique described below. To avoid sawteeth, a neutral beam isinjected
into the plasma during the current ramp to raise the temperature in order to delay the
resistive evolution, as shown in Fig. 1. The discharge is biased upward to increase the
H-mode threshold power, since the grad-B drift is downward; therefore, the H mode
was avoided and there are no ELMs. Periods of non-diffusive evolution of the poloidal
flux are observed, and are correlated with bursts of low-n MHD at very low amplitude.
These seem to be related to the minimum ¢ reaching alow-order rational value. These
modes rapidly disappear after the crossing through the rational surfaces. Because the
resistive evolution is slowed by the NB heating, sufficient time is available between such
events to analyze the current drive with good accuracy.

CURRENT DRIVE ANALYSIS

The non-inductive current density is inferred from time sequences of magnetic equili-
brium reconstructions [3]. The interior magnetic fields are measured directly by motional
Stark effect (MSE) spectroscopy of the deuterium atoms injected by the same neutral
beam used to slow the resistive evolution [4]. The MSE data and the magnetics signals
are used as constraints on solutions to the Grad-Shafranov equation. The result isamap
of poloidal flux ¢ asafunction of space and time. Spatial derivatives of (¢ give the
current density parallel to the magnetic field (J;) as function of p, the square root of the
toroidal flux normalized to its edge value. Thetlme derivativeof ¢ at fixed p givesthe
electric field parallel to the magnetic field (Ej). Assuming neoclassical conductivity
(Oneo) (validated in Ref. 3), the total non-inductive current density is given by
Jni = J) ~ Oneoy- This includes bootstrap current, neutral beam current, and electron
cyclotron current. To isolate the effect of ECCD, the results are compared to those from
adischarge with only neutral beam and bootstrap current, and the differencein Jy, for
these two cases is attributed to ECCD. The small differences in electron density (n),
electron temperature ( Tg), or impurity content ( Zg+) are taken into account by adjusting
the Jy, inthefiducial discharge by the theoretical scaling. Note that the absolute value
and distribution of theoretical non-inductive current is not used in the correction; only the
ratio isapplied. This correction isusually asmall fraction of the Jy, for the fiducial.
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FIGURE 1. Time history of atypical ECCD discharge. (a) Electron temperature from central ECE
(upper trace) and Thomson scattering near p = 0.25. (b) Electron density from Thomson scattering near
p =0.25 (upper trace) and line-averaged CO» laser interferometry. (c) Neutral beam power (upper trace)
and EC power (arbitrary units). (d) Loop voltage and plasma current.

ECCD NEAR THE MAGNETIC AXIS

Application of the above technique to discharges with the intersection of the second
harmonic resonance and the EC beam near p = 0.2 yields clear evidence of localized
ECCD. The four steps of the analysis are shown in Fig. 2. The total Jy is shown in
Fig. 2(a) for both the ECCD and neutral beam only case. A clear modiglcation of the
current density is observed both at the predicted resonance location in p and interior to
this. This modification is apparent even in the magnetic field pitch angles measured by
MSE as shown in Fig. 3. The pitch angle is simply the angle whose tangent is the ratio
of the poloidal to the toroidal field. In the absence of position and toroidal field changes,
the time history of the pitch angleis proportional to the evolution of the enclosed current.
In the ECCD casg, it is clear qualitatively from the MSE pinch angles that the central
current drops while the off-axis current density increases.

It may be somewhat surprising that the current density in the center can change so
rapidly inahot plasma. A resistive evolution simulation for asimilar shot with resonance
near the magnetic axis, shown in Fig. 4, indicates that a drop in the central current
density and arise at the resonance location are easily observed even at 100 ms into the
EC pulse. The simulation uses a fixed geometry and kinetic profiles, and steps forward
the neoclassical Ohm’ s law with the addition of a current source due to ECCD cal cul ated
from ray tracing and linear kinetic theory. The initial condition for the current density
profileis taken to be the measurement at the time the EC power isturned on. Thekinetic
profiles are fixed to be those at the end of the ECCD analysis since this is the time of
highest conductivity and therefore would impose an upper limit on the resistive evolution
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FIGURE 2. Analysis of the non-inductive current drive for the case near the magnetic axis. The
plasmaparametersare B=197 T, 1 =0.98 MA, n =17x10%° cm—3, Pec =103 MW. (a) Total
paralé current density, (b) loop voltage, (¢) non-inductive current density, (d) electron cyclotron current
density. In (a)—(c), the solid lines are the ECCD case and the dashed lines are the NB fiducial.

time scale. The simulation showsthat the changesin J; seen in Fig. 2(a) are consistent
with resistive evolution.

The change in the MSE pitch angles seenin Fig. 3is, in principle, consistent with the
generation of aradial electric field. However, the possibility that the EC waves generate
aradial electric field rather than current drive can be ruled out. 1n addition to consistency
with the neoclassical Ohm'’s law, it is possible to calculate the necessary change in
toroidal rotation to change the M SE pitch angles by the observed amount. The observed
change in the M SE pitch angles would require an order of magnitude increase in toroidal
rotation while the measured toroidal rotation is unchanged or drops slightly. All of the
direct measurements and consistency checks indicate the change in current density is due
to ECCD.

Thetime behavior of (¢ at fixed p givesthe Ey across the radius or equivalently the
loop voltage (V| =27mRE)) shown in Fig. 2(b). The loop voltage is a true flux
function. The error bars shown in Fig. 2(b) are the random errors in finding the slope of
astraight line through the time sequence of equilibriaat constant p to determine dy / ot.
Typically, equilibria are generated at time slices 10 ms apart using 10 mstime averaging
of the input data. The loop voltage is calculated every 10 ms using afit over typically
+100 ms around the time of interest. Shorter samples yield larger error bars, while
longer samples can run into the problem that a straight line does not describe well the time
history. The random error on the loop voltage is expected to dominate the random errors
on Jy;, and the error bars in subsequent figures are the errors in the loop voltage
propagated through the analysis. Note that in neither the ECCD nor the neutral beam case
is the loop voltage close to equilibrium. This means that the standard loop voltage
technique would fail to accurately determine the driven current in these cases.
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FIGURE 3. MSE pitch angle measurements versus time for the ECCD case (heavy line) shown in Fig. 2
and its NB fiducia (light line). Data are smoothed over 10 ms as used in the analysis.

The non-inductive current density clearly peaks, as shown in Fig. 2(c). Taking the
difference with the neutral beam discharge shows a peaked ECCD profile at the resonance
location [Fig. 2(d)]. The peak value is >2 standard deviations (20) from zero, and
there is more than 1o from the peak to the half maximum. The total current is 48
+ 34 kA, where the error on the current is the integral of the area between the top of the
error bars and the measured curve. Thisis a conservative estimate of the error.

The current (47 kA) predicted by a quasilinear Fokker-Planck calculation [5] using
the measured kinetic parameters and the inferred E; is in excellent agreement with the
measured value; however, the calculated profile is narrower than that measured in the
experiment. At present, it is not possible to attribute the broadening in the measurement
to the finite resolution of the analysis technique, broadening of the launched beam by
some unknown effect, or transport of the fast electrons carrying the current. Effortsto
assess the resolution of the analysis technique are underway.
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FIGURE 4. Results of aresistive diffusion simulation of the effects of ECCD near the magnetic axis. The
jjj a and interior to the resonance location change noticeably in the first 100 ms.
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ECCD AT THE HALF RADIUS

Clear evidence of ECCD at the half radiusis found using the same analysis technique
applied above. Figure 5(a)—(d) shows the same for steps of the analysis described
above. The modification of Jy is much less because the local ECCD is less than the
exigting total Jy, and any modification comes from the resistive diffusion. The main
effect is that significantly less loop voltage is required to sustain the current profile
[Fig. 5(b)].

The reduction in loop voltage can be seen directly in the MSE signals shown in
Fig. 6. A rough estimate of E; isgiven by thetoroidal component of Faraday’s law:

1 B,
E =-(dRR =2 .
¢ RI ot

Assuming all of the change in the pitch angleisdueto B,, the reduction in the change in
pitch angle indicates a smaller loop voltage on the ECCD case starting at p = 0.25. The
caculation of Jy, [Fig. 5(c)] shows that thisis due to alocal addition of non-inductive
current at exactly the location where ECCD is expected. This is clearly shown in
Fig. 5(d) where the Jgc from the analysis is shown. Again, the error bars indicate a
well-resolved peak in the measurement. Asin the case with ECCD near the magnetic
axis, the measured current profile is substantially broader than the predicted profile.
However, in this case the total current is also substantially larger, 44 + 19 kA versus
27 kA. Thelarger driven current in the analysis cannot be due to afinite resolution effect
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FIGURE 5. Analysis of the non-inductive current drive for the case near the half radius. The plasma
parametersare B=176 T, |1 =0.89 MA, n =18x10%° cm—3, Pec =114 MW. (&) Total parallel
current density, (b) loop voltage, (¢) non-inductive current density, (d) electron cyclotron current density.
In (@)—(c), the solid lines are the ECCD case and the dashed lines are the NB fiducial.
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FIGURE 6. MSE pitch angle measurements versus time for the ECCD case shown in Fig. 5 (heavy
line) and its NB fiducial (light line). Data are smoothed over 10 ms as used in the analysis.

since the analysis technique accounts for all of the applied poloidal flux by design. Any
finite resolution effects can only redistribute current, not increase it.

COMPARISON TO THEORY

A detailed comparison to theory is presented in a separate publication [6] and only the
results will be summarized here. The results presented in the previous two sections are

typical of the entire ECCD experimental database. For cases with the resonance location
a p =0.1-0.3, the measured current using the analysis technique described here and the
predicted current using the quasilinear Fokker-Planck code are in very good agreement.
For cases with p=0.3-0.5, the measured current is substantially higher than the
prediction. Inall cases, the measured profile is broader than the calculated profile. (The
Fokker-Planck code employs afull ray-tracing cal culation with multiple raysto model the
refraction and finite-beam divergence effects.) Since the known temperature and density
dependences are included in the calculation, it is postulated that the discrepancy is due to
asimplified treatment of the trapped particle effects in the theoretical calculation. The
effect of trapped particlesis a subtractive effect (the ** Ohkawa effect’’ [7]), so the impact
of lessening the influence of trapped particles would be to add an offset to the theoretical
predictions rather than a constant multiplier. Calculations to assess the current drive
expected in the absence of trapped particles have been performed with the Fokker-Planck
code by ssimply eliminating the magnetic well. The predicted current isin all cases much
higher than the measured value, indicating that a reduction in the effective trapped
electron fraction can explain the measurements. The leading candidate for a physical
model is the inclusion of finite collisionality in the theoretical treatment. The standard
Fokker-Planck treatment with a bounce-averaged collision operator does have a finite
collision operator in all of velocity space, but imposes a strict boundary condition
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between trapped and passing particles down to zero velocity. Clearly, thisis not strictly
true, and finite collisionality corrections could be significant since the first-order
corrections are expected to scale with /v, . Thefirst analytic work in this area using an
ad hoc connection formulato interpolate a linear adjoint response between the exactly
tractable limits of collisionless and infinite connection length was reported at this meeting
[8]. The enhancement of the predicted current drive efficiency is quite modest and is not
enough to match the measurements. This linear adjoint approach does not include quasi-
linear and Ey effects. A full 3-D Fokker-Planck treatment with 2-D velocity space and
1-D along the magnetic field linesisin progress.

SUMMARY AND FUTURE PLANS

Localized ECCD out to the half radius has been clearly demonstrated in these proof-
of-principle experiments. The effects indicated in the complete analysis can be directly
observed in the M SE pitch angle measurements. The time scales for the observed current
profile modifications are consistent with resistive evolution. The experiments indicate
that the effect of trapped electrons is substantially less than that predicted by standard
theory in the collisionless limit. Work isin progressto provide current drive predictions
a arbitrary collisonality.

The near term plans are to begin experiments with an ELMing H—-mode to test for
possible mode conversion [9] or unexpected refractive effects. These experiments are a
prelude to the first current profile control and tearing mode stabilization experiments.
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