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Abstract

Proof-of-principle experiments on the suitability of electron cyclotron current drive (ECCD) for
active current profile control are reported.  Experiments with second harmonic extraordinary mode ab-
sorption at power levels near 1 MW have demonstrated ability to modify the current profile.  This
modification is manifested in changes in the internal inductance and the time at which sawteeth ap-
pear.  Measurements of the local current density and internal loop voltage using high resolution mo-
tional Stark effect spectroscopy to half of the minor radius in discharges with localized deposition
clearly demonstrate localized off-axis ECCD at the predicted location.  Comparison with theory indi-
cates the detrimental effect of trapped electrons on the current drive efficiency is less than predicted.
Modification of the theory for finite collisionality is the leading candidate to explain the observations.

1.  INTRODUCTION

Control of the plasma current profile is necessary to extend the high performance discharges ob-
served on the DIII–D tokamak and other tokamaks to steady state.  Beyond the obvious need to main-
tain the total plasma current non-inductively, both the stability of the plasma and the transport of en-
ergy across the magnetic field depend on the current profile.  Electron cyclotron current drive (ECCD)
is a leading candidate to fulfill the role of plasma current profile control due to the straightforward
ability to control the location and the magnitude of the non-inductive current under a wide  variety of
conditions, and the absence of the technical complication of plasma-antenna interactions.

The present system for ECCD on the DIII–D tokamak consists of two gyrotrons operating at
110 GHz.  The system and verification of its proper operation have been described in detail elsewhere
[1,2], so only a brief description will be given here.  The two gyrotrons are rated for 0.9 MW for 2 s
and 0.8 MW for 1 s, respectively.  The pulse lengths are currently limited by heating of the gyrotron
output window, but are adequate for the present proof-of-principle experiments.  The power is
transmitted via evacuated corrugated waveguide (31.75 mm diam) to the tokamak.  Each transmission
line contains  a pair of miter bends which use grooved mirrors to set almost any desired polarization.
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Two separate launcher assemblies, neither of which have a vacuum window, have copper mirrors
which can steer the beam poloidally.  The toroidal angle is fixed in each launcher — either for co-cur-
rent drive (φ = 24°–31° depending on the poloidal angle) or for nearly radial launch, which allows
heating without current drive.  All of the results reported here use the co-current drive launcher.  A
vacuum opening of the transmission line is required to switch between launchers, so comparison of co-
current drive with pure heating is not possible in a single day.  The experiments reported here all
employ second harmonic absorption of the extraordinary-mode polarization.  Polarization purity and
deposition location experiments have been successfully carried out [1,2].  As a whole, the ECCD sys-
tem has a demonstrated reliability comparable to the neutral beam systems on DIII–D.

The results reported here represent the proof-of-principle phase of a program to implement an
active current profile control system on the DIII–D tokamak.  Three key elements of the proof-of-
principle are presented here.  First, the ability to modify the current profile by varying the deposition
location is demonstrated by changes to global quantities related to the current profile such as the inter-
nal inductance (li) and the appearance of MHD instabilities identified with the q=1 surface such as
sawteeth or m=1/n=1 modes.  Second, localized current drive is measured by means of an analysis
technique which makes use of the unique diagnostic capabilities of the DIII–D tokamak.  While cen-
tral current drive has been previously measured on DIII–D, the first quantitative measurement of local-
ized off-axis ECCD in any toroidal device is reported here. Third, these current drive measurements
are compared with various theoretical calculations in order to validate a predictive model of ECCD.

The discharges for the study of ECCD utilize early neutral beam injection (NBI) to delay the onset
of sawteeth by raising the electron temperature (Te) and to allow continuous measurement of the inter-
nal magnetic fields by means of motional Stark effect (MSE) spectroscopy [3].  This enables detailed
reconstruction of the magnetic equilibrium with the EFIT code [4].  An example of the effect of central
ECCD is shown in Fig. 1.  A single gyrotron is pulsed on at 1.5 s.  The time sequence of equilibria
show that the li and central safety factor q(0) deviate significantly from the NBI-only fiducial.  While
central heating should eventually have a similar result, the time scale for current penetration should be
longer, not shorter, if this were a pure heating effect.  The time history of the central poloidal flux ψ(0)
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FIG. 1. Time histories of the internal inductance li, the central safety factor q(0), and the poloidal flux
at the magnetic axis ψ(0) for discharges with ECCD (solid line) and without (dashed line).  A single
gyrotron delivers ~0.5 MW starting at 1.5 s.



also directly indicates that non-inductive current is the cause of the peaking.  The time derivative of
the poloidal flux is the local loop voltage, and the case with ECCD has a negative voltage indicating a
non-inductive current source greater than the total existing current density on axis.

Another indication of current profile  modification is the timing of the appearance of a q=1 surface
in the plasma as evidenced by the onset of sawteeth or m=1/n=1 modes.  For current drive on-axis, the
q=1 surface should appear more quickly than in the fiducial case since current is being supplied more
rapidly than is possible by diffusion.  In the case of weak off-axis current drive, the current profile is
broadened and less inductive flux is required which together delay the appearance of the q=1 surface.
Evidence of these effects is shown in Fig. 2.  The top part of the figure shows time histories of central
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FIG. 2. (a) Time histories of central electron temperature.  The first sharp drop in temperature in
each trace signifies the time of the first sawtooth.  The central ECCD case has the first sawtooth at
1.52 s while the off-axis case has the first sawtooth at 1.89 s.  The NBI-only fiducial case has the first
sawtooth at 1.74 s.  Note that the sawteeth are also much more rapid in the central ECCD case.  (b) A
dataset of similar discharges (same q, density, and ECH power) showing the effect illustrated in (a) is
systematic.  Current drive inside of ρ = 0.3 hastens the onset of sawteeth while current drive for ρ >
0.3 delays the onset of sawteeth as discussed in the text.



Te for three cases:  NBI-only, ECCD at ρ = 0.2, and ECCD at ρ = 0.45.  (The coordinate ρ is the
square root of the normalized toroidal flux normalized to the edge value which acts as a relative radial
coordinate.)  In the off-axis case, the first sawtooth crash is delayed by more than 0.1 s, while central
case induces the first sawteeth over 0.2 s earlier, despite the significant rise in Te.  The lower part of
the figure shows the change in the time at which a q=1 surface appears, relative to a NBI-only fiducial
with equal plasma current (I) and toroidal field (B), as a function of deposition radius.  The
datasetconsists of ten discharges with equal injection power (PEC) and electron density (n).  The
systematic trend discussed above is apparent and the magnitude of the effect appears consistent with
the magnitude of the driven current, which drops with radius due to the lower local Te.  The
conclusion is that the ECCD is capable of making measurable modifications of the current profile over
the range of radius where experiments were carried out (ρ = 0.1–0.6).  This sets the stage for the next
step, which is to quantify the location and magnitude of the ECCD.

Measurement of the non-inductive current profile in the absence of resistive equilibrium requires
simultaneous knowledge of the current density profile and the internal electric potential or loop volt-
age (V).  These quantities are inferred on DIII–D by calculating the poloidal flux ψ on a spatial grid as
a function of time [5].  The high spatial resolution measurements of the internal magnetic fields by
MSE are necessary to provide the required accuracy and resolution.  Two spatial derivatives of ψ give
the total current density while the time derivative of ψ at constant ρ gives the loop voltage at that sur-
face.  Using a neoclassical conductivity [6], the non-inductive current density (JNI) is given by the dif-
ference of the total current density (J||) and the inductive current density (JOH = σ E||).  The
remainingJNI is a combination of NB, bootstrap, and EC current.  To isolate the ECCD, an NBI-only
fiducial is prepared identically to the ECCD shot, and the difference is formed.  This difference
iscorrected for the change in kinetic parameters between the two shots, but that correction is usually
small.  The assumptions of neoclassical resistivity and bootstrap current have been validated
experimentally [5].

Two examples of off-axis ECCD analyzed by this technique are shown in Fig. 3.  The left-hand
column shows a case with deposition at ρ = 0.2 and the right-hand column shows a case with ρ = 0.45.
Starting with the left-hand case, the top figure shows J|| from the equilibrium reconstruction for the
ECCD and NBI-only cases.  Notice that in the 0.5 s since the turn-on of the ECCD, the current profile
has been substantially modified in agreement with the discussion above of Fig. 2.  This magnitude of
change is consistent with resistive simulations.  The next box down shows the inferred loop voltage as
a function of radius for both cases.  The error bars are the random errors arising from fitting the time
series of equilibria.  This is estimated to be the dominant source of random error in this calculation and
is propagated throughout the remaining calculations.  As explained above, the neoclassical
conductivity is calculated from the measured n, Te, and impurity concentration (Zeff) and combined
with V and J|| to give JNI (third box).  (The graph ends at ρ = 0.7 because no Zeff measurements are
available outside  of this.)  Finally, the difference in the non-inductive current between the ECCD and
fiducial shot is shown in the bottom box.  This difference is ascribed to ECCD.  The integrated
difference current out to ρ = 0.4 is 48 kA.  The apparent current for ρ > 0.4 is ~10 kA and is likely due
to the accumulation of the systematic errors of this technique.  While the accumulated random error in
the driven current is large (~34 kA), making definitive comparisons at that level difficult, the peak
current density is >2 standard deviations (2 σ) from 0, and the peak is clearly resolved to better than
1 σ.

The right-hand column represents a case with the beam steered to ρ = 0.45.  In this case, no
significant change in J|| is observed after 0.5 s (top box), but the ECCD is revealed by the reduction in
V required locally to drive the same current (second box).  The difference in non-inductive current
appears at the expected location and is reduced in magnitude from the ρ = 0.2 case (third and fourth
boxes).  The peak is resolved to 1 σ and is >2 σ from 0.  The driven current in the positive peak is
31 kA.  These cases are typical of the presently analyzed dataset in that the inferred peak current
density appears at the expected location within the systematic errors of the aiming calibration, and the
peak current density is significantly above any systematic  or random errors apparent in the data.
The combination of poloidal beam steering and variation in the toroidal field allows assessment of the
effects of trapped electrons on the ECCD.  Two types of scans have been analyzed using the current
drive analysis technique described above.  The first is a scan of poloidal position at fixed toroidal field
such that the resonance intersects the magnetic axis.  The second type is a correlated variation of B
and poloidal aiming to scan the poloidal deposition location at fixed ρ.  In varying B, the plasma
current is varied proportionately to keep the q profile similar, in order to avoid any difficulties with
MHD instabilities.  This dataset was obtained with roughly constant line-averaged electron density
(1.7–1.8×1013 cm–3) and PEC (0.95–1.14 MW).  The figure of merit chosen to evaluate these scans is
the local current drive efficiency η (≡ nIECR/PEC, with n the density at the deposition location and
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FIG. 3. Measurements of the current density due to the ECCD.  The left column is analysis of a case
with the beam aimed at ρ = 0.2.  The plasma parameters in the ECCD discharge are B = 1.97 T, I =
0.98 MA, n  = 1.7×1013 cm–3, PEC = 1.03 MW.  The right column is analysis of a case with the beam
aimed at ρ = 0.4.  The plasma parameters in the ECCD discharge are B = 1.76 T, I = 0.89 MA, n  =
1.8×1013 cm–3, PEC = 1.14 MW.  The solid lines are the ECCD discharge in each case and the dashed
lines are the NBI-only fiducial discharge.  The top box is the total current density, the next box is the
loop voltage, the third box is the non-inductive current density, and the bottom box is the ECCD
current density.  All traces are plotted versus the radial coordinate ρ.



the major radius of the center of the flux surface where the current is driven) normalized by the
theoretically expected linear temperature dependence.  The radial scan shown in Fig. 4 indicates that
the normalized efficiency η/T is independent of ρ in the region where experiments were carried out
(ρ = 0.1–0.5).  Note that the driven current does drop over this range; it is only the normalized
efficiency which is constant.  This lack of dependence on ρ is in contrast to the theoretical results also
illustrated in Fig. 4.  Three types of calculations are displayed in the figure — a linear calculation [7],
a quasi-linear Fokker-Planck calculation [8], and a quasi-linear Fokker-Planck calculation with the
effects of E||.  The Fokker-Planck calculations have been verified with an independent code [9].  With
the exception of the centermost case where the high power density results in a  significant quasi-linear
effect, the three calculations obtain roughly the same answers.  Since the  ffective trapped particle
fraction rises by approximately a factor of 2 over this range of ρ, it appears that the normalized
efficiency does not depend as strongly on this quantity as predicted by theory.

This same conclusion is consistent with the results of the poloidal location scans shown in Fig. 5.
At both ρ = 0.35 and ρ = 0.45, the normalized efficiencies are well above the theoretical predictions,
indicating that the effect of trapped electrons  is significantly less than predicted.  The effect of trapped
electrons is not completely absent as shown by points in the figure which represent calculations of the
ECCD in the absence of trapped particles.  The poloidal variation in both scans is due in part to the
local trapped particle fraction change and in part due to the upshift of the toroidal index of refraction
due to damping at small major radius.  The relative importance of these two effects is being
investigated.

One possible explanation for the weaker trapped electron effect is modification of the trapped
particle  boundary by finite collisionality.  The theoretical calculations applied to the scans in Figs. 4
and 5 all impose a trapped particle boundary assuming zero collisionality, i.e., a boundary which
continues down to zero velocity. In the trapped particle region of velocity space, the characteristic
time is the bounce time, which is assumed in these calculations to be much shorter than the pitch-angle
scattering time characteristic of the passing region.  Therefore, electrons which diffuse into the trapped
particle region from the co-current side emerge rapidly (compared to the pitch-angle scattering time)
on the counter-current side.  This is the Ohkawa effect [10].  Finite collisionality reduces the size of
the trapped region roughly in proportion to ν* , and reduces it preferentially at low velocity.  This
has the somewhat surprising result that finite collisionality increases the net current, because electrons
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FIG. 4. Comparison of experimental and theoretical current drive efficiency normalized to
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theoretical efficiencies drop sharply with increasing radius.  Three theoretical calculations are
shown:  linear theory (diamond), quasi-linear Fokker-Planck calculation (open square), and Fokker-
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spend more time on the co-current side of the distribution.  The data in Fig. 5 lie between the
calculations with zero collisionality and the calculations with no trapped  particles, which indicates
that a reduction of the trapped particle region can explain the data.  A predictive model based on finite
collisionality theory has not yet been developed.

A qualitative assessment of the implications of this effect for ECCD on DIII–D and future devices
can be made.  The discharges reported here have the same collisionality as envisioned for high fusion
power devices such as ITER [11].  However, the plasma β is significantly lower than planned for these
discharges.  The effect of higher β is to move the wave-particle interaction to higher velocity where
the finite collisionality effects are small and to higher parallel velocity (due to relativistic effects)
where the distance to the trapped particle region is larger.  Therefore, the observed enhancements in
the DIII–D experiments should be less significant in next step devices,  The same argument is true for
the advanced tokamak discharge scenarios for DIII–D which have higher β and lower collisionality
than these proof-of-principle discharges.  Using the same zero collisionality calculations as referenced
above, substantial off-axis current is predicted at the half radius in these scenarios, due to the higher β.

With the present 1 MW ECCD system on DIII–D, it has been possible to modify the current
profile evolution and make clear measurements of localized off-axis ECCD.  The measured off-axis
current drive efficiencies are higher than predicted, indicating that some refinement of the theory is
necessary.  This work supports the development of the 6 MW ECCD system planned for completion in
2000 as an active current profile control tool for the DIII–D tokamak.
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