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Abstract. Utilization of electron cyclotron radiofrequency sources for current drive and the stabiliza-

tion of neoclassical tearing modes (NTMs) in next step devices rests on the current density and current

drive efficiency attainable. Optimization is reported of electron cyclotron driven current density and

current drive efficiency with respect to source frequency as well as toroidal and poloidal launch angles

for two launcher positions: an ‘upper port’ position above the midplane and a ‘midplane’ position

at the height of the magnetic axis. The plasma parameters were chosen to be representative of the

next step towards a fusion reactor (B = 5.3 T, 〈ne〉 = 1.0 × 1020 m−3, R = 6.2 m). The modelling is

performed with the TORAY code, launching a cone of electron cyclotron rays to account for a finite

angular spectrum of injected waves. Current drive at each location is obtained with the Cohen linear

model, which includes the effects of toroidal trapping, relativity and wave polarization. For the two

launch locations, optimized central current drive efficiency is approximately equal. At plasma radius

ρ = 0.835a for stabilization of the q = 2 NTM, the current density is 2.3 times greater and the

integrated efficiency is 1.5 times greater for upper port launch relative to midplane launch. A broader

range of frequencies for good current drive efficiency is obtained for upper port launch, and this will be

reflected by a broader range of operating magnetic field at fixed electron cyclotron source frequency.

Twenty megawatts of electron cyclotron power satisfy the criteria for control of NTMs.

1. Introduction

Electron cyclotron radiofrequency wave injection
systems are proving to be a flexible means for local-
ized heating and current drive of toroidal machines.
With steerable launchers, power from a single fre-
quency gyrotron can be directed to a broad range
of plasma radii. Owing to the relatively small ports
required for injecting electron cyclotron power into
the torus, both midplane and off-midplane launch
locations can be used [1, 2].

Electron cyclotron power is useful as:

(a) A localized source of heat and current in
the plasma periphery for control of tearing
modes [3–7] and possibly locked modes [8, 9];

(b) A localized source of off-axis current for reversed
shear operation;

(c) A source of plasma heating principally near the
plasma magnetic axis;

(d) Pre-ionization and plasma startup.

This article addresses electron cyclotron uses

a CompX, Del Mar, California, United States of America.
b Princeton Plasma Physics Laboratory, Princeton
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of America.

(a)–(c), with the main focus being on optimization
of current drive localized off-axis and in the plasma
periphery for tearing mode control.

Control of neoclassical tearing modes (NTMs)
[5–7] is very important for the success of next step
devices, because they are a principal factor limit-
ing the achievement of steady state plasmas near
the operating limits of plasma pressure prescribed
by ideal MHD stability [5–7]. Since fusion power is
proportional to the square of plasma pressure, it is
desirable to operate close to ideal MHD limits. While
NTMs grow on relatively long timescales (≈10–30 s
in a next step design), they can degrade confinement
and reduce the long pulse plasma pressure limit to
half the ideal MHD limits.

NTMs grow from small helical perturbations to
axisymmetric plasmas. The plasma pressure in the
magnetic islands becomes uniform over the helical
flux surfaces in the island, giving a (negative) heli-
cal bootstrap current contribution which causes the
perturbation to grow. Thus, localized ECCD can be
used to stabilize the NTMs by replacing the lost
bootstrap current: the more localized the ECCD, the
smaller the island which can readily be stabilized
and the less current drive will be required. Since the
islands rotate toroidally with the plasma, the most
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Figure 1. NTM current drive stabilization effectiveness

function W (ψ). This function of helical flux ψ multiplied

by the driven current density and integrated over ψ is

proportional to the current drive contribution to the tear-

ing mode ∆′ stability parameter. The separatrix of the

island is at the helical flux value ψ = 0. Values of ψ less

than 0 are inside the island and those more than 0 are

outside the island. W has a logarithmic singularity at the

separatrix.

efficient injection of current becomes a time depen-
dent application of current drive near the magnetic
island O point. The stabilizing effect of current drive
is quantified in terms of a contribution to the tearing
mode growth parameter, the jump in the logarithmic
radial derivative of the radial magnetic field pertur-
bation ∆′, specialized to the m/n = 2/1 mode for
illustrative purposes [10],

∆′
cd = − 2µ0Rq

πwŝBT

∫ ∞

−1

W (ψ)j(ψ)dψ

where ψ denotes a non-dimensional, rotating helical
flux function with ψ = −1 at the island O point
and ψ = 0 at the separatrix. Here, R is the toka-
mak major radius, q the safety factor, w the island
halfwidth, ŝ = (ρ/q)(dq/dρ) the equilibrium mag-
netic field shear parameter, ρ the generalized plasma
radius proportional to the square root of the toroidal
flux within a flux surface and BT the toroidal mag-
netic field at R. The function W is given by

W (ψ) ≡
∮

dα cos 2α
(ψ + cos2 α)1/2

and j(ψ) is the change in current density result-
ing from bootstrap and driven current density aver-
aged over the helical flux surface ψ. The function

W , used in Ref. [10], exhibits itself as a ‘current
drive stabilization effectiveness function’. This func-
tion, shown in Fig. 1, readily enables the visualiza-
tion of the NTM stabilization efficiency of localized
current drive. The usual destabilizing bootstrap term
has j = −jbs within the island (−1 < ψ < 0) and
zero current density change outside the island. Posi-
tive current deposited solely at the O point will most
efficiently stabilize the NTM. For the usual rotating
island, this can be produced by a pulsed current drive
source. Positive current deposited inside the island
near to the separatrix (ψ = 0), or outside the sep-
aratrix, will detract from stabilization. Continuous
positive current applied over a very narrow radial
region through the O (and X) points of the island
will give net stabilization [10]. A stabilization effect
may be obtained from negative current drive in the
immediate vicinity of the separatrix, although there
may be a counter-stabilizing effect on the global cur-
rent profile. The integral

∫∞
−1
W (ψ) dψ = 0 shows

that current drive applied uniformly over a region
much greater than the island width will have no net
stabilizing effect on the island. In addition to the
stabilizing effect represented by W , localized current
can modify the global current profile on a similar
timescale, further contributing to NTM stabilization
[3, 4, 11]. The amount of positive current density
required to appreciably reduce the island size is com-
parable to the lost bootstrap current density. The
important quantities of ECCD for NTM stabilization
are current density and localizability, and the possi-
bility of temporal modulation of the current drive.

This article reports an optimization study of
ECCD over electron cyclotron launch angles and fre-
quency, comparing driven current density, localiza-
tion and integrated current drive efficiency obtain-
able for two antenna locations: at the midplane
through the plasma magnetic axis and at a point
above the midplane near the upper outboard region
of the plasma. Plasma equilibrium parameters and
profiles are chosen in accordance with recent next
step tokamak reactor designs [12]. The midplane gen-
erally has the greatest accessibility to the plasma
chamber, and therefore is a natural choice for the
electron cyclotron antenna location. However, owing
to the relative compactness of the launcher, it is also
feasible to launch electron cyclotron waves from an
upper port above the midplane. This location has the
advantage of easy steerability of the wave to differ-
ent plasma radii near the plasma periphery, achiev-
able by moving the poloidal launch angle at fixed
toroidal launch angle and frequency so that the rays
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intersect the vertically aligned ‘mod B surface’ over
a well defined range of the radial flux surface param-
eter. Alternatively, the poloidal launch angle may be
held fixed and the toroidal launch angle varied, to
deposit the wave energy at different plasma radii.

It is found that for the midplane and above mid-
plane launch locations the optimized central current
drive efficiencies are approximately equal. But at the
plasma radius ρ = 0.835a, relevant to stabilization of
them/n = 2/1 NTM, the current density is 2.3 times
greater and the efficiency of the current drive is 1.5
times greater for upper port launch than for mid-
plane launch. The current density in the upper port
case is 11.3 A/cm2 for 20 MW electron cyclotron
power, which is comparable to a bootstrap current
density of 5–8 A/cm2. For fixed radii ρ > 0.4a,
optimizations of efficiency and current density over
launch angles show a broad maximum extending
from 170 to 210 GHz for midplane launch and to
250 GHz for upper port launch.

The following section describes the computer
codes, the range of optimizing parameters searched
and the method of optimization. Section 3 presents
the results, followed by our conclusions in Section 4.

2. Description of calculations

Deposition of the electron cyclotron energy has
been determined with the TORAY ray tracing
code [13, 14], using the cold plasma dispersion for
the trajectories of the launched O mode, and a rela-
tivistic dispersion relation solver [15] for the damp-
ing. A cone of rays is launched from a point repre-
senting the antenna; we choose the half-angle of the
cone to be 1.7◦, representing the beam divergence
from a typical Gaussian beam electron cyclotron
launching system [16]. The ECCD efficiency is
obtained using the linear, relativistic, bounce aver-
aged calculation of Cohen [17, 18]. Although the
power density is well below the threshold [19],
pRF < 0.5 (ne/1014 cm3)2 W/cm3 for quasi-linear
non-thermal effects, the Cohen calculation underesti-
mates the driven current by typically 10% compared
with a more complete model which includes non-
linear momentum conserving effects in the electron–
electron collision term [20].

Figure 2 shows rays emanating from the two
launch locations chosen for this study. The launch
points are recessed approximately 10 cm behind the
face of the blanket modules surrounding the plasma
and represent the location of the final mirror in the
electron cyclotron launch system. Figure 2(a) shows
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Figure 2. Ray paths from the equatorial launch posi-

tion and from the upper port above the equatorial plane

launch position: (a) poloidal plane projection, (b) plan

view. The underlying Cartesian co-ordinate system has

its Z axis along the machine major axis and the X–Y

plane at the approximate height of the magnetic axis.

The rays are launched from the Y = 0 plane. These rays

are for the optimizing current density cases at the q = 3/2

flux surface.
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Figure 3. Radial plasma profiles: (a) density and tem-

perature; (b) safety factor q, plasma current density j

and bootstrap current component jbs.

a poloidal view. The launch angles are defined with
the aid of an (R, φ, Z) cylindrical co-ordinate sys-
tem with the Z co-ordinate line located along the
axis of symmetry of the torus. The toroidal launch
angle gives the counterclockwise rotation angle of a
plane through the Z direction at the launch point,
as measured in the right hand sense about Z from
the negative R direction. The ‘poloidal’ launch angle
is measured from the positive Z axis direction to the
ray launch direction. Figure 2(b) presents a plan view
of the ray paths.

The chosen target equilibrium [21], indicated in
Fig. 2(a), is a 15 MA design with magnetic field
5.3 T at nominal major radius R0 = 6.2 m. The
density profile is chosen to be virtually flat at 1.0 ×
1014 cm−3, which is below the Greenwald limit. The
temperature profile is chosen according to an induc-
tive current design [22] similar to that described in
Ref. [12]. These are shown in Fig. 3(a). Tempera-
ture profiles differing from the present one can be
expected to yield a current drive efficiency which
varies approximately linearly with temperature, sub-
ject to the saturation effects as discussed in Ref. [20]
at local temperatures greater than about 20 keV.
The radial profile of total current density, the boot-
strap current density jbs and the safety factor q
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Figure 4. Radial profiles of driven electron cyclotron

current for a range of toroidal launch angles, as marked

on the curves, at fixed frequency and poloidal launch

angles: (a) upper port launch at frequency 190 GHz and

poloidal launch angle 120◦, (b) midplane port launch at

frequency 150 GHz and poloidal launch angle 130◦. The

fixed frequency and poloidal launch angles correspond to

conditions for optimization of the current density near

the q = 3/2 surface.

Table 1. Equatorial plane wave launch parameters

Parameter Range No. of points

Frequency (GHz) 90–230 19

Poloidal injection angle (deg) 45–135 20

Toroidal injection angle (deg) 1–50 16

appear in Fig. 3(b). The radii of particular interest
in this study for stabilization of the NTM are at the
q = 3/2 surface (ρ = 0.72a) and the q = 2 surface
(ρ = 0.835a), showing bootstrap currents equal to
7.5 and 5.0 A/cm2, respectively.

The range and number of points for each of the
wave launch parameters used in this study are shown
in Tables 1 and 2. Eighteen rays are used to represent
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Table 2. About equatorial plane wave launch para-

meters

Parameter Range No. of points

Frequency (GHz) 140–265 19

Poloidal injection angle (deg) 90–180 19

Toroidal injection angle (deg) 1–70 22

the beam divergence in each run, giving a total of
257868 rays traced for this study. The run time was
80 CPU hours on a 400 MHz pentium computer. The
parameter ranges in the tables bracket the region of
interesting current drive efficiency. For reference, the
cyclotron frequency is:

(a) 110 GHz at the equatorial outboard edge of the
plasma,

(b) 133.7 GHz at the plasma edge in front of the
above the equatorial plane antenna,

(c) 151.7 GHz at the magnetic axis,
(d) 230 GHz at the inboard equatorial plane edge.

The O mode will be cut off at a frequency f less
than the plasma frequency fpe = 89.8 GHz. At the
specified density, the driven current will scale lin-
early with power. We choose 20 MW as the nominal
electron cyclotron input power.

Figure 4(a) presents a selection of the current
density profiles obtained in a sweep of the toroidal
injection angles in the case of above equatorial plane
wave launch, at fixed frequency and poloidal angle.
This includes parameters nearly optimal for maxi-
mum current density at the q = 3/2 surface, as will
be seen in the next section. Figure 4(b) shows current
density profiles in the neighbourhood of the optimal
current density near the q = 3/2 surface for equato-
rial plane launch at ρ = 0.72a.

The optimization of current density and efficiency
over launch parameters is performed by linearly
interpolating the results to be optimized from the
3-D parameter grid indicated in Tables 1 and 2 onto
a finer 3-D parameter grid, along with the associated
radii. The resulting fine mesh of results (current den-
sity and efficiency) to be optimized is then binned
into 20 radial bins. This refined mesh of values is
used in order to improve the smoothness of the data
in each of the radial bins. A simple maximum for the
optimized quantity is found in each radial bin, giving
the optimized value and its optimizing parameters.

3. Optimized current

Driven current density in the off-axis region is the
primary quantity to be maximized for NTM stabi-
lization. The optimized current density and optimiz-
ing launch parameters are shown in Fig. 5 for the
two launch locations, for an assumed input power
of 20 MW. The solid black curves show results from
optimization over toroidal and poloidal launch angles
and frequency. The coloured curves give results for a
more restricted optimization over launch angles, at
several fixed frequencies. For comparison, the black
dashed line gives the bootstrap current density. The
ratio of fully optimized current density in the upper
port case (Fig. 5(a)), compared with the midplane
launch case (Fig. 5(b)), is 1.9 at the q = 3/2 sur-
face and 2.3 at the q = 2 surface. At NTM rele-
vant radii ρ > 0.75a, there is a factor of 2 or greater
enhancement of driven current density in the fully
optimized upper port case, compared with the mid-
plane case. The magnitude of the current density
for the upper port is several times greater than the
nominal bootstrap current density (7 A/cm2). In the
region ρ > 0.7a the optimizations at fixed frequencies
show for the 170 GHz (green) curve and the 190 GHz
(blue) curve that the driven current density by upper
port launch is 3–4 times greater than that for mid-
plane launch. The 190 GHz curve also gives a good
estimate [19] of the effectiveness of 170 GHz at pro-
portionally (170/190) lower toroidal field. The phys-
ical reasons for the increased current densities of the
upper port relative to the midplane port launch are
a subject for further research. The reduced effects of
trapping at higher poloidal angle and reduced refrac-
tion of the electron cyclotron beam (Fig. 2) will play
a role.

A further advantage of the upper port launch is
that the width of the driven current is about half that
of the midplane port, as shown in the final panels of
Figs 5(a) and (b). This will enable more effective con-
trol of NTM islands down to proportionately smaller
sizes. Width is defined as the normalized radial range
between the 10 and 90% points in the radial integra-
tion for driven current.

As is clear from Figs 1 and 5, the upper port
launch will give more efficient NTM stabilization by
depositing current over a narrower radial region.

Another consideration is that the radial location
of the driven current appears to be more controllable
with upper port launch. In addition to the evident
simplicity of sweeping the poloidal launch angle to
achieve varying radial deposition using upper port
launch, the smooth variation of toroidal and poloidal

Nuclear Fusion, Vol. 41, No. 12 (2001) 1851
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Figure 6. Optimized current drive efficiency for (a) upper port launch and (b) midplane

port launch. Additional panels show the optimizing launch parameters. The curves are coded

as in Fig. 5. Also shown is optimized γ scaled inversely with temperature, indicating that

equatorial launched waves give γ
∼∝ T−1

e but upper port launched waves give γ
∼∝ T−2

e , i.e.

give an improved off-axis current drive efficiency in the lower temperature plasma periphery.
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optimizing parameters over the region ρ > 0.7a
shown in Fig. 5(a) indicates a stable relation between
launch angles and radial deposition location. (It is
interesting to note that a portion of the large vari-
ation in optimizing poloidal launch angle shown in
Fig. 5(b) is due to an oscillation about the 90◦ hori-
zontal launch, resulting from the near up–down sym-
metry in the vicinity of the midplane.) For upper
port launch, near optimum current density may be
maintained in the radial region 0.7–0.9a with a sin-
gle 30◦ toroidal launch angle, varying the poloidal
launch angle from 100 to 125◦, i.e. 10–35◦ below
the equatorial plane through the launch location. By
comparison, midplane launch can be near optimal in
the region 0.7–0.9a by keeping the poloidal launch
angle fixed at 30◦ below or 40◦ above the equatorial
plane, and varying the toroidal launch angle in the
range 15–35◦.

A principal difference between the current den-
sity optimizing parameters for the two launch loca-
tions is that the upper port case is optimized
by higher frequency (≈250 GHz), whereas the mid-
plane port case gives maximum current for lower fre-
quencies (.200 GHz), near the plasma edge. These
frequencies could be linearly scaled downwards if
the machine were run at lower magnetic field. (We
assume that parasitic loss of power near the plasma
periphery due to second cyclotron harmonic absorp-
tion [20, 23] will not degrade the efficiencies, but this
question needs further study.) However, it is also ger-
maine to know how sharp the maximum driven cur-
rent is, as a function of frequency. This will be exam-
ined below.

Figures 6(a) and (b) show the optimized current
drive efficiency parameter γ = neIpR0/PRF as a
function of radius. Although γ is a global quantity
depending on total driven current, we represent it
locally in radius, plotting it as a function of the posi-
tion of the peak of the driven current. The quantity
γ is of most interest for current profile modification.
The radial profiles of optimized efficiency are quite
similar for the two launch locations, except that the
efficiency near the plasma edge is marginally greater
for upper port launch. Thus either launch location
can be used for bulk current drive (and heating) pur-
poses, with approximately equal efficacy. The opti-
mizing launch angles in the radial region 0.7–0.9a are
close to the values observed for optimizing the cur-
rent density. The optimizing frequency for the upper
port launch (≈240 GHz) is somewhat greater than
that for the midplane launch (≈200 GHz).
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Figure 7. Driven current density optimized over launch

angle as a function of frequency, for several radial loca-

tions ρ = 0.2, 0.4, 0.6, 0.8: (a) upper port launch, (b) mid-

plane launch. The applied electron cyclotron power is

20 MW. The results show that in the radial region impor-

tant for stabilization of NTMs ρ & 0.6a, the current den-

sity from upper port launch (a) is a factor &2 greater

than that from midplane launch (b), over a broad range

of frequencies. For reference, the bootstrap current den-

sity jbs is 9.9 A/cm2 at ρ = 0.6a and 6.7 A/cm2 at

ρ = 0.8a. The higher frequency f results are approxi-

mately equivalent to the results from fixed frequency, for

example 170 GHz, with lowered toroidal magnetic field

proportional to 170/f .

Figure 6 also shows the quantity γ/(Te/Te0).
Owing to an increase with Te of the average resonant
velocity of the electrons on which the waves damp,
and the 1/v3 velocity dependence of the collision fre-
quency, the efficiency is expected to vary approxi-
mately as Te up to a maximum of Te ≈ 30 keV, where
relativistic saturation of efficiency becomes dominant
(cf. Ref. [20]). As a function of radius, the simple
γ ∝ Te scaling holds reasonably well for the equa-
torially launched waves. In the upper port launch
case, the scaling of γ with Te appears to be approxi-
mately γ ∝ [Te(ρ)]2, assuming Te(ρ) is the dominant
scaling variable. Thus, at best, simple Te scaling of
the present results must be used with caution. (It
will be interesting to examine local γ ∝ Te scaling
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Figure 8. Current drive efficiency γ optimized over

launch angle as a function of frequency, for several radial

locations ρ = 0.2, 0.4, 0.6, 0.8: (a) upper port launch,

(b) midplane launch.

varying around the present results.) The precise rea-
sons for the improvement of current drive efficiency
variation with ρ being more than proportional to Te

for upper relative to midplane port launch are a sub-
ject for further research. This will include consider-
ation of the effects of trapping and variations of the
ray damping rates.

The sensitivity of the driven current density to
optimization in frequency is shown in Figs 7(a)
and (b). Current drive at several radii, optimized
over launch angles, is shown as a function of fre-
quency. Comparing the current densities for upper
port launch (Fig. 7(a)) and midplane port launch
(Fig. 7(b)), the midplane launch gives twice as great
a current density near the plasma centre (ρ =
0.2a), but beyond radii ρ = 0.4a the upper port
launched waves give the greater current density.
These results are relatively insensitive to frequency
in the range 170–240 GHz for the upper port elec-
tron cyclotron and 150–210 GHz for the midplane
electron cyclotron, with the result that most of the
respective advantages of either launch location are
obtained with a 170 GHz system.

Figures 8(a) and (b) give the launch angle opti-
mized current drive efficiency as a function of fre-

quency, for several plasma radii. Over the outer half
of the plasma radii, the efficiencies for the upper port
case (Fig. 8(a)) and the midplane case (Fig. 8(b)) are
similar at 170 GHz, and the variation with frequency
at higher frequencies up to the 210 GHz (midplane
launch) or 240 GHz (upper port launch) is weak.

If we choose the frequency 170 GHz for the elec-
tron cyclotron system, then the larger frequency
range for the relatively good current drive efficiency
achievable with upper port launch relative to mid-
plane launch will lead to a broader range of reduced
magnetic field operation, over which efficient cur-
rent drive can be sustained. This conclusion is based
upon the major scaling of ECCD with wave fre-
quency/cyclotron frequency, although further study
of parasitic second harmonic losses is warranted.

4. Conclusions

A comparison of optimized driven electron
cyclotron current from antennas at two launch loca-
tions shows that, for given electron cyclotron power
in the outer, q = 2 region of the plasma, upper
port launch can drive current densities more than
two times that which can be obtained with mid-
plane launched waves. It is this driven current den-
sity which is the key parameter to be maximized for
NTM stabilization. The widths of the upper port
driven current is approximately half that of the mid-
plane launched waves. The narrowness of the driven
current profile in itself enables more efficient NTM
stabilization. Thus at the same power, the upper port
launch enables stabilization of NTMs which are twice
or more as strong, i.e. twice the lost bootstrap cur-
rent density, when the island is half as large, com-
pared with the midplane launch.

The optimized current drive efficiency from the
two locations is similar for the central plasma region;
upper port launched waves are 50% more efficient
near the plasma edge. The results are weakly depen-
dent on source frequency above 170 GHz, up to
240 GHz for upper port launched waves and up to
210 GHz for midplane launched waves. The broader
range of frequencies for good current drive efficiency
for upper port launch indicates a broader range of
plasma operations at reduced magnetic field with
sustained good current drive efficiency.

The radial location of driven current appears
more controllable by varying the launch angles using
upper port launched electron cyclotron power com-
pared with midplane launched power. For upper port
launch, near optimum driven current density and
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efficiency can be maintained over the radial range
0.7 < ρ/a < 0.9 by keeping the toroidal launch angle
fixed at 30◦ and varying the poloidal launch angle
from 10–35◦ below the equatorial plane. For mid-
plane launch, the poloidal launch angle may be main-
tained constant at ≈30◦ above or below the equato-
rial plane, and the toroidal angle varied from 15 to
35◦, to achieve radial profile control.

We can summarize the situation for off-axis cur-
rent drive of interest to NTM stabilization: upper
port launched electron cyclotron power gives more
than twice the current density over half the radial
distance, the radial location appears more control-
lable through launch angle variation, and a broader
range of reduced magnetic field operation may be
sustained, compared with midplane launched elec-
tron cyclotron power. Twenty megawatts of ECCD
power produces driven current densities comparable
with the expected bootstrap current density.
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