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Abstract. Efficient off-axis current drive is crucial for economic, steady-state tokamak fusion power
plants. "Top Launch" electron cyclotron current drive (ECCD) is one promising method for driving strong
off-axis current to achieve the desired broad current profile for the Advanced Tokamak regime. New
simulations show that by launching the electron cyclotron (EC) waves downwards (or upwards) nearly
parallel to the resonance plane with a large toroidal steering, higher current drive efficiency can be obtained
at large radii owing to the large Doppler shift, wave-particle interactions on HFS of the plasma, and the long
absorption path. Implementations on CFETR and DIII-D are simulated identifying clear benefits and
optimal configurations. The design of a prototype test being installed on DIII-D is presented, which will
experimentally validate whether top launch ECCD can be an improved efficiency current drive technique
for future fusion reactors.

1 Introduction
Studies of many tokamak reactors have shown that offaxis current drive is a requirement for a steady-state
device in the Advanced Tokamak (AT) regime [1, 2, 3,
4]. The off-axis current drive needs to be efficient
because, if the efficiency is too low, 1) the required
current drive to sustain the plasma configuration, i.e., the
elevated qmin in the ‘high-qmin’ scenario might not be
attainable due to limited source power; or 2) it will need
too much power, preventing a net electricity goal or
increasing cost of electricity since fusion gain is linearly
proportional to current drive efficiency Q=Pfus/Paux~ζCD.
A suitable method of off-axis current drive with the
efficiency and location required for economical AT
reactors has yet to be demonstrated. While neutral beam
current drive (NBCD) can be an efficient non-inductive
current drive scheme, neutral beams are large objects
that are challenging to make mechanically consistent
with other systems in the tokamak reactor environment
(e.g., the vacuum vessel, breeding blanket, neutron
shielding, etc.). The large tangency and larger port size
needed to achieve off-axis current drive increases the
challenges. In addition, NBCD is efficient only at high
voltage (i.e., 1MeV) and long pulse high voltage beam
development is very challenging [5, 6]. Radio frequency
(RF) wave injection is another common non-inductive
current drive technique. Among these techniques, lower
hybrid current drive usually has the highest efficiency.
However, in fusion plasma conditions, the absorption of
lower hybrid waves is so strong that it usually drives
current only in the pedestal region (ρ>0.85). Fast wave
*

has moderate efficiency but is core localized, plus there
are concerns about the presence and survival of the
antenna in the reactor environment. Current drive using
electron cyclotron waves [7] does not require the antenna
structures be placed near the plasma since the waves
propagate in vacuum. ECCD launched from the low field
side (LFS) can drive current at ρ ~ 0.5-0.7 in reactor-like
plasmas but it has low efficiency due to electron trapping
in the magnetic well. Increasing the applied wave
frequency can improve the current drive efficiency by
moving the primary resonance layer to the high field side
(HFS) where the impact of trapped particles is less, but
parasitic second (or third) harmonic absorption can
become problematic.

Figure 1: Cartoon illustration of current drive efficiency of
various current drive methods: NBI at 0.6MeV (0.6MeV used
here as an average of beam voltages used in various future
device studies; LHCD (conventional LFS launch); Fast wave;
ECCD (conventional LFS launch) and Top launch ECCD
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Several new off-axis current drive techniques have
been proposed, such as ‘Helicon’ or ‘Whistler’ waves
(ultra-high-harmonic fast wave), which is predicted to
have excellent penetration for high density and high
temperature plasmas, as well as high field side (HFS)launch lower Hybrid (slow wave) current drive that is
predicted to dramatically reduce plasma-wall (+antenna)
interaction issues, improve wave coupling and
penetration, and result in a current profile better suited
for steady-state scenarios than conventional outsidelaunch lower hybrid. More details on these two
techniques are given in Ref. [8].

launch ECCD approach achieves this through the
combination of the launch location and steering
geometry which allows the EC waves to stay close, but
not too close, to the cold resonance layer, and stay there
for longer time. The wave energy is almost all damped
on these high energy electrons.
In the top launch concept, the EC wave is launched
from the top or bottom of the tokamak on the high field
side (HFS) of the magnetic field axis and nearly parallel
to the primary cold resonance layer, whereas in the
conventional ECCD concept the wave is injected from
the low field side (LFS), on or off the outer midplane
and towards the cold resonance. Another unique feature
of the top launch concept is that the EC wave is steered
with a much larger toroidal angle than for LFS launch.
Some features of the top launch ECCD scheme that
differ from the conventional ECCD scheme are shown in
Fig. 2, where the wave trajectories of these two schemes
are compared in the poloidal and toroidal planes. In both
examples, the ECCD deposition profile peaks at ρ~0.55
and the primary resonance is fundamental O-mode.

The development and qualification of physics and
technologies that deliver off-axis current drive (CD) with
the profile and high efficiency under reactor-like
conditions needed to achieve high stability and high
overall energy gain will greatly enhance steady-state
fusion power plants. This work presents the modeling
investigation and planned experimental validation of a
non-standard ECCD technique – top launch ECCD.
Comparisons of top launch and conventional outside
launch ECCD modelled for DEMO [9] and FNSF-AT
[10] suggest that the top launch approach can
substantially increase the interactions of EC waves with
higher energy electrons and thus the ECCD efficiency at
mid-radius. We consistently find 35% or more
improvement in ECCD efficiency for CFETR [11]
baseline scenario and even higher increases for some
cases on the DIII-D tokamak. The concept of top launch
ECCD scheme is described in section 2.1. Its application
for reactors is illustrated in section 2.2 using CFETR as
an example and its experimental test planned on DIII-D
tokamak is presented in section 2.3 followed with
summary in Section 3.

2 Top launch ECCD
Electron cyclotron current drive (ECCD) is based on
production of anisotropic electron resistivity resulting
from selective heating of electrons traveling in one
toroidal direction [12]. These accelerated electrons
undergo less collisions and contribute more to the
toroidal current than their unheated counterparts
traveling in the opposite direction.
Top launch ECCD uses electron cyclotron waves
injected from top (or bottom) of the vessel at a major
radius less than the plasma axis, in a nearly vertical
plane with a large toroidal steering, to achieve higher
current drive efficiency. The launch geometry allows
more selective heating so that the wave energy is
preferentially damped on high energy electrons.

Figure 2:Typical ray trajectory comparison between top
launch ECCD and conventional ECCD in poloidal and
toroidal views. (from CFETR study described in Section 2.2)

The physics features that lead to this increase of
ECCD efficiency using top launch ECCD concept are as
follows:
- Stronger toroidal steering forces a larger Doppler shift,
which benefits current drive.
Electron cyclotron waves can be absorbed by
electrons with cyclotron frequency satisfying:
𝑙Ω
𝜔 = 𝑒 + 𝑘∥ 𝜐∥
(1)
𝛾

2.1 Why does top launch give higher ECCD
efficiency than conventional outside launch?

where 𝜔 is the frequency of applied EC wave, Ω𝑒 is the
electron cyclotron frequency, l is the harmonics, 𝛾 is the
�⃑ and velocity parallel
relativistic factor, 𝑘∥ and 𝜐∥ are 𝑘
�⃑, 𝑘∥ 𝜐∥ gives the Doppler shift. The wave absorption
to 𝐵
occurs when the difference between 𝜔 and the local Ω𝑒
is nulled by the Doppler shift. If the frequency difference
remains large because the wave trajectory does not reach

To maximize the ECCD efficiency, one would want to 1)
have the EC waves interact with only high energy
electrons since they are less collisional; 2) ensure enough
interactions such that the wave energy is fully absorbed
since there are fewer high energy electrons. The top
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the cold resonance, then the wave energy is damped on
faster, less collisional electrons that give a higher CD
efficiency.
Fig. 3 compares the power absorption and the
frequency difference between 𝜔 and the local Ω𝑒 along
the ray trajectory for the two cases shown in Fig. 2. It
shows that the frequency difference in the conventional
LFS ECCD is rapidly decreasing and relatively small for
the deposition region, but it is much larger and nearly
constant along the whole ray trajectory for top launch
ECCD which means the wave/particle interactions stay
in high energy electrons (larger 𝜐∥ ).
- The wave trajectory is nearly parallel to the resonance
layer, approaching the resonance much more slowly than
the more perpendicular injection of the conventional
LFS launch, which results in a long absorption path. As
is illustrated in Fig. 3, the absorption path for top launch
is ~20 times that of LFS launch. Although the density of
high-energy electrons selected by the large Doppler shift
is small, the long path enables sufficient wave
interaction with these more energetic electrons to damp
all of the EC wave power.

scenario. CFETR is designed to operate with a large
bootstrap fraction, approaching 80%, but non-inductive
support of the remaining current is still required. The
parameters of the machine are major and minor radius of
the machine R0=5.7m and a=1.6m, plasma current Ip =
+10 MA, toroidal magnetic field BT = +5T (Ip and BT
are in the same direction), central density ne(0) =
7.49×1019/m3, and central temperature Te(0) = 23.33
keV (Fig. 4).

Figure 4: Equilibrium density and temperature profiles of
CFETR baseline scenario

A top launch ECCD scheme can be a valuable
approach to increase the off-axis current drive in
CFETR. Using the applied EC frequency and launch
location as free parameters, a systematic study is carried
out to identify the conditions for optimum off-axis
ECCD profile with high dimensionless current drive
efficiency [15] at specified locations (needed to reduce
power consumption). Several launch locations and
frequencies are studied as illustrated in Fig. 5. For a
given launch location and frequency, the launching polar
and azimuthal angles are scanned.
The optimal injection angle is determined by which
the I_ECCD is highest at the target deposition location.
The polar and azimuthal angles are the Euler angles for
EC wave launch: the polar angle is that between the EC
ray and the vertical z-axis, roughly representing the
poloidal steering; the azimuthal angle is the angle
between the plane containing z and the EC ray away
from a reference plane, roughly representing the toroidal
steering. Figure 6 shows such a scan from the LFS
outside launch and the optimal injection is determined as
(Polar, Azimuthal) = (93.9, 208.8) degree. A sample of
the results calculated using the TORAY ray tracing code
[16, 17] is listed in Table 1 where the optimal aiming
(polar and azimuthal angles) (not shown) is different for
different launch locations and/or frequencies. The CD
efficiency 𝜁𝑒𝑒 is derived from normalizing the standard
theoretical efficiency (Jec/Pec) to nevth/nkTνe [15].

Figure 3:Power absorption fraction (P0 is initial power) and
the difference frequency (blue) between applied EC wave
frequency (ω) and local electron cyclotron frequency (Ωe)
for top launch (solid) and LFS launch (dashed) ECCD

- The wave-plasma interactions take place on the HFS of
the flux surface where the effect of mirror trapping of
current-carrying electrons is greatly reduced [13, 14].
Although top launch ECCD approach is also limited to
cut off density as the conventional outside launch, it has
better accessibility than outside launch at high density
benefit from the long absorption path.

𝜁𝑒𝑒 =

𝑒3
𝜀02

𝐼 𝑅𝑛𝑒
�
𝑃𝑒𝑒 𝑘𝑇𝑒

� 𝑒𝑒

= 3.27

𝐼𝑒𝑒 (𝐴)𝑅(𝑚)𝑛19 (𝑚 −3 )
𝑃𝑒𝑒 (𝑊)𝑇𝑒 (𝑘𝑘𝑘)

(2)

Using the dimensionless current drive efficiency
allows comparison with other machines. Table 1 shows
that a top launch ECCD scenario with ~190GHz
launching from the top of the vessel (R=5.45 m, z=4.0
m) can drive current >30% more efficiently than
conventional LFS launch at mid-radius.

2.2 Top launch ECCD scheme for reactors
As an example of how the top launch ECCD scheme can
work in reactors, this section models the ECCD using the
equilibrium and kinetic profiles of the China Fusion
Engineering Test Reactor (CFETR) [11] baseline
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Table 1: Sample of peak ECCD efficiency from LFS vs Top
launch ECCD for CFETR*
Launch
location
(R, Z)
(meter)

Applied EC
frequency
(GHz)

LFS Launch
(7.20, 2.04)

ρ ~ 0.5
ECCD
(kA/MW)

CD
efficiency

170

35.4

0.275

140

30.0

0.235

190

36.0

0.284

190

46.8

0.370

Top Launch

194

47.9

0.378

(5.45, 4.0)

192

47.0

0.372

* off-axis NBI current drive is about 100kA/MW with 0.6MeV
NB for this scenario
Figure 5:Various launch locations and frequencies studied for
high off-axis ECCD efficiency on CFETR.

2.3 Top launch ECCD for DIII-D tokamak
2.3.1 Systematic physics feasibility study
In preparation for a physics test of top launch ECCD on
DIII-D, a physics scoping study similar to that for
CFETR has been done. The ECCD efficiencies at midradius from various launch locations are evaluated at the
two applied frequencies (110GHz and 117.5GHz, 2nd
harmonic X-mode) that are available on DIII-D. The
scoping study is performed using the equilibrium and
kinetic profiles from six DIII-D discharges and one
modelled DIII-D steady state discharge with the majority
being high qmin AT scenarios in double null plasma
shape (investigated launch locations and the plasma
shapes are illustrated in Fig. 7). Compared to the existing
LFS launch, the TORAY ray tracing code found 50% to
100% higher off-axis ECCD efficiency from top launch
in some of these plasmas (examples shown in Table 2).
For optimized launch angles, the ECCD efficiency
generally differs less than 10% between 110 GHz or
117.5 GHz.

Table 2: Sample of peak ECCD efficiency from LFS vs Top
launch ECCD for DIII-D*

Figure 6: Contour plot of the EC driven current from a scan of
launching polar and azimuthal angles, the level of I_ECCD
(red) at each radial location (blue). EC wave launched from
the LFS outside launch at 170GHz in CFETR baseline
scenario.

* - means inaccessible; blank box means not studied
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an existing gyrotron to either the LFS or the top
launcher.

Figure 7:The launch locations and plasma shapes used in the
physics feasibility study of Top launch ECCD on DIII-D
Figure 9: Preliminary design of the prototype fix-injection top
launch launcher

These improvements in off-axis ECCD efficiency
accrued from top launch on DIII-D have also been
confirmed by the quasi-linear Fokker-Planck CQL3D
code [18]. Figure 8 shows an example where the current
drive efficiency nearly doubles using top launch over the
LFS launch. CQL3D results also reveal a modest (~10%)
quasilinear increases in ECCD efficiency for top launch
as the power is scanned from 0.01MW to 3MW in the
top the launch ECCD scheme while no quasilinear
increase is observed for outside launch scheme.

Top launch ECCD scheme is sensitive to launching
angle. Deviation of 5 degrees from the optimal aiming in
some direction could lead to large reduction in the
current drive efficiency or inaccessible to the desired
location. Therefore, the accuracy of aiming of the fixedinjection launcher is set to 1 degree which limits any
reduction in current drive efficiency and ECCD to be
within 15% and 20% respectively and the movement of
the deposition location to be within ∆ρ = 0.03.
2.3.3 Additional parameters to tune the ECCD and
efficiency with fixed-injection
With fixed-injection, magnetic field strength can be a
useful parameter to move the deposition location since
the resonance layer location moves with respect to the
launch position. For example, if the need arises to
change between a 117.5GHz and 110GHz gyrotron, then
BT can be decreased to keep the deposition location fixed
with only a small reduction in ECCD efficiency. Plasma
location and shape are additional parameters that can be
adjusted. For example, the current drive efficiency in a
“D” shape plasma is higher than in an elliptical plasma
because the wave interacts with electrons on the same
flux surface for a longer time which results in a greater
distortion of the Maxwellian distribution, thus more
driven current.

Figure 8:Driven current density profile for top launch and LFS
launch for a DIII-D discharge modeled using CQL3D

2.3.2 Prototype fixed-injection top launch ECCD
system on DIII-D
A prototype top launch ECCD system is being planned
on the DIII-D tokamak to test the top launch concept,
establish physics basis for future burning plasma devices
and advance the AT program of DIII-D at lower cost.
Due to the limitations in the existing port structure, the
prototype top launch launcher (Fig. 9) will have a fixed
injection angle from a given port location (port 7 shown
in Fig. 7). A waveguide switch will be used to connect
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Figure 10: ECCD driven from top launch increases with the
electron temperature

ECCD from the conventional outside launch has been
shown to increase with electron temperature, and a
similar feature is also observed for top launch ECCD as
illustrated in Figure 10. Since the larger effect of the
electron temperature is removed by the normalization in
Eq (2), it has less effects on the dimensionless current
drive efficiency which mainly comes in through the
quasilinear effect. Thus, increasing the electron
temperature at fixed-injection angle increases the driven
ECCD which can improve the signal to noise ratio for
the measurements.
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