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Abstract. The achievable efficiency for external current drive through electron-cyclo-
tron (EC) waves in a demonstration tokamak reactor is discussed. Two possible reactor
designs, one for steady state and one for pulsed operation, are considered. It is found
that for midplane injection the achievable current drive efficiency is limited by second-
harmonic absorption at levels consistent with previous studies. Propagation through the
second-harmonic region can be reduced by moving the launch position to the high-field
side (this can be obtained by injecting the beam from an upper port in the vacuum vessel).
In this case, beam tracing calculations deliver values for the EC current drive efficiency
approaching those usually reported for neutral beam current drive.

1 Introduction

In a fusion reactor based on the tokamak concept, the fraction of non-inductive current should be as
high as possible to approach steady-state operation. For this reason, current-drive methods with high
efficiency (large current per unit injected power) should be devised. Electron cyclotron current drive
(ECCD) [1–3] is one of the possible candidates. From the technological point of view, ECCD is con-
sidered the most mature among the heating and CD systems envisaged for ITER, due to the availability
of reliable high-power sources and to the simplicity of the wave-plasma coupling. However, the CD
efficiency of EC waves is usually considered too poor as compared, for instance, with neutral beam
injection (NBI). In fact, ECCD alone is not considered as an option for ITER steady-state scenarios
within the present design [4]. On the other hand, it should be considered that present ECRH systems
(including ITER) have not been designed with the main goal of maximizing the amount of driven cur-
rent. Moreover, in addition to the CD efficiency, in a reactor one should also consider the wall-plug
efficiency of the system, i. e. its efficiency in converting electrical power into injected power. Finally,
as the number and size of apertures in the vessel of a reactor should be reduced as much as possible,
ECCD offers a clear structural advantage with respect to NBI.

The main goal of this paper is to explore the achievable CD efficiency for two selected options for
a demonstration power plant (DEMO). One DEMO design should be operated under steady-state con-
ditions, therefore is external current drive particularly critical in this case. The second design is based
on the assumption of pulsed operation (6-hours-discharges with 15-minutes-downtime in between).
The machine and plasma parameters for both options are given below in the paper. In reactor studies,
the CD efficiency is often specified in terms of the figure

γCD =
n20RmIA

PW
, (1)
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wheren20 is the density expressed in units of 1020 particles per cubic meter,Rm is the major radius
of the machine in metres,IA the driven current in amperes, andPW the injected power in watts. For
ITER, γCD is usually estimated to be around 0.2 and 0.3 for ECCD and NBCD, respectively [4]. A
recent DEMO study found values again around 0.2 for ECCD and values between 0.45 and 0.55 for
NBCD depending on the acceleration voltage [5].

2 DEMO Parameters

The first set of DEMO parameters used in ECCD calculations corresponds to a machine operating
steady-state, with major radiusR0 = 8.5 m, minor radiusa = 2.83 m, on-axis magnetic fieldB = 5.84
T, normalized pressureβN = 2.95. Both flat and peaked density profiles are considered, as recent the-
oretical studies predict density peaking with decreasing collisionality, even in the presence of central
EC heating [6,7]. Density and temperature profiles are shown in Fig. 1.
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Fig. 1.Density and temperature profiles employed in ECCD calculations (steady-state DEMO). Solid blue curves:
“ flat-density” case; dashed red curves: “peaked-density” case.

The density profile at the pedestal top (ρp = 0.9) is taken equal to the Greenwald density, as
many experimental results suggest that the Greenwald limit is an edge limit. In the flat-density case,
this value is simply prolonged down to the plasma centre. In the peaked-density case, the shape of
the density profile is taken according to an ASDEX Upgrade improved H-mode shot (also known as
hybrid mode of operation) The plasma current, that determines the value of the Greenwald density,
is chosen to be the minimum current required for ignition,Ploss = Pfus/5 (an H-mode enhancement
factorH = 1.2 is assumed). The shape of the temperature profile is also taken from improved-H-mode
discharges of ASDEX Upgrade, rescaled such as to obtain the targeted value ofβN.

The second set of machine parameters describe a pulsed device, as stated before. To achieve a sub-
stantial pulse length, a large central solenoid must be accommodated. Moreover, a larger aspect ratio
favours long pulse durations. For this reason, the pulsed DEMO considered here is a larger machine
with R0 = 9.6 m, a = 2.4 m, B = 7.45 T, βN = 2.6. Density and temperature profiles are chosen
according to the same prescription as for the steady-state case.

3 Optimization of the ECCD Efficiency

For the evaluation of ECCD for the DEMO plasmas described above, the beam tracing code TOR-
BEAM [8] is employed. Diffraction effects on the beam propagation are described through the paraxial
approximation [9]. For the modelling of absorption and current drive, the fully-relativistic absorption
routines developed for the codes GRAY [10] and TORAY [11] can be used, along with Lin-Liu’s
current drive routine [12], augmented with a procedure to ensure momentum conservation in electron-
electron collisions [13] first developed for the TRAVIS code. The value of the effective charge is
Zeff = 2.57 for the steady-state DEMO andZeff = 1.95 for the pulsed DEMO.
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The very high temperatures of DEMO plasmas lead to different CD conditions as compared to
present-day tokamaks (similar conditions, however, are approached in simulations for ITER advanced
scenarios [14] and have been considered also in previous studies for the old ITER design [15]). For
instance, maximum current drive on a given flux surface can be usually obtained by setting the reso-
nance on the high-field side, since this minimizes the impact of trapped particles. For this reason, it
is beneficial to choose a high wave frequency, thus setting the resonance layer at smaller major radii.
However, this implies that the wave travels longer in the region where no first-harmonic absorption is
possible. For DEMO parameters, parasitic second-harmonic absorption, reducing the power available
for current drive at the desired position, starts to be significant when the peak first-harmonic absorp-
tion is still on the low-field side of the magnetic axis, so that high-field-side CD turns out to be very
challenging.

From the resonance condition
nΩ
ω
= γ − N‖u‖ (2)

(n is the harmonic number,Ω = eB/me the electron cyclotron frequency,ω the wave frequency,γ =√
1+ u2 the relativistic Lorentz factor andN‖ the parallel component of the refractive index vectorN =

ck/ω) it is easy to show that first-harmonic absorption is possible only forR ≤ (Ω0/ω
√

1− N2
‖ )R0,

whereΩ0 is the cyclotron frequency at the geometric axis. Fig. 2 shows the values ofR at which first
harmonic absorption becomes accessible for different values of the wave frequency and of the parallel
refractive index.
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Fig. 2.Contour lines of major radii (in meters) at which first-harmonic absorption becomes possible (left: steady-
state DEMO parameters; right: pulsed DEMO parameters).

A way to reduce the path through the region of parasitic absorption is thus to move the launcher
location towards the high-field side. Wave injection from the midplane and from higher positions is
discussed below. It should be notices that at highN‖-values, a small change inN‖ can result in a large
shift of the first-harmonic resonance.

3.1 Steady-state DEMO

Equatorial injection (poloidal launch angleα = 0) for steady-state DEMO parameters is considered

Fig. 3 for the peaked density case as a function of the wave frequency and of the toroidal angleβ.
For a given toroidal angle, the driven current as a function of the wave frequency first rises as

the resonance is pushed towards the plasma core and then decreases because of increasing parasitic
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absorption at the second cyclotron harmonic. The CD efficiencyγCD has a maximum aroundω/2π =
215 GHz andβ = 40◦, with values slightly above 0.3 for the peaked-density and around 0.27 for the

density case is due to the fact the absorption takes place at larger minor radii, where the fraction of
trapped particles is higher (the flat-density case has smaller Shafranov shift, so that the resonance layer
intersects the flux surfaces at larger radii). It is noted that these values for frequency, injection angle and
γCD are in line with the results reported in Ref. [15], where a saturation (due to parasitic absorption) at
aroundγCD = 0.3 for temperatures above 30 keV and for midplane injection was observed (the steady-
state DEMO parameters considered here are similar to the ITER parameters analyzed in Ref. [15]). The
sensitivity of this scheme to parasitic absorption can be illustrated by increasing the frequency from
215 to 225 GHz, or decreasing the toroidal injection angle from 40◦ to 35◦, that leads to an increase of
second-harmonic absorption from 6% of the total absorbed power to 31% and 23%, respectively.
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Fig. 3.Deposition radius and CD efficiency for propagation in the midplane (poloidal injection angleα = 0) from
(R,Z) = (12.0, 0.5) m as a function of wave frequency and toroidal injection angleβ (steady-state DEMO, peaked
density case).

The CD efficiency for a beam injected from a higher position, (R,Z) = (10.5, 3.5) m, is shown in
Fig. 4. Values ofγCD close to 0.4 can be reached forω/2π = 230 GHz with peak atρp ≃ 0.3. To quan-
tify the effect of momentum conservation on this result, the same scan has been repeated employing
the usual high-speed-limit in the calculation of the Spitzer function. In this case, the peak current drive
efficiency is reduced by 20% (0.32 instead of 0.4), as expected from previous investigations [15,16].
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Fig. 4. Deposition radius and CD efficiency for injection from the upper part of the vessel,(R,Z) = (10.5,3.5)
m, as a function of the poloidal injection angleα and the toroidal injection angleβ, for a wave frequency of 230
GHz (steady-state DEMO, peaked density case).
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flat-density case. This slightly lower efficiency of the flat-density case as compared to the peaked-



The dependence of the maximum CD efficiency and of the corresponding deposition radius on the
wave frequency for different launch locations is plotted in Fig. 5.
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Fig. 5.Maximum CD efficiency (left) and corresponding radial location (right) as a function of the injected wave
frequency for the launch positions indicated in the legend.

It can be seen that moving the launch position towards the top of the vacuum vessel leads to an
outward shift of the location of maximum efficiency. Moreover, the maximum efficiency is obtained
for higher and higher frequencies.

3.2 Pulsed DEMO

Because of the much higher magnetic field, higher frequencies must be considered for ECCD in the
pulsed DEMO designed discussed here. Repeating the previous exercise, it is found that high current
densities and high CD efficiencies are obtained when the launch position is moved towards the top of
the machine, as shown in Fig. 6.
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Fig. 6.Deposition radius and CD efficiency for injection from the upper part of the vessel,(R,Z) = (12.0, 3.0) m
as a function of the poloidal and toroidal injection angles, for a frequency of 290 GHz (pulsed DEMO, peaked
density case).

Because of the larger aspect ratio (smaller trapped-particle fraction) and the smaller value ofZeff,
the amount of driven current can be very high, resulting in CD efficienciesγCD > 0.45. These values
are attained for wave frequencies slightly below 300 GHz.
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4 Summary

The results presented above show that a comparatively high ECCD efficiency can be obtained in
reactor-grade plasmas. The estimates for the figureγCD are significantly higher than those commonly
found in the literature, exhibiting peak values close to 0.4 (or even above this value for the parame-
ters of a pulsed reactor considered here). The maximum efficiency is usually attained at poloidal radii
aroundρp ≃ 0.3. The high efficiency reported here is due to several factors. First of all, the EC driven
current has been computed including momentum conservation, which leads to higher values (by about
20%) as compared to the the high-speed-limit scheme usually employed in linear calculations and in
systems codes. Moreover, the electron temperatures resulting from our assumptions on the density
profile and on the target value forβN are somewhat higher than those considered in previous analy-
ses (the beneficial effect on CD efficiency of operating a reactor at temperatures above the optimum
temperature for fusion reactions has been pointed out previously [17]). However, to circumvent the
saturation of the CD efficiency at high temperatures due to increasing parasitic absorption, the injec-
tion position and the frequency must be selected carefully. High CD efficiency is obtained moving the
launch position towards the high-field side. This can be achieved by injecting the beams from a port in
the upper part of the vessel.

The combination of linear absorption and adjoint determination of the CD efficiency offers a well-
benchmarked, reliable tool for the investigation presented in this paper. The broad absorption profiles
typical of high-CD injection geometries result generally in relatively low power densities, ruling out
quasi-linear effects [18] even for an injected power of several hundred MW (the centre of the plasma
column, where the power density could be significantly higher, is usually not reachable and should
probably be avoided anyway, in order to prevent the safety factor from dropping to too low values).
An evaluation of synchrotron losses on the CD efficiency [19] is still to be addressed.

The optimization of the CD efficiency is obviously only a first step towards the design of a CD
system for reactor operations. Since this system is supposed to drive a significant part of the plasma
current, the effects of the injection of more than 200 MW on a given magnetic configuration and on
the corresponding kinetic profiles is to be investigated self-consistently, as done e. g. in Ref. [5]. The
optimum ECCD profile depends on the kind of scenario envisaged for (nearly) steady-state discharges.
This study is planned for the near future.
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