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Abstract. The possibility of driving a large fraction of the plasma current in a tokamak reactor employing
electron cyclotron waves is investigated for scenarios as envisaged in the European DEMO through beam tracing
calculations performed with the TORBEAM code, which assumes a linear regime for power absorption and
employs an adjoint method for the determination of the driven current. Comparatively high ECCD efficiency
in the inner half of the plasma column can be achieved by injecting the wave from an elevated position. On
the other hand, the efficiency deteriorates in the colder, outer part of the plasma, so that a prohibitive amount
of power would be needed to sustain the plasma current non-inductively by ECCD only in the considered
scenarios. As an alternative scheme, the injection of slow extraordinary wave below the fundamental resonance
is considered. The basic physics features of this scenario are discussed.

1 Introduction

The European plans for a demonstration fusion reactor aim
at the realization of a tokamak that has the among its main
goals the production of net electricity (ca. 500 MW, corre-
sponding to a fusion power of ca. 2 GW), the evidence for
reliable solutions to the problem of tritium self-sufficiency
and the adoption of maintenance systems that can ensure
adequate plant availability [1]. A typical set of plasma
and machine parameters can be found e.g. in Table 1 of
[2]. Although the final design point has not been fixed yet
and several options have been explored, a common feature
of the EU-DEMO is to represent a "modest extrapolation
from the ITER physics and technology basis." [3].

In a power-plant environment, a heating and current
drive system based on the injection of electron cyclotron
(EC) waves is particularly attractive, as it presents no in-
trinsic coupling issues (EC waves propagate in vacuum)
and the launchers/antennas do not need to be located close
the plasma. Moreover, the injection of the wave requires
only small openings in the blanket. Finally, EC waves of-
fer the possibility of localized plasma control. The present
target design for DEMO is a pulsed machine (duration of
the plasma discharge ca. 2 hours [1]) and the main func-
tions under consideration for the EC system are assisted
breakdown, start up and current ramp control; control of
magnetohydrodynamic instabilities; bulk heating of the
core plasma; control of the radiative instability caused by
abrupt impurity penetration in the outer plasma [4]. In
this context, steady state operation is not envisaged and
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electron cyclotron current drive (ECCD) are not supposed
to sustain a significant part of the plasma current. In the
first part of this paper, the injected power that would be
needed to achieve nearly steady-state conditions is esti-
mated for a specific set of DEMO parameters. The current
drive efficiency is found to drop in the outer half of the
plasma column, mainly because of the unfavourable scal-
ing with the ratio 7, /n, [5] (here T, is the electron temper-
ature and n, the electron density). The very large power
that would be necessary to sustain the plasma current pro-
file non-inductively makes this scheme unattractive and is
one of the reasons for considering a pulsed tokamak as
the baseline choice. An alternative which has been con-
sidered recently in the frame of the ECCD studies for the
STEP tokamak is injection of first-harmonic extraordinary
mode (X1) [6]. In this scheme, the cutoff which is usu-
ally encountered in X1 schemes for injection from the low-
field side (LFS) is avoided by selecting a wave frequency
which is low enough to place the cold resonance outside
the plasma. A first investigation of the physics behind this
ECCD scenario and its possible advantages is presented in
the second part of this paper.

2 Synthesizing a broad current profile
with ECCD

A DEMO scenario simulated with the transport code AS-
TRA [7] is considered, in which approximately 48% of
the plasma current is generated through external heating.
The main plasma parameters are a magnetic field on axis
By = 5.8 T, major radius Ry = 8.4 m, minor radius
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Table 1. Power assigned to each profile shown in Fig. 3 to obtain the synthetic profiles reported in Fig. 4.

profl  prof2  prof3  prof4  prof5 prof6 prof7  prof8 prof9 prof10
IMW 7MW 4MW 7MW I5MW I5SMW OMW OMW 70MW 40MW Total 159 MW
OMW OMW OMW OMW OMW I0OMW S5MW 45MW 70MW 40MW Total 170 MW

a = 2.88 m, effective charge Z.s = 1.48, central den-
sity 1,0 = 8 x 10" m™3 and central electron temperature
T, = 35 keV, see Fig. 1.

35 7
—
*l165
T .
30 qe
——-a
L6
'. /
/
250 ) 155
s | /
e~ / 15
q)20*| /
= ! / 145 o
5 \ /
15 F 1y /
£ J
= \ / 4
®
c \ /
ok A\ / 135
A ’
\ 7/ 13
\
5+ ~ e
S~o _—--" 2.5
0 ! ! ! ! 5
0 0.2 0.4 06 08 1

Figure 1. Electron density (blue), electron temperature (red)
and safety factor (black dashed) as a function of the normalized
poloidal radius p, for the DEMO scenario under consideration.

In the ASTRA simulation, an off-axis current drive
profile is assumed, scaled in such a way that the global
current drive efficiency is 50 kA/MW. The fact that the
driven-current profile is peaked off axis and contains most
of the current in the region 0.3 < p,, < 0.9 (Fig. 2) implies
that a large current drive is needed in this scenario in re-
gions where the plasma temperature is around 10 keV, i.e.
significantly lower than at the centre.

0.1 I I I I

Po
Figure 2. Radial profiles of the total current density (blue), boot-

strap current density (red) and externally-driven current density
(yellow).

While the current drive efficiency of 50 kKA/MW as-
sumed in ASTRA can be considered as realistic for ECCD
in the centre of the plasma [8], EC waves cannot achieve

this efficiency in the outer part of the plasma column
(while it could be probably achieved with Neutral Beam
Injection [9]). In order to "synthesize" through ECCD
a profile similar to that assumed in ASTRA, the achiev-
able driven current has been evaluated with the TORBEAM
code [10] for different launch positions, launch angles and
frequencies, assuming absorption at the fundamental har-
monic with ordinary-mode (O1) polarization. In particu-
lar, it is known both theoretically [8, 11] and experimen-
tally [12] that injection from an elevated position can lead
to an enhanced current drive efficiency (the maximum cur-
rent drive conditions for top launch are usually achieved
at slightly higher frequencies than in the case of midplane
launch).
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Figure 3. ECCD profiles used to synthesize the profile of the
driven current as shown in Fig. 4.

A collection of "optimum" ECCD profiles peaked at
different positions is shown in Fig. 3. They are obtained
employing launch points with an elevation Z above the
midplane between 4 and 5.5 m and frequencies between
220 and 240 GHz. The injected power is | MW. The de-
crease of the peak current density with radius is due to both
the decreasing T, /n, and the increasing surface on which
the current is distributed.

Fig. 4 shows two different combinations of the pro-
files displayed in Fig. 3, one obtained with a total injected
power of 159 MW (blue curve), and one with 170 MW
(red curve). The power injected for each profile is reported
in Table 1. Despite the large injected power, both curves
are actually still below the reference ASTRA profile (yel-
low). It is in particular important to note that 110 MW
flow into the two most external profiles. It is clear that
an injected power of the order of 200 MW is unattractive
in terms of balance of plant, because even in the optimistic
case of an efficiency of the EC system of the order of 50%,
the total required power is comparable to the net electrical
output of the reactor. It should be remarked that the high
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Figure 4. The yellow curve represents the target externally-
driven current density profile used in the ASTRA simulations of
the DEMO scenario under consideration. The blue and the red
curve show two different possibilities of combining the profiles
displayed in Fig. 3 (employing 159 resp. 170 MW) to reproduce
the target current-drive profile.

temperature and the comparatively low density of this sce-
nario represent quite favourable conditions for ECCD. On
the other hand, optimizing a (nearly) steady-state scenario
with particular attention to the best conditions for high
ECCD efficiency might lead to less severe requirements
in terms of injected power.

3 Electron cyclotron current drive
employing extraordinary mode at the
fundamental harmonic

Extraordinary mode at the fundamental harmonic is
usually not considered as a viable heating scheme in
magnetic-confinement fusion, due to the fact that the cy-
clotron resonance is screened by a cutoff layer for LES in-
jection. Moreover, the absorption drops to zero for prop-
agation perpendicular to the equilibrium magnetic field.
A way to avoid the cutoff for LFS launch is to choose
a sufficiently low wave frequency that the cutoff moves
outside the plasma. In this case, also the cold resonance
moves close to or outside the edge of the plasma. How-
ever, for ECCD schemes (where a finite parallel wavevec-
tor is required), one can rely on the Doppler shift to move
the absorption region inside the (outer part of) the plasma.
Preliminary results suggest that this might lead to a high
ECCD efficiency in spherical tokamaks [6]. In this sec-
tion, the physics behind this scheme is discussed in the
frame of the model implemented in codes that use an ad-
joint scheme [13] for the determination of the ECCD effi-
ciency. Following the notation of Lin-Liu et al. [14], the
current density driven by the EC waves can be written in
terms of the response function y as

Ji o mu f dyu fuly, (1)

where m is the electron mass, u, = V27T,/m is the elec-
tron thermal velocity, fy is the (Maxwellian) equilibrium
distribution function and ([14], Eq. 39)

miAy = )

2 [dF B Nyu\ _dH
sgn(uu)yue il R St St o B ) e
u  yc da

u | du B u?

(Bmax 1s the maximum value of the magnetic field on a
given flux surface). The previous expression is based on
the fact that the response function can be factorized in a
part depending on the absolute value of the momentum and
a part depending on the pitch angle A = Bpaxt? /Bu® as
x = sgn(u)F(u)H(A). In Eq.(1), the integral is performed

with respect to the Lorentz factor y = /1 +u> +u?

I”
where the components of the relativistic momentum per
unit mass u = yv are expressed as a function of y mak-
ing use of the resonance condition. Before proceeding,
it is observed that the ECCD model contained in the
TORBEAM code and used to produce the plots below con-
tains a slightly more advanced model than that discussed
in [14], e.g. the response function includes a correction
for momentum conservation as in [15]. However, the ba-
sic physical picture remains the same.

In order to get a grasp of the physics described by the
previous equations, it is useful to consider first as an ex-
ample the case of bulk current drive near the plasma centre
with fundamental-harmonic ordinary mode (O1), which
is the standard scheme for ECCD in ITER and DEMO,
cf. also Sec. 2 above. In this case, the response function
x and the resonance condition at the position of maximum
absorption exhibit the typical velocity-space structure that
can be seen in Fig. 5. The plasma parameters considered
here correspond to a “low-aspect-ratio” DEMO, with re-
duced major radius (as compared to Sec. 2) Ry = 7.5 m
and magnetic field By =4 T.
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Figure 5. Response function y in velocity space (coloured levels)
for a typical Ol scenario with absorption close to the plasma
centre. The blue ellipse represents the resonance condition, the
red lines show the trapping cone.

The contour levels of the response function y show
an increase with u (a scaling F o u* is expected in the
non-relativistic limit [16]). The trapping cone is narrow
because the EC power is deposited close to the axis in
this case. Moreover, the conditions for optimum Fisch-
Boozer current drive [17] require the resonance to be on
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high-energy passing electrons, as long as this is compat-
ible with sufficiently high absorption, cf. [11] and refer-
ences therein. The strongest wave-particle interaction in
velocity space occurs on the part of the resonance curve
that is closest to the Maxwellian bulk, where most of the
electrons reside (apart from the region very close to the
u-axis, as a finite u, is required for the cyclotron inter-
action to take place). In this region, the resonance curve
intersects the contours levels of y almost along the lines
of steepest F-increase, while the change of H (function of
u, /u) is small. Correspondingly, the main contribution of
Ay to the integral in Eq.(1) stems from the first term inside
brackets on the right-hand side of Eq.(2).

uy fe

-1 -0.5 0 0.5
uy /e

Figure 6. Response function y in velocity space (coloured levels)
for a typical X1 scenario with absorption close to the plasma
edge. The blue ellipse represents the resonance condition, the
red lines show the trapping cone.

The situation described above differs substantially
from the X1 ECCD scenario considered here, where the
power is absorbed in the outer part of the plasma. (Fig. 6).
First of all, the trapping cone is much wider and its im-
pact on the contour levels of the response function y is
much more evident than in Fig. 5. In particular, the func-
tion H(A) in y drops rapidly to zero approaching the pass-
ing/trapped boundary. Second, since the resonant wave-
particle interaction takes place on the high-field side of
the cold resonance, the resonance curve is not confined
to the region of negative velocities, like in the O1 case.
On the contrary, low-energy resonant electrons possess in
this case a positive parallel velocity. Finally, and related to
the previous point, in this X1 scheme the resonance curve
intersects the trapping cone, while in the O1 scheme it is
far from it. On the basis of these observations, it might
be expected that for the X1 scheme the term proportional
to FdH/dA, i.e. the second term in the brackets on the
right-hand side of Eq.(2), dominates the ECCD efficiency.

Fig. 7 shows a comparison of the various terms in
Eq. (1) for the O1 scheme. The red dashed line repro-
duces the product ui fm = @, which is zero where the res-
onance curve intersects the y-axis (i.e. where u, = 0) and
is peaked at the low-energy end on the resonance curve,
-0.7 = uy/c = —0.6, because of the Maxwellian factor.
The yellow solid line represents the first term on the right-
hand side of Eq. (2), proportional to HdF/du, which in-
creases for larger values of u. This term clearly domi-
nates over the second term on the right-hand side of the
same equation, shown by the solid purple line. Overall,
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Figure 7. Contribution of different terms to the integrand of
Eq. (1) for O-mode ECCD close to the plasma centre as a func-
tion of u.

the integrand in Eq.(1) is negative because the sign of uj is
minus along the whole resonance curve. The peak of the
integrand (solid blue line) reflects the peak of the « factor.
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Figure 8. Contribution of different terms to the integrand of
Eq. (1) for X-mode ECCD close to the plasma edge as a func-
tion of u.

Again, the situation is very different for the X1 scheme
(Fig. 8). The electrons contributing to ECCD lie on the
part of the resonance curve where y; > 0. The contri-
bution of the region with u; < 0 is very small because
the resonance can be satisfied there only by very energetic
electrons, whose number is extremely small. Since the
response function is set to zero inside the trapping cone
[14], the relevant range is between the intersection of the
resonance curve with the trapping cone and that with the
uy-axis, see Fig. 6. Note that while «, is zero at the latter
point, it is not at the former. It can be seen from Fig. 8 that,
as discussed above, the second term on the right-hand side
of Eq.(2), represented by the purple line, is now larger (in
absolute value) than the first one. Since this term is neg-
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ative!, one might expect that the current is now driven in
the opposite direction as compared to the O1 scheme dis-
cussed before. The electrons contributing to ECCD, how-
ever, have now a positive parallel velocity, so that the term
sgn(uy) is also opposite as compared to the O1 case. As a
consequence, in both schemes the current is driven in the
same direction if the EC beams are injected in the same
toroidal direction.
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Figure 9. Total driven current (colour) per injected MW as a
function of the beam frequency w/2x and of the toroidal launch
angle 8. The wave is injected with O-mode polarization. The
black contours represent p,, at the position of maximum absorp-
tion.

Fig. 9 and 10 show the total driven current as a func-
tion of the wave frequency w/2n and of the toroidal injec-
tion angle (injection from the midplane is considered for
simplicity), and the poloidal launch angle is zero. In the
plots, the black lines denote the radial position of the peak
current density for each value of frequency and toroidal
launch angle. It can be seen that for the Ol scenario,
the maximum current drive is obtained close to the centre
employing frequencies above 150 GHZ, and is just above
Icp = 45 kA/MW. The ECCD drops rapidly when the de-
position occurs in the outer part of the plasma and close
to the edge. This is similar to the situation discussed in
Sec. 2.

For X1 injection, on the other hand, the maximum
ECCD is found in the outer part of the plasma and is
around 15 kA/MW in a relatively broad range between
0.6 < p, < 0.9, employing frequencies in the range of
65 GHz. While these values are still significantly below
the current drive efficiency of 50 kA/MW that was as-
sumed in the ASTRA simulations mentioned in Sec. 2,
they represent an improvement with respect to the Ol re-
sults. An analysis of the normalized efficiency {cp o
(n./T.)(Ucp/P) (Fig. 11) also reveals that X1 injection has
anormalized efficiency comparable or even higher than for
the case of O1 (which peaks around 0.4 for central depo-
sition, not shown here).

IThe fact that the term proprtional to FdH/dA (purple line) is negative
as in the O1 case is due to a sign reversal of both 1 and the term uy/u —
Njju/yc within parenthesis in Eq.(2).
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Figure 10. Same as Fig. 9 but for X-mode injection.
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Figure 11. Normalized efficiency {cp o< (n./T.)(Icp/P) for X-
mode injection.

The normalized efficiency {¢p can be considered as a
measure of the “phase space efficiency” of ECCD, since
it takes into account already its basic 7, /n, scaling [18].
In particular, {¢p is found to increase with p,,, which can
be ascribed to the increase of the trapped particle fraction
with radius. This might also explain the high efficiency for
spherical-tokamak geometry [6].

Some words of caution are appropriate at the end of
this section. From the analysis presented above, it is clear
that the main contribution to the driven current in the X1-
scenario comes from the fast drop of the response func-
tion when the passing/trapped boundary is approached,
see Fig. 6 and 8. This physics is closely reminiscent of
the Ohkawa effect [19]. In the case under consideration,
where the resonant interaction takes place on the LFS of
the cold resonance, the resonance curve runs from u;, = 0
towards the trapping cone, intersecting its boundary al-
most perpendicularly in the (1), u, )-plane. This represents
a difference with respect to the standard analysis of the
Ohkawa current drive, where the resonance curve is usu-
ally considered to approach the passing/trapped boundary
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tangentially, cf. e.g. Fig.10 of [20]. The treatment of the
relevant physics adopted in TORBEAN, based on the adjoint
model, might lack the desired accuracy in describing the
details of the electron response in this region of velocity
space. A solution of the full Fokker-Planck equation [21]
would be desirable to assess the quantitative validity of the
predictions presented here.

4 Conclusions

In this paper, it has been shown that replacing a large frac-
tion of the plasma current through ECCD, as would be
required for steady state scenarios, typically requires an
injected power which is not compatible with an advan-
tageous balance of plant in a fusion reactor. The main
problem is related to the drop of ECCD efficiency in the
outer part of the plasma. The X1 scenario first discussed
in [6] has been investigated in some detail on the basis
of linear beam tracing calculation that employ an adjoint
method for the calculation of the ECCD efficiency. Al-
though some attractive features of this scheme emerged,
and there is probably still some room for further optimiza-
tion, the increase in ECCD efficiency might be still to low
from the point of view of steady-state operation. Also the
accuracy of the modelling should be compared to more
physically comprehensive Fokker-Planck simulations.

Quasilinear calculations could be performed to check
the validity of the linear modelling employed here as well.
According to [22], a deviation from a linear behaviour
should be observed when the power density exceeds a
threshold of the order of 0.5xn%, MW/m?, where nyq is the
electron density in units of 10" m~>. For typical DEMO
parameters, this corresponds to a power density of ca. 50
MW/m?, which can be reached only very close to the mag-
netic axis of the plasma, even if the injected power exceeds
100 MW.

Finally, it should be mentioned that the X1 scheme
discussed here, although theoretically appealing, would
likely imply that the cold resonance would be located close
to or inside the launcher. This might have severe conse-
quences for the integrity of the launcher components. This
is an aspect that should be kept in mind if further studies
will confirm the attractiveness of this scenario in terms of
ECCD efficiency.
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