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Abstract. Auxiliary methods for efficient non-inductive current drive in tokamaks generally in-
volve the interaction of externally driven waves with superthermal electrons. Among the possible
schemes, Lower Hybrid (LH) and Electron Cyclotron (EC) current drive have been so far the most
successful. An interesting aspect of their combined use is the fact that since they involve possibly
overlapping domains in velocity and configuration spaces, a synergy between them is expected for
appropriate parameters. The signature of this effect, significant improvement of the EC current drive
efficiency, results from a favorable interplay of the quasilinear diffusions induced by both waves.
Recently, improvements of the EC current drive efficiency in the range of 2-4 have been measured in
fully non-inductive discharges in the Tore Supra tokamak, providing the first clear evidence of this
effect in steady-state conditions. We present here the experimental aspects of these discharges. The
associated kinetic modeling and current state of understanding of the LH-EC synergy phenomenon
are also discussed.
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INTRODUCTION

In tokamaks, most modern modes of operation involve one or several sources of non-
inductive current drive, both to sustain a large fraction of the toroidal current responsible
for plasma confinement[1] and to control the plasma stability and transport properties
by an appropriate choice of the control parameters[2]. To reach these two objectives, ra-
diofrequency (rf) waves launched with an asymmetric toroidal spectrum have been suc-
cessfully employed to drive fast electron tails, providing reliable sources of current with
a certain amount of flexibility determined by the chosen scheme. Lower Hybrid Current
Drive (LHCD) is a well-tested and efficient method[3], based on Landau damping of
the wave power. Its main drawback is that the current profile remains difficult to con-
trol. On the other hand, Electron Cyclotron (EC) waves are absorbed through a resonant
interaction with the short-scale electron gyro-motion and are characterized by a narrow
deposition, thus providing a means to induce a local modification of the current profile.
Moreover, by an adequate choice of magnetic field, frequency and launching angle, it
is possible to control this location. The efficiency, however, is known to be significantly
lower than for LH waves[4], owing to the absence of direct transfer of parallel momen-
tum, the influence of trapped particles, and the fact that the interaction usually involves
less energetic electrons. The combination of LH and EC waves in the same discharge
therefore constitutes an appealing solution: their features are largely complementary and
the possibility of a synergy between them implies that the total current in the presence
of both waves can exceed the sums of separate currents, as was shown either in purely
kinetic [5, 6, 7, 8] or in kinetic+transport[9] simulations. Experimental efforts have been



devoted to the associated use of LH and EC waves with varying outcomes, depending on
the operating conditions[10, 11, 12, 13, 14]. More recently, a direct proof of the synergy
was obtained in steady-state conditions in the Tore Supra tokamak[15]. In this paper,
the results obtained in Tore Supra and their kinetic interpretation are presented. Also
addressed is the current state of understanding of the LH-EC synergy mechanism.

LH-EC EXPERIMENTS ON TORE SUPRA

The requirements to provide an experimental demonstration of the LH-EC synergy are
1) Stationary conditions, with no significant electric field effects, 2) Good confinement
of the fast electrons, accountable for most of the non-inductive current, 3) Large optical
depth for the EC waves. Specific experiments meeting these requirements have been
performed on the Tore Supra tokamak (Major radiusR0 = 2.40m, Minor radiusa0 =
0.72m, Magnetic fieldB0 ≈ 3.8T, circular cross section). Deuterium plasmas lasting
30s have been realized with plasma currentIp = 0.58MA, central electron density
ne0 ≈ 1.8× 1019m−3, central electron temperatureTe0 ∼ 6− 8keV and effective ion
chargeZe f f = 4. These experiments were all based on the same scheme: after the
initial Ohmic phase, the transformer flux was kept constant and the plasma current was
sustained byPLH = 3MW of LH power at frequencyfLH = 3.7GHz. The three criteria
listed above were satisfied by resorting to the following actuators: 1) gas puff to maintain
a constant density, 2) LH power to ensure a constant plasma current, and 3) transformer
flux to keep the loop voltage exactly equal to zero. EC waves at powerPEC = 0.7MA
and frequencyfEC = 118GHz have been injected in this target plasma in fundamental
ordinary mode polarization, by means of a set of steerable mirrors. During the ECCD
phase, the LH power is found to drop by an amount∆PLH , which can easily be translated
into a corresponding EC current∆I given by

∆I = (Ip− Ibs)
∆PLH

PLH
, (1)

whereIbs is the calculated bootstrap current, using theNCLASScode[17]. This formula
is valid provided that the loop voltage is zero, and that bothIbsand the LH efficiency vary
little during the relevant phases of the discharges, which is the case in these experiments.
The current∆I deduced from Eq. 1 can be compared to the currentIEC that would have
been driven by EC waves alone in the same plasma conditions.IEC can be evaluated
either by a Fokker-Planck code to obtain a quasilinear estimate of the driven current,
or by linear formulas for the current drive efficiency. These simplified expressions have
been extensively tested against experimental measurements on DIII-D for a variety of
plasma conditions (see, e.g., Ref. [16]) and are found to be in close agreement with
the quasilinear results for the parameters under study. Therefore, they can be used as
references to evaluate the ECCD efficiency in good single-pass absorption situations.
On Fig. 1(a) and (b), the time traces corresponding to one of the LH-EC discharges
(#31463) performed on Tore Supra are shown.

On Fig 1(a), it can be seen that the temperature forr/a0≤ 0.4 vary very little between
the ECCD phase, and after the ECCD has been switched off. This implies that 1) the core
confinement has been durably affected by the EC power application, 2) an improvement
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FIGURE 1. Time traces for Tore Supra shot #31463. (a) From top to bottom: LH Power[MW],
transformer flux[Wb], line integrated density[×1019m−3], EC Power[MW], plasma current[MA ]. (b)
Electron temperature from ECE measurement at various positions with 0≤ r/a0 ≤ 0.4.

of the LHCD efficiency caused by an increase of the electron temperature can be ruled
out. In order to quantify a potential synergy effect, the synergy factor[8], defined as
Fsyn≡ ∆I/IEC is introduced. In the discharge shown on Fig. 1, the LH power drops by
∆PLH ≈ 0.5MW during the ECCD pulse. The computed bootstrap current isIbs≈ 80kA,
so that Eq. 1 gives∆I ≈ 90kA. On the other hand, kinetic simulations, as well as linear
formulas, predictIEC ≈ 24kA, yielding Fsyn≈ 3.8. On Fig. 2(a),∆I is compared to
IEC for various discharges versusρEC, the location of maximum EC power deposition,
determined by Ray-Tracing calculations. The corresponding values ofFsynare shown on
Fig. 2(b).
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FIGURE 2. (a) Measured additional current driven by EC waves in the presence of LH waves (dots) and
computed linear EC current (squares) vsρEC, location of maximum EC power deposition. (b) Synergy
factor from experiment (squares) and from kinetic simulations (dots) vsρEC.

The difference between these discharges is essentially the result of variations of
the EC wave injection angles. The error bars are obtained from standard deviation of
the various parameters entering Eq. 1 and experimental uncertainties on the injection



angles. Despite these corrections, it can be seen that∆I always exceedIEC, meaning that
the EC current drive efficiency has been improved by the presence of LH driven fast
electrons. On Fig. 2(b),Fsyn is plotted versusρEC, and compared to kinetic predictions,
performed using a 3-D Fokker-Planck code[18]. The plasma parameters are used as input
to the Fokker-Planck code. Each EC beam is modeled by 150 rays and the individual
contributions to the quasilinear diffusion coefficient are summed to deduce the driven
current. The results, shown on Fig. 2(b), are in good agreement with experimental
measurements.

KINETIC DESCRIPTION

Although the experimental measurements and kinetic simulations are in good agree-
ment, the mechanisms underlying the LH-EC synergy phenomenon still need to be iden-
tified. Simpler kinetic models may help to gain insight into these mechanisms and con-
stitute tools to assess the CD efficiency for given plasma and waves parameters. Such
two methods are the adjoint technique and the Langevin equations (see Ref. [1] and ref-
erences therein). The starting point is the Fokker-Planck equation, which can be written
as

∂ f
∂ t

−Ĉ f = D̂LH f + D̂EC f , (2)

with Ĉ the collision operator,̂DLH and D̂EC the quasilinear operators for LH and
EC waves, respectively. It is assumed that the static electric field is zero, which is
consistent with the experiments described previously. In order to describe the current
drive efficiency in the presence of two waves, the distribution function can conveniently
be written asf ≡ fm(1+φLH +φsyn) with

∂ fmφLH

∂ t
−Ĉ( fmφLH) = D̂LH

(
fm(1+φLH)

)
≡− ∂

∂u
·SLH , (3)

wherefm is the Maxwellian,u≡ v/vth,e is the velocity in terms of the electron thermal
velocity andSLH is the quasilinear flux associated with LH waves.

Subtracting Eq. 3 from Eq. 2 yields

∂ fmφsyn

∂ t
−Ĉ( fmφsyn)− D̂LH( fmφsyn) = D̂EC

(
fm(1+φLH +φsyn)

)
≡− ∂

∂u
·SEC, (4)

with SEC the EC quasilinear flux. It should be noted that up to this point, the only
approximation consists in neglectingφsyn in the definition ofSLH used in Eq. 3. Phys-
ically, this means that we implicitly suppose that the velocity space direction of the
interaction of LH waves with the plasma is not modified by the EC power, which is a
reasonable assumption for the parameters of most present experiments. The cross-effect
between the waves is essentially contained in the termD̂LH( fmφsyn) on the left-hand side
of Eq. 4, and in the magnitude ofSEC. A convenient way to estimate the current drive
efficiency of a given scheme is to separate the relaxation from the rf drive, by intro-
ducing a response functionχ to describe the former, while the latter is determined by



the quasilinear flux[8]. For a given rf quasilinear fluxSw, the normalized current drive
efficiencyη can indeed be expressed as

η =

∫
d3uSw ·

∂ χ

∂u∫
d3uSw ·

∂

∂u

(
u2

2

) ≈
ês ·

∂ χ

∂u

ês ·
∂

∂u

(
u2

2

) , (5)

where it is assumed that the plasma-wave interaction is sufficiently well localized in
velocity space. The major advantage of this formalism is that the magnitude ofSw≡Swês
cancels out. Therefore, to evaluate the CD efficiency, the only information needed is 1)
The direction of the quasilinear flux, which is well-known: parallel for the LH-induced
diffusion, essentially perpendicular for the EC-induced diffusion; 2) The response func-
tion χ. To estimate this quantity, one can resort either to the adjoint method, or solve the
Langevin equations[1]. While both methods are known to be formally equivalent, the
latter is more cumbersome than the former, but has the advantage of being physically
transparent. The response function associated to Eq. 3,χFB, can be evaluated analyti-
cally and is known as the Fisch-Boozer response function. It describes the collisional
relaxation of the wave-driven electrons. The same procedure can be applied to Eq. 4
and leads to a modified response functionχLH , which takes into account the quasilin-
ear influence of the LH wave on the electron relaxation[8]. On Fig. 3(a), the response
function modified by the presence of LH waves is shown as contours in velocity space.
The LH quasilinear domain is assumed to be a vertical band approximately bounded
by two parallel velocities,u‖,1 = 4 andu‖,2 = 8. Also shown as dashed contours is the
Fisch-Boozer response function.
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FIGURE 3. (a) Contours of a typical response function in the presence of LH power in velocity
space. The dashed contours represent the collisional (Fisch-Boozer) response function. (b) Local ECCD
efficiency improvement versus normalized parallel velocity in the presence of LH power, for various
values of the normalized LH diffusion coefficient andu⊥ = 2. In both (a) and (b), the vertical lines denote
the boundaries of the LH quasilinear domain.

It appears that the presence of LH waves affects the response function, mostly in the
regionu‖,1 . u‖ . u‖,2, but also for velocitiesu < u‖,1 due to pitch-angle scattering. In
order to evaluate the consequences of this deformation in terms of ECCD efficiency, it
is necessary to compute the gradient ofχLH in velocity space along the perpendicular
direction, as is readily seen from Eq. 5, lettingSw ≡ SEC. The result obtained for



various values of the normalized LH quasilinear diffusion coefficientDLH,0 is shown
on Fig. 3(b), foru⊥ = 2. The ECCD efficiency appears to be generally enhanced in the
LH quasilinear region, with a peak appearing in the vicinity ofu∼ u‖,1.

LANGEVIN EQUATIONS

The Langevin equations provide a useful tool to confirm the results obtained by direct
solution of the adjoint equation and can help to gain some insight into the mechanisms
responsible for the ECCD efficiency improvement. The application of this formalism
to the synergy problem is extensively discussed in Ref. [8]. Practically, the idea is
to transform the Fokker-Planck equation in a set of stochastic equations tracking the
electron trajectories on their relaxation paths. The response function is then obtained by
considering a large number of electrons and performing ensemble-averages to obtain the
desired quantities. For instance, the response function is given by

χ(u) =
∫ ∞

0
dτ〈u‖〉(τ), (6)

where〈·〉 denotes the ensemble average and the time-integral is carried out from the
initial position u at τ = 0 to complete relaxation of the considered set of electrons. In
order to deduce the efficiency from Eq. 5, the gradient in velocity space is deduced from
the difference between the response function at positions(u‖,u⊥) and(u‖,u⊥ + ∆u⊥),
with ∆u⊥ sufficiently small. Firstly, the efficiency obtained forDLH,0 = 2 andu⊥ = 2
is shown on Fig. 4(a), computed by the adjoint method and by numerical solution of
the Langevin equations. Both method are in good agreement. The slight scattering of
Langevin points is due to statistical errors and to the approximate method employed to
estimate∂ χ/∂u⊥.
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FIGURE 4. (a) Normalized ECCD efficiency computed by solving the adjoint equations (solid), and
by numerical integration of the Langevin equations (crosses). Also shown is the Fisch-Boozer efficiency
(thin line). (b) Electron relaxation trajectories in velocity space without (grayed) and in the presence of
(black) EC drive foru‖ < u‖,1.

On Fig. 4(b), two sample trajectories are shown. Several kinetic processes clearly
influence the relaxation process: collisional friction slows down the electron until ther-



malization, and pitch-angle scattering causes it to explore a large part of velocity space
during its relaxation. Collisional energy diffusion is found to be insignificant. In the
case shown on Fig. 4(b), the EC driven electrons do not experience any influence of the
LH wave, since they are pushed at parallel velocities below the LH quasilinear domain
boundaryu‖,1. Thus, in this case, the collisional efficiency is recovered, as can be seen
on Fig. 4(a) for|u‖|. 2. On Fig. 5(a), two such trajectories are shown when an electron
havingu‖,1 < u‖ < u‖,2 is driven by EC waves.
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FIGURE 5. Same as Fig. 4(b), but for initial parallel velocityu‖ such as (a)u‖,1 < u‖ < u‖,2, (b)
u‖ . u‖,1. The arrows denote the EC drive.

It can be seen that both trajectories are now strongly influenced by the LH-induced
parallel diffusion and friction. This has the consequence that the precise value ofu‖ has
only a limited influence, in terms of CD efficiency, as long as the driven electrons be-
long to the LH quasilinear domain. This explains the rather flat behavior of the ECCD
efficiency foru‖,1 . u‖ . u‖,2. However, the most striking feature of the ECCD enhance-
ment appears to be the peak obtained foru‖ . u‖,1. The cause of this enhancement is a
subtle interplay between pitch-angle scattering and parallel quasilinear diffusion. This
situation occurs when the EC power drives an electron having an initial velocity too low
to undergo the influence of the LH diffusion to a position where pitch-angle scattering
will cause it to be “trapped” in the LH domain. This is illustrated on Fig. 5(b), where it
is readily seen that the difference between the two trajectories is very large, causing the
CD efficiency to be significantly enhanced.

CONCLUSIONS

In this paper, the experimental aspects and kinetic understanding of the LH-EC synergy
in fully non-inductive CD experiments were presented.

On Tore Supra, fully non-inductive discharges were performed, where the LH power
was adjusted to ensure that the plasma current was constant with exactly zero loop
voltage. By switching on the EC system and measuring the drop in LH power, the
amount of current driven by EC waves has been deduced. Values of the ECCD efficiency
as high as four times the predicted values in the absence of LH waves were obtained.



These results are consistent with numerical solutions of the 3-D Fokker-Planck equation
accounting for both waves.

In order to investigate these features and identify the underlying mechanism, a kinetic
model has been used to evaluate the ECCD efficiency in the presence of LH waves.
This is done by solving either the adjoint equation directly, or the stochastic Langevin
equations to obtain the response function of a plasma in which most of the current is
driven by LH waves. The obtained results confirm that an enhancement of the ECCD
efficiency can be expected in a LHCD plasma. Future work in this area will consist in
using the obtained adjoint solution in a Ray-Tracing code for the EC wave in order to
provide a fast estimate of the ECCD efficiency for given plasma conditions.

In next step devices such as ITER, the kinetic simulations performed so far seem to
indicate that only a weak enhancement of the ECCD efficiency is to be expected in the
presence of LH power. The main reason is that for the considered parameters, quasilinear
effects play only a minor role, due to the large dilution of the LH power, so that the LH
driven fast electron tail is not as significant as in present machines. Improvement of
about 10% are nevertheless obtained. Moreover, the fact that LH and EC waves do not
exhibit a large synergy effect for these parameters does not rule out their combined use:
they still possess complementary features. In this domain, only integrated simulations
accounting for kinetic and transport effects can help to reach a definite conclusion.
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