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Abstract
First principle modeling of the lower hybrid (LH) current drive in tokamak plasmas is 
a longstanding activity, which is gradually gaining in accuracy thanks to quantitative 
comparisons with experimental observations. The ability to reproduce simulatenously the 
plasma current and the non-thermal bremsstrahlung radial profiles in the hard x-ray (HXR) 
photon energy range represents in this context a significant achievement. Though subject 
to limitations, ray tracing calculations are commonly used for describing wave propagation 
in conjunction with Fokker–Planck codes, as it can capture prominent features of the LH 
wave dynamics in a tokamak plasma-like toroidal refraction. This tool has been validated on 
several machines when the full absorption of the LH wave requires the transfer of a small 
fraction of power from the main lobes of the launched power spectrum to a tail at a higher 
parallel refractive index. Conversely, standard modeling based on toroidal refraction only 
becomes more challenging when the spectral gap is large, except if other physical mechanisms 
may dominate to bridge it, like parametric instabilities, as suggested for JET LH discharges 
(Cesario et al 2004 Phys. Rev. Lett. 92 175002), or fast fluctuations of the launched power 
spectrum or ‘tail’ LH model, as shown for Tore Supra (Decker et al 2014 Phys. Plasma 
21 092504). The applicability of the heuristic ‘tail’ LH model is investigated for a broader 
range of plasma parameters as compared to the Tore Supra study and with different LH wave 
characteristics. Discrepancies and agreements between simulations and experiments depending 
upon the different models used are discussed. The existence of a ‘tail’ in the launched power 
spectrum significantly improves the agreement between modeling and experiments in plasma 
conditions for which the spectral gap is large in EAST and Alcator C-Mod tokamaks. For the 
Alcator C-Mod tokamak, the experimental evolution of the HXR profiles with density suggests 
that this model is valid up to a line-averaged density of × +�n 1.0 10e

20 m−3, a statement 
that is confirmed by simulations of the HXR scaling law with density. While simulations 
with GENRAY/CQL3D codes have ascribed the fast decrease of the HXR emission with 
density to parasitic absorption in the scrape-off layer by collisional damping, an alternative 
interpretetation based on an enhanced refraction as the LH wave propagates in the vicinity of 
the X-point is provided by C3PO/LUKE codes. The consequences for the predictions of LH 
current in ITER are discussed.
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1.  Introduction

Even if the lower hybrid (LH) wave system has not yet been 
selected to be among the first heating systems installed on 
ITER tokamak, its experimentally proven high efficiency for 
driving a toroidal current makes it one of the most attrac-
tive methods for this purpose [1–3]. Consequently, an active 
research is maintained on existing machines, with the goal 
to demonstrate the effectiveness of this method in ITER-
relevant operating conditions for off-axis shaping of the cur
rent density profile. In this context, numerous studies have 
been carried out, for example, investigating the long-range 
coupling capability of advanced LH antennae able to with-
stand high power fluxes, in particular during ELMy H-mode 
regimes [4–6].

Although encouraging results have been obtained for 
successful use of the LH wave in the ITER tokamak, recent 
studies have pointed out the importance of the edge plasma 
characteristics on the core absorption of the LH wave that 
could change the standard picture of the first principles LH 
wave modeling that has been carried out up to now [7–12]. The 
non-thermal bremsstrahlung in the hard x-ray range of photon 
energy (HXR) used as a measure of the current drive efficiency 
is found to fall off rapidly with the density, a scaling law that is 
ascribed to parasitic absorption of the LH wave by collisional 
damping in the dense surrounding scrape-off layer outside the 
separatrix [9, 13–15]. Besides, in plasma conditions for which 
the LH wave absorption is weak, it is shown that introducing 
fast fluctuations of the power spectrum at the separatrix leads 
to an improved agreement between modeling and observations 
in the Tore Supra tokamak, in particular concerning the HXR 
profile. In order to retrieve the experimental phenomenology, 
the transfer of power from the narrow spectrum excited by the 
antenna to a broad spectral tail must exceed 50% [16].

Measurement of the non-thermal bremsstrahlung provides 
an almost direct insight into the build-up of the non-thermal 
electron velocity distribution pulled out from the thermal 
bulk to high kinetic energies by resonant interaction between 
electrons and the LH wave [17]. This diagnostic is therefore 
crucial to assess the capability of the LH wave to be used as 
a non-inductive current source in ITER from experiments per-
formed in existing machines, in combination with magnetic 
measurements. In this context, several HXR cameras with 
a high spatial resolution have been installed for LH current 
drive studies, most of them using cadmium telluride (CdTe) 
based detectors whose energy response is well adapted for 
this purpose. This feature greatly simplifies multimachine and 
multicode comparisons6 [18–20].

The modeling effort performed with GENRAY/CQL3D 
and C3PO/LUKE ray tracing/Fokker–Planck codes is reported 
[21–25], on the basis of the experimental results obtained 
on three tokamaks, Tore Supra, EAST and Alcator C-Mod  
[14, 16, 26–29]. This set of machines represents an interesting 
ensemble to assess the level of universality of the LH mod-
eling, regarding the differences in aspect ratio, plasma shape, 

operational densities and magnetic fields, and the various 
types of antennae and frequencies that are used.

In order to highlight the challenges in LH wave modeling, 
especially with the tools used in this study, conditions of 
propagation and absorption of the LH wave in a magnetized 
plasma are first recalled in section 2. Even if the ray tracing 
formalism has intrinsic limitations for describing the propa-
gation of the LH wave related to the WKB approximation, 
this tool coupled to a 3D Fokker–Planck solver (1D in 
configuration space, 2D in velocity space) is particularly flex-
ible for calculating the electron velocity distribution function 
from first principles and its moments for direct comparisons 
between modeling results and experimental data by synthetic 
diagnostics. Coupled ray tracing and Fokker–Planck calcul
ations are based on underlying assumptions that are described 
in section 3. A discussion of the ray tracing robustness based 
on fullwave calculations is proposed [30]. In section  4, 
specificities of the C3PO/LUKE and GENRAY/CQL3D 
codes that could impact both predictions and interpretation 
are discussed. Results of the LH current drive simulations are 
gathered in section  5. After recalling the main conclusions 
drawn from previous LH modeling, new simulations of LH 
discharges in EAST and Alcator C-Mod tokamaks are pre-
sented, using the recently developed fast fluctuating power 
spectrum model at the separatrix also named the ‘tail’ LH 
model [16]. This heuristic model, which is implemented only 
in C3PO/LUKE code, has been successfully used in repro-
ducing several parametric dependencies of Tore Supra LH 
experiments and line-integrated HXR profiles even if plasma 
conditions correspond to a weak LH wave power absorption. 
Regarding the encouraging results concerning the Tore Supra 
tokamak, the role played by the spectral ‘tail’ in the launched 
power spectrum is investigated for the LH wave in the EAST 
and Alcator C-Mod tokamaks, using the same set of simu-
lation parameters of the ‘tail’ LH model as for Tore Supra.
The range of validity of the ‘tail’ LH model is investigated 
from the evolution of the HXR profile with density on the 
Alcator C-Mod tokamak, and in light of these results, the 
interpretation of the scaling law of the HXR emission with 
the line-averaged density is addressed. The consequences for 
LH current drive in ITER are discussed.

2.  Propagation and absorption of the lower hybrid 
wave

The physics of the LH wave in tokamak plasmas is a wide 
domain, and covering all its details is beyond the scope of 
this study [31]. Here, the most important concepts useful for 
understanding modeling challenges are summarized.

Efficient methods for current drive in hot magnetized 
plasmas may be achieved by accelerating electrons to veloci-
ties largely exceeding the thermal level, a direct consequence 
of the v 3∣ ∣−  dependence of the Coulomb collision frequency, 
where v is the electron velocity [32]. The rf wave at a fre-
quency ω slightly higher than the LH resonance frequency has 
the interesting property to propagate in the plasma with a large 
parallel phase velocity ∥φ �v v/ 1th  allowing to pull out a tail 

6 The EAST tokamak has been recently equipped with a 20 chord CdTe 
camera.
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of fast electrons from the thermal bulk by Landau damping. 
Here, ∥φv  is related to the parallel component ∥n  of the refrac-
tive index ω= cn k/  by the usual relation ∥ ∥=φv c n/  where 

∥ ∥∥= ⋅n n B B/ , B is the local magnetic field, k the wave vector 
and vth is the thermal velocity. The electrons that interact 
with the LH wave must fulfill locally the resonance condi-
tion ∥ ∥≈ φv v  in the plasma. By accelerating electrons along 
the magnetic field lines, the LH wave is therefore particularly 
well suited for non-inductive current drive in tokamaks, as 
observed experimentally [31].

At the considered frequencies7, the LH wave does not 
propagate in vacuum and must be excited by a complex array 
of waveguides placed in the scrape-off layer (SOL) [33]. 
Different techniques are considered, like a full phasing grill 
in Alcator C-Mod and fully (passive) active multijunctions 
FAM (PAM) in Tore Supra and EAST [5, 34, 35]. For ITER, 
the PAM concept is considered, thanks to its capability to 
withstand a high heat load for long pulse operation. With a 
lower density cut-off and an electric field with a higher par-
allel component, the ‘slow’-wave branch is always used in 
tokamak experiments, allowing an efficient transfer of power 
from the wave to the electrons by Landau damping8.

The far-field spectral characteristics of the LH wave in 
front of the antenna are given by the launched power spectrum 

( )∥P n 0  which is a distribution of narrow Gaussian-like lobes 
with the parallel refractive index ∥n 0, their relative amplitudes 
depending upon the phasing between waveguides9. Their 
half widths ∥∆n 0 at e−1result from the Fourier transform of 
the wave electric field pattern in the SOL, taking into account 
the finite size of the antenna along the toroidal direction [38]. 
Since ∥ ∥∆ �n n/ 10 0 , each lobe may be considered as a quasi-
plane wave [39], which has important consequences for the 
type of propagation model used in LH current drive simula-
tions, and for the wave-particle interaction model that is cru-
cial for the wave absorption. These points are discussed in 
sections 3 and 4. In order to keep the injected power density 
at an acceptable technological level, especially for long pulse 
operation, antennas have several poloidal rows of waveguides. 
This characteristic has important consequences on the wave 
absorption regarding the high sensitivity of the wave refraction 
to the inhomogeneity of the magnetic field in tokamaks. Full-
wave calculations show that each row is almost independent 
spectrally as far as magnetic field lines have a small tilt with 
respect to the toroidal direction in front of the antenna. With 
the appropriate antenna phasing, most of the power is launched 

by a single narrow lobe with a low n 0∣ ∣∥  such that co-current 
is generated10. The antenna directivity defines the fraction of 
the LH power that contributes to co- or counter-current. The 

part of the power spectrum which drives a counter-current cor-
responds generally to lobes with smaller amplitude and higher 

∥n 0 . Since the wave interacts with less energetic electrons, the 
corresponding current is usually small. Nevertheless, this part 
of the launched power spectrum must be fully considered for 
accurate current drive calculations [27].

In order to reduce the fraction of fusion power that must 
be recycled for current drive and current profile control 
by the LH wave, it is useful to maximize the current drive 
efficiency by increasing ∥φv  or equivalently, by shifting the 
main lobe n 0

0
∥
( )  in ( )∥P n 0 , down to the lowest possible value 

∣ ∣∥ ω∝ Ω ∝n n B/ /a pe ce e  corresponding to the Stix–Golant 
accessibility criterion, where ωpe and Ωce are the electron 
plasma and cyclotron frequencies respectively, ne is the elec-
tron density and ∥ ∥≡B B  [36]. Indeed, in cylindrical geom-
etry, the wave cannot propagate across the plasma layer 
where ⩽∥

( )
∥n n a0

0  and reach the hot core of the plasma as it 
bounces between the inner caustics and the edge cut-off until 
it is absorbed, with a mode conversion between the ‘slow’ 
and ‘fast’ branches of the cold plasma dispersion relation 
[40]. However, this criterion is no longer global in a toroidal 
geometry, as the index of refraction ∥n  evolves as the wave 
propagates in the plasma, a consequence of the poloidal 
inhomogeneity of the magnetic field. Therefore, even if 
n n a0

0 ⩽∥
( )

∥ , the wave may propagate inward as far as n n a⩾∥ ∥  
locally. Nevertheless, when ∥n a is close to n 0

0
∥
( )  at the plasma 

edge, the penetration of the LH wave may be difficult, even in 
a toroidal magnetic configuration, until the ∥n  upshift becomes 
large enough. In this regime, the current drive efficiency is 
usually poor, especially if the periphery of the plasma is very 
cold and dense, since a significant fraction of wave power may 
be lost by parasitic absorption [3, 15]. The magnetic configu-
ration of the plasma has therefore an important role on the 
wave dynamics, especially in regions characterized by a high 
variation of poloidal field Bp with the poloidal angle, where 
the poloidal mode number m strongly increases, since n∣ ∣∥  is 
roughly proportional to m, as shown in figure 1 [24].

As the wave propagates, the ratio ∥φv v/ th evolves, and 
when the condition ∥ ∼φv v/ 4th  is locally satisfied, the linear 
absorption on a Maxwellian distribution becomes strong and 
almost all the LH power is transferred to resonant electrons 
by Landau interaction [32, 36, 41]. Therefore, a downshift 
of the phase velocity is necessary for the LH to be absorbed 

in the plasma if ∥
( )
φ ��v v/ 10

0
th , as it is the case in all existing 

machines, where ∥
( )
φv 0

0  is the initial phase velocity associated to 
the main lobe ∥

( )n 0
0  in the launched power spectrum. The value 

…� is taken at the center of the plasma so �vth is the core thermal 

velocity. Conversely, if ⩽∥
( )
φ �v v/ 1,0

0
th  as in standard LH sce-

narios in ITER tokamak, a downshift of the phase velocity is 
not necessary for the LH to be absorbed in the plasma [3]. The 

variations of ∥φv  may result from an upshift of ∣ ∣∥k  by toroidal 
refraction, but also from non-linear processes which lead to a 
broadening of the frequency spectrum [42]. At a fixed LH fre-
quency, the condition of strong linear absorption corresponds 

to the condition n n L∣ ∣∥ ∥� , where ( )∥ �n c v/ 4L th . The diverted 
plasma is a particularly favorable configuration for this strong 

7 For typical tokamak plasmas, the LH resonance frequency falls in the GHz 
domain.
8 The LH wave dynamics is assumed to be described principally by the 
cold plasma dispersion relation [36]. In this case, two propagation modes 
with a different polarization exist, which are named the ‘slow’-wave and 
‘fast’-wave branches respectively. Thermal corrections that can be taken into 
account usually have a marginal influence as long as the excited frequency ω 
is far enough from the LH resonance frequency in the plasma [37].
9 The total launched LH power Ptot is defined as ( )∥ ∥∫= −∞

−∞
P P n dntot 0 0.

10 The sign of ∥n 0 depends on the relative direction of the plasma current  
and B
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upshift as compared to plasma with circular poloidal cross-
sections, because the LH wave propagation is more tangent to 
the magnetic flux surfaces after a reflection near an X-point 

as shown in figure 1. Finally, the ∣ ∣∥n  upshift is supposed to 
be not bounded by a KAM surface, i.e. that the condition 
( )( )ω ω >B B/ / 1p pe  holds everywhere in the plasma [43]. This 
is usually the case in most existing tokamaks and for ITER 
too, except for a few machines with large aspect ratio oper-
ating at very low plasma current and electron density [40, 44].

The ordering between ∥
( )n 0
0 , ∥�n a and ∥�n L leads to define sev-

eral regimes for the LH wave dynamics. As shown in figure 2, 

for the range of n1.5 2.50
0⩽ ⩽∥

( )  that can be excited by standard 

LH antennas, the condition ̂n n L0
0 ⩾∥

( )
∥  of strong absorption for 

the LH wave is never achieved in existing tokamaks while 
it is for ITER as far as n 1.80

0 ⩾∥
( ) . Therefore, none of the 

LH experiments in existing machines have been performed 
in conditions close to ITER operating conditions, that may 
considerably weaken the extrapolation capability of simula-
tions to reactor-grade plasmas. The closest ITER-relevant LH 
experiments have likely been performed in the JET tokamak, 
for the shot number #53429 analyzed in [42]. Nevertheless, 
even the central electron temperature reaches about  8 keV, 
such that ∥ �n 2.3L ; this value did not make this experiment 
fully ITER-relevant regarding the criterion developed in the 
present paper, since the launched power spectrum peaks at 
n 1.80

0
∥
( ) � . Indeed, for usual plasma parameters, the condition 

of propagation and absorption of the LH wave corresponds 

to the accessible weak absorption regime ̂ ̂n n na L0
0⩽ ⩽∥ ∥

( )
∥ , 

which requires an upshift of ∣ ∣∥n  (or downshift of ∥φv ) for a full 

damping of the LH wave. A variety of physical mechanisms 
have been suggested to bridge the spectral gap defined as 
n nL 0

0
∥ ∥

( )− , and since ∥n  varies always in a torus as a conse-

quence of the poloidal inhomogeneity, the toroidal refraction 
in the plasma core has been considered as a reference mech
anism for this purpose [37]. Nevertheless, it may fail when 
the spectral gap is large in high aspect ratio machines, and 
alternative mechanisms may predominate [40, 44]. The broad-
ening of the frequency spectrum by parametric instabilities 
whose non-linearity makes the process power dependent may 
also contribute [45]. It is important to note that the width of 
the spectral gap has important consequences on the validity of 
numerical tools that are used to describe the dynamics of the 
LH wave in the plasma.

Figure 1.  Ray dynamics for the LH wave in the Alcator C-Mod 
diverted discharge #1080513016 at t  =  1.06 s. In the top figure, 
the contour plot of the toroidal MHD equilibrium (white) is drawn 
over the contour plot of θϒ = ∂ ∂P P/ , where P  =  Bp /B. Blue and 
yellow regions correspond to large values of ϒ. When the ray 
enters these regions, the variation of the dispersion relation with 
the poloidal angle becomes very large, leading to an important 
modification of the poloidal mode number m and ∥n  as shown in the 
bottom figure. In conjunction with a reflection of the wave at the 
separatrix, this leads to a full off-axis absorption by Maxwellian 
electrons.

Figure 2.  Regimes of the LH wave dynamics as a function of the 
central Landau damping and Stix–Golant accessibility condition. 
Results for Alcator C-Mod, EAST, Tore Supra LH experiments 
considered in this paper are indicated as well as the reference 
scenarios II and IV for ITER. The dotted–dashed line represents the 

∥
( )n 0
0 , and the thick dotted–dashed line the domain of n 0

0
∥
( )  effectively 

excited by existing LH antennas. ITER parameters correspond 
to strong absorption for the LH wave (single pass), while for all 
existing tokamaks, LH wave absorption is weak (multiple passes). 
With ∥

( ) =n 20
0 , Te0 must exceed 7.5 keV for strong damping and 

accessible regime in existing machines.

Plasma Phys. Control. Fusion 58 (2016) 044008
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3.  Modeling of the lower hybrid current drive

For the range of n 0
0

∥
( )  used in existing machines, the parallel 

wavelength is a few centimeters, much shorter than the gra-
dient scale length L of the dielectric tensor and the machine 
size. The ray tracing formalism for calculating ∥n  evolution 
in the plasma is therefore natural, as long as the Wentzel–
Kramers–Brillouin (WKB) and well-collimated beam approx
imations are valid, which can be expressed by the inequality 
λ� �d L, where λ is the wavelength and d is the beam size11 
[24, 46]. However, if the ray tracing can capture important 
features of the LH wave dynamics in a toroidally magnetized 
plasma, in particular refraction, its conditions of applicability 
are not always well satisfied along the wave trajectory, espe-
cially if it reaches the edge cut-off or in the presence of a caustic 
where individual rays converge (the focusing effect) [30].  
At these points, the WKB approximation fails, and in principle 
full-wave calculations must be performed, which represents a 
considerable numerical challenge due to the very large ratio 
λL /  [30, 40, 47]. In addition, the concept of wavefront must 

be always valid to fulfill the assumptions used to derive the 
ray equations. Since toroidicity induces Hamiltonian chaos in 
the ray motion, the ray tracing has in principle lost its physical 
meaning if wave absorption takes place after an integration 
time exceeding the maximal Liapunov exponent, which char-
acterizes the rate of separation of infinitesimally close trajec-
tories [24]. Such a problem is particularly critical when power 
absorption of the LH wave is very weak [16].

Despite these important potential limitations, ray tracing 
calculations coupled to Fokker–Planck calculations (RTFP), 
which allows to describe the formation of a tail of fast elec-
trons by Landau damping from characteristics of the LH wave 
at the antenna, are still widely used and are almost standard 
for simulating LH current drive experiments. Indeed, the 
numerical flexibility of this type of tool makes it particularly 
attractive, especially for integrated modeling, where coupling 
RTFP with solvers of the transport equations and the toroidal 
MHD equilibrium must be self-consistently considered [48]. 
As long as the LH wave undergoes only a few reflections from 
the low density cutoff at the plasma edge before being fully 
absorbed, predictions of the LH power absorption using ray 
tracing may be considered as reasonably accurate, thanks 
to the remarkable agreement found between ray tracing and 
full-wave calculations [30]. From the latter, the concept of 
ray remains indeed valid far from the cut-off region, and the 
specular reflexion may be applied despite the local failure 
of the WKB approximation around the cut-off layer [49]. 
Therefore, if the wave absorption takes place well away from 
the cut-off layer, a condition which is almost always satisfied 
in realistic LH experiments, few reflections at the plasma edge 
may not represent in principle a major problem in the code 
predictions, provided a wavefront still exists. The existence of 
a caustic is a more challenging difficulty, as it is located rather 
inward in the plasma, and the structure of the wavefield in this 
region may be important for calculating power absorption of 

the LH wave. Modified WKB techniques that still follow ray 
trajectories but account for diffractional spreading can cap-
ture this effect. By considering the semiclassical dynamics of 
wave packets, it is thus possible to build an accurate solution 
for the wavefield in the vicinity of a caustic, but even if this 
method is attractive, it has also several downsides, like the 
initialization of the wavepacket [49]. Though the exact wave-
field structure is not correctly reproduced by standard eikonal 
techniques, the quasilinear selfconsistency between the wave-
field and the electron distribution function may smooth out 
the error, making this problem less problematic than it could 
be. Nevertheless, with a lack of fullwave modelling regarding 
experiments considered in the manuscript, the performed ray 
tracing and Fokker–Planck study can only provide a guess 
of the ∥n  spectral change produced by the toroidicity effect, 
besides additional physical mechanisms.

4.  Code description

Calculations presented in this paper have been carried out 
with C3PO/LUKE and GENRAY/CQL3D RTFP codes. The 
C3PO code is a generic 3D ray tracing12 while LUKE is a 
solver of the 3D linearized relativistic bounce-averaged elec-
tron Fokker–Planck equation (1D in configuration space, 2D 
in momentum space) [23, 24]. Both codes use the same cur-
vilinear coordinate system ( )ψ θ φ, , , where ψ is the label of 
nested magnetic flux surfaces in the tokamak plasma, θ and φ 
are the poloidal and toroidal angles respectively. The LUKE 
code is itself coupled to the quantum-relativistic bremsstrah-
lung synthetic diagnostic R5-X2 for calculating the non-
thermal HXR emission [17]. The GENRAY code is a generic 
2D ray tracing for describing rf wave propagation in a mag-
netized plasma [22]. It uses the ( )φR Z, ,  coordinate system, 
where R is the major radius and Z the vertical position. The 
CQL3D code is similar to the LUKE code for electrons with 
the same system of coordinates, but it can also describe the 
ion dynamics which is not considered in this paper [21]. Both 
LUKE and CQL3D codes use identical relativistic collision 
and quasi-linear velocity space diffusion DQL operators  
[50, 51]. The methods for calculating DQL from C3PO in 
LUKE or GENRAY in CQL3D follow a similar approach, and 
take into account all fragments of rays on a magnetic flux sur-
face with the appropriate wave polarization for each corresp
onding fragment [16, 21, 23]. A ray may cross several times 
the same magnetic flux surface. The multiplication of cross-
ings due to the long ray propagation in the weak damping 
regime may lead to significant wavefield overlapping, which 
further invalidates RTFP formalism in this regime, unless 
mechanisms like fast fluctuations of the launched power spec-
trum are invoked to shorten the rays as described in the present 
paper. For C3PO/LUKE, the spectral width ∥∆n  along each 
ray is equal to its initial value ∥∆n 0 associated to each lobe of 
the launched power spectrum, which results from the Fourier 
transform of the wave-field structure taking into account the 
antenna width. Since for a ray tracing, the concept of spectral 

11 The Fourier counterpart of the condition λ� d is ∣ ∣∥ ∥∆ �n n0 0  which is 
usually well satisfied for each lobe in the launched power spectrum.

12 Since the toroidal MHD equilibrium is axisymmetric in the calculations 
presented in this paper, the C3PO code is used as a 2D ray tracing.
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width ∥∆n  is irrelevant (infinite plane wave transverse to the 
ray direction), its evolution along the ray trajectory is arbi-
trary for calculating the power absorption, which is not true 
for a beam tracing. Several options have been investigated, 
like constant width as defined from the antenna size, or an 
increasing width with ∥n  value along the ray path, etc. It may 
modify the power absorption of the LH wave and the current 
drive efficiency for a single ray, as shown in [52]. However, for 
the ‘tail’ LH model introduced in section 5, the dependency of 

∥∆n  has marginal consequences on the LH wave power absorp-
tion, as the effective width of the whole power spectrum is 
generally much larger than ∥∆n  itself in the plasma. Recently,  
it has been shown that reducing ∥∆n  down to a very small 
value may improve LH wave penetration, a particularly impor-
tant question for LH current drive in reactor grade plasmas 
[53]. The number of rays in calculations performed by C3PO/
LUKE is restricted to one per significant lobe in the launched 
power spectrum and per poloidal row, as each lobe may be 
considered as an independent quasi-plane wave [16, 39]. The 
resonance condition in DQL is decribed by a Gaussian depend
ence with ∥n , consistently with the launched power spectrum. 
Conversely, in GENRAY/CQL3D, the resonance condition is 
described by a boxcar function of width ∥∆n . In GENRAY/
CQL3D, the power spectrum for each poloidal row is sampled 
with a set of ∥n 0 values much larger than the number of sig-
nificant lobes, each ∥n 0 value being an initial condition for a 
corresponding ray. In this approach, the fraction of power car-
ried by each ray is ( )∥ ∥δP n n0 0 where ∥ ∥δ ∆�n n0 0. By defini-
tion, the effective width ∥δn 0 is no more related to the finite 
size of the antenna in the toroidal direction, but becomes a 
numerical parameter, which depends on the number of rays 
considered in the simulation. The mimimum number is rays 
is prescribed to fill the phase space and make the final result 
of the RTFP code independent of it, despite the chaotic nature 
of the ray dynamics that may develop before the wave absorp-
tion [54]. It is assumed that the numerical solution converges 
towards the physical one by increasing the number of rays. 
Such an approach has led to the development of the LH wave 
diffusion model which is consistent with the many rays tech-
nique, provided the variation of ∥n  remains always incremental 
along the ray path [55]. While the power flowing along each 
ray path is integrated from the initial position simultaneously 
with the ray equations in GENRAY/CQL3D until all the LH 
power is transferred to the electrons [37], this calculation is 
performed as a selfconsistent iterative loop in LUKE, from 
all the ray paths previously calculated by C3PO, the integra-
tion time for the rays being much less than the bounce time 
and the collision time. The DQL and the consistent distribution 
function are determined after a number of iterations such that 
the remaining power in each ray is less than 0.1% of the ini-
tial value. The first iteration for DQL corresponds to the linear 
absorption of the LH wave on a Maxwellian plasma, but the 
final selfconsistent solution for the distribution function and 
DQL is fully independent of the first guess, as expected, the 
initial value of DQL deduced from linear absorption being 
only considered for increasing the quasilinear convergence. 
When quasilinear effects are taken into account, the full power 
absorption may take a longer ray length, a consequence of 

the flattening of the electron velocity distribution function 
when the quasilinear selconsistency is progressively achieved 
[16]. Therefore, the modifications of the electron distribution 
function at different radial positions is the consequence of the 
interplay between the rays, which itself modifies the power 
absorption for each ray. The quasilinear selfconsistency links 
the absorption process of all rays, in momentum but also in 
configuration spaces. Depending upon plasma conditions, 
more than one hundred iterations may be necessary, but usu-
ally quasilinear convergence is achieved in approximately 20 
iterations. Besides the increasing numerical effort with the 
number of rays considered in a simulation, it has been shown 
with C3PO/LUKE that the quasilinear convergence is signifi-
cantly slowed down [52].

Finally, the physics of the LH wave in the SOL, outside the 
separatrix, is not considered in the C3PO code and a specular 
reflection is enforced as the LH wave crosses this boundary, 
such that all rays remain bounded in the core plasma [24]. 
This approach has minor consequences on the predicted power 
absorption when the number of reflections is small. However 
one challenge with the introduction of a SOL model is that 
it becomes necessary to prescribe the density and temper
ature in the SOL, which are often not measured accurately. 
Nevertheless, a SOL model is fully incorporated in GENRAY 
code, and in this case, the rays are naturally reflected to the 
plasma core at the LH wave cut-off layer. Collisional damping, 
which is implemented in both codes, has a marginal impact 
in C3PO/LUKE calculations, since rays remain always in a 
region of the plasma where the temperature is high enough 
to limit parasitic absorption to few percent of the launched 
power. For GENRAY, the existence of a dense and cold 
plasma in the SOL may greatly modify current drive predic-
tions, as a large fraction of the launched power spectrum can 
become non-accessible and the corresponding rays which are 
propagating over long distances at the periphery have lost a 
significant part of their power before penetrating into the core 
region of the plasma [13–15].

The C3PO [LUKE] code has been successfully bench-
marked against GENRAY [CQL3D] code for simple reference 
cases. In addition, for LH current drive in ITER, both C3PO/
LUKE and GENRAY/CQL3D give similar power absorption 
and driven current, with a ∥n 0  dependence consistent with the 
current drive theory [32, 56]. For these simulations, the LH 
wave is linearly absorbed before any reflection at the plasma 
cut-off, such that results are independent of the number of 
rays (no inter-ray quasilinear coupling).

5.  LH current drive simulations

First principle quantitative modeling of LH current drive 
experiments, using the HXR measurements as the reference 
diagnostic with magnetic measurements, have been carried 
out for the Alcator C-Mod tokamak, using GENRAY/CQL3D 
codes [57]. The intensity of the HXR emission as well as the 
photon energy dependence were found to be well reproduced 
for waveguide phasings corresponding to higher values of the 

parallel refractive index ∥
( ) =n 2.30
0 –3.1, where the spectral 
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gap is moderate. A similar study has been performed more 
recently for fully non-inductive discharges with equivalent 
absorption conditions for the LH wave in the Tore Supra 
tokamak, using C3PO/LUKE/R5-X2 codes [27]. In this case, 
the few edge reflections made by rays before full absorption 
of the LH wave makes the assumptions used for deriving the 
RTFP equations almost valid, as discussed in section 3. The 
line-integrated HXR emission is reproduced in the photon 
energy interval 50–110 keV, as well as the HXR energy spec-
trum characterized by the photon temperature. As for Alcator 
C-Mod, a small velocity-dependent radial transport of the form 

( ) ( )∥ ∥= −ψψ ψψ � �D D v v H v v/ 3.50 th th , with =ψψD 0.10  m2 s−1, is 
considered to smooth out the usual off-axis peak in the power 

absorption at mid-radius from RTFP, which is never observed 
experimentally [57, 58]. Simulations are able to reproduce 
the experimental HXR profiles and their differences with the 
type of antenna. This is an important result, highlighting the 
validity of the chain of codes, but also the effectiveness of 
the toroidal upshift of ∥n  for bridging the spectral gap. The 
Abel inverted HXR emission is in general relevant from the 
LH power absorption profile, since fast electrons with the 
same kinetic energy, but moving in opposite directions along 
a magnetic field line, have an equivalent contribution to the 
perpendicular HXR emission [17]. If the LH power spectrum 
is well asymmetric in ∥±n 0, as for the FAM, the Abel inverted 
HXR profile is a reasonable proxy of the LH driven current 

Figure 3.  Original Gaussian lobe describing the spectrum in front 
of the grill, compared to the spectrum at the LCFS constructed 
using a distribution of spectrally decoupled tail lobes, with 50% of 
the total power transferred to the tail [72].

Figure 4.  Power deposition profile from standard and tail-model 
calculations, compared to the radial fast electron bremsstrahlung 
profile obtained by Abel inversion of the experimental HXR signal 
in Tore Supra tokamak [16]. The power deposition profile calculated 
with a fluctuating spectrum is averaged where the time evolution 
has reached an asymptotic regime. As shown, the fluctuating 
spectrum at the separatrix or the tail spectrum gives equivalent 
power absorption profiles.

Figure 5.  (Top) Current density profile predicted by C3PO/LUKE 
codes for the full LH current drive LSN diverted discharge in EAST 
tokamak #48888 at t  =  5.5 s. Without tail (dashed blue line), 
the driven current density is well off axis. When 50% of the LH 
power is transferred to the tail, the current density profile becomes 
peaked (blue dotted line). No radial transport of the fast electrons is 
considered in the simulations and collisional damping is negligible. 
(Bottom) Corresponding normalized line-integrated HXR emission 
in the photon energy interval 40–200 keV. A good agreement is 
found with C3PO/LUKE modeling when the tail LH model is 
considered. A similar agreement may be found with GENRAY/
CQL3D by transferring 5% of the LH power at n 2.70∥ = .
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density profile, as considered in integrated tokamak modeling 
[59, 60]. The predicted LH current can be highly sensitive to 
the antenna directivity as compared to HXR profiles. When 
the electron density in front of the grill is adjusted to fit the 
measured reflection coefficient [38], it is possible to reproduce 
simultaneously the HXR profiles and the LH current level, 
with a consistent evolution of the internal inductance [27]. 
Such a result is particularly important for the PAM.

Simulations of LH current drive experiments when the 
spectral gap is large have always been a difficult exercise, 
because of the possible onset of the chaotic behaviour before 
the full absorption of the LH wave. This makes predictions 
sensitive to small variations of any parameters of the simu-
lations [26]. In this regime, the predicted HXR profiles usu-
ally disagree with experimental measurements, as shown for 
the Tore Supra LH full current drive experiment or Alcator 
C-Mod at a waveguide phase corresponding to n 1.550

0
∥
( ) =  

[26, 57]. Nevertheless, despite the noise resulting from ray 
stochasticity, the −ne

3.5 experimental scaling law of the HXR 
emission with the line-averaged density can be reproduced for 
Tore Supra in the range = − × +n 3 5.5 10e

19 m−3 [16, 61].
Since density fluctuations at the plasma edge based on the 

electron drift wave model cannot contribute to bridge effi-
ciently the spectral gap by cumulative rotations of ⊥k  along 
the ray trajectory, as ∥n  remains unchanged in the scattering 
process of the LH wave [26], the possibility that the power 
spectrum could be already very broad at the separatrix has 
been investigated for large spectral gap LH discharges in Tore 
Supra [16]. A thorough study with C3PO ray tracing code has 
shown that introducing a ‘tail’ in the initial power spectrum 
described by a set of additional rays while keeping the total 

launched LH power unchanged (see figure 3), leads to a con-
siderable reduction of the noise in the predictions. With this 
heuristic LH model, the scaling law of the HXR emission with 
density can be much more accurately described and, for the 
first time, the HXR dependence with ∥

( )n 0
0  is reproduced as 

well as the HXR profile as shown in figure 4. This remark-
able agreement requires that more than half of the total LH 
power is transferred to the tail, a considerable difference as 
compared to simplified kinetic calculations that may result 
from the necessary consistency between the wavefield and the 
electron distribution function [62, 63]. It is weakly dependent 
of P P/tail tot as far as this ratio remains lower than ∼ 0.8 and the 
upper limit of the tail ∥n max is larger than ∥�n L. The modified 
power spectrum considered for initial conditions of ray tracing 
calculations may be considered as a probability density func-
tion (pdf ) of a fast fluctuating narrow spectrum with respect to 
the non-thermal electron slowing down time [16]. Though this 
model is not yet directly deduced from first principle calcul
ations, the possibility of a spectral broadening at the plasma 
edge has been considered a long time ago, from parametric 
instabilities in particular describing LH experiments in JET 
[42, 64]. Recent full-wave calculations have also shown that 
fast toroidal fluctuations of the electron density in front of the 
LH antenna could be an alternative explanation [65].

Considering the successful description of the experimental 
phenomenology with the tail LH (or equivalently fast fluc-
tuating launched power spectrum) model in Tore Supra, its 
level of universality has been investigated for LH current drive 
experiments in EAST and Alcator C-Mod tokamaks. For this 
purpose, the parameters of the tail LH model obtained from 
modeling Tore Supra LH experiments as been kept unchanged 

Figure 6.  HXR line-integrated profile for the almost full current drive USN Alcator C-Mod diverted discharge #1101104011 at t  =  1.22 s.  
Black circles are experimental values obtained with the HXR diagnostic [20]. Without anomalous radial transport for the fast electrons 
and tail LH model, the predicted profile by C3PO/LUKE/R5-X2 codes is very hollow (dashed blue line). The experimental plasma current 
is 0.53 MA. A small radial transport of =ψψD 0.10  m2 s−1 removes the hollowness of the line-integrated HXR profile, but its shape is not 
consistent with observations (blue dotted–dashed line). When 50% of the LH power is transferred to the tail, the calculated HXR signal 
jumps to the correct level, the predicted current is close to the experimental value and the broad experimental profile is well reproduced (red 
full line). The asymmetric increase of the HXR signal for chords #31 and #32 may be qualitatively ascribed to thick target bremsstrahlung 
near the divertor.
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[16]. A fully non-inductive diverted discharge at a line-aver-
aged density = × +n 2.5 10e

19 m−3 performed in the EAST 
tokamak is first considered (Lower Single Null, LSN), where 
2.25 MW of LH power at 4.6 GHz drives about 0.39 MA (dis-
charge #48888 at t  =  5.5 s). The core electron temperature 
reaches 3 keV in the steady-state regime without evidence 
of sawtooth activity, and the estimated internal inductance 
�l 1.22i  is almost unchanged as compared to the Ohmic phase 

within the error bars. As shown in figure 5, the power absorp-
tion predicted by C3PO/LUKE is off-axis when =P P/ 0tail tot , 
with a predicted plasma current of 0.57 MA higher than the 
experimental level. Predictions obtained with GENRAY/
CQL3D and TORLH fullwave codes are similar [28]. In this 
case, the calculated HXR profile is hollow, in disagreement 

with observations as shown in figure  5. Conversely, with 
=P P/ 0.5tail tot , the LH current density profile is much more 

central and broad, and the predicted LH current is slightly 
reduced to 0.52 MA. In this case, the calculated current den-
sity profile becomes close to the toroidal MHD equilibrium 
one, which is consistent with the measured internal inductance 
and the lack of sawtooth q0  >  1. In order to retrieve the lower 
level of the plasma current, a large radial diffusion of the fast 
electrons must be introduced in the calculations, ψψ �D 2.00  
m2 s−1. However, given the large uncertainty about the calcu-
lated LH current arising from the directivity of multijunctions 
as shown in [27], the difference between observations may 
not result from a transport effect, which, moreover, is not suf-
ficient to peak the predicted current profile when =P P/ 0tail tot . 
Further quantitative studies are necessary to clarify this point.

A similar study has been carried out for the upper single 
null (USN) diverted Alcator C-Mod discharge #1101104011 
at t  =  1.22 s. With 0.63 MW at 4.6 GHz associated to the main 

lobe at ∥
( ) =n 1.550
0  in the LH power spectrum, the plasma cur

rent reaches 0.53 MA, and the Ohmic loop voltage falls down 
to 75 mV. The line-averaged density is = × +n 4.5 10e

19 m−3. 
From C3PO/LUKE calculations, the Ohmic contribution to 
the total plasma current is about 20%. An effective charge 
=Z 1.8eff  is considered, taking into account in HXR calcul

ations that it is dominated by a high-Z impurity (molybdenum) 
[17]. With =P P/ 0tail tot , the predicted plasma current is 0.39 
MA, including synergistic effects between the LH driven 
current and the Ohmic field. As shown in figure 6, the pre-
dicted line-integrated HXR profile is strongly hollow, while 
it is broad and peaked experimentally. With =ψψD 0.10  m2 
s−1, the sharp peaks in the HXR profiles corresponding to the 
strongly localised absorption of the LH power at mid radius 
are smoothed out like for Tore Supra LH current drive simula-
tions [27]. However, the shape of the predicted line-integrated 
HXR profile is much too flat, a discrepancy with observations 
that cannot be compensated for by increasing the fast electron 
radial transport because the predicted plasma current becomes 
much too small. Conversely, with =P P/ 0.5tail tot , the HXR is 
significantly larger, with the correct bell shape for the HXR 
profile. The predicted current reaches 0.51 MA, very close 
to the experimental level. By increasing P P/tail tot to 0.75, this 
good general agreement remains, which confirm the robust-
ness of the tail LH model observed for Tore Supra simula-
tions [16]. A detailed analysis for a ray centered on the main 
lobe at n 1.550

0
∥
( ) =  shows that the transfer of power from the 

wave to the electrons is much more progressive along the 
ray path with the tail LH model, leading to a more central 
absorption combined with a full build-up of the fast electron 
tail in momentum space (see figure 7). This result points out 
the importance of the self-consistency between the wavefield 
and the electron distribution function in the determination of 
the power absorption of the LH wave and the current drive 
efficiency. Indeed, for the studied case, the broadening of the 
launched power spectrum at the plasma edge has not led to  
the standard reduction of the LH driven current [66]. The 
interplay between dynamics of the LH wave in momentum 
and configuration spaces is critical.

Figure 7.  Ray trajectories (full red line) for the same initial 
conditions ∥

( ) =n 1.550
0 . The toroidial MHD equilibrium 

corresponds to the almost full current drive USN Alcator C-Mod 
diverted discharge #1101104011 at t  =  1.22 s. (a) standard 
model, no tail, no fast electron transport, (b) standard model, no 
tail, small fast electron transport, =ψψD 0.10  m2 s−1, (c) 50% of 
the LH power transferred to the tail and =ψψD 0.10  m2 s−1. The 
blue dashed line corresponds to the strong linear Landau damping 
condition, and the red dotted dashed line to the Stix–Golant 
accessibility criterion along the ray trajectory. Black parts along 
the ray trajectory correspond to the large transfer of power from the 
wave to the electrons. As the ray propagates near the X-point, the 
refraction becomes strong leading to a full absorption of the power 
in the ray. When =P P/ 0.0tail tot , most of the LH power is absorbed 
at the end of the ray. If =P P/ 0.5tail tot , the transfer of power to the 
electrons is much more progressive, leading to a better build-up of 
the fast electron tail, and more central power absorption. The radial 
transport has a weak effect on power transfer, as shown in (b), even 
if its contribution is self-consistently calculated with the quasilinear 
absorption.
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As shown in figure 8, the measured line-integrated HXR 
profiles have an identical shape until the line-averaged den-
sity exceeds = × +n 1.15 10e

20 m−3, which is similar to the 
predicted one by the tail LH model. Above, a strong flattening 
is observed, with an enhanced emission localized to central 
chords only [67]. This evolution suggests a change in the LH 
dynamics at very high plasma densities, and in this case the 
first down-shifted side-bands become comparable to the pump 
power for the ion cyclotron parametric decay signal [68]. This 
statement is confirmed by studying the scaling of the HXR 
emission with density for ∥

( ) =n 1.950
0 , Bt  =  5.4 T and Ip  =  0.83 

MA [14]. For this purpose, the Alcator C-Mod discharge 
#1080513016 is considered, where = × +n 1.3 10e

20 m−3  
at t  =  1.06 s. The power launched in the main lobe is 0.53 MW 
and the loop voltage is large, about 1.45 V. C3PO/LUKE calcul
ations show that the plasma current is almost fully driven by 
the Ohmic power, while the LH fraction, reaching only 25 kA,  
is generated far from the magnetic axis at ⩾ρ 0.6. Even if 
collisional damping is taken into account, its contribution 
remains almost negligible to the modeling results. Simulations 
are also performed with =ψψD 0.10  m2 s−1, but the results 
are weakly dependent of the radial transport at this high col
lisionality [58]. The Ohmic electric field profile is assumed to 
be flat. Nevertheless, synergistic effects at the radial location 
where the LH wave is absorbed remain weak for =P P/ 0tail tot , 

because the absorption occurs after a strong upshift of ∣ ∣∥n  in 
the vicinity of the X-point, as discussed in section 2 and shown 
in figures 1 and 7. Electrons of the tail driven by the LH wave 
have therefore a moderate kinetic energy as compared to 
those of the thermal bulk, and their high collisionality makes 
them weakly sensitive to an Ohmic electric field. In this case, 
the predicted HXR emission is very low, in agreement with 
experimental measurements. Conversely, with =P P/ 0.5tail tot , 
the absorption is much more progressive during the propa-
gation, leading to a more developed fast electron tail in the 
plasma and an enhanced sensitivity to the Ohmic electric field. 
The fast fluctuations of the launched power spectrum at the 
plasma edge lead to a predicted HXR emission that is larger 
by one order of magnitude, well above experimental observa-
tions. RTFP calculations are therefore consistent with the vari-
ations of the experimental line-integrated HXR profiles when 
the density is increased, which suggests that the tail LH model 
is no longer valid above × +�n 1.0 10e

20 m−3.
Since almost all the plasma current is driven by the Ohmic 

field, the effect of electron density on the HXR emission can 
be qualitatively estimated from the Alcator C-Mod discharge 
#1080513016, assuming that the toroidal MHD equilibrium 
remains almost unchanged. In this approach, the kinetic pres
sure is supposed to be constant, a reasonable assumption for 
Ohmic discharges. As shown in figure 9, the large rise of the 

Figure 8.  HXR profiles for varying density (USN Alcator C-Mod diverted discharges), taken from shots 1080429003/4/7/8/9/14/15/16/17/
18, and 1080513006/7/15/16/22/23/24 from [67]. Densities in the legend are line-averaged. In these discharges, n 1.90

0
∥
( ) � , B  =  5.4 T, and 

�I 800p  kA. The upper plot shows count rates and the lower plot shows count rates normalized to the total count rate (on all chords). In 
USN, a ‘shoulder’ feature appears in the HXR profiles at the top of the plasma. This shoulder becomes more prominent in the normalized 
HXR profiles at higher densities.
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HXR emission by lowering the density is well reproduced 
using C3PO/LUKE codes. It results from the increase of the 
temperature, which has a strong effect since the wave absorp-
tion is almost linear. Besides the reduction of the plasma 
collisionality, more fast electrons can be driven by the LH 
wave at a fixed power level. Since the tail of fast electrons 
is well formed in this case, the results obtained with a fluc-
tuating power spectrum at the plasma edge are very similar. 
Therefore, while simulations with GENRAY/CQL3D codes 
ascribe the decrease of the line-integrated HXR emission with 
density to the parasitic absorption of the LH wave in the SOL 
by collisional damping, an alternative interpretation may be 
given using C3PO/LUKE/R5-X2 codes. Interestingly, above 
= × +n 1.0 10e

20 m−3, GENRAY/CQL3D codes without col
lisional damping and C3PO/LUKE with the tail LH model 
gives a similar HXR emission level, as shown in figure 9. This 
points out how the difference of use between the two codes 
may deeply impact the interpretation, and the role played by 
the number of rays in the simulations must be clarified.

The broadening of the LH power spectrum at the plasma 
edge has been considered a long time ago, in particular for 
parametric instabilities describing non-linear mode-coupling 
[69]. Other mechanisms may also contribute to this effect, 
like LH wave diffraction by a fast fluctuating density in a thin 
layer in front of the antenna. By symmetry, the perturbation 
must be along the toroidal direction [65]. Fast random shift 
between the antenna waveguides resulting from a fluctuating 
neutral ionization may also provide a qualitative explana-
tion. The latter could explain the disappearance of the power 

spectrum fluctuations at very high density, but more refined 
experimental investigations are necessary.

Since the line-averaged density of the ITER design sce-
nario IV is about = × +n 6.5 10e

19 m−3, fast fluctuations of 
the power spectrum at the separatrix can potentially impact 
current drive predictions according to C3PO/LUKE calcul
ations [3]. For ∥ ∥= �n n Lmax , no effect can occur, since in 

that case ∥
( )

∥>n n0
0

max, as shown in figure  2. Conversely, if 

∥ =n 3max , while keeping =P P/ 0.5tail tot , the predicted LH cur
rent drops from 0.68 MA to 0.53 MA when 20 MW of LH 

power is injected at ∥
( ) =n 2.00
0 . This represents a reduction of 

20% of the current drive efficiency, as compared to the value 
estimated from standard calculations [3]. The power absorp-
tion is broader but the radial penetration remains still bounded 
by the strong linear damping at ρ≈ 0.7. In this case, some 
energetic electrons are found to be generated in the vicinity 
of the separatrix. Finally, even if collisional damping is strong 
in the SOL, its impact LH current predictions for ITER is 
likely weak, as absorption is achieved in single pass. These 
results point out the weakness of the extrapolation capability 
of the current drive efficiency for reactor-grade plasmas as 
predictions may strongly depend of the spectral properties of 
the LH wave at the plasma periphery. Conversely, the loca-
tion of the power absorption of the LH wave is rather robust,  
a direct consequence of the penetration barrier resulting 
from linear absorption by a thermal plasma at high temper
ature. Therefore, even if the agreement between modeling and 
experiments in existing tokamaks has improved significantly, 

Figure 9.  HXR count rate in the photon energy range 40–200 keV, summed over the cords #9 to #24 as a function of the line-averaged 
electron density for the Alcator C-Mod tokamak (USN diverted configuration). The full black line corresponds to GENRAY/CQL3D 
calculations without collisional damping of the LH wave in the SOL. When this effect is taken into account, GENRAY/CQL3D precictions 
are considerably closer to experimental results, leading to a reduction of the HXR emission by an order of magnitude above = +n 10e

20 m−3 
[14]. The full black circles correspond to the C3PO/LUKE simulations, taking into account the toroidal refraction only. When fluctuations 
of the power spectrum at the separatrix are considered (full red circles) the predicted HXR signal is similar up to = +n 10e

20 m−3 but larger 
than observations at higher densities. The dotted red line indicates the line-averaged density for the ITER reference scenario IV [3].
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conclusions drawn may not necessarily be valid for reactor-
grade plasmas. It is therefore critical to perform LH experi-
ments for which single pass absorption is effectively achieved, 
in order to assess the role of the launched power spectrum and 
the dynamics of the LH wave in the SOL with available pow-
erful diagnostics, even if in existing tokamaks, the LH current 
drive efficiency may be significantly lower [70].

6.  Conclusions

Quantitative simulations of LH driven discharges have become 
a standard in modeling, and are essential for an accurate 
physics assessment. When the spectral gap is moderate, LH 
simulations based on standard toroidal refraction are in quanti
tative agreement with the non-thermal bremsstrahlung emis-
sion (HXR) profiles and the plasma current. However, the LH 
current may be sensitive to the antenna directivity while HXR 
profiles are more robust and relevant to the power absorption 
in general. For large spectral gap conditions, fast fluctuations 
of the power spectrum (tail LH model) lead to an improved 
quantitative agreement between observations and simulations 
using C3PO/LUKE RTFP code. The predictions are much less 

noisy and variations of HXR emission with density and ∥
( )n 0
0  

can be well reproduced for Tore Supra tokamak, as well as the 
Abel inverted HXR profile. This heuristic model leads also to 
an improved quantitative agreement with experimental obser-
vations for full current drive diverted discharges in the EAST 
and Alcator C-Mod tokamaks. Fluctuations of the power spec-
trum at the separatrix lead to a more progressive power absorp-
tion of the LH wave as it propagates in the plasma and a well 
developed tail of non-thermal electrons by Landau damping. 
The power absorption is therefore more central, especially for 
diverted magnetic configurations which are particularly favor-
able for a strong off-axis refraction, which is not observed 
experimentally up to = × +n 1.0 10e

20 m−3 in Alcator C-Mod 
tokamak. Above this, calculations with C3PO/LUKE codes 
using the tail LH model overestimate the HXR emission, but 
variations of the line-integrated HXR profiles with density 
in the Alcator C-Mod tokamak clearly indicate a change of 
regime for the LH wave dynamics. While GENRAY/CQL3D 
codes explain quantitatively the scaling law of the HXR emis-
sion with density by an increasing collisional damping in the 
SOL and near the divertor, a different interpretation is pro-
vided by C3PO/LUKE simulations. At very high density, the 
strong refraction of the LH wave near the X-point makes the 
power absorption almost linear, and therefore very sensitive 
to the plasma temperature. If the power spectrum at the sepa-
ratrix is broad, the power absorption of the LH wave in ITER 
is modified and the current drive efficiency is reduced with 
a slightly more off-axis power absorption. Conversely, the 
impact of collisional damping is likely marginal because of 
single pass absorption. ITER-relevant experiments in existing 
machines that correspond to almost single pass absorption 
must be carried out to clarify the different interpretations and 
improve extrapolation capabilities for reactor-grade plasmas. 
The WEST tokamak will be a powerful tool for this purpose 

[71]. Whatever the LH model, the role of the SOL in the core 
LH physics is likely to be very important.
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