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Abstract
Fast waves (FW) are a primary technique for heating and current drive (CD) on the proposed burning plasma
device, International Tokamak Experimental Reactor (ITER) and lower hybrid (LH) waves are a candidate for
edge current profile control. The models used to simulate these two waves rely on assumptions of Maxwellian
populations that allow efficient analytic implementations of the plasma response, and in the case of the LH wave,
the ray tracing models used are able to follow the very small wavelengths in a continuum manner without requiring
a fine computational grid. Recent advances in algorithms and parallel computational methods have allowed these
assumptions to be tested, permitting more accurate estimates of heating deposition and CD efficiencies in a burning
plasma. Absorption by energetic particles for both waves can be significant, reducing electron heating and associated
CD. Wave propagation and absorption are dependent on the velocity space distribution of particles in the plasma
and geometric effects of focusing and diffraction. Fusion-born alpha particles and neutral beam ions may interact
with these waves in a manner that cannot be accurately modelled by Maxwellian distributions. The AORSA2D code
has been modified to use a generalized non-Maxwellian conductivity and applied to ITER reference scenarios. The
effects of diffraction on LH waves in toroidal geometry are not well understood because computational limits have
prohibited full-wave simulations at those small wavelengths. Simulations of LH waves have been restricted to
WKB ray tracing techniques and one-dimensional full-wave in the past, but the availability of massively parallel
architectures has made full-wave calculations using an electromagnetic field solver tractable. The TORIC code has
been adapted to run on parallel architectures making it possible to resolve the slow electrostatic LH wave. We present
full-wave simulations of LH slow and FW in toroidal geometry using a Maxwellian distribution with non-relativistic
electron damping in Alcator C-Mod at values of (ωpe/ωce)

2 comparable to those expected in the ITER device.

PACS numbers: 52.35.Hr, 52.25.Mq, 52.50.Sw, 52.50.Qt, 52.65.-Ww

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Radio frequency (RF) waves are an established technique
for plasma heating and non-inductive current drive (CD).

Waves in the lower hybrid (LH) range of frequencies, �ci �
ω � �ce, have been proposed for International Tokamak
Experimental Reactor (ITER) as a method of edge current
profile control [1]. Typically LH waves have been simulated by
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ray tracing techniques that do not take into account the effects
of diffraction. Diffractional broadening of LH wavefronts
was first studied in [2] and found to be important in that
work. However, that treatment relied on using a geometric
optics description in the direction of the group velocity and a
wave description perpendicular to that direction, whereas the
present work employs a full-wave analysis in all dimensions.
Recent advances in full-wave algorithms have led to the first
simulations of LH waves at reactor relevant parameters and
show distinct effects of diffraction on the wave propagation
and energy deposition even though the scale of the waves is
orders of magnitude below the system size.

Full-wave studies of LH waves have been done in one
dimension [3], but the computational requirements for two-
dimensional (2D) simulations have been prohibitive. In the
present work, we concentrate on 2D full-wave diffraction
effects and do not include non-Maxwellian distributions or
relativistic electrons in the dielectric response. The ray
tracing models used for comparison are configured consistent
with this assumption. Accurate 2D models are needed to
capture the effects of geometric focusing, wave interference
and diffraction effects. As they have been proposed for
ITER as a method of edge current profile control [1], this
work is of practical importance in that device. Three-
dimensional (3D) effects are only important when significant
toroidal asymmetries are present in the device—for example,
a stellarator’s fully 3D magnetic geometry. Typical fusion
geometries, including those discussed in this paper are
axisymmetric in the toroidal direction, and so 2D simulations
in which the toroidal direction enters only as a single Fourier
mode parameter are sufficient.

Another assumption used in full-wave simulations is
the use of analytic plasma response derived assuming a
Maxwellian particle distribution for the plasma [4]. While
this approach leads to analytic Z-functions that are quickly
evaluated, it precludes the ability to account for the effects of
fast fusion generated alpha particles, interactions with neutral
beams or solutions to the wave equation, equation (1), that are
consistent with RF modified distributions. With the advent
of higher power and higher availability of computing power,
several groups are developing models to address these issues.
Hedin et al [5] are addressing the effects of energetic
ions with a coupled Monte-Carlo Fokker–Planck code and a
fourth order full-wave code. Bilato et al [6] explored the
evolution of the electron distribution during ion cyclotron CD
using a continuum Fokker–Planck code for the electrons. In
addition, for LH heating and CD, there have been several
one-dimensions self-consistent codes using ray tracing models
[3, 7, 8] for accounting for the LH electron tail. Quantitative
analysis of these effects requires 2D full-wave electromagnetic
modelling with finite Larmor radius (FLR) interactions for
non-Maxwellian distribution functions. This involves solving
the system described in equations (1) and (2), with varying
choices of decomposition for the electric field, E, and of the
plasma response in JP .

∇ × ∇ × E = ω2

c2

{
E +

4π i

ω
(JP + JA)

}
, (1)

JP = ↔
σ [f0(x, v⊥, v‖)] · E. (2)

The plasma response is calculated from the same
expressions used in Stix [4] for a Gaussian, but now an
arbitrary distribution function, f0(x, v⊥, v‖), from a Fokker–
Planck calculation is used. With a quasilinear (QL) operator
generated from the fields of the full-wave code inserted in
the Fokker–Planck code, a self-consistent evaluation of f0,
E and the plasma conductivity,

↔
σ , used for the plasma current

response, JP , in equation (2) is possible. Present plans for
ITER call for RF core plasma heating. Improved theory and
computational modelling are needed to quantify the interaction
of ion cyclotron range of frequencies (ICRF) heating with the
nonthermal fusion generated alphas.

This paper is organized as follows. In the next section
we will discuss the RF modelling of the ICRF fast-wave (FW)
absorption on alphas and neutral beams using the all-orders
spectral algorithm (AORSA) full-wave code [9] in combination
with the particle distributions from the CQL3D Fokker–Planck
code [10]. Aggressive parallelization and vectorization, the
development of more efficient algorithms for the evaluation of
the plasma dielectric for non-Maxwellians and the use of very
large scale parallel architectures have permitted the coupling of
these two codes. At present, the coupling is not ‘closed-loop’,
and the cases presented have unidirectional coupling between
the two codes. In the third section, we have used the full-
wave FLR ICRF code, TORIC [11], for the LH analysis. By
adapting the code to run on parallel architectures, its resolution
limits were increased sufficiently to resolve mode converted
ion Bernstein (IBW) and ion cyclotron waves (ICW) in Alcator
C-Mod and Asdex Upgrade [12] and the slow electrostatic LH
wave. We explored a scenario with mode conversion from
the fast to the slow LH wave that accentuates the effects of
diffraction at a caustic surface where the radial wavenumber
vanishes. The full-wave results were compared with ray
tracing calculations from the ACCOME code [13] to resolve the
effects of diffraction. In the final section we will briefly discuss
the consequences of these results and their impact on current
and planned experiments.

2. Non-Maxwellian ICRF computations

An important problem in RF heating of fusion plasmas is
the absorption of power by non-Maxwellian components such
as minority ion species, fusion-born alpha particles and fast
ions associated with neutral beam injection (NBI). Heating
of these components can occur at high harmonics of the
ion cyclotron frequency where conventional 2D full-wave
models for RF heating are not valid. The high-performance
plasma envisioned for burning plasma devices, such as ITER,
will contain significant concentrations of nonthermal plasma
species arising from NBI, fusion reactions and wave-driven
acceleration of resonant plasma species. Initial studies in one-
dimension [14], as well as experimental results, indicate that
these nonthermal components can significantly alter the wave
propagation and absorption processes.

To compute self-consistent wave fields and particle
distribution functions, four different physics models must
be integrated: (1) plasma conductivity for non-Maxwellian
distribution functions, (2) a wave solver incorporating the
non-Maxwellian conductivity, (3) the QL operator [15] that
drives nonthermal distributions. At present, the integration
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is incomplete. We present two cases demonstrating partial
coupling of these physics models in sections 2.1 and 2.2. In
the near future, the loop will be closed by using a QL operator
derived directly from the full-wave solution as described below.
The goal is to develop an integrated wave simulation consisting
of these four basic elements, all communicating and interacting
in an automated way on the same computing platform.

Following Stix [4], we write the generalized plasma
conductivity tensor for an arbitrary non-relativistic species.
For non-Maxwellian distributions, the standard plasma
dispersion function is replaced by 2D velocity space integrals
for every mode in the wave spectrum at each point in space.
These integrals have been programmed by the PPPL and ORNL
groups and are referred to as the SIGMAD module [14, 16]. To
reduce the required computation time, the integrals have been
vectorized, parallelized and multi-streamed. These algorithms
have been incorporated into the AORSA2D code using the
decomposition shown in equation (3) in which R and Z are
the cylindrical coordinates with the centre of the coordinate
system at the centre of the torus outside of the plasma and
consequently outside of the domain of solution so that there
are no curvilinear singularities in the system.

E(x) =
∑
kRkZ

EkRkZ
exp(i[kRR + kZZ + nφ]). (3)

This fully spectral decomposition facilitates the evaluation of
the velocity space integrals involved in calculating the power
deposition in equation (4) by permitting the separation of
the dual wavenumber summations from the velocity space
integrals:

∂W

∂t
= 1

2
�


 ω

4π i

∑
k1k2

exp i[(k1 − k2) · r]

×
∞∑

l=−∞
E∗

k2
· ↔
Wl · Ek1

}
, (4)

where Wl is the local energy absorption kernel for the
cyclotron harmonic, l, and is proportional to the anti-Hermitian
component of the conductivity tensor [17]. This expression is
quadratic in the electric field and can be written in terms of
nested sums over the two wave numbers, k1 and k2, associated
with the two electric field vectors. When k1 = k2, the sums
over k1 and k2 separate to give ∂W/∂t = 1/2�(E∗· JP ). When
k1 	= k2, five nested do loops are required in 2D, and seven in
3D. The summation over Fourier wave numbers k1 and k2 in
equation (4) can be extremely time consuming to evaluate. In
2D, for example, four nested do loops are required to evaluate
equation (4), and in 3D, six nested loops are required. Even for
Maxwellian distributions, calculating these summations can
take orders of magnitude more time than the wave solution
itself. For non-Maxwellians, the time is totally prohibitive. A
more efficient way to calculate the power absorption comes
about when the velocity space integrals are brought outside
the sum over k1 and k2. In this case, the absorbed power
can be expressed as a product of sums rather than as nested
sums. Because the sums over k1 and k2 are separated, there
is an enormous saving in computation time, and the power
absorption can be evaluated in approximately the same time
as that required to calculate the plasma current, even for non-
Maxwellian distributions.

To solve the bounce averaged Fokker–Planck equation
with the full-wave RF solution, the QL diffusion coefficients
must be derived directly from the full-wave RF electric field
solution. These coefficients are closely related to the RF
heating rate ∂W/∂t and can be found by writing ∂W/∂t

in terms of the time derivative of the distribution function.
Equating this expression to the plasma heating rate derived
above, we can deduce expressions for the QL diffusion
coefficients. This results in the addition of a term of the
form ∇u0 · �RF, for the QL RF source term, where u0 refers to
midplane velocity space coordinates, and �RF is the QL flux
which is a function of the particle distribution, f0.

2.1. ICRF interaction with NBI in NSTX

Fast ion tails have recently been observed on both the
Doublet III-D (DIII-D) [18] and National Spherical Tokamak
Experiment (NSTX) [19] tokamaks when NBI and ion
cyclotron heating are applied simultaneously. In addition,
heating of these non-Maxwellian components often occurs
at high harmonics of the ion cyclotron frequency where
conventional 2D full-wave models for RF heating are not valid.
We use this case to demonstrate the use of non-Maxwellian
dielectrics in AORSA2D generated from CQL3D. Figure 1 shows
the ion distribution function for an NBI plasma with high
harmonic FW heating in NSTX, shot #108251, calculated
with the CQL3D Fokker–Planck code with the radial diffusion
operator turned off. The high harmonic wave fields used for
the QL diffusion in CQL3D for this case were calculated with
a ray tracing code. The non-Maxwellian distribution function
is shown at four different radial locations in the plasma.

We now demonstrate unidirectional coupling of the CQL3D
code to the AORSA2D code. The ion distribution in the presence
of only the neutral beams in NSTX is used for the ion dielectric
response in the full-wave AORSA2D code. Figure 2 shows the
power absorbed in NSTX calculated from AORSA2D using (a)
the non-Maxwellian distribution with NBI injection only as
calculated by CQL3D and is contrasted with (b) a bi-Maxwellian
approximation. Flux surface average heating profiles are
shown for the non-Maxwellian neutral beam ions (green) and
the Maxwellian electrons (red). Note that the power absorbed
by the non-Maxwellian ions is highly localized near the 10th,
11th and 12th harmonic resonances and accounts for 59% of
the absorbed power. The equivalent bi-Maxwellian model in
figure 2(b) gives approximately the same fractions of power
absorbed, but the radial profile for the fast deuterium (green)
is much more uniform. This is because the bi-Maxwellian
distribution contains particles that extend to much higher
energies than the non-Maxwellian, and therefore gives more
Doppler broadening of the resonances. This broadening is
clearly evident in the 2D contour plots in figure 2(b) where
the high harmonic resonances overlap in the lower half plane.
This occurs in the lower half plane because for this geometry,
the poloidal field gives k‖ an upshift in the lower midplane and
a downshift in the lower midplane. The effect is accentuated
by the large shear for the low aspect ratio of NSTX. To damp,
the waves must satisfy, ω = k‖vtD − n�D, and as a result of
the poloidal field, very little of the wave spectrum has a large
enough k‖ in the upper midplane to meet this condition.
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Figure 1. The ion distribution function for a NBI plasma with high harmonic FW heating in the NSTX tokamak (shot 108251) [19]
calculated with the CQL3D [10] code at four different radial locations in the plasma using high harmonic fields from a ray tracing code.

Figure 2. Power absorbed by NBI ions in NSTX (green) calculated (a) from a non-Maxwellian NBI generated distribution from CQL3D and
(b) from a bi-Maxwellian approximation.

2.2. Parasitic alpha particle absorption of ICRF in ITER

Another important example of a non-Maxwellian plasma
component is the fusion-born alpha population in the proposed
ITER [1] international burning plasma experiment. In this
case, we demonstrate the insufficiency of the bi-Maxwellian
model to capture wave–particle interactions with fusion
products. This case involves the SIGMADmodule and AORSA2D
code using analytic expressions for the ion distributions.
Figure 3 shows the power absorbed by these alpha particles
as calculated from (a) the complete analytic non-Maxwellian
slowing down distribution function and (b) an analytic
approximation that includes only dissipation and neglects the
effect of the alpha particles on wave propagation. In case (b)
only the anti-Hermitian part of the dielectric responsible for
damping is modified, and an effective Maxwellian for the

dispersive part is used. This is a technique that has been
commonly used for alpha particles. Flux surface average
heating profiles are shown for the electrons (red) and tritium
ions (blue), both assumed to be Maxwellian, and for the
non-Maxwellian alpha particles (green). For the assumed
frequency of 56 MHz for second harmonic heating of tritium,
the power absorbed by the alphas is localized near the Doppler
broadened first and second harmonic resonances, located just
outside the plasma on the high and low field sides. In the non-
Maxwellian case, the alphas account for 5% of the absorbed
power. The approximate analytic model underestimates this
fraction at 2%, with very little absorption near the centre
of the plasma. This difference occurs because the analytic
model includes only the effect of energy dissipation and
ignores the effect that the alpha particles have on wave
propagation.
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Figure 3. Power absorbed by fusion-born alpha particles in ITER (green) calculated (a) from the complete analytic non-Maxwellian
slowing down distribution and (b) from an analytic approximation of only the damping for the dielectric. The RF frequency is 56 MHz for
second harmonic heating of tritium.

3. Full-wave study of LHRF diffraction

3.1. LH dielectric

To prepare the TORIC code for modelling in the LHRF, we
first modified the dielectric model for the plasma response in
equation (2) for the LHRF, �ci � ω ∼ ωLH � �ce, where
ωLH = ωpi/

√
(1 + (ωpe/ωce)

2). In this range of frequencies,
the ions are unmagnetized and the electrons are strongly
magnetized ((k⊥ρe)

2 � 1). Thus, we no longer need the
ion FLR effects, and the LH plasma dielectric,

↔
ε ≡↔

1 + 4π i
ω

↔
σ ,

simplifies to one with zero FLR ion contributions and
small FLR electron contributions. The zero Larmor radius
contributions (ion and electron) to the dielectric, (S, D and P ),
and the electron FLR contributions, (λ(0) and ξ (0)), are derived
in toroidal geometry in [11]. These terms retain Landau
damping and magnetic pumping finite temperature effects
and use the full toroidal plasma dispersion function. In
the discussion that follows, we will use the stratified, cold
plasma limit [20] of these expressions to describe some basic
properties of LH wave propagation.

↔
σ · E ≈ S E⊥ + iD (b×E⊥) + P Eζ b, (5)

S ≈ 1 +
ω2

pe
�2

ce
−

ω2
pi

ω2
≈ 1, (6)

P ≈ 1 −
ω2

pe
ω2

−
ω2

pi
ω2

≈
ω2

pe
ω2

,

where S, D and P are the Stix cold plasma dielectric
elements in the LHRF for the normal, co-normal and
parallel directions [4]. The neglected ion FLR corrections
to equation (5) support the mode converted ion plasma
wave. Since this wave does not propagate for plasmas of
experimental interest in which ω/ωLH > 2 [21], we may
neglect these corrections in the following analysis, and thus
there are only two propagating modes, the fast electromagnetic

LH branch that damps via electron Landau damping (ELD)
and transit time magnetic pumping (TTMP) and the slow
electrostatic LH branch that damps via ELD. Note that
although the FLR terms play no role, thermal effects are
retained through the plasma dispersion functions which are
in the ELD and TTMP damping and are retained in the plasma
model.

The fourth order dispersion relation for these two branches
is given by equation (7), where the coefficients of the
perpendicular refractive index, n⊥ ≡ ck⊥/ω, are those given
in equation (9) of [21]. This expression follows from finding
the normal modes of equation (1) in the plane wave limit.

|n⊥× n⊥×↔
1 +

↔
ε | = 0,

→ P4n4
⊥ + P2n2

⊥ + P0 = 0.

(7)

Analysis of equation (7) yields an accessibility criterion for
the slow LH wave to propagate that is given by n‖ >= n‖a

where n‖a is given by equation (8). In Figure 4, we see that
when the accessibility criterion is met, the slow LH wave is
propagative over the plasma cross-section and damps strongly
in the centre. By comparison, the fast LH wave damps weakly
in the centre and is evanescent in the outer half of the high field
side for these parameters.

n‖a ≡ ωpe

�ce
+

√
S. (8)

3.2. Numerical issues

The spectral representation employed in TORIC in equation (9)
uses a truncated Fourier decomposition of the flux angles
and cubic Hermite polynomial finite elements (FE) for the
flux dimension, ψ . This differs from the AORSA2D model
in equation (3) in that the coordinates are flux aligned and
one of the dimensions is non-spectral. Both codes are run
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Figure 4. Cold plasma electromagnetic dispersion relation for slow
and fast LH waves using Alcator C-Mod parameters (deuterium gas,
n‖ = 2.5, f0 = 4.6 GHz, B0 = 5.3 T, Te = 3.5 keV, Ti = 2.0 keV,
I = 1 MA, ne(0) = 1.5 × 1020 m−3). The left inset graph shows the
accessibility parameter as a solid line and the parallel wavenumber
for the centre of the wave spectrum. In the main figure, the
dispersion relation for this case shows the two propagating
branches. The lines without symbols are the fast branch and the
lines with symbols are the slow branch. Solid lines are the real part
of n2

⊥ and the corresponding dashed lines are the imaginary part
with the sign reversed.

for a single toroidal mode, n, which is a parameter in the
simulations. As discussed in section 3.1, for experimentally
relevant parameters, only two modes propagate in the LHRF;
however, for this sixth order (bicubic) system, the wave
equations support three modes. The FE discretization is
spectrally polluted, independently of whether the FLR term
is taken into account or not. Spectral pollution arises because
equation (5) contains no ψ-derivative of the Eψ component
(or, if FLR effects are retained, the coefficient of dEψ/dψ

is far too small). When the nearly singular stiffness matrix
is inverted the solution turns out to be plagued by spurious
oscillations on the mesh scale. This issue has been discussed
in detail in many papers including [22]. The problem generally
arises when there are more unknowns in the system than unique
eigenvalues. It is found in [22] that increasing resolution
does not help avoid the appearance of spurious eigenvalues.
The case under discussion in this paper is slightly different in
that the system does support three eigenmodes for the three
unknowns. Since the third eigenvector is so strongly damping,
the numerical consequences are very similar; though, in this
case, sufficient resolution can fix the problem. To overcome
this pollution problem and maintain numerical stability, the
coefficient of the FLR term was increased to a finite value but
kept small enough to avoid affecting the wave dispersion.

E(x) =
∑
m

Em(ψ) exp (imθ + inφ) . (9)

The small wavelength of the electrostatic slow LH wave
requires over an order of magnitude more resolution in each
dimension than a simple ICRF fast wave simulation. Because
the toroidal direction is periodic, and the narrow antenna
spectra generally require only the use of a characteristic
toroidal mode, we only face an increase in problem resolution
of two orders of magnitude. We may obtain an estimate of
the necessary resolution by referring again to the dispersion

relation in equation (7). In the electrostatic limit, it reduces to
equation (10) [21]. For the parameters given in figure 4, we
can estimate, from equations (6) and (10), that k⊥ ≈ 66 cm−1

or λ⊥ ≈ 1 mm.

k2
⊥ ≈ −P

S
k2
‖ ⇒ k⊥ ≈ ωpe

ω
k‖. (10)

The required poloidal resolution follows from the approxima-
tion that k⊥ ≈ (m/r), which yields a maximum poloidal mode
number, Mmax ≈ 1000. For comparison, in ICRF mode con-
version cases where k⊥ρi ≈ 1, Mmax ≈ 255. Both estimates
are for typical Alcator C-Mod parameters. Required increases
in radial resolution are comparable.

This four-fold increase in poloidal resolution requires 16
times more memory and 64 times more computation than an
ICRF mode conversion scenario. TORIC has been adapted
to run on parallel architectures, and its resolution limits were
increased sufficiently to resolve mode converted IBW and ICW
waves in Alcator C-Mod and Asdex Upgrade [12] as well as
the slow electrostatic LH wave. The LH case presented in
section 3.3 was simulated with TORIC using 950 radial ele-
ments and 1023 poloidal modes and required 4752 CPU hours
utilizing 32 processors on the MIT PSFC Beowulf cluster.

3.3. Case study comparison between full-wave and
ray tracing

We have used the TORIC solver to simulate LH slow and FWs
in toroidal geometry. Boundary conditions appropriate for a
FW launch were used in the code, and the sixth order wave
equation was solved, which included the fast electromagnetic
mode, the slow electrostatic wave and the thermal ion plasma
wave branch. In these studies the ion plasma wave was
strongly evanescent, since ω/ωLH > 2. Coupling to the slow
electrostatic wave was achieved by adjusting the edge density
gradient to create a region of inaccessibility between r of 5–
10 cm for m = 0. We have taken parameters typical of the
upcoming LH current drive experiments on Alcator C-Mod
(deuterium gas, n‖ = 1.5, f0 = 4.6 GHz, B0 = 5.3 T, Te =
3.5 keV, Ti = 2.0 keV, I = 1 MA, ne(0) = 1.5 × 1020 m−3).
Figure 5 shows the accessibility and cold plasma dispersion
relation for this case. A fast LH wave launched from the low
field side will start to propagate at its cutoff at r = 19 cm
(the solid line without symbols in the outer plot of figure 5),
propagate inwards to the caustic at r ≈ 10 cm, mode convert to
the slow LH wave (the solid line without symbols in figure 5),
propagate out to the cutoff at r = 23.8 cm and reflects inwards
to the caustic again. Consequently, the waves will be trapped in
an annulus as they travel poloidally. This behaviour is apparent
in the simulation results shown in figure 6.

The transverse dimension of the caustics formed in figure 6
can be comparable to the wavelength of the slow LH wave, in
this case about 5 mm. In this region the WKB approximation
of geometric optics breaks down and significant spectral
broadening due to diffraction is predicted at these caustics [2].
Analysis of the average parallel refractive index, 〈n‖〉, within
the annulus shows that the wave evolves from a launched
n‖ = 2.0, to a range of [1.5, 3.0] at the plasma surface, to
[4.0, 5.0] in the annulus, with a final rapid upshift to 6.0 at the
caustic. In contrast, ray tracing calculations of the same case
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Figure 5. Cold plasma electromagnetic dispersion relation using the
same parameters as in figure 4 but with a n‖ = 1.5 and a steeper
edge density gradient. The accessibility plot in the inset shows that
the waves are excluded from the region between 3 and 10 cm. In the
full size graph, the corresponding dispersion relation for this case
shows that the two propagating branches are heavily damped in this
excluded region. The lines without symbols are the fast branch and
the lines with symbols are the slow branch. Solid lines are the real
part of n2

⊥ and the corresponding dashed lines are the imaginary part
with the sign reversed.

with the ACCOME code show a purely geometric shift from 2.0
to a range of [1.5, 2.5] along the ray path.

The initial ray path follows the same annulus and caustic
boundary seen in the full-wave results, but the ray de-traps
after several radial reflections similar to the bright patterns
seen in figure 6 and travels to the centre of the plasma where it
damps on the hotter electrons. In figure 7, we see the presence
of the caustic in both the ray tracing and full-wave results.
In the blowup of the full-wave results in the right plot of
figure 7, the electric field exhibits paths or filaments, extending
from the edge cutoffs to the confluence that are reminiscent of
the trajectories that would be formed in ray tracing for this type
of case. Furthermore, the filaments tend to focus down to a
narrow beam or caustic at the confluences.

The clearest effect of the large difference in the spectral
broadening in the two results is in the power deposition. In
the ray tracing, the increase in n‖ is insufficient to slow the
wave down to phase velocities of v‖/vte � 2–3 needed to
damp on the electrons via ELD. Eventually, after several
radial reflections, the wave n‖ is upshifted enough to allow
propagation of the ray to the core, where it damps on electrons
at 0.2 < r/a < 0.6 in figure 8. In contrast, the full-
wave power is localized to 0.68 � r/a � 0.80 because
of the rapid upshift at the caustic. The spectral broadening
that occurs at the caustic within the full-wave framework is
not included within the geometric optics treatment and thus
leads to fundamentally different absorption behaviour shown
in figure 8. This broadening due to diffraction could probably
provide a ubiquitous linear mechanism by which LH waves
are able to damp efficiently on electrons at v‖/vte � 2–3,
despite the fact that they are injected at suprathermal speeds
of (5–15)vte.

4. Conclusions

Recent advances in algorithms and parallel computation
have made it possible to carry out quantitative analysis of

Figure 6. TORIC simulation of fast and slow LH waves in Alcator
C-Mod, parameters (deuterium gas, n‖ = 2.5, f0 = 4.6 GHz,
B0 = 5.3 T, Te = 3.5 keV, Ti = 2.0 keV, I = 1 MA, ne(0) =
1.5 × 1020 m−3.) with steep edge density gradients. Units of field
in V m−1 Amp−1 of antenna current.

wave–particle interactions involving FLR effects and non-
Maxwellian distribution functions. The local RF conductivity
operator has been evaluated in terms of arbitrary particle
distributions using a new suite of modules, SIGMAD, in
AORSA2D. In addition, the QL diffusion coefficients have been
derived directly from the full-wave RF electric fields and
formulated efficiently in the AORSA2D code. In future work,
these will be used to complete the coupling with CQL3D. Using
the SIGMAD–AORSA2D combined model we have evaluated the
parasitic effects of alpha particle damping for ICRF heating in
the proposed ITER device and found the effect to be negligible
(less than 5% of the total ICRF power). The nonthermal alphas
were modelled with an analytic slowing down distribution
in that analysis. Parasitic damping of high harmonic FWs
on fast neutral beam ions in NSTX was also studied with
the combined model using CQL3D generated ion distributions.
Significant differences were found in the spatial distribution
and magnitude of the parasitic absorption compared with
calculations done with an energetic bi-Maxwellian for the
beam ions. These two cases demonstrate the importance of
non-Maxwellian dielectrics for accurate wave propagation and
damping in the presence of neutral beam and fusion generated
ion populations. The unidirectional coupling of CQL3D to
AORSA2Ddemonstrated will soon be extended to self-consistent
closed-loop calculations. Implementation of the TORIC full-
wave solver on a massively parallel platform has made it
possible to resolve both fast and slow LH waves in toroidal
geometry for the first time ever. Full-wave analysis of LH
waves in the Alcator C-Mod tokamak revealed the formation of
caustic surfaces where the usual geometric optics formulation
is not valid. Analysis of the spectral distribution of electric field
strength near these caustics showed significant broadening of
the incident n‖ spectrum, presumably due to diffraction effects.
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Figure 7. Caustic formation in full-wave fields follows the ray tracing prediction. The left figure shows the initial evolution of the ray
confined between the caustic layer and the cutoff. The full size figure shows a blowup of the full-wave results. The full-wave fields form
cone-like structures connecting the narrow beam-like fields at the caustic to the wide mouth of the cone at the cutoff.

Figure 8. A comparison of the power deposition predicted by ray
tracing and full-wave codes ACCOME and TORIC. The full-wave
power given by the solid curve is localized completely between the
caustic and the cutoff. The ray tracing result shows all power
deposited inside the caustic radius in the core of the plasma.

The resulting increase in the parallel wavenumber spectrum
may provide a well-defined mechanism by which LH waves
are able to damp efficiently at (2–3)vte, despite having been
injected at phase speeds of (5–10)vte.
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