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Abstract. Auxiliary heating supplied by externally launched electromagnetic waves is commonly
used in toroidal magnetically confined fusion experiments for profile control via localized heating,
current drive and perhaps flow shear. In these experiments, the confined plasma is often character-
ized by the presence of a significant population of non-thermal species arising from neutral beam
injection, from acceleration of the particles by the applied waves, or from copious fusion reactions
in future devices. Such non-thermal species may alter the wave propagation as well as the wave
absorption dynamics in the plasma. Previous studies have treated the corresponding velocity dis-
tributions as either equivalent Maxwellians, or else have included realistic distributions only in the
finite Larmor radius limit. In this work, the hot plasma dielectric response of the plasma has been
generalized to treat arbitrary distribution functions in the non-relativistic limit. The generalized di-
electric tensor has been incorporated into a one-dimensional full wave all-orders kinetic field code.
Initial comparative studies of ion cyclotron range of frequency wave propagation and heating in
plasmas with nonthermal species, represented by realistic distribution functions or by appropriately
defined equivalent Maxwellians, have been completed for some specific experiments and are pre-
sented.

INTRODUCTION

The physics underlying the interaction between a fusion plasma and waves belonging
to the Ion Cyclotron Resonance Frequency (ICRF) range can be fairly complicated, and
highly dependent on the scenario under consideration. Due to the range of wavelengths
involved in this interaction, it is generally needed to resort to full-wave codes, solving
directly the wave equation. Recently, various refinements have been added to these
descriptions. For example, in some situations such as High Harmonic Fast Wave electron
heating (HHFW) or Ion Bernstein Wave heating (IBW), the ion Larmor radius (ρi) can
become comparable to, or even larger than the wavelength and a second order expansion
in k⊥ρi , k⊥ being the perpendicular wavenumber, may not be sufficient. This is why the
so-called all-orders full wave codes have been developed and have proven successful in
providing a realistic theoretical description of the wave-plasma interaction.

One such code is the one-dimensional (1-D) all-orders full wave codeMETS[1][2].
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Owing to its low requirements in terms of computational power, it provides a useful
tool to describe experiments not possibly simulated by a second-order code, as well as
a benchmark for ray-tracing calculations, whose range of application is determined by
the validity of the WKB approximation. Thanks to the recent progresses of computing
resources, hitherto unexplored situations have been studied and new physical elements
have been unveiled. All-orders two-dimensional (2-D) codes, such asAORSA-2D, have
been developed and used to show the 2-D nature of the physics associated with some
ICRH-based schemes, such as mode-converted wave heating[3]. However, the computa-
tion requirements are fairly high and so far, these codes have been limited to Maxwellian
populations. In this work, the influence of the non-thermal populations commonly met
in fusion experiments is investigated. To this aim,METS has been extended to handle the
corresponding non-Maxwellian distributions, by resorting to massively parallel comput-
ers to perform the large number of additional velocity integrals.

In this paper, the theoretical background will be shortly introduced, and the results ob-
tained for three different scenarios (1) mode-converted IBW with simultaneous Tritium
Neutral Beam Injection (NBI) in TFTR; (2) HHFW in the presence of a Deuterium Beam
on NSTX and (3)3He minority heating with alpha particles on ITER, are presented.

LOCAL FULL-WAVE ANALYSIS

The key element of the problem is the wave equation, which can be written as

∇×∇×E− ω2
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In this equation,E andJp are the electric field and the plasma current.Js is the current
provided by external sources.METS uses ingoing and outgoing waves boundary condi-
tions, which has the advantage of allowing the evaluation of the per-pass absorption. A
slab geometry is employed, the plasma parameters varying alongêx, whereaŝez is cho-
sen to be the direction of the toroidal magnetic field. This allows to write the Discrete
Fourier Transform of the wave equation under the form
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wherexi is the i-th spatial grid point andk j ≡ 2π j/L, whereL is the length of the chord
along which the computation is performed.k j ≡ k j êx +kyêy +kzêz. ky is assumed to be
constant andkz varies in accordance with the toroidal upshift, i.e.kz(R)≡ kz,antRant/R, R
being the major radius,Rant the antenna major radius andkz,ant representing the launched
spectrum.

=
K is the dielectric kernel, which is a generalized version of the usual dielectric tensor.

In a weakly inhomogeneous plasma (i.e. in a plasma such thatρi � LB, LB being the



equilibrium scale length), it is obtained by differentiating the absorption kernel
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=
W is needed to obtain both

=
K andWabs, the spatial absorption on each species and its

computation is the main task ofMETS.

When the particular case of a Maxwellian distribution function is considered,
=
W

can be expressed analytically, possibly including the magnetic field parallel gradient
effects[4]. In this work, however, the distribution function is supposed to be arbitrary.
This implies that the parallel gradient effect must be neglected (the extensive discussion
of this feature is beyond the scope of this paper and shall be presented in a forthcoming
article) and that bothv‖ andv⊥ integrations have to be performed numerically, which is
a computationally intensive task. This makes it necessary to use massively parallel com-
puters. This version of the code has been thoroughly benchmarked versus the original

version, by comparing the results obtained using the analytical expressions for
=
W and

the results obtained with a numerical Maxwellian, where the velocity-space integrations
are actually performed. Provided an adequate velocity space grid is used, it has been
found that the results are generally indistinguishable[5].

MODE-CONVERTED ION BERNSTEIN WAVE IN TFTR

ICRF waves have been used on TFTR (R0 = 2.84m,a0 = 0.98m), as a tool to heat elec-
trons, through the absorption of a mode-converted Ion Bernstein wave[6]. A Deuterium-
Tritium (D-T) shot is considered, with the following parameters:B0 = 4.7T, ne0 =
4.7×1019m−3, Te0 = 6.8keV. In this discharge, the following thermal ion species are
taken into account: Deuterium, Hydrogen and Carbon, all with central temperature
Ti0 = 31keV. The frequency of the Fast Wave launched from the low field side antenna
is fFW = 80MHz with parallel wavenumberkant

‖ = 7m−1. In addition, a Tritium beam
was injected in the plasma, withEb = 80keV. The Tritium ions concentration, obtained
from spectroscopic measurement isηT ≡ nT(0)/ne(0) = 0.42. To simulate these beam
ions, an isotropic slowing-down distribution function is first employed[7].

In order to treat a non-Maxwellian population with a Maxwellian code, it is usual
to compute the equivalent Maxwellian distribution for this population. This is done by
evaluating the equivalent temperature and density profiles to ensure that both the number
of particles and the energy content are the same for the two distributions.METS can be
used to investigate the validity of this assumption, by comparing the results obtained in
both cases.

The power deposited on each species is computed. In this discharge, only electrons
and Tritium ions are found to absorb a significant fraction of the wave power. On
Fig. 1(a) (resp. (b)), the power deposited on electrons (resp. Tritium ions) is shown as a
function of major radius.
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FIGURE 1. Profile of the power deposited on electrons(a); on Tritium ions(b) for a slowing-down
distribution function(thick line)and for its equivalent Maxwellian(thin line).

It can be observed that the electron power deposition profile exhibit similar shapes.
The net absorption obtained for both distribution functions are in agreement within
2%. On the other hand, the profiles of the Tritium ions absorption look very different,
even though again, the net absorption agree. With the slowing-down distribution, the
power deposition is much more peaked and shifted towards high field side. Clearly, the
conclusion is that the use of an equivalent Maxwellian is inappropriate to describe such
a mode conversion scenario.

FAST WAVE ELECTRON HEATING IN NSTX

High Harmonic Fast Wave heating is commonly employed on the spherical torus NSTX
to heat electrons and to drive non inductive toroidal current[8]. When the wave is injected
in a plasma with simultaneous Deuterium Neutral Beam injection, it is reasonable to
expect a modification of the propagation and absorption properties of the wave under
the influence of the non-Maxwellian fast ion population, which can divert a fraction of
the wave from being absorbed by the electrons.

We simulate a typical HHFW+NBI shot withB0 = 0.45T,ne0 = 2.75×1019m−3 and
Te0 = 1keV. The wave frequency isfFW = 30MHz and the launched parallel refractive
index iskant

‖ = 14m−1. Three thermal ion species withTi0 = 1keV are taken into account:
Deuterium, Hydrogen and Carbon. In this case, the absorption is expected to take place
approximately between the 8-th and the 12-th harmonic of the hydrogen cyclotron
resonance, which makes the use of an all-orders code necessary. A fast Deuterium
component, induced by the 80keV beam, is considered, such asnD, f ast(0)/ne(0) =
0.15. Simulating the beam ions with an isotropic slowing-down distribution, as in the
previous section, it was shown[5] that the net absorption reaches 94%, to be compared
with 70% in the absence of beam. The main point is that when the beam ions are
considered, the wave power gets split among electrons and fast Deuterium ions. In fact,
the electron absorption drops from 70% to 24% whereas the beam ions absorb 70%



of the power. It appears that this situation is quite well reproduced when an equivalent
Maxwellian is substituted to the isotropic slowing-down distribution, as was shown in
a previous work[5]. Similar tests have been performed with different parameters and
a good agreement is obtained in each case. This legitimates the use of an equivalent
Maxwellian to model such a scenario in NSTX, which has the advantage of largely
reducing the computation time.

In order to improve the description of the beam ions, the isotropic slowing-down
distribution used above can be replaced by using a slowing-down model allowing to take
into account the anisotropic nature of a beam distribution[7]. The beam ions source is
assumed to be Gaussian-shapedK(θ) = A·exp(−(θ −θ0)

2/∆θ 2) whereA is a constant
and the beam characteristics,θ0 and∆θ , respectively the injection angle with respect
to the magnetic field and the beam angular width, are considered as given. In the
simulations presented here,∆θ = 30◦ is used.

The effect of the distribution function anisotropy on the wave absorption can be
examined. On Fig. 3(a) and (b) are presented the electron and Fast Deuterium power
deposition profiles obtained when the beam ions are described by an isotropic slowing-
down distribution function or when a tangential Gaussian-shaped source is used (θ0 =
0◦).
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FIGURE 2. Power deposited on electrons(a); on the beam ions(b) when an isotropic slowing-down
distribution is used to simulate the fast ions(thin solid line)or when a Gaussian, tangential beam injection
is considered(thick solid line). Also shown is the equivalent Maxwellian result(dashed line).

Without beam, the power is found to be completely absorbed by the electrons, the
single-pass absorption being 70% (see ref. [5]). When the beam ions are taken into ac-
count by means of an isotropic distribution function, the fast ion absorption reaches 70%
whereas the electron absorption drops to 24%. If an anisotropic distribution function is
used, for tangential injection, the electron absorption increases to 44% and the fast ion
absorption is reduced by a factor two (35%). This is a consequence from the fact that the
dynamics of the wave-ions interaction is essentially taking place in the perpendicular
direction. Meanwhile, the anisotropic distribution function obtained for tangential injec-
tion being essentially peaked in the parallel direction, the ions tend to absorb less power,
more being thus available to the electrons. Another observation is that if the equivalent
Maxwellian is suited to approximate the isotropic case, it fails to describe the anisotropic
result accurately, overestimating the fast ion absorption.



Finally, the effect of the distribution function anisotropy on the wave absorption is
investigated. On Fig. 3(a) and (b) are shown the electron and Fast Deuterium power
deposition profiles obtained when the beam injection angle is varied between 0 and 30◦
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FIGURE 3. Power deposited on electrons(a); on the beam ions(b) for an anisotropic, Gaussian beam,
simulated by a slowing-down distribution function when the angle of injection is varied between 0 and
30◦. Also shown are the deposition profiles obtained when no beam is taken into account(a), as well as
when an isotropic slowing-down distribution is used.

It appears that even a moderate modification of the injection angle has significant
consequences on the absorption by fast ions (and consequently by electrons as well). For
instance, the results obtained whenθ0 = 30◦ are close to the isotropic deposition profiles.
Obviously, this point has to be considered in Fast Wave Electron Heating experiments
since even a slight misalignment of the beam, or a geometrical imperfection, can have
significant consequences, by increasing the fast ion absorption to the detriment of the
electrons.

MINORITY HEATING IN ITER

Of the various possible ion heating schemes proposed for ITER, fundamental Helium-3
minority heating has received a lot of interest[9]. By using the same type of analysis with
an isotropic slowing-down distribution to model the alpha population, it was shown that
the fusion ashes could divert a significant fraction of the power initially aimed at heating
the minority ions[5].

A further step can be achieved by usingMETS to describe not only the non-
Maxwellian nature of the alpha particles, but introducing the formation of a RF-induced
tail for the minority ion. To this aim, a fairly simple model is used, where the cor-
responding distribution is assumed to be Maxwellian in the parallel direction with
temperatureTi0, whereas a tail of temperatureTt,min develops in the perpendicular
direction, with a turnover velocityv∗, above which the pitch-angle scattering become
weak. f is then assumed to have the formf (u) = F(u⊥) · fmax(u‖) (u being the velocity

normalized toT1/2
i0

) and
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To simulate this type of discharge in ITER, the following parameters are used:R0 =
6.3m, a0 = 2.0m, B0 = 5.2T, ne0 = 1× 1020m−3, Te0 = 25keV. For the wavefFW =
53MHz andkant

‖ = 10m−1. D, T, and6C ions are all taken to be thermal species with
Ti0 = 31keV. Both Deuterium and Tritium are assumed to have the same concentration
(ηD = ηT = 42%) andηHe−3 = 3%. The fusion born Helium-4 ions are modeled by
means of a slowing-down distribution characterized byEb = 3.5MeV andηHe−4 = 1%,
with a peaked density profile. For these parameters and assuming the power density to
bepr f = 1MW/m3, the tail temperature, as predicted with a simple Stix model, is found
to beTt,min(0)≈ 130keV and the turnover velocity is roughly twice the thermal velocity.

On Fig. 4(a), the absorption profiles are presented when the alpha population is
considered or neglected (in the latter case, the6C density is used to ensure electro-
neutrality). The minority ion population is supposed to be Maxwellian. On Fig.4(b), the
alphas are considered, with the minority species exhibiting a RF tail
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FIGURE 4. Comparison of the power deposition profiles(a) when the effects of the fusion ashes are
considered(solid) or neglected(dashed); (b) when the alphas are considered and the minority ion is
described by a Maxwellian distribution function(dashed)or when a RF tail is considered(solid).

In the presence of alpha particles, a significant fraction of the wave power is unable to
reach the minority ion. The situation is slightly improved when a RF tail is considered
owing to the shift of the minority absorption towards the low field side of the plasma.
It should be emphasized, however, that a definite conclusion on this subject requires
further investigations, especially to improve the model for the RF tail. Indeed, one can
envision that the enhanced absorption of the RF power extends the tail further, which
in turn increases the wave absorption, to the detriment of the alpha population. Such
a simulation requires several iterations between a non-Maxwellian wave code and a
Fokker-Planck code. Work is still in progress in this area.



CONCLUSIONS

METS, a 1-D all-orders Full-Wave with the capability to handle non-Maxwellian dis-
tribution functions has been presented and employed to simulate various ICRF heating
schemes. On TFTR, in a mode-converted IBW electron heating scenario, the results
obtained when the Tritium beam ions are described by an isotropic slowing-down dis-
tribution function or by its equivalent Maxwellian are compared. It is found that even
though the net absorption figures agree well, the fast ion absorption profiles are quite
different. The same type of comparison applied to a HHFW electron heating scenario on
NSTX, in the presence of NBI fast Deuterium ions is performed. First, the code indicates
that these beam ions absorb a significant part of the power, to the detriment of the elec-
trons. Secondly and contrary to the TFTR shot simulation, the equivalent Maxwellian
gives a result in fair agreement with the isotropic slowing-down result. However, when
an anisotropy of the distribution function is introduced to improve the modeling of a tan-
gential beam injection, the absorbed power predicted in the equivalent Maxwellian case
is overestimated for the fast ions, and underestimated for the electrons. Furthermore, it
is found that this absorption balance is a sensitive function of the beam injection angle.
Finally, the code is employed to simulate a3He minority heating scenario in ITER, in the
presence of alpha particles. It is obtained that if the latter reduce the minority absorption,
this deleterious effect is minimized when a RF tail model is used to describe the minority
ion heating. In such a case, however, further simulations are clearly needed, to incorpo-
rate the deformation of the fast ion distribution function and the resulting modification
of the plasma-wave interaction in a self-consistent way.
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