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Abstract

A new code for Lower Hybrid antenna design and cold plasma wave coupling, named
ALOHA, is presented. ALOHA takes into account the poloidal dimension of the
antennas and the coupling to slow and fast waves. Comparisons with experimental
data for the LH antennas installed on Tore Supra and the TOPLHA code show that
ALOHA is a fast and efficient predictive tool.
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1 Introduction

Over the last 30 years, slow waves in the lower hybrid (LH) range of frequencies
have been used for various purposes. In particular, it was shown that the LH
waves lead to a strong quasilinear Landau interaction with electrons, which
can be used for non-inductive current drive (LHCD). Based on this proper-
ties, LHCD is commonly used to control the current profile and is a suitable
candidate for sustaining steady state conditions in tokamak plasmas[1]. Ex-
perimentally, the LHCD showed its capacity to drive all the plasma current
for 6 minutes in Tore Supra[2].
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Comprehensive modeling tools are required to interpret present day experi-
ments and to design future LHCD antennas, such as the Passive-Active Multi-
junction (PAM) antenna which will be installed on Tore Supra in the frame-
work of the CIMES project [3], as well as the LHCD system on ITER[4]. Since
the creation of a new antenna design could be long and rely on an iterative
process, the first development phase must use fast codes in order to avoid com-
puter bottlenecks. Meaningful results in designing and optimizing microwave
structures can be obtained from electromagnetic codes, in particular for vac-
uum parts of antennas such as mode converters or phase shifters. However,
to the authors’ knowledge, commercial codes cannot handle generic dielec-
tric tensors, thus cannot account for fusion plasma coupling. Consequently,
the LH antenna design process still requires adapted tools such as FELHS[5],
GRILL3D[6] or TOPLHA[7].

Up to now, the design of LH antennas Mark I and Mark II in Tore Supra
tokamak had been achieved with the help of the Slow Wave ANtenna (SWAN)
code[8]. In SWAN, effects of coupling between a row of waveguides and the
plasma edge are modeled relying on the classical two-dimensional linear theory
of the Grill [9]. In this theory, the waveguide are assumed to extend infinitely
in the poloidal direction, with perfectly conducting walls.

In order to improve this description, a new code named Advanced LOwer
Hybrid Antenna (ALOHA) had been developed[10]. ALOHA is also based on
the linear coupling theory and shares the same cold inhomogeneous plasma
hypothesis as SWAN, but takes into account the poloidal waveguides finite
size effects thus the fast waves on plasma coupling. This new code is a fast
and efficient predictive tool to help designing LHCD antenna and modeling
LH wave coupling to Tokamak plasmas. ALOHA takes part of the EFDA In-
tegrated Tokamak Modeling (ITM) Taskforce IMP#5, as input to ray tracing
codes[11].

In section 2, a brief description of the ALOHA code is given, then in sec-
tion 3, comparisons with Tore Supra experiments and the TOPLHA code are
presented. Finally, as conclusion, some perspectives for the future development
of ALOHA are presented.

2 The ALOHA code

In order to facilitate the analysis, the design process is split into two distinct
parts: the antenna and the plasma descriptions. This organization allows to
switch easily among antenna designs (number and size of waveguides, etc.)
and plasma conditions (edge density profile, magnetic field amplitude, etc.).
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In ALOHA, an antenna is described on the toroidal and on the poloidal direc-
tions as a succession of modules. Each module contains a primary waveguide
(input) and a phased array of narrow waveguides (ouput), as illustrated in
fig. 1(a)). The waveguide walls are assumed perfectly conducting, the medium
within is taken as free-space and the fields are described using modal expan-
sion. The incident power and phase information for each module can be either
taken from the experimental data or analytically defined.

In order to take into account refinements in the antenna design, such as the
curved shape of the antenna front face which was previously neglected in
SWAN, the ALOHA code allows to use the scattering matrix of each mod-
ule. These matrices can be either taken from experimental measurements or
imported from internal or commercial electromagnetic codes, such as Ansoft
HFSS.
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Fig. 1. 1(a): General geometry used in ALOHA. 1(b): General description of the
edge plasma density profile in ALOHA: a step at x = x0 then 2 linear density
gradients.

The second part consists in the plasma description. Due to the fact that the
electromagnetic fields scattered by the antenna is supposed to be absorbed be-
yond the coupling region, into the core plasma, only the edge density profile is
of interest here. In ALOHA, this density profile is supposed to be homogeneous
in y and z for each poloidal row. In the x direction, which is perpendicular
to the confining magnetic field (cf. figure 1(b)), the electron density can be
defined with a density step, followed by one or two linear profiles. In addition,
different density profiles can be assumed for different poloidal rows.

The ALOHA code computes the plasma coupling of all the waveguides, with an
advanced implementation of the linear theory presented by Bers and Theil-
haber[12]. Near the mouth of the antenna, the evanescent modes which can
be excited are taken into account and it is assumed that the launcher is opened
through a infinite perfect electric conducting surface. At the vacuum-plasma
interface, the boundary conditions are expressed through the plasma surface
admittance in the spectral domain. The ALOHA code implements 1D and
2D descriptions of the electromagnetic waves propagation into the plasma
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(ALOHA-1D and ALOHA-2D). The plasma surface admittance is generally a
rank-2 tensor, which links the spectral tangential components of electric and
magnetic fields at the interface. In a 1D propagation description, the admit-
tance is then simply a scalar as in the classical linear theory of the Grill. A fu-
ture communication will present in details the theory underlying the ALOHA
code[13].

Finally, ALOHA computes the radiated spectrum, the directivity and the
electric fields at the mouth of the antenna. The reflection coefficients in the
primary waveguides are deduced from the scattering matrix and the incident
power in each module. The reflection coefficients can be then compared with
experimental data.

3 Comparison of ALOHA with experimental data and the TOPLHA
code

3.1 Comparison with experiments

In this section, a comparison between experimental measurements on the Mark
II LH antenna currently installed in Tore Supra and ALOHA-1D predictions
are presented. In order to avoid possible non-linear effects, low power pulses
were used, i.e. pulses for which the power density at the mouth of the launcher
is less than 3 MW/m2 (corresponding to an input power of 500 kW). The main
plasma parameters are identical for the selected pulses. A variation in the
density in front of the antenna (between 2 · 1017 to 6 · 1017 m−3) was obtained
by varying the plasma position.

In fig. 2, the experimental reflection coefficients at different electron densi-
ties, measured during Tore Supra pulses #39202, #39283-39286 for the 4 first
lower modules of the Mark II antenna are plotted. The density is measured
with the nearest Langmuir probe placed at the bottom of the launcher, close
to the module #1. Two curves computed with ALOHA are superimposed on
these plots. The plain line corresponds to two adjacent layers defined with
two different density gradients and no vacuum layer (x0 = 0). Near the an-
tenna, the first layer is defined by ne/∇ne0 = 2 mm, then the second layer
by ne/∇ne1 = 2 cm. This choice is justified by the fact that the side limiters
of the antenna protrude by 2 mm and consequently produce a short gradient
(2 mm) near the antenna mouth[14]. The dashed line corresponds to edge
plasma described with a single density decay length of 2 cm, as in SWAN.

The plain curve agrees better with the reflection coefficients than the dashed
curve, in particular for modules 3 and 4 located in the center of the launcher,
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Fig. 2. Reflection coefficients on Mark II antenna versus ratio of electron
density to cutoff density ne/ncutoff for low power pulses on Tore Supra
(ncutoff = 1.71 · 1017m−3). The plain curve represents the ALOHA-1D result, where
the plasma is described with 2 density gradients. The dashed curve is for a single
density gradient. The electron density is measured by the nearest Langmuir probe
of the modules.

far from the side limiters. For low power pulses, extensive comparisons with
ALOHA calculations indicate that the electron density is neither homogeneous
in the toroidal direction, nor symmetric with respect to the center of the
antenna. This phenomenon could be explained by a shadowing effect of the
side limiters and the curvature of the magnetic field lines. However, it is worth
noting that the absolute measured electron density is uncertain and a relative
error of 1∆1017 m−3 may be taken in account in fig. 2.

3.2 Comparison with the TOPLHA code

In order to validate ALOHA and to circumvent the incertitude of the edge den-
sity measurements, comparisons have been done with the TOPLHA code[7]
on a simple geometry which consists of 8 adjacent waveguides (fig.3(a)). The
waveguides are fed with different phasing at 4.6GHz, on a plasma described
with an edge density of ne = 5∆1017 m−3 and a density gradient of ∇ne =
1∆1020 m−4. The reflection coefficients for each waveguide are plotted in
fig. 3(b) for various phasing. A good agreement between the two codes is
found, although some differences exist for the 60˚phasing case. However, in
this case, the n‖ spectrum of the structure is close to 1, where the linear cou-
pling theory ceases to be valid. A future communication will be dedicated on
detailed comparisons between the two codes.
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Fig. 3. Reflection coefficients comparison between TOPLHA and ALOHA for dif-
ferent phase differences between waveguides. 3(a): geometry of the 8 waveguides.
3(b): bold curves: TOPLHA; dashed curves: ALOHA.

4 Conclusion and perspectives

This paper has introduced ALOHA, a fast code for LH antenna coupling to
cold inhomogeneous plasmas. This code is an evolution of the linear coupling
code SWAN, and takes into account the poloidal size of the waveguides, ad-
vanced plasma descriptions near the edge of an antenna, thus the interaction
of slow and fast waves between the waveguides and the plasma.

The validations of the code with Tore Supra experimental data and with the
TOPLHA code show a good agreement. ALOHA is an efficient predictive tool,
which is fast enough to be used during an iterative design process of a LHCD
antenna. Moreover, the code is perfectly integrated to the conjoint use of
commercial codes, which take part of the whole design process, in particular
for vacuum parts of microwave structures.

ALOHA is presently evolving with many new options under development,
such as generic plasma density profile in front of the waveguides. The other
extensions of the code also under work are the coupling with ray tracing codes
in the frame of the ITM/IMP#5 taskforce, the account of hot plasma effects
and electron heating in front of the launcher.
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