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I. INTRODUCTION

In lower hybrid (LH) current drive, an efficient coupling of the wave power to tokamak
plasmas is one of the key issues. The coupling is usually modelled with the aid of the
linear wave equation [1,2] by neglecting kinetic and non-linear effects in the near-field
of the launcher. In some cases, however, the kinetic effects are important because the
absorption of the LH power in the edge plasma generates hot electrons [3]. In addition,
non-linear processes, such as parametric instabilities, are known to occur in front of the
LH launcher [4]. Self-consistent particle-in-cell (PIC) simulations of the near-field of the
launcher offer a tool to study the coupling problem including both kinetic and non-linear
effects [5].

In this work, the two-dimensional electromagnetic particle-in-cell code ooPiC [6] has
been used for modelling the LH launcher. oopic (Object Oriented Particle-in-Cell) al-
lows simulations in fairly complicated geometries with various boundary conditions. The
simulations demonstrate the possibilities of electromagnetic PIC simulations in modelling
the coupling of the wave power to the plasma.

I1I. SIMULATION MODEL

In this work, the Object-Oriented Particle-in-Cell code oopiC [6] is used. The object-
oriented implementation helps to maintain and extend the code. The code is two-
dimensional in configuration space and three-dimensional in velocity space. The electric
and magnetic fields have also all the three components. The particle motion and the
EM-fields are treated self-consistently.

The geometry of the OOPIC simulations may be chosen between a cylindrical (zr) or a
Cartesian (zy) one. The charge and current densities as well as the fields are calculated
on an orthogonal, potentially non-uniform mesh. The field solver is either electromagnetic
or electrostatic and the particles may be treated either relativistic or non-relativistic.

A variety of boundary conditions of even complicated shapes can be used in OOPIC, e.g.,
boundaries for perfect conductors and dielectrics. Some of the boundaries can be used
to emit or absorb waves. For particles the boundaries are usually absorbing. However,
one can model incoming particle beams with oopriC. There is also a possibility to emit
secondary particles. The code can sustain multiple species and has a package for Monte-
Carlo collisions.

In the present paper, a simple 2-dimensional model for the LH grill has been devel-
oped to study the coupling problem with oopric. The grill consists of 32 parallel plate
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waveguides having a width of 8.5 mm, corresponding to the dimensions of the Tore Supra
launcher [7]. The waveguides are separated by 2-mm thick perfectly conducting walls.
The radial length of the waveguides in this simulation has been chosen to be two vacuum
wavelengths, i.e., L = 16.05 cm. In the poloidal direction, the waveguides are assumed to
be infinitely high. The geometry of the grill mouth is shown in figure 1.

Each waveguide is fed with a pure TEM mode having a frequency of 3.7 GHz. The phase
difference between the waveguides is 7/2. The wave launching started at time ¢ = 1.2 ns.

The plasma in front of the grill was assumed to have a linear density profile with an
edge density of n, = 10'® m~ and a density scale length of A, = 1 cm. The temperature
was assumed to be 25 eV.

The boundaries in the toroidal direction have been chosen to be periodic for the par-
ticles. For the wave, these boundaries are absorbing. The high density edge at x ~ 4 ¢m
is absorbing both the particles and the wave.

III. SIMULATION RESULTS

Figure 1 shows a contour plot of the toroidal electric field at time £ = 3 ns. Only the
plasma region and plasma facing of the waveguides are shown. The propagation cones
of the wave bending towards the upper left corner can be seen. The main contribution
comes from the principal mode with a parallel refractive index of n; ~ 1.9. However, a
weak contribution of the second mode at n; &~ —5.8 can also be seen.

At the grill mouth, TM modes are needed to match the TEM fields of the waveguides
to the sinusoidal field in the plasma. The TM modes are evanescent and cannot propagate
in the waveguides. The decay length of the nth mode is obtained as L, = 1/, [1], where

Yn is defined as
nr\’ w2 i
n=1l=—) —(— . 1
7 [(ng) (c) ] (1)

Here L,, is the width of the waveguide, w = 27 f is the frequency of the wave and ¢
is the speed of light. For the lowest order evanescent TM modes the decay lengths are
L, =0.28 cn, Ly = 0.14 cm and L3z = 0.09 cm.

In figure 2, the toroidal electric field versus the toroidal co-ordinate z is shown at
two different distances from the grill mouth at time ¢ =9 ns. Inside the grill, near the
mouth, one can see the field peaked at the walls. However, the peaks vanish inside the
waveguides as the evanescent TM modes die out. Ten decay lengths away the TM modes
have disappeared and the field looks like the TEM mode.

The radial field component (not shown) behaves in similar manner. At the grill mouth,
the field is peaked at the walls of the waveguides. Due to the evanescence of the TM modes
the peaks again vanish when moving towards the wave source. Far away from the grill
mouth, the peaks are no longer seen and the radial field component tends to zero.

The power spectrum is shown in figure 3 at three locations at the time ¢ = 9 ns.
Figure 3(c) shows the spectrum inside the waveguides. One can see that most of the
power is in the principal mode nj; &~ 1.9. However, there is also some power in the mode
at |n)| = 5.8. The power spectrum changes at the grill mouth, as is seen in figure 3(b). In
addition to the peaks mentioned above, the spectrum has peaks between these and with

1654



26" EPSCCFPP 1999 ; K.IM.Rantaméki et al.: An Electromagnetic Particle-in-Cell Model for a Lower Hybrid...

values higher than |n)| = 5.8. The spectrum is still evolving when the wave propagates
further into the plasma, as is seen in figure 3(a), which shows the spectrum 2 cm from
the grill.

Part of the LH power is reflected back at the grill mouth. This reflection was estimated
from the Poynting fluxes. The time histories of the electric and magnetic fields were mea-
sured in the waveguides at x &~ —14.5 cm. The radial Poynting flux averaged over 4 wave
periods was calculated. Figure 4 shows the Poynting fluxes for two typical waveguides.

The reflection coefficient in each waveguide can be determined from the time-averaged
Poynting fluxes. The reflection coefficients were first benchmarked against data published
by Knowlton and Porkolab [8]. In those cases only four waveguides were used. The results
of the simulations were in good agreement with the linear theory.

The simulations were then extended to 32 waveguides. Figure 4(a) shows an example of
a waveguide with fairly large reflection, where the decrement of the Poynting flux caused
by the reflected wave can be seen clearly. Figure 4(b) shows an example of a waveguide
with low reflection. The average reflection coefficient of the grill can be determined from
the reflection coefficients of the individual waveguides. In this case, the result was 3.4 %.

IV. SUMMARY

A new promising method for modelling a lower hybrid launcher has been described. A
2d3v electromagnetic particle-in-cell code 0OPIC (Object Oriented Particle-in-Cell) was
used to investigate the edge plasma. OOPIC enables realistic modelling of the non-linear
and kinetic phenomena.

In this study, a 32-waveguide launcher was considered. It was shown that OOPIC is
an appropriate tool for modelling the LH grill. The electric field and the field spectra in
the near-field of the launcher were analysed. The code described well the launched TEM
mode and the reflected TEM and TM modes. The wave power was well coupled to the
plasma and the lowest order evanescent TM mode was seen.
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FIG. 1. Contour plot of the toroidal electric fields, £,. The waveguides are located in

the bottom part of the figure.
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FIG. 2. The toroidal electric fields, E, versus the toroidal co-ordinate z in the waveguides
at different distances from the grill mouth: (a) just inside the grill mouth at z = —0.6 mm
and (b) ten decay lengths away from the grill mouth at z = —2.78 cm. The shaded regions
denote the positions of the walls between the waveguides.
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FIG. 3. Power spectra versus the par-
allel refractive index at different distances
from the grill mouth: (a) in the plasma at
z=2cm, (b) at the grill mouth (z = 0) and
(c) inside the waveguides at z = —1 cm.
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FIG. 4. Time-averaged Poynting flux
versus time in two typical waveguides for
the grill with 32 waveguides: (a) waveguide
#17 (b) waveguide #24.
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