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Particle-in-Cell Simulation of Power Coupling of the Grill
of the KSTAR 5.0-GHz LHCD Launcher
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The 5.0-GHz, 2.0-MW KSTAR Lower-Hybrid Current Drive (LHCD) system is under design for
steady-state operation of the KSTAR tokamak. The launcher structure is designed as a grill (4 rows
by 32 columns; phased-array waveguide structure) that provides asymmetric power spectra. The
KSTAR tokamak plasma is a high-density and high-temperature plasma with an edge density of
∼ 1018 m−3. The power coupling to the KSTAR plasma edge depends on the impedance matching
between the grill assembly and the lower hybrid (LH) wave in the edge plasma. The coupling and the
wave propagation in the KSTAR plasma are investigated using the 2-dimensional Particle-In-Cell
code (XOOPIC-2D code). This paper describes the preliminary result of the LH power-coupling
calculation and the characteristics of the wave propagation.
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I. INTRODUCTION

One of the research objectives of the KSTAR tokamak
[1] is to perform advanced tokamak research in the high
performance region and to explore methods for achiev-
ing steady-state operation for a tokamak fusion reactor.
The device will be distinguished by having the capabil-
ity to study advanced tokamak plasmas for long-pulse
lengths of up to 300 sec. The KSTAR tokamak is de-
signed to have high-recycling characteristics in the di-
viertor [2] and the passive stabilizer plate will be used
to limit the vertical displacement event (VDE) which
happens in the standard aspect ratio tokamak [3] like
Joint European Torus (JET) tokamak. The heating and
the current drive systems based on multiple technolo-
gies such as neutral beam injection (NBI), ion cyclotron
range of frequencies (ICRF), lower-hybrid current drive
(LHCD), and electron cyclotron heating (ECH), will pro-
vide heating and current drive capabilities, as well as the
profile control of the current density and the pressure to
meet the mission and the research objectives of the ma-
chine [4].

We are developing a LHCD system for KSTAR. The
non-inductive plasma current drive can be generated us-
ing the LHCD system so that steady-state operation will
be possible. The LHCD system will use four 500-kW, 5.0-
GHz klystrons. The RF power will be delivered through
long transmission lines composed of waveguides and 3-dB
dividers from the klystrons to the launcher. Due to the
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insertion losses in the transmission lines, RF powers of
1.5 MW, smaller than the 2.0-MW klystron RF powers,
will be transmitted to the KSTAR plasma. The launcher
will be composed of two modules assembled at upper and
lower positions. Each module has a waveguide antenna
of 2 rows of 32 waveguides near the plasma. Therefore,
the front launcher is composed of 4 rows of 32 waveg-
uides and a multi-waveguide launching structure (grill),
and each klystron feeds 8 columns of waveguides of the
waveguide antenna. Figure 1 shows the transmission line
system for transmitting RF power to the LH launcher.

For the coupling of the RF power to the plasma at the
grill, an earlier calculation was done using the Bram-
billa code which was written by J. Steven [5]. This code
uses equations derived from wave equations in the waveg-
uide and the plasma with a linear density gradient. The
equations used in that code are well described in Bram-
billa’s paper [6]. The reflection and the coupling from the
plasma are found by imposing continuity of the electric
and magnetic fields at the waveguide throats. Also, the
radiation spectrum, the power vs the parallel wavenum-
ber k‖, was obtained from the Fourier integral. The par-
allel wavenumber k‖ is defined as the z-component of the
wavenumber. Note that both the plasma current and
the toroidal magnetic field are directed along the z-axis.
In this calculation, the plasma is loaded with a linear
density gradient and the wave equation in the plasma is
solved with the Wentzel-Kramer-Brillouin (WKB) ap-
proximation. The Brambilla coupling code gives the
maximum coupling efficiency greater than 98 % at an
edge density of 2.0 × 1018 m−3 with a density gradient
of 2.0× 1020 m−4 for a 90◦ phase difference between ad-
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Fig. 1. Schematic drawing of the transmission line system
of the KSTAR 5.0-GHz LHCD system.

Fig. 2. Two-dimensional simulation model and the region
boundaries for XOOPIC simulation. A uniform toroidal mag-
netic field, B, is applied to the left.

Table 1. Input parameters for the XOOPIC simulation.

Edge temperature T keV 1

Magnetic field B T 2.74

Frequency of grill f GHz 5.0

Phase difference ∆φ deg 90

Radial length of plasma Lx mm 30

Toroidal width of plasma Lz mm 110.5

Width of waveguide b mm 5.5

Width of septum d mm 1.5

Length of waveguide L mm 60

Toroidal grid size dz mm 0.2

Radial grid size dx mm 0.2

jacent waveguides and total number of 32 waveguides.

Fig. 3. Waveguide grill structure of the KSTAR LHCD
launcher. b is the waveguide width, d is the septum width,
and h is the waveguide height.

Another approach, which is introduced in this paper,
is the Particle-In-Cell (PIC) simulation to calculate the
coupling efficiency by using an XOOPIC-2D code [7]
written at UC Berkeley. It is an object-oriented code
in two-dimensional space and three-dimensional velocity
space. Only 8 waveguides are considered and the par-
ticles (electrons and ions) are loaded uniformly for the
simulation. The density gradient effects are not con-
sidered in this XOOPIC-2D simulation since it requires
very long computing time for the large particle loading
to reduce noises. The region boundaries and the input
parameters in this simulation are shown in Figure 2 and
Table 1, respectively. The toroidal magnetic field is 2.74
T based on the 3.5 T at the plasma center, the edge elec-
tron temperature is 1 keV, the frequency of the launched
wave is 5.0 GHz, the phase difference between waveguides
is 90◦, the number of waveguides is eight, the width of
a waveguide is 5.5 mm, the width of the septum is 1.5
mm, and the grid size in both the toroidal and the radial
directions is 0.2 mm. The hydrogen ions and electrons
are loaded with 12 particles per unit cell in the region
of 110.5 mm × 30 mm. As shown in Fig. 2, the top,
left, and right wall boundaries in the plasma region are
assigned to impedance boundaries. Also, a 5.0-GHz RF
is excited in each waveguide at the bottom. The other
boundaries are assigned as conductors. The dimensions
of the waveguide and the septum are determined to sat-
isfy the weak operational condition in the break-down
region and to get a high refractive index [8]. The parallel
refractive index and the wave impedances are calculated
in the following sections, followed by presentation of the
simulation results.

II. RADIATION SPECTRUM

The grill is the phased-array waveguide antenna. Fig-
ure 3 shows the grill structure composed of a series of
waveguides and septa between waveguides. The RF
phase difference between waveguides gives the asymmet-
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Fig. 4. Radiation spectra from the 8-waveguide grill and
32-waveguide grill for the three phase differences of 90◦, 150◦,
and 180◦.

ric radiation spectrum

P (k‖) =
sin2(k‖b/2)

k2
‖

·
sin2(N(∆φ+ k‖b+ k‖d)/2)
sin2((∆φ+ k‖b+ k‖d)/2)

,(1)

where N is the number of waveguides in the grill, f is
the frequency, c is the speed of light, ∆φ is the RF phase
difference between waveguides, and b and d are the width
of the waveguide and the septum, respectively. One may
find the derivation in the Appendix. Figure 4 shows the
power spectrum of an 8-waveguide grill. The width of
the main lobe, Wml, is easily derived from the analytical
formula in Eq. (1):

Wml =
c

π(b+ d)fN
. (2)

From Eq. (2), it is easily seen that as the total num-
ber of waveguides increases, the width of the main lobe
becomes narrower.

The spectral lines of P (k‖) are given by

k‖(b+ d) + ∆φ = 2mπ, m = 0,±1, ... (3)

For ∆φ = π/2 and m = 0, Eq. (3) gives the refractive
index N‖ = k‖c/ω = −2.14 for the principal mode with b
and d given in Table 1. The refractive index of the second
mode is 6.43 for m = 1. When the phase difference
increases, the principal spectral line is moved to a higher

value of the magnitude. For a 180◦ phase difference, the
radiated power spectrum becomes symmetric, as shown
in Fig. 4.

III. WAVE IMPEDANCES

The wave launched from the grill has a wave
impedance in the plasma that can be easily calculated
using Maxwell’s equations and the cold plasma approxi-
mation in a homogeneous plasma. The boundaries in the
plasma region are defined as the impedance boundaries
matched with wave impedances in the XOOPIC simu-
lation in Fig. 2. From Maxwell’s equations, the wave
impedances in the radial direction, the x-coordinate, and
in the toroidal direction, the z-coordinate, Zx and Zz, are
as follows:

Zx =
Ez
Hy

=
µEz
By

=
µcEz

n‖Ex − n⊥Ez
, (4)

Zz = −Ex
Hy

= −µEx
By

=
µcEx

n‖Ex − n⊥Ez
. (5)

Also, the dispersion relation from the cold plasma ap-
proximation is given by [9]

 S − n2
‖ iD n⊥n‖

iD S − n2 0
n⊥n‖ 0 P − n2

⊥

 ·
 Ex
Ey
Ez

 = 0, (6)

where

S = 1−
ω2
pe

ω2 − ω2
ce

−
ω2
pi

ω2 − ω2
ci

, (7)

iD = i
ω2
piωci

ω(ω2 − ω2
ci)
− i

ω2
piωce

ω(ω2 − ω2
ce)
, (8)

P = 1−
ω2
pe

ω2
−
ω2
pi

ω2
. (9)

ωpe is the electron plasma frequency, ωpi is the ion
plasma frequency, ωce is the electron cyclotron frequency,
and ωci is the ion cyclotron frequency. Using Eq. (6), we
reduce Eqs. (4) and (5) to

Zx =
µcn⊥
P

, (10)

Zz =
µc(P − n2

⊥)
Pn‖

. (11)

Therefore, we get the wave impedances as functions
of the plasma density for a given toroidal magnetic field
and parallel refractive index, n‖. The parallel refractive
index, n‖, is determined from the grill structure, as de-
scribed in the previous section, and the perpendicular
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Fig. 5. Toroidal electric field distribution at the RF port
of each waveguide for a phase difference of 90◦.

Fig. 6. Wave impedances as a function of the edge plasma
density for n‖ = −2.14 and n‖ = 6.43. Zx is the wave
impedance in the radial direction, and Zz,left and Zz,right
are the wave impedance for n‖ = −2.14 and n‖ = 6.43 in
the toroidal direction, respectively. ZTE is the characteristic
wave impedance in the waveguide for the TE10 mode.

refractive index n⊥, is obtained from equating the deter-
minant of Eq. (6) to zero:

n2
⊥ =

−B ±
√
B2 − 4AC
2A

, (12)

where

A = S, (13)

B = (n2
‖ − S)(S + P ) +D2, (14)

C = P
[
(n2
‖ − S)2 −D2

]
. (15)

Now, the impedance value Zx is assigned to the
impedance of the top wall. Zz has two values one for
|n‖| = 2.14 and one for |n‖| = 6.43. The n‖ of 2.14
is used for the impedance of the left wall, and that of
6.43 is used for the impedance of the right wall because
the principal mode propagates to the left wall when the
toroidal (z-direction) electric fields at the waveguide RF
ports are excited, as shown in Fig. 5. The dependence of
Zx and Zz on the edge density is shown in Fig. 6 for the

homogeneous plasma. Note that ZTE is the characteris-
tic wave impedance in the waveguide for the fundamental
mode TE10.

IV. PHASE VELOCITY AND GROUP
VELOCITY

A wave resonance (n⊥ →∞) exists when the denomi-
nator of Eq. (12) goes to zero. Equating Eq. (7) to zero
and solving it for the frequency gives, in the limit of
ωci � ω � ωce, the resonance frequency

ωLH = ωpi

(
1 +

ω2
pe

ω2
ce

)−1/2

, (16)

where ωLH is the lower hybrid resonance frequency.
In the valid limit n2

‖ � 1, the use of Eq. (16) gives a
simplified version of Eq. (12):

n2
⊥
n2
‖

=
mi

me
· ω2

LH

ω2 − ω2
LH

. (17)

This equation states that a wave with a certain n‖ also
has a certain n⊥. Equation (17) can be solved for the
wave frequency as a function of the wave number. Also,
it gives the group velocity of the wave:

vg‖ =
∂ω

∂k‖
=

ω

k‖

ω2 − ω2
LH

ω2
, (18)

vg⊥ =
∂ω

∂k⊥
=

ω

k⊥

ω2
LH − ω2

ω2
. (19)

The wave frequency ω is usually larger than the lower
hybrid resonance frequency ωLH , implying that the per-
pendicular phase velocity vp⊥ = ω/k⊥ is negative with
respect to the group velocity since the perpendicular
group velocity in Eq. (19) must be positive. The re-
lation between the phase velocity and the group velocity
gives the interesting phenomenon

vg‖

vg⊥
= −k⊥

k‖
. (20)

This suggests the phase velocity and the group veloc-
ity are at right angles in the cold plasma approximation.
Another interesting thing is that a higher plasma density
results in a smaller angle of the propagation cones to the
toroidal direction. Because, as described in Section II,
n‖ is determined from the grill structure, it maintains
a constant value if the toroidal effect is not considered
[10–12], and n⊥ increases as the plasma density is in-
creased. One should note that the wave vector k and
the propagation direction are at right angles.
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Fig. 7. Reflection coefficients averaged over two wave-
periods in each waveguide for the edge plasma density n =
0.7× 1018 m−3.

Fig. 8. Reflection coefficients averaged over waveguides as
a function of the edge plasma densities.

V. SIMULATION RESULTS

An incident 5.0-GHz RF power is assigned to the input
port of each waveguide. The Poynting flux is calculated
in each waveguide in the XOOPIC-code simulation. The
reflection coefficient of the power R is determined from
the radial Poynting flux. The radial Poynting flux, Px,
is measured near the bottom of each waveguide. For an
input power Pin, at the input port, the reflection coeffi-
cient reads as

R =
Pin − Px
Pin

. (21)

Figure 7 shows the reflection coefficient of each waveg-
uide for a homogeneous plasma with the edge density
n = 0.7× 1018 m−3. The reflection coefficients are aver-
aged over two wave periods to remove the oscillation. Af-
ter the initial transition, the average reflection coefficient

Fig. 9. Poloidal magnetic field component in a homoge-
neous plasma for the plasma densities n = 0.4 × 1018 m−3

(upper plot) and n = 1 × 1018 m−3 (lower plot). The phase
difference was ∆φ = 90◦ for both densities.

is stabilized at about 2 ns. The reflection coefficients, av-
eraged over waveguides, for different edge densities are
plotted in Fig. 8. A cut-off density, nc = 0.31×1018 m−3,
exists, below which the wave does not propagate in the
plasma. This cut-off density, or critical density, is easily
obtained when P = 0 in Eq. (9). The coupling of the
power is seen to have a clear maximum near the den-
sity n = 0.7 × 1018 m−3, where the average reflection
is under 25 %. This reflection can be diminished for a
plasma with a density gradient. The reflection near the
cut-off density can also be decreased with the density
gradient. However, the density gradient loading of the
particles in the XOOPIC-code simulation increases the
number of computer particles and, therefore, increases
the computing time.

The principal mode with the refractive index of -2.14
propagates to the left in the sense of the toroidal di-
rection for the phase difference ∆φ = 90◦. This kind
of asymmetric wave propagation can be also seen in
the PIC simulation. However, since noise is always
present in the PIC simulation, a mathematical treatment
of the raw data is necessary. Figure 9 shows contour
plots of the poloidal, normal direction to the simulation
plane, magnetic field of the wave for the edge densities
n = 0.4×1018 m−3 and n = 1×1018 m−3. From this fig-
ure, it can be seen that as the edge density increases, the
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Fig. 10. Poloidal magnetic field component for the phase
difference ∆φ = 180◦ and the plasma density n = 1 ×
1018 m−3.

propagation leans towards the toroidal direction. The
second mode propagation can be seen clearly for the
phase difference ∆φ = 180◦ and the edge plasma den-
sity n = 1×1018 m−3, as seen in Fig. 10. These different
angles are easily expected from the Eqs. (17)-(19). The
right angles between the group velocity and the phase ve-
locity in Eq. (20) is easily seen from Fig. 9 if one knows
that the direction of the phase velocity is the same as the
changing direction of the crest and the valley of the field
amplitude. The number of particles for both simulations
is 30 per cell.

The density gradient effect on the wave propagation
can be clearly shown by the interferogram method. The
density gradient is applied in the plasma region with a
linear scale length Ln,

Ln =
n

dn/dx
. (22)

A linear scale length means that the edge plasma den-
sity increases as much of two times after a linear scale
length from the grill edge. The interferogram treatment
filters out the noise by averaging the toroidal electric
field data over two wave-periods with the weighting fac-
tor sin(ωlht). Thus, the averaged toroidal electric field
is

< Etor >=
∫ T0+τ

T0

sin(ωlht)Etor(r, t)dt, (23)

where τ is two wave-periods or 0.4 ns. The noisy raw
toroidal electric field, Etor(r, t), is saved at 200 points in
two wave-periods in the simulation. Figure 11 shows the
averaged contour data for the density gradient dn/dx =
8 × 1019 m−4 with a linear scale length Ln = 5.0 mm
and an edge plasma density n0 = 4 × 1017 m−3. The
curvature of the wave propagation cone, which results
from the density gradient effect, is seen in this figure.

VI. CONCLUSION

Fig. 11. Density gradient effect on the wave propaga-
tion; the toroidal electric field component is averaged with
the interferogram method. The edge plasma density n0 =
4× 1017 m−3 and the density gradient dn/dx = 8× 1019 m−4

were used for this simulation.

The PIC simulation with the KSTAR LHCD launcher
parameters shows that the reflection of the 5.0-GHz lower
hybrid wave from a homogeneous plasma has a mini-
mum near the density n = 0.7 × 1018 m−3 for the 8-
waveguide grill structure. The reflection also increases
rapidly as the edge density approaches the cut-off den-
sity nc = 0.31 × 1018 m−3. The overall reflections for
the edge plasma density are high due to the poor signal-
to-noise ratio in the XOOPIC simulation. However, the
high reflections can be diminished with more simulation
particle numbers per cell, for example 30 particles per
cell, and with a density gradient dn/dx loading. The
KSTAR tokamak will have a scale length Ln = n0/dn/dx
of the order of 1 cm near the edge plasma. Therefore, op-
timum coupling can be obtained with a density gradient
for the edge density or near and below the cut-off den-
sity even though that was not discussed in this paper. A
asymmetric wave propagation was also seen in the PIC
simulation as in Brambilla’s code simulation. In the near
future, a 32-waveguide grill-structure simulation will be
tried, which will require very long computing time. Par-
allel processing may be necessary in the simulation for
the 32-waveguide grill structure.
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APPENDIX A: CALCULATION OF THE
GRILL SPECTRUM

The power spectrum of the grill is defined as

P (k‖) =
∣∣∣∣1τ
∫ t0+τ

t0

e−iωtÊ(k‖, t)dt
∣∣∣∣2 , (A1)

where τ = 2π/ω is the oscillation period and Ê is the
Fourier-transformed electric field in the grill region. For
the lower hybrid wave launcher with N waveguides and
for a phase difference between adjacent waveguides of
∆φ, the normalized electric field can be written as

E(z, t) =
N−1∑
p=0

θp(z) cos(ωt+ ∆φ · p+ φ0), (A2)

where

θp(z) =

{
1 if zp ≤ z ≤ zp + b, p = 0, 1, ..., N − 1
0 otherwise

(A3)

and zp = p(b + d) is the position of the waveguide, b is
the width of the waveguide, and d is the width of the

septum. The spatial Fourier transform of the electric
field is, thus,

Ê(k‖, t) =
∫ ∞
−∞

eik‖zE(z, t)dz =
N−1∑
p=0

cos(ωt+ ∆φ · p

+ φ0)
∫ zp+b

zp

eik‖zdz, (A4)

where the order of the integration and summation has
been changed. The integral is now easily calculated. Af-
ter some simplification and substitution of the complex
expression for the cosine, 2 cos(x) = exp(ix) + exp(−ix),
the equation turns into

Ê(k‖, t) =
sin(k‖b/2)

k‖
eik‖b/2 ·

N−1∑
p=0

[ei(ωt+∆φ·p+φ0)

+ e−i(ωt+∆φ·p+φ0)] · eik‖zp . (A5)

Now, substitution of zp = p(b + d) and separation of
the terms gives

Ê(k‖, t) = eiωt ·
sin(k‖b/2)

k‖
ei(k‖b/2+φ0) ·

N−1∑
p=0

ei(k‖b+k‖d+∆φ)·p + e−iωt ·
sin(k‖b/2)

k‖
ei(k‖b/2−φ0) ·

N−1∑
p=0

ei(k‖b+k‖d−∆φ)·p.

(A6)

This equation is substituted into Eq. (A1) for the power spectrum. At this point, it is obvious that the second term
on the right-hand side of Eq. (A6) vanishes in the integration, so the power spectrum is

P (k‖) =
∣∣∣∣1τ
∫ t0+τ

t0

dt ·
sin(k‖b/2)

k‖
ei(k‖b/2+φ0) · 1− e−i(k‖b+k‖d+φ0)·N

1− e−i(k‖b+k‖d+φ0)

∣∣∣∣2
=
∣∣∣∣ sin(k‖b/2)

k‖
ei(k‖b/2+φ0) · sin(αN)

sin(α)
eiα(N−1)

∣∣∣∣2 =
sin2(k‖b/2)

k2
‖

· sin2(αN)
sin2(α)

. (A7)

where α has been defined as (∆φ + k‖b + k‖d)/2 for
brevity.
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