Plasma and Fusion Research: Regular Articles

Volume 1, 009 (2006)

Assessment of Meander-Line Antenna Covered with Dielectric
Material for LHW Heating

Hiroki MATSUNO, Shuichi TAKAMURA, Shun HOSOI" and Noriyasu OHNO?

Department of Energy Engineering and Science, Nagoya University, Nagoya 464-8603, Japan
DDepartment of Electrical Engineering and Computer Science, Nagoya University, Nagoya 464-8603, Japan
Y EcoTopia Science Institute, Nagoya University, Nagoya 464-8603, Japan

(Received 8 December 2005 / Accepted 19 January 2006)

A new analysis of meander-line type antenna with dielectric cover is presented and compared with experi-
mental results. In the case of small research tokamaks for which the lower hybrid range of frequency is relatively
low, a meander-line antenna with a strip-line structure would be preferable for LHW electron heating. When the
antenna is installed in the vacuum chamber, it needs an insulating cover to protect it from plasma bombardment.
The comparison between the analysis and experiments agree well if the thickness of the antenna conductor is
sufficiently thin and there is no vacuum gap among the substrate, conductor, and cover. We found that a slow-
wave antenna may be fabricated for LHW electron heating in the small tokamak HYBTOK-II under the driving

frequency of, for example, 220 MHz.
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1. Introduction

Lower hybrid waves (LHW) have been employed for
plasma current drive and electron heating in tokamak plas-
mas. For the accessibility of LHW into plasma it is neces-
sary to have a large refractive index for the wave parallel
to the static magnetic field, that is, a slow-wave structure.
Furthermore, for heating electrons in plasmas, it is required
that the phase velocity of the excited wave be smaller than
several times of the electron thermal velocity. A phased
waveguide array is used for wave excitation in medium size
and large tokamaks [1]. However, in the case of small re-
search tokamaks for which the electron temperature, the
static toroidal magnetic field and the plasma density are
not high, and then the lower hybrid range of frequency
is relatively low, a meander-line antenna with a strip-line
structure is preferable for a few tens of kilowatts of heat-
ing power [2—4]. A meander-line antenna consists of a
microstrip meander conductor, and has a periodic structure
in the direction of the toroidal magnetic field. It excites a
traveling slow-wave if the absorption is sufficiently effec-
tive without any reflection at the antenna end. The refrac-
tive index of the excited wave parallel to the toroidal mag-
netic field depends on the microstrip line length perpen-
dicular to the direction of traveling wave, the pitch length
of the periodic structure, the thickness of the substrate and
its dielectric constant. When the antenna is installed in the
vacuum chamber, it needs an insulating cover to protect
it from plasma bombardment. The dielectric constant and
thickness of the cover may also change the antenna charac-
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teristics. In the past an experiment on a meander-line an-
tenna was performed on a small size tokamak (7, = 15eV)
for LHW heating and current drive [4], and tail electrons
up to about 200 eV were observed.

The purposes of this work are, first of all, to develop
new electromagnetic analysis on a meander-line antenna
with a dielectric cover, and then to compare the new anal-
ysis and the experimental results. This enables us to esti-
mate the properties of a covered antenna for lower hybrid
wave heating. In addition, it provides a tool for estimating
the dielectric constant of the insulating material used on an
antenna, which is sometimes not known explicitly in this
frequency range.

In the next section the analysis of a covered meander-
line antenna is given. In Sec.3, the experimental setup
is introduced; the results of the experiment are shown in
Sec. 4. Then we represent an application of the antenna in
Sec. 5, and in Sec. 6 we provide a conclusion.

2. Analysis of Covered Meander-Line

Antenna

The structure of the meander-line antenna is shown in
Fig. 1. The microstrip meander conducting line with zero
thickness for the numerical analysis is mounted on a di-
electric substrate, which is sandwiched between a dielec-
tric cover and grounded conductor. The line has turnbacks
and then forms a periodic structure. A numerical analysis
for such an antenna without an insulating cover has been
performed [2]. A new electromagnetic analysis for the
meander-line antenna with a dielectric cover is given in the
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Fig. 1 Structure of the meander-line antenna, where a is the
width of the meander structure, w the width of the mi-
crostrip line, s the spacing between two neighboring strip
lines, p the pitch of the periodic structure, and by, and
b,y the thickness of the dielectric substrate and cover, re-
spectively.

present paper. In the figure, a is the width of the meander
structure, w the width of the microstrip line, s the spacing
between two neighboring strip lines, p the pitch of the pe-
riodic structure, and by, and b,y are the thickness of the
dielectric substrate and cover, respectively. Ky and Koy,
the dielectric constants of the substrate and the cover, are
also important parameters of the antenna. The objective
is an assessment for actual employment of the type of an-
tenna that would be used in small tokamaks. The antenna
should be compatible with the possible plasma bombard-
ment and have a substantially high N,,, which ensures the
coupling of tail electrons in the plasma. It should be so
compact that it may be installed in a rather small toroidal
vacuum chamber.

First the Helmholtz equation is solved, and the poten-
tial and charge distribution on the microstrip line are ob-
tained. A coordinate system for the numerical analysis is
shown in Fig. 2. The equation is given by

(1

where @ is the electric potential, w the angular frequency,
c the speed of light, and K.g the effective dielectric con-
stant, which is determined later. The antenna structure is
assumed to be uniform along the x-axis so that no turn-
backs are considered at this stage. But we consider phase
shifts along the conducting line under the quasi TEM ap-
proximation. Along the z-axis there is a periodicity (pitch
p). Taking these into account, we get

Vi + (aﬂ /cz) Keg® = 0,

D(x,y,2) = Uy, z) exp (xikx), (2)

U= " {AnexpBuy) + B exp(—Buy)} exp(iBn2),

m=—oo

3)
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Fig. 2 Coordinate system for numerical analysis. Two dielectric
layers are shown in the hatched regions. A cross section
of microstrip lines is shown by horizontal thick lines in
the interface.

where k> = w?Keg/c?, B = (@ + 2nm)/p, ¢ is the phase
shift on a unit cell of the meander-line, and i is the imagi-
nary unit. Taking the boundary conditionof U = O aty = 0
and Hs, the expression of U for each area Uj, Uy, Uy is
given as follows:

U = ZAme[‘Bmz sinh {|B|(H3 — y)},

Un = Z (Bmeﬁ’”y + Cme_ﬁ”'”) e, )

m
Ut = ) Dye® sinh (Buly).
m

Now, let the microstrip line be divided into N very nar-
row substrips, and let a substrip of width § be centered at
7' and furnished with a charge of uniform surface density.
From the continuity condition at the boundaries y = H;
and H,, the coefficients A,, ~ D,, are determined by the
following equations:

A =sinh (|,3m|H1)[Sinh {1Bm|(H3—H3)} sinh {|8,,|(H2— H1)}

1
Xy cosh {|8,u|(H3—H>)} sinh {|8,|(H2—H1)} |©D,y,

1 .
B, = 3 sinh {|8,,|(H3 — H,)}
3 ]
— — cosh {|B,|(H3 — H,)} [e P24,
Kn |
1 .
Cpn= > sinh {|8,,|(H3 — H3)}

| )
+ — cosh {|B,|(H3 — Hy)} P24,
Kn |

— —iBm7
m = €
80'6m|p
Sin(Bud/2) 1
Bwd/2  sinh(|8,|H1){Ku coth(|B,|H)) + KO}

(5)
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where @ is given by

_ Ku + coth{|B|(H3 — Ha)} coth{|B,|(H2 — Hi)}
Kit coth{|8,,|(Hz — H)} + coth{|B,|(H5 — H2)}
(6)

Then, the potential at (y, z) when the charge A on a
substrip (y = Hj, z = 7’) is given, corresponding to the
Green function ¢g(y, z|H,, 7'), is written by

A

9(y,z21H1,7') = T ebu)
D=2 g
Sin(ﬁmé/z) 1
Bn6/2 Ky coth(|B,|H}) + KO’

)

where Ky and Kp are the dielectric constants on the re-
gions II and III shown in Fig. 2. The charge distribution on
the line is given by solutions of the following equation:

N
[Ang(Hy, z)|H, z0) £ A,g(Hy, 2)|Hi1, —24)] = exp(ip/4).
-

n

®)

This is an N X N algebraic system of equations, and
K 1s given by

Ko = Cx/Cy, 9)

where Cx is the capacitance between the ground and the
meander-line, calculated when Ky and Kjjp are the dielec-
tric constants of the cover and the substrate, and C; is the
value when Ky = Ky = 1. Considering the two strips in
the unit cell, denoted by 1 and 2 for the left and right strip,
respectively, we have the following voltages and currents:

vy = [as exp (+ikex) + a- exp (—ikex)

— by exp (+ikox) + b_ exp (—ikox)] exp (—ip/4),
vy = [ay exp (+ikex) + a— exp (—ikex)

+ by exp (+ikox) — b_ exp (—ikox)] exp (+ip/4),

I ={(1/Z,) [a+ exp(+ikex)—a_ exp(—ikex)]
+(1/Zy) [~b+ exp(+ikox)—b_ exp(—ikox)|} exp(—ip/4),
L={(1/Z,) [a exp(+ikex)—a_ exp(—ikex)]
+(1/Z,) [b+ exp(+ikox) +b_ exp(—ikox) |} exp(—ip/4),
(1D

in which the coefficients a. and b. are the amplitudes of
the even and odd modes, respectively, with propagation
components in the +x and —x directions. Taking the length
of the microstrip line along the x-axis a into account, the

(10)

final dispersion relation of this antenna comes out under
the condition of a turnback of the microstrip line,

1\ 1 I 1\ I 1
U1 (Ea) =02 (Ea), 1 (Ea) =-D (Ea)’
V2 (—%a) =03 (—%a) , D (—%a) =-I3 (—%a) , (12)

v3(x) = vi(x)exp(ip),  I3(x) = Ii(x) exp(ip),
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NP EA {tan(kea/Z)tan(kOa/Z), 13

tan® — = —
4 Z. |cot(kea/2) cot(koa/2).

The upper and lower equations are the dispersion re-
lations for the forward and backward waves, respectively.

3. Experimental Setup

The antenna structure used in the test is shown in
Fig. 3. The antenna parameters are as follows: ¢ = 83 mm,
b, = 3mm, by = 3mm, w = 2mm, s = 3mm,
p =2(w+s) = 10mm. It consists of the grounded conduc-
tor, the dielectric substrate, the microstrip meander-line,
and the dielectric cover. The grounded conductor, the sub-
strate, and the cover are fixed by screw bolts on the edge
far from the antenna structure. Any thin separation in these
plates was found to produce serious effects on the wave re-
tardation. The grounded conductor is a stainless steel plate
with a thickness of 2 mm. The substrate and the cover are
also plates with a thickness of 3 mm. Three different kinds
of materials (Teflon and two types of ceramics) were tested
for these dielectrics. The antenna conductor is made of
copper foil with a thickness of 0.01 mm (the skin depth of
the copper is 3.8 um on 300 MHz). Both ends of the an-
tenna are terminated by a solid coaxial line.

The refractive index of the antenna is obtained from
either the interference patterns or the phase of the picked-
up electric field along the antenna, corresponding to E/,
along the direction of toroidal magnetic field, which may
couple to the lower hybrid wave in tokamak plasmas. The
measurement circuit is shown in Fig.4. An RF signal
(220—400MHz, 10dBm) is supplied to both the antenna
and mixers. The other end of the antenna is terminated
at 50 Q through a solid coaxial line. The RF signal of
the electric field at the antenna surface is received by a
dipole pick-up antenna and transmitted to the balanced

5
150

Cover

Substrate——-

Fig. 3 Meander-line antenna for measurement. The numbers are
in the unit of [mm)].
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Fig. 4 Circuit for measurement of antenna characteristics. The

electric field signal is scanned by the dipole antenna.
Phase information is obtained by the output of the bal-
anced mixers.
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Fig. 5 A typical example of the interference pattern of the elec-

tric field along the meander-line antenna. The dielectric
materials used as the substrate and the cover are Teflon.
The frequency is 300 MHz.

mixer through a quadrature hybrid coupler. Then, we get a
signal corresponding to the phase of the electric field from
the mixer output. By scanning the dipole antenna along the
z-axis, the field pattern is obtained. A typical interference
pattern is shown in Fig. 5.

4. Experimental Results

The refractive indexes obtained in the experiment are
plotted with discrete points in Figs. 6 and 7. The results of
the numerical analysis are also shown by several kinds of
curves in the same figures. Teflon and Shapal M Soft are
used as the substrate in the cases of Figs. 6 and 7, respec-
tively. The cases of four different cover materials (Teflon,
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Fig. 6 Frequency dependence of N, for the Teflon substrate. The
N, for four different combinations of the cover material
(without cover, three dielectric materials) is plotted. The
four curves are obtained by numerical analysis.
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Fig. 7 Frequency dependence of N, for Shapal M Soft substrate.

Shapal M Soft, Photoveel and without cover) are analyzed.
Shapal M Soft and Photoveel are manufactured by MIT-
SUI Mining Materials Co., Ltd, and SUMIKIN Ceramics
& Quartz Co., Ltd, respectively. The length of the antenna
used in the experiment is finite in the z-direction. Thus,
the reflection of the wave at the edge of the meander-line
structure may be envisaged. Since, in the experiment with-
out plasma, the edge of the meander line is connected to
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the signal generator, and the other is terminated by the
50 Q terminator, we suppose that a small amount of reflec-
tion due to the deviation of the characteristic impedance of
the microstrip line from 50 Q would not create much dis-
turbance, because the wave phase experimentally detected
was found to be proportional to the distance along the an-
tenna (z-direction). That is to say, it corresponds to the
case of analysis where the antenna length is infinite in the
z-direction.

Analyses well reproduce the experimental results
when the dielectric constants are chosen as Teflon:2.1,
Shapal M Soft:6.4, and Photoveel:6.2. The dielectric con-
stants of these three materials at 1 MHz are Teflon:2.1,
Shapal M Soft:7.0, Photoveel:6.0. Looking at the results
of the Teflon, we can say that the analyses are consistent
with the experimental results, since the dielectric constant
of the Teflon doesn’t depend so much on the frequency
range employed. For the ceramics, the differences between
the obtained dielectric constants and those at 1 MHz might
indicate the existence of some frequency dependences.

We also found some surprising results for the thick-
ness dependence of the microstrip conducting line, which
is shown in Fig. 8. The antenna parameters are a = 83 mm,
bgp = 3.5mm, w = 2mm, s = 3mm, p = 2w + §) =
10 mm, and is not covered. The open circles give exper-
imental results for a microstrip line with a thickness of
2mm. The retardation N, for the antenna with a finitely
thick conductor is substantially lower than the values esti-
mated analytically without considering the thickness of the
conductor, shown by the solid line in Fig. 8. The capaci-
tance between two neighboring strip lines is significantly
larger than that in the case of the numerical model, which
would make the wave retardation weak; that is, the wave
propagates in the z-direction rather than the x-direction.

5. Fabrication of Slow-Wave Antenna
for LHW Electron Heating

We are now trying to apply the meander-line antenna
for electron heating by lower hybrid waves to the small
tokamak device HYBTOK-II [5,6]. The installation on
the HYBTOK-II is shown as a poloidal cross section in
Fig. 9. A picture of the antenna with a toroidal curvature
is shown in Fig. 10. The driving frequency is 220 MHz.
To protect the meander line from the plasma bombard-
ment, a boron nitride plate is used as a cover. Since the
cover separates the meander-line conductor from the toka-
mak plasma, it may ensure the excitation of the slow wave
without any possible serious modification of the electric
field structure near the microstrip line. The cover makes
the coupling to the plasma weak when the thickness of
cover is substantially large. We can adjust the antenna
length and the cover thickness such that a traveling wave
on the microstrip-line antenna attenuates almost entirely
when the wave arrives at the antenna end. So it is thought
that the antenna excites a slow wave in the plasma such
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Fig. 8 Line thickness dependence on N,. The meander-line con-

ductor has a thickness of 2.0 mm. The substrate is made
of Teflon, and has a meander-shape groove where the line
is set.

¢

q=6 L Antenna
(m/n=6/1,r=8cm)§;g

Ceramic cover
~(r=10. Ocm)

Plasma (r<11cm)
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Fig. 9 Poloidal cross section of HYBTOK-II with the antenna
and the plasma. The antenna is connected to a WX-39D
coaxial tube. The plasma size may be regulated by the
antenna. On typical operation the plasma horizontal po-
sition is 1 cm inside the poloidal center.

as that given in the analytical and the experimental results
in the previous sections. The size of the antenna needs to
be as large as possible to have good power absorption and
a sufficient parallel refractive index, which is thought to
be N, = 22 ~ 38 corresponding to the phase velocity of
30 ~ Sve, Ve = (2kT./m.)"/?, considering the electron
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N

Fig. 10 The antenna to be installed in HYBTOK-II. The antenna
without cover shows the meander-line conductor. The RF
injection points of the antenna conductor are connected to
the WX-39D, and the end to the WX-20D coaxial tube.

temperature of 7. ~ 20eV. The strength of the coupling
between the antenna and the plasma can be changed by
proper selection of the cover thickness. A thick antenna
makes for weaker coupling.

6. Conclusion

Numerical analysis and measurements of the refrac-
tion index of a microstrip meander-line type antenna are
presented. Both are in good agreement if the thickness
of the antenna conductor is sufficiently thin and there is
no vacuum gap among the substrate, conductor, and cover.
We found that a slow-wave antenna may be fabricated for
LHW electron heating in the small tokamak HYBTOK-
II under the driving frequency of 220 MHz. Tail electron
heating would be expected at the electron temperature of
around 20 eV. Comparing N, between the experiment and
the analysis enables us to determine the dielectric constant
in this range of frequency. The dielectric cover was found
to increase the refractive index of the antenna and to be
useful for proper coupling.
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