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Coupling to fast waves via a phased loop antenna array for

fast wave current drive in the JFT-ZM tokamak
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A phased loop antenna array was employed to launch fast waves into
a plasma in which the frequency is of the order of 10 wgi. A high load-
ing resistance of about 5 @ was obtained and its value agrees well with
the theoretical estimation. The loading efficiency of about 80% was
obtained at a frequency of 200 Miz. The travelling fast waves were
excited by phase control of the two loop antennas array and the exci-
tation of the waves like coaxial mode was observed at in-phase feeding

of two loop antennas. Use of the fast wave for steady state current

drive was suggested.

Keywords : Fast Wave Current Drive, Phased Loop Antenna Array,

JFT-2M Tokamak, Loading Resistance, Coaxial Mode
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1. Introduction

A radio frequency current drive is one of the most effective methods
to realize a steady state operation of tokamak plasmas. Current drive
by lower hybrid waves (LHW) has a high efficiecny and is easy for access
to the plasma using a waveguide array [1] - [3). However, the efficiency
decreases rapidly with increasing the density and no rf current is
induced beyond the density limit [4].

The electrbstatic slow waves such as LHW interact strongly with
plasmas through Landau damping in high density and high temperature
region. The accessibility of IHW to the center of hot reactor-like
plasma is poor since the wave power would be absorbed near the plasma
surface. The fast electromagnetic waves can propagate to higher density
region beyond the LH resomance layer [5]. Also, fast waves are less
affected with non linear effects, such as parametric decay iInstabilities
than slow waves since the fast waves have relatively long wavelength
perpendicular to the magnetic field compared with the slow waves and
does not propagate in resonance cones. The fast wave current drive (FWCD)
is based on the same mechanism as LH current drive that the current
carrying electrons are accelerate through Landau damping [6] - [7].
Although Landau damping of the fast waves is weak in low temperature
plasma, a production of the high energy electron tail or several KeV
plasma can increase the absorption of the fast waves in plasma. For
these reasons, fast waves have a capability to drive the plasma current

in high density and hot plasmas.

2. Phased loop antenna array and RF system

In order to excite fast waves in plasma, slow wave structures like
phased waveguide array [8] - [9] or phased loop antenna array are required.
In our experiments, a phased loop antenna array was used because of its
high power capability. The schematic view of the three loop antennas
array installed at the midplane of the torus is shown in Fig. 1. It
has same configuration as those commonly used for fast wave ion cyclotron
heating in tokamaks. Single layer Faraday shields cover each loop antenna
to suppress the parallel electric field which couples with the slow waves,
and to obtain good coupling of fast waves with plasma. Particle shields
made of carbon graphite are located on the side of Faraday shields. The

frequency of the rf power fed to the loop antemna must be selected by
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taking account of coupling between plasma and loop antenna, and the damp-
ing of fast waves in plasma. A high rf power at a frequency of 200 MHz
can be amplified by commercially available tubes and its long wavelength
of 1.5 m is preferable to the loop antenna excitation. The absorption
efficiency by Landau damping increases with frequency and the coupling
efficiency of the loop antenna with fast waves also depends on frequency.
A frequency of 200 MHz which corresponds to (10-15)w.j of the hydrogen
plasma is most suitable in JFT-2M. The rf system of FWCD is shown in
Fig. 2. It has three amplification stages. The final tube, TH-116
generates 100 kW with a duration of 100 msec. The rf power of 100 kW is
divided into twé lines by a 3 dB hybrid coupler. The phase difference
between them is controlled by a line stretcher. The impedance matching

of each line is tuned by A/8 double stub tuners.

3. Coupling experiment

The coupling experiments were carried out in the JFT-2M tokamak.
JFT-2M is a non circular tokamak [10]. The major and minor radii are
1.3l m and 0.55 m * 0.35 m, respectively. The typical parameters of
ohmic plasma are the toroidal magnetic field, By £ 1.43 T, the plasma
current, Ip's 500 kA, the electron density, me < 6 X 101% m™3 and the
electron temperature, T, < 1 keV. The power spectra of the waves ex-
cited by two loop antennas array are shown in Fig. 3, taking the phasing
between them as a parameter. When the gap between two antennas is 20 cm
and A = 90°, the spectrum has a peak near N, = 2.5. This peak in the
spectrum moves to Ny = 4 when the antenna gap is 10 cm. The power spec-
tra of the excited waves can be changed by means of selecting two locp
antennas among three loops.

The cutcff density for the fast waves is given approximately by
wpe”(cutoff) = wuce(Nz? +Ng? - 1M 2 (N2~ 1)/%, (1)

where upe and Wpe are the electron plasma frequency at the cutoff layer
and the electron cyclotron frequecny, and Ng 1s the poloidal refractive
index. The cutoff condition determines a lower limit on the density

where the fast waves can propagate and the accessibility condition that
Nz > 1+ wpe2/wcéz(w = wyy) gives an upper limit on the density. From

these two conditions, the density region accessible for the fast waves
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in JFT-2M is shown in Fig. 4. In JFT-2M with relatively low magnetic
field, the fast waves whose N, is between 1.5 -6 are expected to be
excited in the plasma. The poloidal refractive index should be Ng=0
with a spread in Ng of % 3,

The loading resistance of the loop antennas was obtained from the
measurementts of the reflection coefficient of them, and from the impedance
matching between the loop antennas and 50 0 transmission lines using
A/8 stub tuners. The time evolution of the reflection power in the pres-
ence of the plasma is shown in Fig. 5. The rf power of about 1 kW was
fed continuously to a single antenna. The reflection power decreases
from its vacuum level as soon as the electron density rises and does not
depend on the electron density. However, it depends on the horizontal
position of the plasma column as shown In the figure. When the plasma
moves apart from the loop antenna, the reflection power increases.

From these observations, it can be shown that the loading of the loop
antenna depends on the density at the peripheral region near the antenna,
not on the mean density as already shown in ICRF experiments. The load-
ing resistance obtained from the reflection measurements is shown in

Fig. 6 as a function of the frequency. The resistance calculated with
the coupling code of the loop antemna [11] is also shown in the figure.
The exPerimental values agree well with the theoretical one. A relatively
high loading resistance of 4.5 @ was obtained when f = 200 MHz. The

peak near f = 200 MHz should be related with A/4 resonance of the loop
antenna. The impedance matching with stub tuners gives the loading
resistance, Zgy = 1.2 - 2 @ In vacuum and Zgp = 5 - 8 0 in plasma when
the rf power is up to 10 kW. The region of the exact impedance matching
in vacuum is very narrow since the mutual coupling between twotloop
antennas is strong. In the presence of the plasma, the coupling to fast
waves makes the mutual coupling weak. The loading efficiency defined by
n = (ZRP 'ZRV)/ZRP, as high as 807% can be achieved. The loading resist-
ance Zp in Fig. 6 corresponds to Zgp — Zpy. The VSWR of the loop antenna
as low as 10 makes it possible to launch the rf power of about 200 kW
from the loop antenna through WX-77D coaxial line in the absence of SFs¢
pressurization.

The theoretical estimation gives ZR and N, as a function of 4¢ in
Fig. 7, where n, is defined by the ratio of the radlated power integrated
over }NZI > 1 tothe total radiated powaer. The excited waves With}NZi<.l

can not penetrate into the plasma and do nmot contribute to the current

73)
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drive. Since the fast waves are excited by two loop antemnas, a large
amount of the power is concentrated at Ny, = 1 even if A¢ = 90°. Use of

four loop antennas can increase 7, more than 90%.

4. Propagation of fast waves

The propagation of the excited fast waves measured with rf pick up
loops inserted in the vacuum chamber is shown in Fig. 8. The pick up
loops are located at the scrape off layer between the wall and the limiter
and pick up the magnetic field of the waves. It is expected that the
wave Intensity measured with the loops increases when the fast waves
propagate toward them. In the experimental arrangement shown in the figure,
the excited waves propagate in the opposite direction when A¢ = +90°. Tt
is considered that the large peak near A¢ = 0° is related with the excita-
tion of the coaxial mode propagating in the coaxial region between the
wall and the cutoff layer of the plasma [12]. When Ad = 0°, 70% of the
power 1s concentrated at INZ’ < 1 as shown in Fig. 3. The sub-peak near
A¢ = 225° (~135°) shows the propagation of the travelling fast waves toward
the pick up loops in the plasma because the unidirectional propagation can
be shown by the asymmetric wave intensity with respect to Ap = 180°.
Penetration of the fast waves into plasma Interior is not clear since
the pick up loops detect the magnetic field in the scrape off layer.
The probe measurement for detection of the waves in the plasma will be
carried out in JFT-2M and penetration of the travelling fast waves will

be clarified.

5. Conclusion

In conclusion, a high loading resistance of about 5 9 was obtained
with two loop antennas array at a frequency of 200 MHz. The coupling
efficiency is as high as 80%7. VSWR of the loop antenna is less than 10
and a high power of about 200 kW can be transmitted through WX-77D
coaxial line. Current drive with high efficiency requires the concen-
tratioﬁ of the radiated power at the suitable Nz spectrum region. This
spectrum shaping will be done by use of four loop antennas array.,

The travelling fast waves could be excited by the phase control of
two loop antennas array. The waves which resemble the coaxlal mode were

detected when the phase difference was near 4% = 0°,
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5. Conclusion

In conclusion, a high loading resistance of about 5 § was obtained
with two loop antennas array at a frequency of 200 MHz. The coupling
efficiency is as high as 80%. VSWR of the loop antenna is less than 10
and a high power of about 200 kW can be transmitted through WX-77D
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The travelling fast waves could be excited by the phase control of
two loop antennas array. The waves which resemble the coaxial mode were

detected when the phase difference was near Ad = 0°.
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FAST WAVE LOOP ANTENNA

B, TITANIUM CARBON

|

R ———

F———

L LOOP ANTENNA

Fig. 1 Schematic view of the poloidal cross-section of three loop
antennas array. Each aﬁtenna element which has a radiation

length of 18 cm in the poloidal direction, is covered with
single layer Faraday shields. Two loop antennas among three
are used for exciting fasf wavés. The gap between each an-

tenna 1is 10 cm.

A/8 STUB TUNER

ANTENNA 1

TKW . 1L5kW  120kW
BF67R |— TH116 3d8—©
| T ~ _|nvB

ANTENNA 2

DCB— BC

Fig., 2 Block diagram of FWCD rf system in JFI-2M. The rf power of
100 kW with a duration of 100 msec is generated at a frequency

of 200 MH=z.
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Fig. 5 Time evolution of the electron density, the horizontal
displacement of the plasma column and the reflection power.
The rf power of 1 kW was fed to a single antenna con-

tinuously.
1 1 T ¥ 1} T 1 1 |
+L 4
single antenng CALCULATION
el Neoz2xtd®m )

By =12KG

Zy (0}
LY}

1 i I 1 L

[ 1 1 Il
100 120 140 160 18C 200 220 240 280

FREQUENCY (MH;)
Fig. 6 Loading resistance obtained from the reflection measurements

as a function of the frequency. The solid curve indicates

the theoretical estimation.

_8ﬁ



JAERI-M 86-103

Zp (0)

0 L
0 90 180

A¢ (degree)

Fig. 7 Phase dependence of the loading resistance and the efficiency,
N, when the frequency is 200 MHz and two loop antennas are

employed for launching fast waves.

150 ‘ | "By (a)

\

100} | 1/*’ .
Ny

INTENSITY (ARB UNITS)

0 45 30 135 180 225
A ¢ (degree)

Fig. 8 Phase dependence of the Intensity measured with pick up loops
Y]
of B. The location of the loop antennas and pick up loops
are shown in the figure. ﬁz and ﬁp indicate the magnetic

fluctuation of toroidal and poloidal directions, respectively.



