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Millimeter-wave imaging system in the frequency range of 70-140 GHz was developed
for diagnostics of magnetically confined plasmas. It successfully measures time evolutions of
three-dimensional (radial and axial) profiles of line density and electron cyclotron emission
(ECE) in the plug cell of the GAMMA 10 tandem mirror. It is also being installed in Large
Helical Device (LHD). In order to cover the frequency range of the second harmonic ECE on
LHD, a novel detector using monolithic microwave integrated circuit (MMIC) technology is
designed and fabricated. The optical system consisting of an ellipsoidal and a flat mirrors is
constructed and evaluated experimentally at 140 GHz.

1. INTRODUCTION

Millimeter-wave imaging diagnostic technique has been developed for measurements of
density and temperature profiles and their fluctuation components in magnetically confined
plasmas [1,2]. This technique uses a single set of optics and multichannel detector array
instead of a multichannel optical path with a single detector for each chord.

We have developed a millimeter-wave two-dimensional imaging system for the
application to the GAMMA 10 tandem mirror at the University ofTsukuba. It consists of a
quasi-optical transmission line with parabolic and ellipsoidal mirrors and a heterodyne
receiver with frequency of 70 GHz. The detector is 16 elements of beam-lead GaAs Schottky
barrier diodes bonded to bow-tie antennas, which is called as a hybrid-type detector. Imaging
system is also constructed in order to apply to the ECE measurement on Large Helical
Device (LHD) at the National Institute for Fusion Science (NIFS). The frequency of the
second-harmonic ECE on LHD ranges from 120 GHz to 180 GHz in phase II, and from 190
GHz to 260 GHz in the final phase, respectively. In order to cover above frequency range,
monolithic-type detectors are designed and fabricated. The characteristics of the monolithic-
type detector and the results of the experimental evaluation of the optics are reported in this
paper.

2. EXPERIMENTAL APPARATUS

2.1. 2D imaging system on GAMMA 10

Schematic of the 2D imaging system on GAMMA 10 is shown in Fig 1. It is installed in
the west-plug cell (z=971 cm), where z is the axial distance from the central-cell midplane.
The optical system of the probe beam is designed using Gaussian-beam propagation theory.
A scalar-feed horn produces symmetric radiation pattern with low sidelobes, which is well fit
by Gaussian distribution. Probe beam is expanded by an off-axis parabolic mirror installed
inside the vacuum vessel to cover upper-half of the plasma. The cross section of the probe
beam is 200 mm x 200 mm at the plasma center. The receiving optics, an ellipsoidal
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Fig. 1 Millimeter-wave imaging system installed in the GAMMA 10 tandem mirror.

mirror, a flat mirror, and polyethylene lenses, are designed by using a ray-tracing method to
focus radiation signals onto a detector array. The diameter of the mirrors and lenses are
determined in order to obtain desired resolution calculated using diffraction theory. The
magnification of the optical system is designed to be 0.33.

The detector array consists of beam-lead GaAs Schottky barrier diodes bonded to 4 x 4
bow-tie antennas. It is installed inside an aluminum box for electrical shielding, and a 2D
pyramidal horn antenna array in TEio mode is attached to the input of the detector. A
dichroic plate, made of 10 mm thick aluminum with 4.0 mm diameter hole and 4.5 mm
spacing, is also attached to the vacuum window of the receiver side. Circular holes act as
highpass filters to prevent the mixture of electron cyclotron resonance heating (ECRH) power
with frequency of 28 GHz.

The imaging system is configured as a heterodyne interferometer as well as a heterodyne
radiometer. The quadrature-type detection system provides the phase difference between two
IF signals that is proportional to line density of the plasma. The second-harmonic ECE
signals in the ordinary mode are mixed with local oscillator (LO) power on the detector array.
The intermediate frequency (IF) signals amplified by 85 dB are fed to the band pass filter
with passband of (100± 10) MHz, and are square-detected. Thus, the phase imaging and the
ECE imaging in the O-mode can be obtained simultaneously.

2.2. ECE imaging system on LHD

The optics for ECE imaging on LHD are designed by using the similar method as shown
in 2.1. An ellipsoidal mirror and a plane mirror located inside the vacuum vessel converges
the ECE signals to pass a fused-quartz vacuum window with 192 mm in diameter. An object
plane located at the plasma center is 3.0 m in front of the ellipsoidal mirror. The
magnification of the optics is 0.68.

New monolithic-type detectors have been fabricated for the purpose of high frequency
ECE on LHD plasmas. The details of the fabrication and mask pattern are shown in
elsewhere [3]. It consists of the integration of a bow-tie antenna, down-converting mixer
using a Schottky barrier diode, and hetero-junction bipolar transistor (HBT) amplifiers on a
GaAs substrate. The HBT works as an IF amplifier with 10 dB voltage gain. The GaAs chip
with 4.0 mm x 2.0 mm x 0.625 mm is mounted on the case made of gold-plated brass
together with alumina substrate for dc bias of the SBD and HBT amplifiers. A coplanar
waveguide on the other substrate is used for the connection of an IF output to a SMA
connector.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

3.1. GAMMA 10 results

The detailed descriptions of the GAMMA 10 device are shown in elsewhere [4]. In each
plug/barrier cell, two separate 28 GHz gyrotrons are used. Fundamental ECRH in the plug
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region (ECRH-P) and second-harmonic ECRH in the barrier region (ECRH-B) produce
warm and hot electrons that are necessary for effective formation of thermal barrier and
confining (plug) potentials. When the ECRH power is applied at t=90 ms, the plug potential
is created near the position of z=962 cm where the magnetic field strength equals to 1 T. At
the region of z=971 cm where the imaging system is installed, the loss particles decrease due
to the formation of the plug potential. The changes of the density profiles due to the
application of the ECRH are clear as shown in Fig. 2. When the ECRH is turned off, the
confining potential disappears, and a short burst appears in the line-density signal
corresponding to the axial drain of the plasmas. The variation of the profile in the axial
direction is caused by the change of the magnetic field. It is noted that the density profile in
the core region decreases during the injection of the ECRH power. This region corresponds
to that of the effective confining potential which coincides to the radial profile of the plug-
ECRH power deposition. The phase resolution is estimated to be less than 1/200 fringe,
where 1 fringe equals to the line density of 5.1x10'3 cm2 at 70 GHz.

Fig. 2 Time evolution of radial and axial line-density profiles. The ECRH power is applied
during £=90-140 ms. The vertical scale is 70 mm and the horizontal scale is 60 mm.

The imaging system is applied to the measurement of ECE. In the present experiment, the
optical thickness of the second-harmonic O-mode is estimated to be less than 1 in the plug-
cell plasma. The ECE signal starts to increase when the ECRH power is injected at t=90 ms
and continues to be observed after the bulk plasma disappears at t=\50 ms. This means that
the ECE signal is mainly attributed by the mirror-trapped hot electrons. The hot electrons
with energy up to 60 keV are produced by a combination of the ECRH-P and ECRH-B
powers, which is useful for the formation of thermal barrier potentials in a tandem mirror
plasma. It is shown that the ECE intensity for the simultaneous injection of the ECRH-P and
ECRH-B is much larger than the sum of the intensity for the individual injection of each
ECRH. This is due to the heating efficiency of the ECRH.

3.2. Performance test ofLHD imaging system

The Airy pattern of a point source is measured in order to confirm the performance of the
optical system. A 140 GHz source is located at the position corresponding to the plasma
center. The source is imaged onto the detector array. The Airy patterns in the horizontal plane
are shown in Fig. 3. The magnification of the optical system is also investigated
experimentally, which agrees well with the designed value of 0.68.

The heterodyne characteristics of the MMIC detector are measured in a test stand using
two oscillators in the frequency range of 70-140 GHz. One oscillator is used as an LO signal
and the other as a radio frequency (RF) signal. Two signals are combined by a directional
coupler, and radiated to the detector through a waveguide antenna. The heterodyne IF signal
is fed to a spectrum analyzer. Figure 4 shows the heterodyne signal intensity as a function of
IF measured with a spectrum analyzer. It is noted that rather flat response from 0.2 GHz to 9
GHz is obtained in contrast to a hybrid detector using a beam-lead SBD, which is probably
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Fig. 3 Airy pattern of LHD optical system
in the horizontal plane (top), and the
vertical plane (bottom).
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Fig. 4 Heterodyne characteristics of two tupes
of detectors as a function of IF at 70,
90, and 140 GHz (from top to bottom).

due to the method of housing of the semiconductor chip as well as due to the small
inductance of the signal line and the performance of the SBD. The present IF bandwidth,
however, is limited to 9-10 GHz. This is mainly caused by the bandwidth of the HBT
amplifiers. The IF bandwidth larger than 10 GHz is observed without HBT amplifiers. The
heterodyne conversion loss of the detector, determined by scanning the LO power is
estimated to be 8-12 dB at IF=3 GHz and LO frequency of 70 GHz.

4. SUMMARY

In summary, a millimeter-wave 2D imaging array has been applied to the GAMMA 10
tandem mirror. The optical system consisting of a parabolic mirror and an ellipsoidal mirror
installed inside the vacuum vessel is effective to ease the restriction of the view by the
vacuum windows. The imaging array successfully measures the time evolution of the second-
harmonic ECE profiles as well as the 3D line-density profiles.

The optics for ECE imaging on LHD are designed by using the similar method as the
GAMMA 10 system. The Airy pattern of a point source and the magnification factor at 140
GHz are in good agreement with the designed values. A novel detector using MMIC
technology has been fabricated in order to apply the high frequency ECE measurements. The
heterodyne characteristics of the detector are evaluated for various values of intermediate
frequency. The response up to 8-10 GHz is confirmed and the low LO power requirement is
identified. These are attractive to the measurement of ECE in large plasma devices.
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