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An O-mode microwave imaging reflectometry system has been installed in a spherical tokamak named TST-
2. The illumination wave frequency is 23 - 32 GHz, which corresponds to the cutoff electron density of 0.65 -
1.3 x 10" m~3. The microwave image of the scattered wave is formed on an imaging detector named horn-antenna
millimeter-wave imaging detector by imaging optics that consist of an ellipsoidal aluminum mirror, a Teflon lens,
and a dielectric plate. The detected channel numbers are 6 (poloidal) X 6 (toroidal) x 2 (radial). The data of
power and phase of the scattered wave are sampled every 0.5 us and are stored by the LABCOM system at the
National Institute for Fusion Science via a private network named SNET. The scattered wave quickly fluctuates
(~5 us) and has a large amplitude (>100 times). From the time evolution of the phase at the internal reconnection
event, it is inferred that the reduction in amplitude may be owing to the phase mixing of scattered wave in each

detector channel.
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1. Introduction

Spherical tokamak (ST) is a novel confinement con-
cept that is suitable for a fusion reactor [1]. Because the
plasma current in ST is much higher than that in a tokamak
of the same size, instabilities in STs may differ from those
in tokamaks. For example, internal reconnection events
(IREs) are often observed in STs [2]. IRE is similar to the
disruption in tokamaks because IRE causes an abrupt re-
duction in the thermal energy in ST, which is similar to the
disruption in a tokamak. However, there are some differ-
ent features. In tokamaks, the disruption destroys flux sur-
faces in a radially wide region and often leads to plasma
termination. In ST, IRE destroys flux surfaces in a radially
localized region.

Because instabilities induce electron density fluctua-
tions, visualization of 2D or 3D electron density fluctua-
tions will be useful for investigating instabilities in fusion
plasmas. Plasma reflects the ordinary mode (O-mode) mi-
crowave at the cutoff frequency (w,./2n), i.e.,

%[GHZ] = 28.4 \[n, [109m-3]. 1)
JT

An O-mode microwave imaging reflectometry (MIR) in-
strument is a device for producing a microwave image of
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the cutoff layer that may represent density fluctuation [3].

MIR has been intensively developed at the National
Institute for Fusion Science (NIFS) for the TPE-RX RFP
device [3,4] and for the large helical device (LHD) [5-8].
In the last MIR experiment at LHD [8], a newly developed
horn-antenna millimeter-wave imaging detector (HMID)
[9, 10] was employed. This paper describes the O-mode
MIR system (O-MIR), which is installed in the Tokyo
Spherical Tokamak 2 (TST-2) [11], and preliminary results
on the electron density fluctuation measurements on IRE in
TST-2 are presented.

2. O-MIR System in TST-2

The schematic diagram of the O-MIR system in TST-
2 is shown in Fig. 1. This system consists of the MIR op-
tics in TPE-RX [5] and the O-MIR electronics in LHD [8].
The multi-frequency microwave is illuminated by the MIR
optics, which forms a plasma image on HMID. The elec-
tronics consist of an radio frequency (RF) circuit, HMID,
frequency separator, and detectors. The RF circuit gener-
ates microwave and reference waves for phase detection.
HMID detects a microwave image of plasma. The output
of HMID is the intermediate frequency (IF) wave. Fre-
quency separator separates microwaves, which reflect at
different layers. The output of frequency separator is the
second IF (IF2) wave, which has the same frequency of

© 2020 The Japan Society of Plasma
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Fig. 1 Schematic diagram of the O-MIR system in TST-2.

the reference wave. The detector system consists of IF am-
plifiers, power detectors, and IQ demodulators. The 1Q
demodulator produces I (= cos ¢) and Q (= sin ¢) signals,
where ¢ is the phase difference between the reference wave
and the detected IF wave. The detected power, I and Q sig-
nals are digitally sampled by digitizers (National Instru-
ments PXI-6133) in PXI stations. The workstation that
controls PXI stations is remotely controlled by the LAB-
COM system at NIFS via the virtual private network used
for the Japanese fusion research named SNET [12]. The
LABCOM system is linked to the TST-2 control system
via a firewall between the SNET and TST-2 local area net-
work. Digital sampling is triggered by a trigger from the
TST-2 control system. The MIR data is stored and is also
delivered by the LABCOM system.

The RF circuit is shown in Fig.2. A wave synthe-
sizer, which is controlled by a computer with a LabVIEW
program, generates base frequency (wp). Two voltage-
controlled oscillators (VCO) generate additional frequen-
cies (wj), which are purified by band-pass filters. The ref-
erence frequency (w;) is generated by a crystal oscillator.
Using up-converters, all of those frequencies are added.
The details of up-converters are shown in Fig.3. We use
two types of up-converters, as follows: UC1 for low fre-
quency and UC2 for high frequency. UC1 consists of indi-
vidual parts, and UC2 consists of a monolithic microwave
integrated circuit (MMIC) and an individual part. Each up-
converted RF wave is purified by a band-pass filter.

The wave synthesizer can generate a microwave up to
10 GHz, and frequencies are multiplied by x 4 frequency
multipliers, wrp; = 4 X Wj, Wret = 4X Wy, WRE;/2m = 4.5 and
5.9 GHz, and wyet/27n = 110 MHz. The actual illumination
frequency (wgr) is as follows: wrr = 4wy + wj + w;) =
4wo + WRFj + wrer. Finally, two waves with different fre-
quencies are combined using a power combiner. The O-

20,
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Fig.2 Schematic diagram of the RF circuit. Syn: wave
synthesizer (Phase Matrix FSL0010), VCO: voltage-
controlled oscillators (mini-circuits ROS-1135-119+ and
ROS-1500C-219+), Crystal: crystal oscillator (R&K
OSC-221M), PD1: power divider (PD421), PD2: power
divider (DMS421), D1: frequency doubler (mini-circuits
7X90-2-24-S+), D2: x4 frequency multiplier (Wilmanco
WEM-T series), D3: frequency doubler (Analog Devices
HMCS573LC3B), D3: frequency doubler (analog devices
HMCS578LC3B), Al, A2, A3, AS: RF amplifier (mini-
circuits ZVA-183-AS+), A4: R&K A030), UCI1, UC2
(up converters). BPF1 (1152 + 60 MHz, 1502 + 75 MHz),
BPF2 (1152.5 + 10 MHz, 1502 + 10 MHz), BPF3 (6.65 +
1.15GHz, 7.05 + 1.2 GHz).

Fig. 3 Schematic diagram of up converters in Fig.2. QHI:
quadrature hybrid (R&K QH330). In UC1, MX: mixer
(R&K MX170), PS: power divider (Mini-Circuits ZX10-
2-12-S+). In UC2, IQMIX: I/Q mixer (analog devices
HMC526L.C4).

MIR system has six poloidal channels, six toroidal chan-
nels, and two radial channels. The illumination frequency
can be changed between 23 GHz and 32 GHz; therefore,
the observable electron density is 0.65 - 1.3 x 10" m=3.
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Fig. 4 Schematic diagram of the frequency separator. Al, A2,
A3: RF amplifier (RFMD NBB-310), DBM: double bal-
anced mixer (Mini-Circuits SIM-153+), BPF: micro-strip
line coupler with a band pass filter.

220 MHz

Fig. 5 Schematic diagram of the detector system. ATT: atten-
uator (Avago ALM38140), LNA: low noise amplifiers
(Avago MGA-62563), SAW: surface-acoustic-wave fil-
ter (Murata SAFCC110MCA1TO00), DET: logarithm out-
put power detector (Analog devices AD8362), IQD: 1Q
demodulator (Linear Technology LT5502), OP: opera-
tional amplifier (analog devices AD8051), DA: differen-
tial amplifier (analog devices AD8130), PD: Wilkinson-
type power divider.

The details of HMID are presented in ref. [10]. HMID
consists of a horn-antenna array and a frequency mixer cir-
cuit on a Teflon substrate. In HMID, the signal wave (wgF)
entering into the horn antenna is transduced to the mi-
crostrip line circuit. The local oscillation (LO) wave (2wy)
is delivered by coaxial cables to HMID, and its frequency
is doubled just before entering the double balanced mixer
(DBM) using an active frequency doubler. DBM mixes the
RF wave (wrr) and LO wave (4wy) to generate IF signals
(WIF = WRF — 4wy = WRFj + Wret).

IF signals are separated into two frequencies using a
frequency separator [5, 6], as shown in Fig. 4. Each IF sig-
nal is mixed with MF (wggj) from VCO; thus all signals
have the same frequency (wyes). The IF detection system
is shown in Fig. 5. Each IF signal is amplified by MMIC
amplifiers with a surface-acoustic-wave filter, which has
the central frequency of wy./2mr = 110 MHz and the band
width of 2 MHz. Because the IF amplifier has a very high
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Fig. 6 Measured illumination beam profile. Horizontal and ver-
tical distances are indicated by x and y, respectively.

gain (> 40dB), a semi-variable attenuator is installed at
the front end. The phase is detected by a quadrature (I-Q)
demodulator, for which the reference signal comes from
the crystal oscillator. In this case, the frequency of the ref-
erence signal is 220 MHz owing to the requirement of an
MMIC IQ demodulator. This IQ demodulator produces a
differential output; thus, buffer amplifiers for I and Q sig-
nals are differential amplifiers. The power is detected by
the log scale power detector. This power detector produces
a single ended signal; thus, buffer amplifier is an opera-
tional amplifier.

Illumination wave is radiated by a Ka-band rectangu-
lar horn antenna and is expanded by a Teflon lens. Finally,
an ellipsoidal mirror produces a parallel beam to illuminate
plasma. As shown in Fig. 6, the diameter of the illumina-
tion beam is 160 mm for R = 489 mm and R = 596 mm.
Here, R is a radius with the major axis of the TST-2 torus.
The major (Rp) and minor (ag) radii of the TST-2 device are
Rp = 380 mm and ay = 250 mm, respectively. Thus, the il-
lumination beam spot does not vary between r/ay = 0.44
and 0.86, where r is the minor radius. Because IRE is sup-
posed to take place near R = 540 mm, or L; = 1140 mm
away from the mirror, the IRE region is illuminated by a
plane wave.

Plasma reflects the illumination wave at the reflection
layer of the cutoff density, which corresponds to the illumi-
nation frequency. The plasma image of the scattered wave
is formed by the ellipsoidal mirror. The illumination wave
and the scattered wave are coaxially mixed by a beam split-
ter. We tested two types of beam splitters. The first type is
an acrylic plate, and the second type is a thin metal plate
with many small race track-shaped holes. The later one
reflects ~50% of incident beam and passes another ~50%.
However, it produces a large stray wave; therefore, we use
an acrylic plate.

The ellipsoidal mirror size is 400 x 430 mm?. Thus,
the effective mirror diameter is D = 400 mm. The mea-
sured focal length is 500 mm. The mirror is installed at
R = 1680mm. The scattered wave is detected by the
HMID with 8 x 8 channels, and we use 6 X 6 channels. The
distance between the mirror and HMID is L, = 891 mm.
Thus, the detected IRE image is reduced by L,/L; = 0.78
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times. The horn size of HMID is 19.5x 19.5mm?. The
corresponding image size at the IRE area is estimated to
be 25 x 25 mm?.

Spatial resolution (d) can be approximately estimated
by 6~ (L;/D)A, where A is the wavelength of the mi-
crowave. In this case the estimated resolution is § ~
32 mm. Figure 7 shows the power profiles of the wave scat-
tered by a metal rod with a diameter of 40 mm on the test
bench. Here, HMID channels are aligned in the toroidal di-
rection. The channel separation and spatial resolution are
25 mm and 40 mm (full width at half maximum: FWHM),
respectively. The measured channel separation is similar to
the estimation, and the measured spatial resolution is worse
than the estimation. Spherical aberration may deteriorate
spatial resolution.
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Fig. 7 Power profiles of the reflected wave by the metal rod
(¢40) at R = 540 mm on the test bench. The horizontal
distance is indicated by x. Here, “ch” means the channel
number of the HMID detector array.

236GHz t=0s

3. Experiment

Figure 8 shows MIR power signals for IRE, which oc-
curs at £ = 30 us. At the time period T3, a pulse (red line
in Fig. 8) is observed at both frequencies. The 2D images
from the scattered wave power are shown in Fig.9. Scat-
tered power varies by more than 20 dB (100 times) both in
time and space. Because the high power region is extended
toroidally (in the x-direction), the toroidal mode number
may be low. In the y-direction, the high power region has a
narrow structure. At ¢ = Qus, it is between y = —5 cm and
2.5cm; at t = 16 us, it is in the y > 2 cm region. Thus, the
poloidal width of the high power region may be approxi-
mately 8 cm.

In this MIR system, two radial positions (two mi-
crowave frequencies) can be simultaneously observed. The
radial structure is examined by scanning the microwave
frequency shot by shot. In most shots, the pulse at IRE is
observed only in the single microwave frequency. Thus,
the thickness of IRE should be thin. The typical elec-
tron density profile is parabolic with the central density of
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Fig. 8 Scattered microwave power. Time ¢t = 0 is 13.03 ms after
plasma initiation.
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Fig. 9 2D MIR images of plasma on two reflection layers. The time period is shown in Fig.8. Toroidal and poloidal distances are

indicated by x and y, respectively.
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Fig. 10 Lissajous curves of I-Q signals of scattered wave. The
time period is shown in Fig. 4.

1.2x 10" m~3, which is measured by the Thomson scat-
tering in similar plasmas. If so, illuminated microwave
frequencies of 23.6 GHz and 25 GHz correspond to r/ay =
0.65 and 0.6, respectively. Thus, two radial channels are
separated by 17 mm. Therefore, the thickness of the high
power region may be approximately 20 mm.

The phase change can be seen in the Lissajous curves
of I-Q signals, which are shown Fig.10. I and Q cor-
respond to cos ¢ and sin ¢, respectively, where ¢ is the
phase difference between the IF signal and the reference
wave. At the highest power (time period T3), the I-Q Lis-
sajous curve makes a 3/4 clockwise rotation. This indi-
cates that the phase is decreased or the reflection surface
moves outward by a 3/8 wavelength. Because the wave-
length of the illuminated wave extends owing to the re-
duced refractive index in the plasma, the distance is more
than 5 mm. In another high power period (time period T1),
the I-Q Lissajous curve makes an anticlockwise rotation.
Thus, plasma moves inward. When the scattered power is
low (time period T2), the I-Q Lissajous curve is distorted;
therefore, the phase is not determined.

A possible interpretation of the power reduction is as
follows. The detected signal is an integral of the scat-
tered wave over the detection area of each detector channel,
which may be approximately 40 x 40 mm?. If the phase of
the wave varies by more than 27, the waves of different

phase counteract each other to diminish the wave power.
At the time period T2, the reflection surface may be tilted
so that the phase of the wave in the detection area varies by
more than 27.

4. Conclusion

The O-MIR system was installed in TST-2 to observe
the IRE in ST. Of note, scattered power has quick (~5 us)
and large (>100 times) fluctuations. A high amplitude
belt structure is observed in the MIR image 20 us before
IRE. Its poloidal width is 8 cm, and its radial thickness is
2cm. The phase measurement shows that this belt struc-
ture moves inward and outward by more than 5 mm simul-
taneously at r/a ~ 0.6. When the amplitude is low, the
phase cannot be determined. It is inferred that the reduc-
tion in amplitude may be due to the phase mixing of scat-
tered wave in each detector channel.

Acknowledgments

This work was supported by JSPS KAKENHI Grant
(17K18772), and by the NIFS Collaboration Research pro-
gram (NIFS17KLEP022, NIFS17KKSP001).

[1] Y. Nagayama, K. Shinya and Y. Tanaka, IEEJ Trans. Fund.
Mat. 132, 555 (2012).
[2] H.Tojo, A. Ejiri et al., Plasma Fusion Res. 2, S1065 (2007).
[3] Z.B. Shi, Y. Nagayama, S. Yamaguchi et al., Phys. Plasmas
18, 102315 (2011).
[4] Y.Nagayama, S. Yamaguchi, Z.B. Shi et al., Plasma Fusion
Res. 3, 053 (2008).
[5] S. Yamaguchi, Y. Nagayama, D. Kuwahara, T. Yoshinaga
et al., Rev. Sci. Instrum. 79, 10F111 (2008).
[6] T. Yoshinaga, Y. Nagayama, D. Kuwahara e? al., Rev. Sci.
Instrum. 81, 10D915 (2010).
[7]1 Y. Nagayama, D. Kuwahara, T. Yoshinaga et al., Rev. Sci.
Instrum. 83, 10E305 (2012).
[8] Y. Nagayama, S. Yamaguchi et al., Plasma Fusion Res. 11,
2402111 (2016).
[9] D.Kuwahara, N. Ito, Y. Nagayama et al., Rev. Sci. Instrum.
85, 11D805 (2014).
[10] Y.Nagayama, N. Ito, D. Kuwahara et al., Rev. Sci. Instrum.
88, 044703 (2017).
[11] Y. Takase et al., Nucl. Fusion 41, 1543 (2001).
[12] H. Nakanishi, M. Kojima, C. Takahashi, M. Ohsuna, S.
Imazu et al., Fusion Eng. Des. 87, 2189 (2012).

2402060-5



