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ABSTRACT: A dual X-mode Doppler reflectometry system is developed to measure the radial
electric field in a stellarator/heliotron device, Heliotron J. The system is designed to have dual
channels where the observation points are placed symmetrically to the equatorial plane, enabling
the poloidal flow velocity measurement at two different positions in the same toroidal section,
which is useful for the search for a zonal flow. In the system, an RF source generates the
microwave frequency of 8.25-12.5 GHz, upconverted by an intermediate frequency of 27.5 MHz
and transmitted with a coaxial cable to a transmitter located near the Heliotoron J vacuum vessel.
After quadrupling the RF waves at the transmitter, the microwaves of 33—50 GHz are injected in
X-mode into a plasma using a spherical focusing mirror installed inside the vacuum vessel. The
local wavenumber of the probing microwaves, &, , is 1.56—1.66 cm™~!. The Doppler-shifted reflected
wave is downconverted to a 110 MHz signal by mixing with the LO at the receiver, amplified, and
then detected by an I/Q detector. In a tabletop test, we have confirmed that the phase estimated
by the I/Q detector is proportionally changed as a function of the horn antenna distance. We
have successfully measured the Doppler-shifted spectra of the I/Q signals and estimated the radial
electric field in an electron cyclotron heated (ECH) plasma.

*Corresponding author.
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1 Introduction

In magnetically confined fusion plasmas, turbulent transport dominates the confinement, and
the radial electric field, E;, and zonal flows (ZF) play a critical role in turbulent transport and
confinement properties. It is therefore recognized that the measurement of £ and ZF contributes
to understanding the physics of plasma confinement. Doppler reflectometry is a powerful diagnostic
to measure density fluctuation and poloidal flow velocity, v, (or E;) simultaneously, with high
temporal and spatial resolution in high-temperature plasmas. It is used in worldwide fusion devices
such as tokamaks (ASDEX Upgrade [1, 2], DIII-D [3], JT-60U [4]) and stellarator/heliotron
(Wendelstein 7-AS [5], Wendelstein 7-X [6], TJ-II [7], LHD [8], Heliotron J [9, 10]) and has
great contributions to the measurement of turbulence and E; on plasma dynamics such as L-H
transition. In Heliotron J, Langmuir probes have been used to search for ZF [11], and in this study,
a dual Doppler reflectometry system is newly introduced to extend the parameter and operation
space for turbulence and ZF studies. An O-mode Doppler reflectometry system has been operated
for poloidal flow and radial electric field measurements since 2019 [9]. Although we estimated
the radial electric field with this system, we had the following problems: it was not suitable for
local radial electric field measurements because the incident microwaves were not focused using
mirrors, and the cut-off density was 0.84—1.98 x 10'> m™3, which is challenging to apply to ECH
plasmas with hollow density profiles of Heliotron J, and the measurement at two different poloidal
angles is not possible. In this paper, we report the development of the dual Doppler reflectometry
system for local measurement using a focusing mirror and X-mode incidence, which can be applied
to typically ECH plasmas with hollow or flat density profiles in the Heliotron J device.
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2 Experimental setup

2.1 Measurement principle of Doppler reflectometry

In Doppler reflectometry, the probing microwave is obliquely injected to the cut-off layer at an
angle 0p, and the scattered microwave is Doppler shifted. The shifted frequency can be expressed
asfp =v.ok, /2m =2v, kysinOp/n, where v, k,, and kg are the poloidal fluctuation propagation
velocity, the fluctuation wavenumber, and the probing microwave wavenumber in a vacuum,
respectively [S]. The shifted frequency corresponds to the poloidal flow velocity of fluctuation.
Since v, = vpxp + Vph, Where veyp is the E X B drift velocity and vy, is the phase velocity of the
fluctuation, E; can be evaluated if vgxp > vpn can be assumed.

2.2 Dual Doppler reflectometry system in Heliotron J

The Doppler reflectometry system has been installed in a medium-sized stellarator/heliotron device,
Heliotron J, with major/minor radii, R/a = 1.2 m/0.1-0.2m and the magnetic field strength
B = 1.5T on magnetic axis [12, 13]. Figure 1 shows the schematic of the Q-band
(33-50 GHz) dual Doppler reflectometry system. The system can measure v, at two sym-
metrical positions to the equatorial plane simultaneously in the same toroidal section by using
the upper and the lower antenna systems installed inside the vacuum vessel. This article
refers to the upper and lower antenna as “upper channel” and “lower channel.” The arrange-
ment of the dual-channel is aimed at searching for ZF based on correlation analysis. The
microwaves launched from antennas are focused by spherical mirrors with a curvature radius,
R = 120mm, and injected in X-mode into the plasmas. The injection angle is fixed at
about 10 degrees with respect to the LCFS. For a typical ECH plasma of Heliotron J, the
wavenumbers of the probing microwaves are calculated by the ray-tracing code TRAVIS [14].
Figure 2 shows the density profile used for the ray-tracing calculations and the wavenumber
for microwave frequencies ranging from 33 to 39 GHz at upper channel. The cut-off region is
rla = 0.907 to 0.966, and the wavenumber range is k; = 1.56 to 1.66 cm~!. Ak, evaluated by
ray-tracing calculation considering 1/e finite beamwidth of microwaves [7, 15] is 0.776 to 4.38
cm™!, and the relative error is 0.488 to 0.726. The measurement position was located at a place
where the magnetic surface curvature is large, therefore, the difference in the microwave injection
angle 6p at the center and both edges of the incident beam was large. In the future, we will improve
the position and the tilt angle of the focusing mirror to optimized one so that the microwaves will
be incident on a position with low magnetic surface curvature.

2.3 Microwave circuits

As shown in figure 1, a voltage-controlled oscillator (VCO) is used for the frequency source
of the Doppler reflectometry system, which generates microwaves of 8.25-12.5 GHz (PreRF).
VCO output has no filtering devices from the following reasons: Since the frequency of X-band
VCO output is variable from 8.25 to 12.5 GHz, BPF with a fixed bandwidth cannot be used. The
microwaves are upconverted by an IQ mixer with an intermediate frequency of 27.5 MHz generated
by XO, so there is at least 16 dB difference between the 8 to 12.5 GHz + 27.5 MHz and the unwanted
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Figure 1. Schematic of the dual Doppler reflectometer system in the Heliotron J.
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Figure 2. (a) Assumed electron density profile and (b) k, as a function of r/a calculated by ray-tracing code.

hramonic components. Although unwanted harmonic components are generated at intervals of
27.5MHz, the I/Q detector (“LT5502” from analog devices) which has an IF bandwidth with
7.7MHz is not sensitive to them. The upconverted microwaves are transmitted by a coaxial cable
to a transmitter located near the Heliotron J vacuum vessel. After the transmitter quadruples the
microwaves, the microwaves of 33—50 GHz contain sideband frequencies. However, their effect
on the measurement is small since they are about 20-30 dBm lower in power than the main
frequency. The microwaves of 33—50 GHz are focused by a spherical focusing mirror through a
coaxial-to-waveguide converter, waveguide E-bends, waveguide twists and horn antenna installed
in the vacuum vessel and injected in X-mode into the plasma. These components installed in the
vacuum vessel are more than 15cm away from the plasma. The possibility of damage due to
X-rays or heat load is low because the Heliotron J produces few neutrons, and the discharge time
is short, less than 200 ms. The Doppler-shifted scattered wave is downconverted to a 110 MHz
signal by mixing with the LO at the receiver, amplified, and then detected by an //Q detector. The
1/Q detector operating at 220 MHz LO is used to avoid the interference with 110 MHz IF.
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The transmission system features are a multiplier inside the transmitter and receiver for high
frequency up/down conversion, and V-connector vacuum feedthrough (shown in figure 3) to enable
the use of coaxial cables. The V-connector is a commercial coaxial connector standard that can be
used in the frequency range from DC to 65 GHz, and the in-house made feedthrough has a 1 dB
loss in the 30—50 GHz. The transmitter and receiver are located near the vacuum vessel, and the
transmission line up to the transmitter and receiver is about 11 meters long. It consists of coaxial
cables, which transmit low-frequency band waves, resulting in low loss and easy handling [16, 17].
On the other hand, the transmitter and receiver near the vacuum vessel are prone to failure due
to the high voltage and noise of the Heliotron J vacuum vessel. This problem is addressed by
insulating them from the vacuum vessel. The transmitter and receiver have been newly developed
by Microwave Monolithic Integrated Circuit (MMIC). The transmitter consists of two multipliers
HMC814 and HMC579, with different bandwidths, and the receiver consists of an MMIC with an
integrated quadrupler and mixer, HMC1093.

Waveguide Coaxial cable
section <«  section

To / From
microwave circuit

Transmitter
& Receiver

Focusing
mirror

I
Vacuum <= Air

Figure 3. Photo of antenna and vacuum feedthrough for the dual Doppler reflectometer system. The photo
shows only one set of transmitter/receiver for upper channel, but in reality, the other set is installed on the
lower channel.

3 Experimental results

3.1 Tabletop test of new reflectometry system

Before installing the new reflectometry system to the Heliotron J, the system has been tested
in a tabletop experiment. The transmitter and the receiver with horn antennas are placed in
a straight line, and the phase change evaluated from the I/Q detected signal (¢ = tan~!(Q/I))
is measured by varying the distance between them. The spatial resolution of the measurement
is 0.2 mm.
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Although the microwave phase is slightly distorted around +n/2, the evaluated wavelength is
6.667 mm at 44.80 GHz, which is 0.42% error from the ideal value of 6.695 mm. Similar results
are obtained at other frequencies such as 33.50 GHz and 39.70 GHz, demonstrating that the system
is working properly.

3.2 E, profile measurement in Heliotron J

An initial measurement has been tried using the new Doppler reflectometry system in Heliotron J.
Figure 4(a) shows the typical plasma parameters in the ECH plasma. The E, is measured
at 230ms (broken line in figures 4(a) and (b)). The complex Fourier spectrogram obtained
from the Doppler reflectometry //Q signals is shown in figure 4(b) (as a representative from a
series of fixed shots, #78903), which shows asymmetry in the spectrum around 230 ms due to
Doppler shift.

1.0
.5 @) _ #78896~#78910 1‘ w i
: AR T L W, [K]] 5 N ‘f dl! w
g Mo | n.[x10°m3) S, w”' | il “. t) ]!?b,w 7
. = | ’ i
In\*:‘t\.‘v&m | I I | |
r r AR T 00 500 200 0 200 500
e rwesd -14 FrequencylkHz]
w - 1.0
= (d
z 24 @ | : i
g -4.5 T — 0.0 H N\ %
g o 2 & - PUSRRNS, S -
-5, >
(T
: 1 W68 e e
500" . . . ] 80
150 200 250 300 350 2.0

Time[ms L
(ms] 0.75 0.80 0.85 0.90 0.95

r/a

Figure 4. (a) Typical ECH plasma discharge (#78903), (b) reflectometer spectrogram (#78903), (c) complex
Fourier spectrum at 230 ms (#78903), and (d) estimated E; profile at 230 ms (#78896 ~ #78910).

An asymmetric peak due to Doppler shift can be seen around —100kHz clearly, as shown
in the complex Fourier spectrum of figure 4(c) at 230 ms. Here, Doppler-shifted frequency is
evaluated with the Center-of-Gravity method (CoG) defined as f, = 3 (f- S () /> S (f), where f
is the frequency in complex Fourier spectrum and S (f) is the intensity at f. The evaluated fp is
—71.33 £ 5.73 kHz. The cut-off position, r/a, and By at the cut-off obtained by the ray-tracing code,
TRAVIS, are 0.94 and 0.96 T, respectively. Therefore, from the equations fp = 2v kg sin fp /7 and
E:. =vgB, vg and E; are 1.42 km/s and 1.36 kV/m, respectively.

Figure 4(d) shows the E; profile obtained with the Doppler reflectometry by changing the
carrier microwave frequency shot by shot in fixed plasma conditions. The carrier microwave
frequencies are 36.89—45.74 GHz, which correspond to cut-off positions of r/a = 0.82-0.94. A
positive E. is observed inside the plasma and a negative E; is observed outside the plasma. E;
changes the sign at r/a ~ 0.9.
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3.3 Dual measurement

The simultaneous measurement of E; with the dual channels has been successfully conducted, as
shown in figure 5. The time trace of ECH plasma discharge (#78752) is shown in figure 5(a).
Figures 5(b) and (c) show the time evolutions of f measured with the upper and lower channels,
respectively. The temporal behavior of E; are similar, but not identical since the observation points
for upper and lower channels are different. This may be due to misalignment of the dual channels
from the ideal position, caused by the three-dimensionality of the Heliotron J configuration. We
will improve the measurement accuracy by considering the magnetic configuration.

(a) #78752
20 ’ W, 1]
\ ne[x10%°m™3]
. N | s
(b) : :
g | l‘u”.”' jf
T :,
= ‘: wﬁ ,"W WWP
ol Ty
<t | i
v W‘ \ M"\H
= hmw"mww
50 200 250 300 350

Time[ms]

Figure 5. (a) ECH plasma discharge, and time evolution of f, of (b) upper channel, /a = 0.51 and (c) lower
channel, r/a = 0.26.

4 Conclusion

We have introduced the newly developed dual Doppler reflectometry system in the Heliotron J
device. The main feature of this system is that it can simultaneously measure two points with
different poloidal angles in the same toroidal section. The tabletop test has confirmed that the
phase estimated from the //Q detector is proportionally changed as a function of the antenna
distance, indicating that the system works properly. In the initial ECH plasma experiment, we have
measured the Doppler-shifted spectra of the I/Q signals and estimated the E; and dual Doppler
shift measurement. The frequency scan shows that E; is negative at the plasma edge with a
negative shear structure. In the future experiment, we will identify ZF using correlation analysis
and measure detailed radial E; structure by scanning the carrier frequency.
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