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Abstract. To meet the demand for information on electron temperature fluctuations in low magnetic field 

experiments in the Large Helical Device (LHD), a new ECE radiometer covering the Q and V bands has 

been installed. Combination mirrors are installed in the vacuum vessel to focus the beam and efficiently 

propagate the radiated electron cyclotron waves. Notch filters are used to eliminate stray light from the 

gyrotron, and a 32-channel heterodyne radiometer is constructed using a filter bank system. As a result, 

oscillations of electron temperature and both electromagnetic and electrostatic fluctuations were 

successfully observed. 

1 Introduction 

Electron cyclotron emission (ECE) measurements have 

been applied to electron temperature measurements in 

many torus plasma devices confined by magnetic fields. 

The Large Helical Device (LHD) [1, 2] has been 

equipped with three types of ECE measurement system 

(Michelson interferometer, grating polychromator 

(GPC), and radiometer) to provide electron temperature 

information since the beginning of the experiment 

(1998). [3-11]. Recently, plasma fluctuations (such as L-

H transitions and MHD bursts, etc.) at a low magnetic 

field around Bt =1 – 1.375 T have attracted attention at 

LHD [12-15]. However, the existing ECE radiometers 

cover frequencies from 50 –150 GHz and are optimized 

especially for the high frequency range above 100 GHz. 

At this time, we have developed an ECE radiometer for 

such low magnetic field strength experiments. 

 Figure 1 shows the spatial distribution of the 

characteristic frequency at the LHD horizontal port 

when the on-axis toroidal field strength (Bt) is 1T. 

Unlike the tokamak, the LHD magnetic field strength 

distribution has a hill-shape, which allows observation 

from the outer port in the outer half of the region from 

the plasma magnetic axis. As shown in Figure 1(b), the 

extraordinary mode (X-mode) second harmonic EC 

wave satisfies the optical depth of  > 1 in the entire 

plasma region. Since the EC waves in the core region 

are optically thin but overlap with the third harmonic 

waves in the periphery, the system was designed with 

0.3<  <1.0, as the measurement region at this magnetic 

field configuration, in which the magnetic axis position 

in the vacuum field Rax = 3.60 m, the helical coil pitch 
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parameter  = 1.2538, and the ratio of the quadrature 

field Bq = 100 %. 

 

 
Fig. 1. (a) Radial profile of characteristic frequencies in 

the major radial direction in the LHD horizontal 

crosssection at Bt =1T and Rax =3.60m. The blue line is the 

3rd harmonic 3fce, the red line is the 2nd harmonic 2fce, the 

yellow line is the fundamental fce, the green dotted line is 

the right-hand X-mode cutoff frequency, and the brown 

dotted line is the electron plasma frequency fpe. Here the 

electron density is calculated as ne0=1x1019 m-3 at the 

center. (b) Optical thickness at Te = 2 keV, where the X-

mode 2nd harmonic fce exceeds 1 almost everywhere in the 

plasma confinement region. (c) Closed flux surface per = 

0.1 and ergodhic region in vacuum. 
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This paper describes the diagnostic system, including 

the focusing optics and heterodyne radiometer circuit, 

in Chapter 2, and preliminary plasma experimental 

results in Chapter 3. 
 

2 Experimental arrangements of ECE 

In the application of the ECE radiometer for this low 

magnetic field experiment, the system was required to 

efficiently receive EC waves from the plasma and to 

detect the received signals with high temporal and 

spatial resolution. The details of the developed system 

for each of these items are described below.  

2.1 In-vessel optical mirrors 

The LHD has a complicated vacuum vessel structure for 

cooling the superconducting coils, and the distance 

between the port and the plasma is far, as shown in 

Figure 2. Since it is also difficult to prepare a large 

vacuum window, we considered installing a focusing 

optics system inside the vacuum vessel. For this 

purpose, two aluminium mirrors are used in 

combination. One mirror (M1) is a concave mirror (500 

x 350 mm, focal length of 600 mm) and the other (M2) 

is a plane mirror (350 x 250 mm). To transmit the EC 

wave from the plasma to the receiver antenna with these 

mirrors, the beam width at the vacuum window must be 

narrowed down to 150 mm or less. The beam radius  

at each position is obtained from the following Gaussian 

beam propagation equation, 

𝜔(𝑧) = 𝜔0√1 + (
𝜆𝑧

𝜋𝜔0
2 )

2

                            (1) 

 

Fig. 2. Cross-sectional view inside the LHD 9-O port 

vacuum vessel, with two mirrors to focus the beam at the 

plasma center; the distance from M1 to the plasma center 

is around 2.5 m. The EC waves are detected at an angle of 

2.3 degrees, with the line of sight looking slightly upward 

from the horizontal plane. 

and is shown in Figure 3. Here, , 0 are the wavelength 

and the beam radius at the beam waist, respectively. z is 

defined as the distance to the location of the beam waist, 

and the location of the mirror M1 is set as the reference 

point. This optical system is expected to have a beam 

width of 40 mm at 40 GHz, 28 mm at 62 GHz, and 10 

mm at 160 GHz at the plasma centre. In the vacuum 

vessel, the two mirrors are placed in the arrangement 

shown in Figure 4. To avoid interference with existing 

equipment, the M1 mirror was placed slightly (115 mm) 

above the horizontal plane in the vertical direction. 

However, the change in pitch angle was slight and the 

field of view was sufficient, so there were no problems 

with ECE measurements. A shutter was also installed on 

the vacuum windows to protect them from dirt during 

wall conditioning. 

To evaluate the performance of the focusing optics, 

we placed a millimeter-wave source at the position of 

the vacuum window and investigated the beam 

propagation characteristics. For example, as shown in 

Figure 5, the beam radius at 1.5 m from the M1 mirror 

is 79 mm for the 39 GHz millimeter wave and 67 mm 

for the 150 GHz. These results are in good agreement 

with the calculated values from Gaussian beam 

propagation.  

Fig. 4. (a) CAD design and (b) photograph of combination 

mirrors in LHD vacuum vessel. 

 

Fig. 3. Beam size evolution at each position, determined 

by Gaussian beam propagation theory. z = 0 for the 

position of M1. 
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Fig. 5. Beam profiles at 1.5 m from the M1 mirror for (a) 

39 GHz and (b) 150 GHz millimeter waves. Black lines 

are measurements, red lines are Gaussian fits. Intensities 

are normalized to the maximum of the measured values. 

 

2.2 Heterodyne Radiometer system  

A Q-band and V-band heterodyne radiometer system 

has been developed. The system consists of two sections 

which are the radiofrequency (RF) section and the 

intermediate frequency (IF) one in each frequency band. 

2.2.1 RF section 

As shown in Figure 6, two bands, Q-band and V-band, 

were constructed. The EC waves are transmitted through 

a 2.5-inch corrugated waveguide at a distance of 

approximately 12 meters from the receiving antenna. 

After each band is divided and amplified by a low-noise 

amplifier (LNA) with a gain of 30 dB, the ECE waves 

are led to a mixer and detected in each band. Both 

systems use a low-noise DSO oscillator as the local (LO) 

source for high-sensitivity heterodyne detection, which 

is multiplied and input to the mixer. The IF signal at the 

mixer output is amplified by an IF amplifier and led into 

the next IF section. 

 56 GHz and 77 GHz gyrotrons are used as second 

harmonic ECH for plasma ignition and heating in the 

experimental condition of the magnetic field strengths 

near Bt = 1 T. Due to the high-power output of these 

gyrotrons, it is necessary to eliminate stray light effects 

that can damage radiometers and cause saturation of 

mixers and amplifiers. For this reason, we developed a 

waveguide cavity-type notch filter and the detailed 

design values for the Q-band case are given in Ref. 16. 

On the other hand, a V-band notch filter was also 

fabricated with the design dimensions, as shown in 

Table 1. Notch filters (NOTCH (A) and NOTCH (B)) 

were fabricated separately for each gyrotron frequency, 

and the waveguides were connected in series so that the 

two frequencies could be excluded. The performance of 

the combinate notch filter is shown in Figure 7. The 

attenuation is 80 dB at 56 GHz and 60 dB at 77 GHz, 

indicating that a notch filter with sufficient performance 

could be developed. 

 

Table 1. Design parameters for V-band notch filters for 

56GHz and 77 GHz. 

 NOTCH (A) NOTCH (B) 

Center frequency [GHz] 56.0 77.0 

Cavity diameter [mm] 4.12 3.0 

Cavith length [mm] 4.546 2.62 

Cavity gap length 

distance between two 

resonators [mm] 

5.726 3.42 

Slit width [mm] 0.5 0.5 

Slit length [mm] 3.759 1.6 

Slit depth [mm] 0.5 0.3 

 

 
Fig. 7. Frequency response of combined notch filters. 

 

2.2.2 IF section 

A schematic diagram of the IF section is shown in 

Figure 8, where a similar system is used for both Q- and 

V-band to detect each frequency ECE component. The 

IF signal at the output of the mixer is divided into two 

parts, and the 2-9 GHz component is amplified by the 

LNA and enters the filter bank. There it is separated into 

eight frequency components, discriminated by a BPF 

with a bandwidth of 800 MHz (described below), and 

then detected by the Schottky diode detector. The 

detector output signal is collected throughout the 

discharge by an ADC (NI PXIe-6378) with 16-bit 

resolution and 1 MS/s sampling rate. On the other hand, 

the 10-17 GHz component is down converted to 2-9 

GHz by Mixer3 using the 19 GHz signal (LO3), because 

 

Fig. 6. System schematic of heterodyne radiometer RF 

section. LPF, LNA, and Att represent a low-pass filter, a 

low-noise amplifier, and an attenuator, respectively. The 

LO frequencies of the mixer are 48 GHz and 32 GHz for 

V-band and Q-band, respectively. 
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we want to align the characteristics using a similar filter 

bank set for signal detection. Thus, each band has 16 

frequency channels each, making a total system of 32 

channels.  

 

Fig. 8. Schematic diagram of IF section. 

 

 In the filter bank, each ECE wave is discriminated 

by a 2-9 GHz BPF. The bandwidth of all BPFs is 

designed to be 400 MHz. The transmission 

characteristics of the BPFs, measured using a vector 

network analyser, are shown in Figure 9. It can be seen 

that each frequency component can be discriminated 

with the contamination of other frequency components 

suppressed to -50 dB or more. 

 

Fig. 9. Frequency response of each bandpass filter. 

 

2.2.3 Integration test 

The entire heterodyne radiometer system was then 

tested with a noise source. Instead of EC wave radiation 

from the plasma, we examined how the signal output of 

each frequency component from the filter bank changed 

when a combination of noise sources and attenuators for 

each band were placed at the antenna locations in the RF 

section diagram in Figure 6. The strength of the RF 

signal input to the mixer (from the noise source) was 

varied by controlling the attenuator from a squeezed 

state (-32 dB) to a released state (-1 dB). The detector 

output obtained at that time is shown in Figure 10. Each 

channel corresponds to 54-57 GHz frequency 

components. The detector output was found to vary 

linearly with respect to the change in RF intensity. 

 

Fig. 10. Radiometer integrated test results with a noise 

source. Change in signal strength from the filter bank when 

the RF input signal to the mixer was controlled by 

adjusting the attenuator to vary the strength of the input 

signal from the noise source. V-A-6, 7, 8, and 9 GHz 

correspond to BPFs at 54, 55, 56, and 57 GHz, 

respectively. 

 

3 Experimental Observations in LHD 

This radiometer is designed for application to plasma 

experiments under magnetic field conditions from the 

magnetic field strength of Bt = 1 T to around 1.375 T. 

As shown in Figure 11, in the so-called inward-shifted 

configuration with the major radius at the magnetic axis 

of Rax = 3.60 m, almost the entire region is observable at 

Bt = 1 T and 1.2 T, and even at 1.375 T, so is the region 

with the normalized small radius > 0.5. In the standard 

configuration with Rax = 3.75 m, the entire region is 

observable at 1 T, and even at 1.375 T, the measurement 

is possible around the rational surface region with = 

0.5. Here,  is the rotational transform.  

 

Fig. 11. (left) Radial distribution at Rax=3.60 m and 

(right) Rax =3.75 m. (a, d) Second harmonic cyclotron 

frequencies at Bt =1 T, 1.2 T and 1.375 T. The orange and 

the light blue horizontal lines indicate the Q- and V-band 

measured channels’ frequencies, respectively. (b, e) Iota 

distribution (c, f) Magnetic closed flux surfaces for every 

ρ=0.1. 
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 Some observation examples in plasma experiments 

are shown below. 

 NBI power modulation experiments were 

performed at the magnetic axis of Rax =3.75 m and the 

magnetic field strength of Bt = 1.375 T. As shown in 

Figure 12(a), NBI4 and NBI5 which are perpendicular 

NBI beams were injected with power modulation from 

3.4 s to 8.2 s. The time variation of the electron 

temperature Te obtained with this radiometer is shown 

in Figure 12(b). As can be seen from the figure, Te 

oscillates significantly in sync with the power 

modulation. The radial profile of Te measured by 

Thomson scattering of the OFF (green) and ON (red) 

timing of NBI power modulation is shown in Figure 

13(a). Also shown are the fitted data of Te profiles 

obtained from this data by fitting based on Bayesian 

statistics [17, 18]. It shows the difference in Te due to 

modulation seems to be arisen the region around 

R=4.5m. Figure 13(b) shows time-expanded ECE 

radiometer data measured in this region, demonstrating 

that the phase difference between the R<4.51m region 

and that outside the R>4.51m region is observed by 

ECE. In contrast to local heating by ECH, NBI heating 

is generally considered to affect a wider radial region 

from the outside of the plasma at the same time. The 

present measurements revealed that the heating of NBI 

may be accompanied by localized changes in the 

plasma. The ECE measurements also show a different 

response in the core region than the Thomson scattering 

measurements. Further analysis is needed to integrate 

and understand these results, and this is an issue for the 

future. 

 

Fig. 12. Time variation observation of Te in NBI power 

modulation experiments. (a) Incident modulated power of 

the four NBIs and (b) time variation of the converted signal 

intensity Te at each radial position of the ECE. 

 

The radiometer is also expected to observe MHD 

fluctuations such as Alfvén eigenmodes and 

electrostatic oscillations. Figure 14 shows an example of 

the frequency spectrum of the radiometer signal when 

these oscillations are generated. Comparing the signal 

strength before the plasma discharge as a noise level, the 

signal was found to be about one order of magnitude 

stronger during the discharge. In particular, modes 

identified as frequency chirp-up reversed shear Alfvén 

eigenmode (RSAE), geodesic acoustic mode (GAM) 

oscillations around 20 kHz [19, 20] and these higher 

harmonics were successfully observed. Since we can 

now obtain information on various types of temperature 

fluctuations, we expect to be able to use this information 

to study their spatial structure and interactions in the 

future. 

 

Fig. 13. (a) Te radial profiles measured by Thomson 

scattering. Green and red solid lines are obtained by fitting. 

(b) Time variation of electron temperature obtained by 

ECE in the region shown in blue in (a). 

 

 

Fig. 14. Examples of RSAE and GAM oscillation 

observations. (a) Spectrogram, and (b) frequency spectra 

of two timings. The gray line is the estimated background 

noise for this channel. 

 

4 Conclusion 

A new ECE radiometer covering the Q and V bands has 

been developed. The purpose of this radiometer is to 

observe fluctuations and time variations of electron 

temperature in low magnetic field experiments at LHD. 

Due to the limitation of the available port and vacuum 

window, a focusing mirror designed by Gaussian beam 

optics was installed in the vacuum vessel for efficient 

ECE wave transmission. The beam width on the test 

bench is in good agreement with the estimated value 

with Gaussian beam propagation. The heterodyne 

radiometer uses a low-noise local oscillator and has a 

dynamic range of more than 30 dB when tested with a 

noise source. To remove the stray lights due to 56 and 

77 GHz gyrotrons, a notch filter was created using an 

oversized waveguide, and more than 50 dB of 

attenuation was obtained. By implementing this ECE 

system in LHD, oscillations due to NBI modulation of 

the radiated ECE waves from the plasma, Alfvén 

eigenmodes, and GAM oscillations were also 

successfully observed. 

 

 In addition, the LHD data can be accessed from the 

LHD data repository at https://www-

lhd.nifs.ac.jp/pub/Repository_en.html. 
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