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A multi-channel electron cyclotron emission (ECE) radiometer system is being developed in Heliotron J to
measure electron temperature (Te) profile and evaluate Te fluctuation. The conventional ECE part of this system
includes 16 channels and can measure electron temperature profile from 58 GHz to 74 GHz which covers from the
core to the edge region, and the correlation ECE part is composed of CECE-RF and CECE-IF sides. The signals
from these two sides share a same source of electron cyclotron emission and thus are possible to estimate electron
temperature fluctuation through correlation analysis. An ECE profile has been obtained and compared with data
from Thomson scattering system in an electron cyclotron heated plasma. Electron temperature fluctuation levels
were estimated in an ECH plasma using a cross-correlation function and a complex coherence function.
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1. Introduction
The study of anomalous transport has become the major topic in the research field of fusion plasma. Measuring
electron temperature profile and its fluctuation provides an
eﬀective way to study transport and understand turbulence
in fusion plasma. Electron cyclotron emission (ECE) is
one of the most powerful diagnostics to measure electron
temperature. Since Efthimion et al. [1] developed a heterodyne radiometry for ECE measurement early in 1979,
and multi-channel heterodyne radiometry was developed
to measure the electron temperature (T e ) profile in a single discharge [2, 3], it has become a common tool for Te
measurement in modern fusion devices [4]. Local electron
temperature in a plasma can be easily obtained by measuring the ECE of certain frequencies. And benefited from
the high time resolution of current ECE radiometer system,
T e fluctuation measurement is also possible [5]. Although
correlation ECE radiometers have been developed and applied to some fusion devices for measurement of core T e
fluctuations [6, 7], study on the role of T e fluctuations on
energy confinement is still challenging.
In the helical-axis heliotron device, Heliotron J, we
have studied eﬀect of the magnetic configuration on global
energy confinement [8] and improvement of core heat
transport such as internal electron transport barrier (e-ITB)
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[9]. Heat transport analysis in the core region is required
to understand the physical mechanism of the magnetic configuration eﬀect. For this purpose, we have developed multichannel radiometer systems to measure the T e profile and
fluctuations. In this paper, we show T e profile measurement and first experimental result on T e fluctuation using
the radiometer in the Heliotron J device. We have adjusted
output signal level to obtain more reliable T e profile for
heat transport analysis. We have also developed a correlation ECE radiometer with wide frequency scan and high
accurate frequency setting, which enables us to estimate
the correlation of ECE signals.
The organization of this paper is as follow: designing
and specification of the ECE radiometer system are shown
in section 2; measurement results using conventional and
correlation ECE radiometer system are discussed in section
3; summary of this work is in section 4.

2. ECE Radiometer System for
Heliotron J
Heliotron J is a helical device constructed at the Institute of Advanced Energy of Kyoto University for studying optimization of magnetic configuration in helical device. As the advanced feature of Heliotron J, the basic concept is to reduce neoclassical transport and achieve high
beta with small bootstrap current, which carries the potential for developing the currentless ‘quasi-isodynamic’ op-
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timization [10]. The main operation parameters are as follows: major plasma radius: 1.2 m, Average plasma minor
radius: 0.1 - 0.2 m, magnetic field strength: 1.5 T, vacuum
rotational transform: 0.2 - 0.8, heating systems: electron
cyclotron heating (ECH) of up to 0.5 MW, neutral beam
injection (NBI) of up to 1.5 MW, and ion cyclotron resonant frequency (ICRF) heating of up to 2.5 MW.
The schematic of the ECE radiometer system for Heliotron J is shown in Fig. 1. The prototype of this radiometer system was firstly designed by Nagasaki et al. and upgraded with a correlation part by Weir et al. [11]. The
radiometer system is composed of two parts, a conventional radiometer part (part A) and a correlation radiometer
part (part B). As shown in Fig. 2, the conventional ECE
radiometer measures 2nd harmonic X-mode from 58 to
74 GHz with 16 channels, covering the core to the edge
region radially. It can be seen that the 2nd harmonic ECE
does not overlap with other harmonics. The bandwidth of
these channels is 1 GHz. The correlation ECE radiometer part (part B) measures electron temperature fluctuation.

Fig. 1 ECE radiometer system.

The back end of the correlation radiometer is composed
of two sides. The CECE-RF side has a separated front
end, which contains a voltage-controlled oscillator (VCO)
and a quadrupler allowing flexible RF frequency scan from
56 GHz to 88 GHz with accuracy of 0.1 MHz. The CECEIF side shares the same front end with the conventional
ECE radiometer part, and its back end has 4 frequencyfixed channels of 60 GHz, 64 GHz, 68 GHz and 72 GHz.
The bandwidths of these channels are designed and lab
tested to be around 200 MHz, which is smaller than the
typical scale length of electron temperature fluctuation and
should perform a more localized observation.

3. Experiment Results
3.1 Te profile measurement
The conventional ECE radiometer system is relatively
calibrated to measure radial profile of electron temperature. The results are compared with Thomson scattering
diagnostic results and data near the core is used for crosscalibration. Figure 3 shows a radial profile of electron temperature measured with the ECE radiometer and compared
with Thomson scattering diagnostic results. The raw signal intensity in the edge region and core region is adjusted
to a similar level within a factor of two in order to obtain
the T e profile in a wide temperature range. The ECE result
agrees well with Thomson result near the core region but
has relatively higher values in the edge region. This may
be due to low optical thickness at the edge region. Energetic electrons in the inner plasma layers emit frequency
downshifted ECE due to relativistic eﬀect, which can be
absorbed by outer layer if the plasma is optically thick.
In this case the optical depth in the edge (rho > 0.6) drops
below 1 according to a ray tracing code, TRAVIS, and
thus emissions from inner layers of plasma were not well
absorbed and were detected by channels of outer layers,
which caused the measured electron temperature higher
than real value in the edge region. Multi-pass reflection

Fig. 2 Radial profiles of electron cyclotron frequency and its
harmonics in Heliotron J.
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Fig. 3 Radial profile of electron temperature.
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from the chamber wall may also aﬀect the measurement.

3.2

Te fluctuation measurement

3.2.1 Principle of correlation ECE
In CECE radiometry, the bandwidth of the signal relevant to turbulence is comparable to that of the detection instrument, which leads to a relatively large thermal
noise about several percent [12]. The typical amplitude
of electron temperature fluctuation associated with anomalous transport is in the order of 1%. Thus, conventional
ECE radiometer system is not suitable for measuring T e
fluctuation [13]. CECE radiometer is a technique to reduce thermal noise. Signals measured by two channels of
a CECE radiometer system are coherent with respect to
electron temperature fluctuation, but not coherent with respect to thermal noises. Then thermal noise can be reduced
by standard correlation analysis techniques.
In this work, two methods are used to estimate electron temperature fluctuation. One is based on crosscorrelation function:
T̃ e
= [R xy (Δt = 0)]1/2 = xy1/2 ,
Te

Fig. 4 Time evolution of electron density, CECE signals and
ECH power.

(1)

where R xy is the cross-correlation function:
R xy (Δt) = x(t)y(t + Δt).

(2)

The other is based on the complex coherence function:

 f2
2
T̃
=
Re{γ xy ( f )}d f ,
(3)
T
BIF f1
where γ xy is the complex coherence:
G xy ( f )
γ xy ( f ) = 
,
G xx ( f )Gyy ( f )

(4)
Fig. 5 Cross-correlation in a frequency scan.

G xy ( f ) is the cross spectral density as
Gi j ( f ) = Fi∗ ( f )F j ( f ),

(5)

where Fi is the FFT frequency spectrum of one of the channels.
3.2.2 Correlation ECE measurement
We measured electron temperature fluctuation with
the CECE system in an ECH plasma. The raw signals are shown in Fig. 4 where CECE-RF channel measured 68.3 ± 0.1 GHz and CECE-IF channel measured 68 ±
0.1 GHz. Electron density is set around 0.7 × 1019 m−3 and
ECH power is around 257 KW. In the frequency scan, we
fixed one channel to 68 GHz (rho ∼ 0.25) and scanned the
other channel from 67 GHz to 69 GHz for every 0.1 GHz.
The signal contains both electron temperature fluctuation
and thermal noise, which will be reduced by correlation
analysis.
Method one: cross-correlation function
For each frequency separation in the scan, crosscorrelation was calculated using cross-correlation function

shown in previous section. Figure 5 shows the cross correlation from 0 to 0.5 GHz separation. Generally the cross
correlation decreases with wider separation. When separation is smaller than 0.2 GHz, a peak appears at zero timedelay. This is due to the overlapping of two channels since
their bandwidths are 200 MHz. The overlapping caused the
channels to pick up incoherent noise from the same volume
which invalidate our assumption that noise is not coherent. Similar phenomenon was also observed in Ref [14], in
which these peaks are thought not suitable to represent the
actual electron temperature fluctuation. When the separation is larger than 0.4 GHz, the cross correlation reaches a
rather stable value, and can be used to estimate electron
temperature fluctuation. Figure 6 shows the fluctuation
level calculated for each separation. For 0.5 GHz separation, the electron temperature fluctuation level is estimated
as 3.8%.
Method two: complex coherence function
The same data were also analyzed with a complex
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4. Summary

Fig. 6 Electron temperature fluctuation level against separation
frequency.

We have developed the multi-channel ECE radiometer system in Heliotron J to measure T e profile and evaluate T e fluctuation. We have adjusted the signal intensity
level of 16 channel outputs, which resulted that T e profile
is available in a wide temperature range. We measured Te
profile in an ECH plasma with the ECE radiometer system. The results are compared to Thomson scattering diagnostic data and electron temperature in the edge measured by ECE is higher probably due to the eﬀect of energetic electrons. The electron temperature fluctuation levels were also estimated with the CECE radiometer system.
The local oscillator of CECE-RF can scan the frequency
with high accuracy enough for estimating the correlation.
With this CECE radiometer, we have obtained the first experimental results on T e fluctuations in Heliotron J. The
results might be higher than the real value. This may be
due to the focusing performance of the lens. We will improve the focusing performance of the antenna system to
achieve localized measurement by replacing the lens into a
newly designed one. In future experiment using the developed ECE radiometers, we will evaluate how electron heat
transport coeﬃcient and T e fluctuation changes in diﬀerent
magnetic configurations and e-ITB plasmas, which could
provide us knowledge about the relationship between confinement and turbulence.
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