
 

  
  

 

 

  
  
     Modulation electron cyclotron resonance heating 
(MECH) is a useful tool for observing the plasma heat 
transport, because the deposition can be localized, the 
deposition profile can be calculated relatively easily, and the 
modulation power and frequency can be precisely tuned. By 
observing the response to the MECH, a variety of modern 
physical issues have been investigated. In order to diagnose 
the fast response of the electron temperature to the MECH, 
the electron cyclotron emission (ECE) measurement is 
routinely used. However, the use can be restricted in a range 
of experimental conditions such as the electron density and 
the magnetic field. An alternative way to diagnose the 
electron temperature profile with a high temporal resolution 
is desired. A possible alternative can be the Thomson 
scattering system, but the temporal resolution of the 
Thomson scattering system is far poorer than that of the 
ECE measurement in general. Here, we propose a new 
method to reconstruct the time evolution of Thomson 
scattering data with a high temporal resolution during a 
MECH phase applying the sampling scope concept1).  
     The Thomson scattering data is reconstructed using 
the conditional averaging technique. If one takes the MECH 
frequency fMECH and the Thomson laser repetition frequency 
fTS as numbers that are not in the multiple relations, the 
Thomson scattering system diagnoses various phases in the 
MECH period as time passes. By taking the measured 
electron temperature as a function of the measured phase, 
the time sequence within one period of the MECH can be 
reconstructed. The time period that is needed to complete a 
revolution of the measurement phase is given as T = 
[G.C.D.(fMECH, fTS)]-1 s, where G.C.D. is the greatest 
common divisor for frequencies given by integers. As a 
result, one period of the perturbation is reconstructed with N 
≡ TfTS points. Note that the number N takes a larger value 
if one chooses fMECH and fTS as coprime numbers than in the 
other case. Therefore, the equivalent sampling rate of the 
reconstructed signal is given as NfMECH = fMECH 
fTS[G.C.D.(fMECH, fTS)]-1 Hz. 
     Now the method is applied to an LHD discharge, 
which have a low line averaged density of ⟨ne⟩ ∼ 0.4 × 
1019 m-3 and a high ECH power of PECH = 3 MW. In this 
case, the discharge is subject to the non-thermal electrons 
that provide a serious error to the evaluated temperature. 

The vacuum magnetic axis position and the magnetic field 
strength is Rax = 3.53 m and Bax = 2.8 T, respectively. The 
plasma is sustained with two neutral beams whose total 
power is PNB = 5 MW, and PECH = 2.3 MW of the MECH 
with the frequency of fMECH = 19 Hz is applied. Since fTS = 
30 Hz, fMECH and fTS are coprime so that T = 1 s and N = fTS 
= 30. The equivalent sampling rate for one revolution is 
NfMECH = 570 Hz, which is 19 times larger than the original 
Thomson laser repetition frequency. Figure 1 shows the 
reconstructed Thomson signals at reff/a99 ∼ 0 (-0.05 < reff/a99 
< 0.05) and reff/a99 ∼ 0.45 (-0.4 < reff/a99 < 0.5). Data points 
outside the center period of the MECH (|∆t| > 26.3 ms) are 
repeats of the reconstructed data points in the center period 
(|∆t | < 26.3 ms). The points are homogeneously distributed 
in the center period of the MECH. Comparing two 
reconstructed signals at the core and the mid-radius, the 
difference in the waveform is clearly seen. At the plasma 
core, a rapid response of the electron temperature to the 
MECH is seen, whereas the response is relatively slow at 
the mid-radius. In addition, the phase difference between 
them can also be detected. The reconstructed data set is 
subject to the Fourier analysis, from which the heat pulse 
transport can be discussed.  
     In summary, the time evolution of Thomson 
scattering data is reconstructed with a high temporal 
resolution during a MECH phase. The reconstructed data set 

is subject to the heat pulse propagation analysis.  
 

Fig. 1. Time evolutions of the conditional averaged 
electron temperature measured with the Thomson 
scattering system at (a) reff/a99 ∼ 0 and at (b) reff/a99 ∼ 
0.45. The Thomson scattering signals are spatially 
averaged using 5 or 6 points. 

 
  

1) Kobayashi T, et al.: Rev. Sci. Instrum. 87 (2016) 043505. 

 
Computed Tomography (CT) method has been well 

developed for plasma diagnostics and medical application 
last several decades. The CT method was invented by A. M. 
Cormack in 1963. The CT was firstly utilized as x-ray 
tomography for medical examination, and many types of 
medical imaging diagnostics have been invented until 
today. The x-ray tomography in plasma diagnostics was 
reconstructed in PLT and JET tokamaks in 70’s and 80’s 
respectively, and Electron Cyclotron Emission (ECE) CT 
was developed in TFTR in 90’s. Recently Microwave 
imaging diagnostics without CT reconstruction has been 
developed in TEXTOR, LHD, KSTAR and DIII-D [1]. It 
works as a microwave camera which records the 
microwave movie on a focal plane of optics. These 
advanced imaging techniques are well developed for 
plasma research.  

Microwave diagnostics for plasma physics can be 
utilized for medical screening. An incident microwave is 
reflected at a boundary surface between different dielectric 
constants. It is similar to the cutoff surface in plasma 
diagnostics. Microwave diagnostics techniques in plasma 
physics can be also utilized for industry applications, for 
example, non-destructive inspection of reinforced concrete 
of building and tunnel, food inspection, ground-penetrating 
radar, and so on. We can see through an inner structure of a 
dielectric object by using the microwave diagnostics. 

 Microwave CT has been proposed for medical and 
industrial applications. The CT shows high contrast of 
electrical properties in an object. High permittivity part 
causes microwave reflection and scattering in the object. 
These electric properties are available to sensitive detection 
of a small error part from a normal part in the object. 
Microwave CT was unavailable due to high device cost and 
low computing power for years. Recent progress in mobile 
communications is developing by effective and low-cost 
microwave integrated circuits. They help us to reduce the 
system cost of microwave CT. Computing power is not yet 
enough to reconstruct the tomographic image in practical 
time. In order to reduce the calculation load, improvement 
of both microwave components and reconstruction method 
is necessary as well as the enhancement of computing 
power.  

A reconstruction method of microwave CT is under 
consideration in my research group to determine the 
complex permittivity profile in a semi-transparent weak 
scattering object. The complex permittivity profile of the 
object is directly calculated by solving a nonlinear complex 
matrix equation. The scattering wave can be described in 
the first Born approximation as Eq (1).  

                     (1) 

el(r) is a total electric field, eli(r) is an incident electric field, 
k0 is a wave number, G(r,r') is Green’s function. The object 
and its surrounding area are separated by N pixels as shown 
in the figure 1. TX is transmitter, RX is receiver. The 

contrast function is defined to be complex permittivity 
difference between the object and its surrounding area as 
C(r) = ε(r) – εexp. The first Born approximation is not 
applicable to a high dielectric object, and some additional 
procedures are necessary in such cases. Measurable range 
of the contrast ratio of the permittivity in CT image is 
ε(r) εext =1.00 ± 0.15 by the first Born approximation, 
much higher contrast ratio ε(r) εext > 10 is necessary in 
industrial applications. Higher permittivity contrast is 
advantageous to clearer permittivity image, but the image 
border is obscure without correction of wavelength 
contraction in the program. A small object with the high 
contrast ratio causes a weak scattering wave, and its 
permittivity profile of ε(r) can be reconstructed in the weak 
scattering approximation. The scattering wave is weak 
when the diameter of a dielectric object is smaller than the 
wavelength of an illumination wave.  
 Permittivity profiles of three dielectric objects 
with the high contrast ratio of 5 are reconstructed by the 
Born approximation as shown in the Figure 1. Scattered 
waves are estimated by the finite-discrimination time-
domain (FDTD) method. The contrast ratio of the 
permittivity is 10, and the diameter of the object is smaller 
than the wavelength of the probe wave. The permittivity 
image shows almost circular cross sections. The diameters 
are in the range from 1/8 to 1/2 wavelengths. The clear 
profiles are shown in both cases of 1/8 and 1/4 wavelengths. 
Some interference moire appears around the reconstructed 
object in the case of 1/2 wavelength diameter. In this case 
the estimation of phase shift and wavelength adjustment is 
not enough to reconstruct the precise permittivity around 
the object. The moire compensates the phase error in the 
CT reconstruction. When the diameter of the object is 
smaller than 1/8 wavelength, the scattered wave is too 
weak to be detectable of the CT device. Such situation is in 
region of Rayleigh scattering, and the scattered power is 
proportional to (wavelength)-4. When wavelength of the 
prove wave is adequately selected in according to the 
object diameter and wave adjustment, its CT are easily 
reconstructed by the Born approximation method in very 
short calculation time.  

 
 
 
Fig. 1 Permittivity image calculated by the Born 
approximation (left) and the back projection image 
calculated of scattered wave (right). 
1) B. Tobias. et al.: Plasma Fusion Res. 6 (2011) 2106042. 
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