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1. Introduction 

A decade ago, a prototype Electron Cyclotron Emission (ECE) Imaging system that 
can visualize MHD physics via real time 2D images of the associated electron 
temperature fluctuations was initiated and successfully implemented on the TEXTOR 
tokamak[1]. After a powerful demonstration of the ability to visualize key MHD 
phenomena such as the sawtooth crash, and the m=2 mode with unprecedented spatial 
and temporal resolution, an upgraded ECE imaging system[2] with improved sensitivity 
and optical capability was tested on TEXTOR which verified various technical 
improvements and confirmed the physics of the sawtooth crash including the “high field 
side crash event”[3]. In addition, new observations were made of the sawtooth oscillation. 
The AUG imaging system, which consists of a newly designed optics arrangement and 
the prototype TEXTOR detection system, has been successfully applied in studies of 
edge localized modes and Alfvén waves[4]. New ECE imaging systems based on the 
upgraded ECEI system for TEXTOR have been developed for DIII-D[5], and KSTAR[6], 
featuring optical systems with a high zoom capability of up to a factor of 3. The 
Microwave Imaging Reflectometry (MIR)[7] combined with the prototype TEXTOR 
ECEI system was reassessed. Development of a multi-frequency source for MIR systems 
has been initiated with the goal to measure in real time 2-D images of density fluctuations 
which will be essential for verification and validation of various transport models. 
Laboratory tests of an MIR system for KSTAR with an optical system that can be 
combined or easily interchanged with the ECEI optics are in progress. 
 
2. Evolution of ECEI systems and new physics of sawtooth oscillation 

While developing the upgraded ECEI system for TEXTOR, the original ECEI 
detection system was moved to the AUG device and has been operated with new optics. 
Recently it has produced valuable physics concerning ELM activity and Alfvén waves as 
shown in Figs. 1(a) and 1(b), respectively. In parallel, the original MIR system and 
reflective optics were moved to POSTECH for further detailed study. In the upgraded 
ECEI system, an improved optical system based on a refractive (lens) components, rather 
than the reflective mirrors used for MIR system was introduced[2]. At the same time, an 
efficient and improved detection system was combined with the new ECEI instrument. In 
the course of commissioning the upgraded system, important physics were reconfirmed 
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with improved clarity such including details of the “high field side crash”. In addition, 
many new 2D features of the crash patterns were observed such as “tearing type” post-
cursor and short “bursty” behavior of the post-cursor. Also, a reversal of rotation speed 
(toroidal) of the plasma due to counter NBI momentum was observed. As an example, the  

 

 
 

Fig.1 (a) 2D images of ELM type 1 activity in AUG; images before and after the crash are 
shown (b) 2-D images of Alfvén eigenmodes in AUG; selected mode amplitude (bw) and phase 
(color) are shown  
 

long decay time (close to resistive time scale) of the “tearing type” m/n=1/1 mode after 
the first partial crash (partial release of the core pressure through the reconnection zone) 
is shown in Fig. 2(a). Here, the amplitude of the m/n=1/1 mode slowly diminishes 
through the sustained reconnection state where the leakage of the core heat is much 
slower compared to the heat transfer during the fast reconnection phase (ideal kink 
instability) but sufficiently fast to be accumulated in the mixing zone as shown in this 
figure. In fact this process is quite similar to the classical full reconnection model. 

With the advantages of large access to the plasma and lack of stringent constraints 
in arrangement of the optical elements in both DIII-D and KSTAR, a new optical system 
approach was designed for more versatility (high field side and low field side) and 
dynamic vertical coverage (“zooming” capability). The 2-D ECE radiometry was enabled 
by major advances in technology over the past few years such as sensitive 1D array 
detection system. Millimeter wave imaging is a diffraction limited extension of optical 
imaging, and hence requires relatively large aperture optics for vertical localization of 
individual channels over the spatial extent of the plasma. Without viewing constraints, 
optical design can be optimized to have a high versatility in vertical spatial resolution 
with a zoom factor up to ~3 so that the same object can be observed with different spatial 
resolution. A wide range of radial coverage from the plasma edge to regions well to the 
inboard side of the core is expected in both devices. Note that the higher aspect ratio 
device has more spatial coverage in inboard side than that of the lower aspect ratio device 
due to harmonic overlap. Figure 2b provides an illustration of the complicated optical 
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arrangements for the KSTAR ECEI system whose design has been evolved from the 
recent DIII-D system. KSTAR and DIII-D system are composed of dual detector arrays, 
each providing 24 vertical channels, and imaged through shared vertical zoom optics. 
Due to very different vacuum interface restrictions, the DIII-D system makes use of a 
doublet zoom lens configuration while the KSTAR system implements a unique 
adaptation of the Cooke triplet lens, which has only a single moving element and yet 
minimal optical aberration due to a carefully optimized parabolic correction of the plasma 
facing surface 
 

 

 

 

 
 
Fig.2 (b) 3-D schematic of the KSTAR ECEI 
optical systems. The KSTAR ECEI system is 
unique in that the zoom optics are housed in 
the cassette which penetrates the cryostat of 
this superconducting tokamak, yielding a 90 
cm vertical aperture at close proximity to the 
plasma surface for vertical coverage of ~1 m. 

 
Fig.2 (a) 2D time evolution of the “tearing type” 
m/n=1/1 mode during the post-cursor phase (2) 
first soft crash.  (3)-(7) slow but continuous 
leakage of the core heat through the reconnected 
zone and diminishing m/n=1/1 mode in resistive 
time scale are visible 

 
3. KSTAR MIR system 
An innovative electron density fluctuation diagnostic, Microwave Imaging Reflectometry 
(MIR)[8], was originally developed for TEXTOR[1] envisioning the potential of 
ameliorating the interpretation problem of reflectometry measurements, particularly in 
the plasma core. Characterization tests in the laboratory using a corrugated reflective 
surface illustrated both the difficulties of interpreting conventional reflectometry data 
(and the possibility of erroneous conclusions regarding core fluctuations as well as the 
edge). The MIR system on the TEXTOR plasma was tested to understand the concept of 
imaging of the fluctuating behaviors of the cut-off layer of the plasma. In this experiment, 
the dispersion relation of the drift waves on the poloidal plane was deduced from the 
correlation study of the 16 channels of the vertical array with which the cut-off layer of 
the plasma is imaged. However the imaging characteristics were not fully satisfactory. 
Subsequently, the MIR system was removed and intensively tested at POSTECH where a 
number of issues were discovered that might have hampered the performance of the 
prototype MIR system[9]. The first finding concerns the curvature matching problem 
between the cut-off layer and probe beam. This is the most critical requirement to form a 
proper image at the imaging plane. The second finding concerns the vertically skewed 
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profile of the reflected beam. This is largely due to the optical aberration which originates 
from the arrangement of the optical elements. The third contribution is the phase 
interference introduced by the imperfect surface of the optical components. In addition to 
these findings, extensive comparative studies have been conducted of the numerical 
methods that have been used to compare with the laboratory test results from the 
reflective surface that has a matched curvature to the probe beam and known corrugation. 
Here, we have compared the simulation results from the corrugated target between the 
Finite Difference Time Domain (FDTD) method and the Bessel Function expansion 
method[9]. Ultimately, these two results will be compared with the experimentally 
measured values. 
 

 
 

Fig. 3. Comparative study between FDTD and Bessel function expansion method for the reflected 
beam from the corrugated target in which the probe beam curvature has perfect match with the 
target curvature; (a) and (b) Difference between two methods is negligible for lower corrugation 
depth (0.5λ) (c) and (d) Difference is pronounced for higher corrugation depth ( 3λ) 
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