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Abstract

A coherent mode is detected by electron cyclotron emission imaging (ECEI) diagnostic in the pedestal 

region during ELM-free phase and inter-ELM phase on the Experimental Advanced Super-conducting 

Tokamak (EAST). In the normal high confinement regime (H-mode) with co-current neutral beam injection 

(NBI), the coherent mode grows a few milliseconds after L-H transition, and the mode frequency 

downshifts from about 45 kHz to 15 kHz lasting for about 100ms before the first ELM crash. It is obvious 

to say that the mode rotates in the electron diamagnetic direction in the laboratory frame through ECE 

imaging. Ballooning-like mode structure is identified. The estimated poloidal mode number is m>25, and 
toroidal mode number is 5n for the local safety factor ~ 5q . Wave length of the mode increases until

the mode saturates, which is consistent with the result that the estimated poloidal mode number decreases. 

Characteristics of the mode during inter-ELM phase are similar to that during ELM free phase. 

1. Introduction

Since the high confinement regime (H-mode) was achieved on ASDEX [1], it has drawn greater 

attention [2-5] and it is believed to be the promising regime to realize fusion reaction in the magnetic 

confined devices. The typical characteristic of H-mode is that a transport barrier (so-called pedestal) which 

leads to steep pressure and current density gradients is formed in the edge plasma [6]. However, a variety of 

magnetohydrodynamic (MHD) instabilities [7, 8] is induced to the pedestal region due to the gradients. One 

of the most important instabilities is edge localized mode (ELM), which is a periodical relaxation 

oscillation causing a diminution in density and temperature in the pedestal [9]. During each burst of ELM, a 

high peak of heat will load on the target divertor [10] and that limits lifetime of the plasma-facing wall 

material. Understanding the natural characters of ELMs and control of them are crucial for the present 

fusion research machines and future fusion power plants, such as ITER [11] and CFETR [12].

In the past decades, ELM has been studied experimentally [13] and theoretically [14, 15]. The theories 

of ELMs, including the ballooning mode driven by pressure gradient, peeling mode because of edge current, 

and coupled peeling-ballooning mode [16], has been investigated over the past decades. However, the 

phenomena of ELMs is too complex to be fully explained by the theories. Generally, the ELMs can be 

classified into three categories according the relationship between frequency of ELMs and heating power 

[13]. Type-I ELM precursor modes are identified in JET [17] and so is the quasi-coherent mode in Alcator 

C-Mod [18]. Some other coherent modes in the steep-gradient pedestal region are also studied via gas puff 

imaging (GPI) system [19], Mirnov coils [20], and reflectometry [21] on EAST.

Electron cyclotron emission imaging (ECEI), as an advanced two dimension imaging diagnostic, has 

plenty of advantages to investigate the phenomena of ELMs, which has been proved by the ECEI systems 
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installed on ASDEX-U [22], DIII-D [23], KSTAR [24]. In the 2014 EAST campaign, details of the 

coherent mode during ELM-free and inter-ELM phases have been obtained by the ECEI system. The 384 

channel (24 vertical X 16 horizontal) ECEI system can cover a very large area of 36 - 70 cm height and 19 -

28 cm width with spatial resolution ~1 - 2 cm and temporal resolution ~1 us. The coherent mode structures 
are described by 2D imaging of electron temperature fluctuation 

e eT T , where 
e e eT T T and 

eT is the time average of electron temperature eT .

2. Experimental setup

Experimental Advanced Superconducting Tokamak (EAST), which is a fully superconducting 

tokamak device, aims at achieving long pulse stable H-mode plasma operation [5]. Since the first H-mode 

in EAST was achieved in 2010, the duration of H-mode plasma reached to 30s [25] in 2012, and this record 

was updated to 60s in 2016 campaign. The major and minor radius of EAST are R0=1.85m and a=0.45m,

respectively. Top view and cross section of EAST are shown in Figure 1. Related auxiliary heating and 

diagnostics are located at different ports. In Figure 1 (b), The blue solid line indicating the first wall 

demonstrates that ITER-like W monoblock upper divertor [26] and normal graphite lower divertor. The 

blue area indicates 384 channels ECEI detecting region when the toroidal field (TF) strength is 

2.25B T for shot #52327. 32-channel heterodyne ECE radiometer [27] (green square line) can measure 

the electron temperature profile from core plasma to high field side (HFS) edge plasma. The last closed flux 

surface (LCFS) given by EFIT [28] is displayed in red dash line. Thus, ECEI can cover the whole pedestal 

region. It is obvious lower single null (LSN) for this shot. As a typical D-shaped tokamak, the elongation of 

EAST for this shot is ~ 1.62 .

Figure 1. Top view and cross section of EAST. (a) Related auxiliary heating and diagnostics are located at 

different ports. (b) The blue solid line indicates the first wall; the blue area shows the detecting region of 

384-channel ECEI; 32-channel heterodyne ECE radiometer is marked as green square line; last closed flux 

surface is displayed as red dash line.
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Time history of the principal discharge parameters of shot #52327 are demonstrated in Figure 2.

Plasma current (IP), line averaged density (<ne>), and central electron temperature (Te) are shown in 

Figure 2(a), (b) and (c), respectively. The heating power of co-current neutral beam injection (co-NBI) is 

about 3.6 MW (Figure 2(d)). L-H transitions and H-L transition can be found via the divertor Da signal 

(Figure 2(e)), with an increase and decrease of line averaged density as shown in Figure 2(b). The n=1 

resonant magnetic perturbation (RMP) turns on at 3.2s (Figure 2(d)) and the ELMs are mitigated at same 

time until the H-L transition occurs at 3.35s. When RMP turns off at 3.49s, L-H transition happens again. 

The radiation temperature measured by ECEI at the edge plasma region is shown in Figure 2(f). Changes of 

sawtooth behavior can be found in the central electron temperature, and the radiation temperature is more 

likely affected by the ELMs. 

Figure 2. Time history of principal parameters of typical NBI heating discharge on EAST: (a) plasma 

current IP, (b) line averaged density <ne>, (c) central electron temperature Te0, (d) power of co-current NBI

and amplitude of n=1 RMP current, (e) divertor Da signal, (f) radiation temperature in edge plasma region 

Trad, (g) spectrogram of the radiation temperature.

3. Coherent mode measured by ECEI

Since the temperature and density of plasma in the edge plasma region drops dramatically, the 

condition of optical thick ( 1� , is the optical thickness) for ECEI is not guaranteed. Thus, ECEI data 
can be interpreted as radiation temperature radT containing both electron temperature and electron density 

[23, 29]. An example of radT located at 2.260R m corresponding to cold resonances is demonstrated 

in Figure 2(f). In the spectrogram of radT , a coherent mode can be found in the H-mode regime. The mode 

frequency downshifts from about 45 kHz to 15 kHz lasting for about 100ms in the ELM-free phase. In the 

inter-ELM phase, the coherent mode can also be found. When the RMP turns on, the radiation temperature 
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falls down and the coherent mode disappears. The coherent mode will repeat after the second L-H

transition.

Evolution of the radiation temperature fluctuation dealt with 5 – 50 kHz band-pass filter and 

characteristics of the coherent mode during the ELM-free phase are shown in Figure 3. The red line in 

Figure 3(a) indicates amplitude of the fluctuation and the green dash line denotes moments of the frames in 

Figure 3(b). The ballooning-like mode structure is clearly shown in the frames. The mode locates just 

inside the last closed flux surface (LCFS) which is marked as black dash line, and radial width of the mode 

is about 4 cm. The mode rotates in electron diamagnetic direction in the laboratory frames. Magnetic field 

shearing maybe account for deformation of the mode structure off mid-plane as shown in Frame-(3). 

Poloidal mode number of the coherent mode is estimated to larger than 25 ( 25m ), and the toroidal mode 
number is greater than 5 ( 5n ) since the edge safety factor 95 ~ 5q .Wave length of the mode increases 

from 8.5 cm to 11.7 cm in the four frames, which implies that the poloidal mode number may decrease as 

the mode grows. During the ELM-free phase from 3.55s to 3.64s, amplitude of the coherent mode increases 

while other parameters including frequency, poloidal wave number and phase velocity decrease, as shown 

in Figure 3(c) - (f).

Figure 3. Time history of: (a) the radiation temperature fluctuation, (c) amplitude, (d) frequency, (e) 

poloidal wave number and (f) phase velocity of the coherent mode during the ELM-free phase. The 

coherent mode structure is shown in (b): the black dash line is the LCFS, and wave length of the mode is 

marked in the frames below.

Localization of the coherent mode is also verified by Figure 4. Spectrogram of five channels of 

radiation temperature measured by ECEI on the mid-plane are shown in Figure 4(a) – (e), and cold plasma 

resonant position of the the measurement points are denoted in the legends. The coherent mode can just be 

found in two channels with a 4 cm span, which is consistant with the result discussed in Figure 3. When 

NBI is turned off at 3.83s, marked as the pink dash line, the coheret mode disappears at 2.260R m and 
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appears at 2.221R m , which means the mode moves toward inside. Pedestal density profile measured 

by reflectometry [30] is give in Figure 4(f). Even through information of density on top of pedestal is 

missing, the steep pedestal structure can be indentified. It is clear that the pedetal moves towards inside 

when NBI is turned off. Thus, it is believable that the coherent mode associates with pedestal.

Figure 4. Spectrogram of five channels of radiation temperature measured by ECEI on the mid-plane are 

shown in (a) – (e). Major radius of the channels are denoted in the legends, and the pink dash line indicates

the moment of NBI shutting down. Pedestal density profile measured by reflectometry at four moments is 

given in (f).
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