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Abstract 
The installation of a 2D electron cyclotron emission imaging (ECEI) diagnostic on ASDEX Upgrade 
has provided a new means to observe the nature of Edge Localized Modes (ELMs). For a series of 
ELMs in a typical type-I ELMy H-mode (with q95 = 4.7), the 2D dynamics have been characterized. 
Firstly, a clear distinction between so-called ‘fast’ and ‘slow’ ELMs was found to be the occurrence 
of an off-mid-plane fluctuation in case of the latter. This mode has its amplitude strongest off-mid-
plane and its poloidal and toroidal mode numbers are m ~ 110 and n ~ 30. Secondly, prior to the onset 
of the ELM’s temperature collapse, a mode is observed that covers the whole ECEI observation 
window. Here, the estimated poloidal and toroidal mode numbers are m ~ 75 and n ~ 20. These have 
been seen to increase towards the ELM crash, simultaneously with a velocity increase of the mode (in 
poloidal direction). Finally, filaments have been identified during the temperature collapse phase and 
their motion could be followed in the vertical direction. Contrary to both the off-mid-plane fluctuation 
and the ELM onset mode, which only have been seen rotating in the electron diamagnetic drift 
direction, the first few filaments have sometimes been observed to move in the opposite direction as 
well. 
 
PACS numbers: 52.55.Dy, 52.55.Fa, 52.35.Py, 52.70.Gw 
 
1. Introduction 
The most successful scenario for fusion reactors, as currently foreseen, is tokamak operation in high 
confinement mode (H-mode) [1]. However, due to the steep pressure gradients at the plasma edge, in 
combination with high current densities, this regime is destabilized by the occurrence of instabilities 
known as edge localized modes (ELMs) [2, 3]. In case of the most commonly observed ELMs, so-
called type-I, the heat load of particles expelled during these periodic relaxations of the edge transport 
barrier (ETB) could prove difficult to handle in future fusion devices such as ITER [4]. For the 
development of ELM-control tools (e.g. [5]) and for the extrapolation of models towards ITER, it is 
therefore crucial to understand the dynamics of the ELM cycle and its underlying physics. 
 
In general, the type-I ELM cycle can be divided into three main phases [6, 7]: the first phase, at the 
ELM onset, is understood to be governed by the magnetohydrodynamic (MHD) stability limits within 
the peeling-ballooning model. This model describes, for type-I ELMs, that an increasing edge 
pressure gradient is limited by the onset of ballooning modes. When the edge current density 
continues to increase, due to the rise in bootstrap and Ohmic currents, the plasma can be driven across 
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the peeling stability boundary as well. This results in a loss of edge confinement and causes the edge 
pressure gradient to drop, which then further destabilizes the peeling mode [8, 9]. Testing of the 
peeling-ballooning model can be done by using numerical simulations, such as [10], for the prediction 
of stability limits and growth rates of the modes. These can then be compared to precursor modes that 
are seen just befor the ELM collapse, e.g. at ASDEX Upgrade (AUG) [11] and also on other 
tokamaks [12, 13]. The second phase in the ELM cycle is non-linear of nature. It is characterized by 
the collapse of the temperature and density profiles at the edge, and the occurrence of helical, field-
aligned structures on the low field side (LFS). These so-called filaments are subsequently ejected 
from the edge and start to move into the scrape-off layer. This has been observed at spherical 
tokamaks [14, 15], as well as at conventional tokamaks such as AUG [16-19] or others [7, 12, 20]. 
Non-linear MHD simulations are focussed on modelling the development from the peeling-ballooning 
modes into filaments, and e.g. their interactions with the plasma flows [21]. When the second phase 
has ended, usually after a few ms, the ETB starts to build up again completing the ELM cycle. 
Characterization of typical type-I ELM cycles at AUG has revealed that so-called ‘fast’ ELMs get 
triggered immediately after recovery of the ETB, whereas for ‘slow’ ELMs there is an extended phase 
where the ETB remains in its final shape before the crash occurs [22]. However, the mechanism that 
triggers the onset of the next ELM is still unknown. 
 
The installation of an electron cyclotron emission imaging diagnostic (ECEI) on AUG provides a new 
means to observe the 2D nature of ELM dynamics on a fast timescale, and can contribute to a better 
understanding in all phases of the ELM cycle. In this work, observations of the onset and 
development of type-I ELMs with this 2D diagnostic will be presented for the first time. First, the 
setup of the ECEI-system and the treatment of ECE measurements at the plasma edge will be 
described in section 2. After that, in section 3, the ECEI observations will be presented from a series 
of ELM crashes during a steady state phase in a type-I ELMy H-mode on AUG. Here, the focus will 
be on the first and second phase of the ELM cycle, describing the details of the crash onset and the 
second, non-linear decay phase. A discussion on the observations and a conclusion are given in 
section 4. 
 
2. ECE-imaging at ASDEX-Upgrade 
In this section, a short explanation is given on the ECEI diagnostic and on its optical arrangement for 
measurements at the plasma edge. In the second paragraph, it is explained how the system is cross-
calibrated in order to obtain electron temperature measurements. The influence of decreasing optical 
thickness at the edge is discussed in the last paragraph. 
 
2.1 Description of the diagnostic and experimental setup  
The ECEI diagnostic, as it is installed at AUG consists of an array of 16 detectors, each of which acts 
as a standard (1D) ECE radiometer [23-25]. That is, every detector measures the intensity of the 
emitted electron cyclotron radiation from different vertical positions, here in 2nd harmonic X-mode 
(100–140 GHz). Provided the plasma is optically thick, the measured power is proportional to the 
intensity emitted by a black body at temperature Te. The quasi-optical setup allows for the 16 lines of 
sight to be focussed at the LFS edge with a waist of 1.5 cm at the focal plane (i.e. a FWHM of 1.75 
cm). The radial coverage is determined by 8 local oscillator frequencies per line of sight, each 
frequency band corresponds to about 1.6 cm in the plasma. Hence, this matrix of 16x8 channels 
covers an observation area of about 40x13 cm2 with spot sizes of 1.5x1.6 cm2. With the system set up 
to measure at the LFS edge, figures 1 and 2 show this area in a poloidal cross-section of AUG 
together with the 1D ECE system, which shares the same observation window. The sampling rate of 
ECEI is typically set to 200 kHz; the whole length of the discharge is covered at this rate. 
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Figure 1. Schematic view of the ECEI diagnostic at AUG: a cross section of the tokamak with a standard 
magnetic flux surface configuration is depicted in (1). The optics of ECEI (2) consist, amongst others, of a beam 
splitter that separates the lines of sight of ECEI and the 1D ECE system, and a moveable lens which can be used 
to shift the position of the focal plane in the plasma. In (3), plasma radiation is measured by the array of 16 
detectors, after being down-converted by mixing with waves from a local oscillator (LO) that are coupled in 
through a second beam splitter. 
 
2.2 Cross-calibration method 
ECEI is not independently calibrated but cross-calibrated against the 1D-ECE diagnostic, which 
shares the same viewing window and is absolutely calibrated using the standard hot-cold method. 
When the ECEI system is set up to measure at the edge, as shown in figure 2, some of the outer 
channels may have their ECE resonances at radii where the plasma temperatures are very low (< 100 
eV), usually around the foot of the temperature pedestal. In these cases, ECEI is cross-calibrated in 
(other) shots with lower magnetic fields, where all channels observe regions of high temperature at 
high optical thickness. 
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Figure 2. ECEI observation window for measurements at the LFS: the Te profile shown is obtained using the 
cross-calibration method described in paragraph 2.2. It is measured during the quiet phase in between two ELMs 
(discharge #24793 at 2.74 s). Also shown are flux surfaces at various ρpol, as follow from the CLISTE 
equilibrium reconstruction calculated at the time point nearest to the measurement. Here, the separatrix is 
labelled as 1.0; at the pedestal top, ρpol = 0.94, Te = 600 eV. As indicated at the bottom, the eight channels are 
labelled outwards to inwards (the lines of sight are counted from top to bottom). It can also be seen that the mid-
plane lies at about z = 0.10 m. 
 
2.3 Optical thickness at the plasma edge 
In order to interpret the intensity of ECE radiation measurements in terms of local Te, and also to 
ensure that the radial resolution is not broadened too much, the optical thickness τ of the plasma 
should be sufficiently high (i.e. τ > 3). Based on the Te and ne profiles shown in figure 3(a) and (b), 
the optical thickness of the second harmonic X-mode, τX2, is calculated as shown in figure 3(c) [26]. 
Integrated data analysis (IDA) has been used here to get the kinetic profiles both inside and outside 
the separatrix; where IDA combines measurements from the lithium beam and the laser interferometer 
for ne, and ECE for Te [27]. The separatrix is defined where the normalised minor radius ρpol, given by 
the square root of the normalised poloidal flux, is equal to unity. This calculation of τX2 shown in 
figure 3(c) is a zero-dimensional approximation assuming a homogeneous plasma, with the given Te 
and ne, for each radial point. The results strongly suggest that the plasma is indeed optically thick, i.e. 
τX2 > 3, inside the separatrix and that radiation transport calculations are not needed to obtain a local 
Te measurement. When τX2 < 3, the optical depth is marginal and measurements of Te could also be 
influenced by ne. In this case, the measurements are referred to as Trad, instead of Te. 
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Figure 3. Using integrated data analysis for the combined measurements of the lithium beam, DCN 
interferometer, and ECE, Te and ne profiles are obtained for the quiet phase prior to an ELM (discharge # 24793 
at 2.02s), as shown in (a) and (b). Based on these profiles, the optical thickness τ of the second harmonic X-
mode is calculated, as is shown in (c). From this zero dimensional approximation, it can already be seen that the 
plasma is indeed optically thick, τX2 > 3, inside the separatrix (ρpol = 1.0). 
 
3. Characterization of the 2D electron temperature behaviour during the ELM cycle 
This section describes the ECEI observations of the 2D Te dynamics for a series of 58 ELM crashes in 
one AUG discharge. The type-I ELMy H-mode, during which the measurements were taken, is 
introduced in the first paragraph. An overview of all the phases that are typically observed with ECEI 
during the ELM cycle is presented in paragraph 3.2. More detailed descriptions of the three main 
phases identified, are given in the following three paragraphs. 
 
3.1 Discharge description 
With the ECEI observational area positioned at the LFS plasma edge, as shown in figure 2, the 2D Te 
evolution of the ELM cycle can be observed in detail. For this purpose, a typical type-I ELMy H-
mode AUG discharge was used (#24793), which has a phase of about 0.8 s where the main plasma 
parameters were kept constant. The discharge had a plasma current of Ip = 1.0 MA, a magnetic field of 
Bt = -2.5 T, and an edge safety factor of q95 = 4.7. The edge Te and Ti were 500 and 700 eV, both 
measured at R = 2.10 m. The core line-integrated electron density was ne = 8·1019 m-2 and the line-
integrated edge density (up to ρpol 0.8) was 6·1019 m-2. The plasma was heated by 7 MW from neutral 
beam injection (NBI), and 750 kW from electron cyclotron resonance heating (ECRH). An overview 
of the time traces of this discharge is given in figure 4, where also the analysed time window (t = 2.0-
2.8 s) is indicated. Over the second half of this time window, from 2.4-2.8 s, the plasma is slightly 
shifted outwards by 1 cm, figure 4(f), but the plasma edge remains well covered by the ECEI 
observation window. The degradation in energy confinement from 3.12 s onwards, figure 4(g), is 
caused by the occurrence of a large core magnetic island. The analysed time window is chosen such 
that any influence of this event on the observations at the edge is prevented. 
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Figure 4. Overview of AUG discharge #24793: (a) plasma current, (b) ion and electron temperatures near the 
edge (at major radius R = 2.10m), (c) line-averaged electron density and density at the edge, (d) input powers of 
neutral beam injection and electron cyclotron resonance heating, and radiated power, (e) safety factor at the 
edge, (f) position of the outer major radius of the confined plasma, (g) ratio of the thermal energy confinement 
time to the ITER 98(y,2) H-mode scaling value and the thermo-current in the outer divertor, (h) indication of the 
steady state time window (t = 2.0 – 2.8 s) in which the ELMs are analyzed. 
 
The time trace of the thermo-current in the outer divertor, i.e. when the heat pulse due to the ELM 
reaches the divertor, is used as an indicator for occurrences of ELMs as shown in figure 5. The start 
time of an ELM crash is defined as the first time a predefined offset value in the thermo-current is 
transcended, and from this the ELM frequency is determined. As can be seen from figure 5, the 
majority of the crashes come with a frequency (i.e. reciprocal time) of 67±6 Hz but about 25% come 
with a frequency of more than 80 Hz. The two different cycles are known as so-called ‘slow’ and 
‘fast’ ELMs [22]. As will be discussed in detail in paragraphs 3.2 and 3.3, a specific off-mid-plane 
temperature fluctuation has been observed with ECEI that occurs for all (but one) of the ‘slow’ ELMs, 
which was not the case for any of the ‘fast’ ELMs. 
 

 
Figure 5. In (a), the time trace of the thermo-current in the outer divertor is shown for the steady state phase of 
AUG discharge # 24793 (2.0-2.8 s). The ELM frequency, as determined when the thermo-currents peak above a 
preset level, is shown in (b). It can be seen here that the ELMs come with two distinct frequencies: for all ELMs 
below 80 Hz (‘slow’ ELMs), with one exception, an off-mid-plane temperature fluctuation is observed, whereas 
this was not the case for any of the ELMs faster than 80 Hz (‘fast’ ELMs). 
 
3.2 Overview of the ELM cycle 
In order to quickly obtain an impression of the spatiotemporal behaviour of phenomena that occur 
during an ELM cycle, the measurements from ECEI have first been averaged radially. This is done by 
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dividing the area that is covered by the ECEI observation window into two regions, and taking the 
radial average <Te>R of the inner four and outer four channels. Of course, the radial resolution is lost 
by taking this average. On the other hand, the features of interest mostly occur either inside the 
separatrix (inner four channels, R = 2.09-2.13 m) and prior to the crash, or outside (outer four 
channels, R = 2.15-2.19 m) and during the crash. This method, therefore, does provide a simultaneous 
impression of the largest deviations from <Te> as a function of the vertical, or poloidal, direction and 
time. 
 

 
Figure 6. Overview of a typical ELM cycle: in (a) the divertor thermo-current signal is shown, from which the 
time tELM is generally used as an indicator for the start of the ELM. Two Te time-traces of different ECEI 
channels are shown in (b): ch.(5,6) measures at R = 2.12 m, z = +0.16 m, above the mid-plane and just inside the 
separatrix at the top of the pedestal. The measurement location of ch.(11,4) is R = 2.15 m, z = -0.01 m, i.e. 
below the mid-plane and just outside the separatrix. The <Te>R measurements are shown in (c) and (d); in (c) the 
<Te>R of the inner four channels is shown, and in (d) that of the outer four. From (c) and (d), the different phases 
of the ELM cycle are identified: (1) indicates the phase where the off-mid-plane fluctuation is observed. During 
phase (2), a mode is seen that leads up to the ELM crash at t0. The ELM crash phase (3), during which Te 
collapses, consists of a ‘chaotic’ stage at the beginning, followed by a series of filaments. In order to reveal the 
dynamics of these earlier stages, the largest part of the recovery phase (4) is omitted in this figure. 
 
Using the two sets of radially averaged temperatures, all ELMs in the t = 2.0-2.8 s time-slice of the 
discharge shown in figure 4 have been analyzed. From this, the following short description of a 
typical ‘slow’ ELM cycle is obtained. An example of such an ELM is shown in figure 6, where 
features moving poloidally can clearly be seen as moving upwards in the graphs (figure 6(c) and (d)). 
From these graphs, the velocity with which these features move can be determined from the slope. 
The different phases that have been identified are indicated by the numbers in brackets on top of 
figure 6. 
 
For all observed ‘slow’ ELMs, the first sign of an upcoming crash is found as a temperature 
fluctuation which appears about 1.7 ms before the final crash (phase (1), figure 6(b) and (c)), and 
which occurs markedly strongest off-mid-plane. Before the final ELM crash happens, a more 
quiescent phase sets in: during this phase the regular off-mid-plane oscillations have disappeared, but 
more often than not irregular temperature perturbations can be seen. It is this off-mid-plane 
fluctuation, and the following quiescent phase, that have not been observed for any of the ‘fast’ 
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ELMs. The next phase (phase (2), figure 6(b) and (c)) of the ELM cycle is the phase which leads up to 
the crash itself. A mode is observed over the whole height of the ECEI window, usually rotating faster 
than the earlier off-mid-plane fluctuation. This phase usually lasts just 100 µs and the end of this 
mode is defined here as the start (t = t0) of each ELM crash, which occurs before the tELM indicated by 
the thermo-currents (figure 6(a)). Directly following the second mode the actual crash starts (phase 
(3)). It starts off with ECEI signals which behave chaotically and are difficult to interpret, followed by 
a phase that shows features passing by on the outer channels of the ECEI observation window, here 
identified as filaments. Simultaneously, the temperature also collapses on the inner channels, figure 
6(b) and (d). After no more filaments occur on the outer channels, Te has reached its minimum on the 
inner channels and the ETB starts to build up again, completing the ELM cycle (phase (4)). In the 
next three paragraphs, the characteristics of the phases 1-3 described above will be discussed in more 
detail. 
 
3.3 Off-mid-plane fluctuations and quiescent phase 
As just described in paragraph 3.2, a distinct off-mid-plane fluctuation and quiescent phase were 
found to precede the crash for almost all ‘slow’ ELMs.  
 
This Te fluctuation is always seen to appear first and strongest above the mid-plane (on average 1.7 
ms before the final crash), but if the phase lasts long enough it can be seen below the mid-plane as 
well (for 17% of the ‘slow’ ELMs). An example of this is shown in figure 7. Notably its amplitude 
has disappeared around the mid-plane. The duration of this phase is 0.15-1.70 ms and the movement 
of the off-mid-plane fluctuations is always directed upwards in the ECEI frame, i.e. in the electron 
diamagnetic drift direction, with velocities of 2-4 km/s. The fluctuation, with frequencies in the range 
of 20-50 kHz, manifests itself as a series of temperature dips and returns to the previous values, rather 
than as an oscillation around the previous temperature. This can be seen from the time-traces in figure 
7(a). The temperature dips can be as large as 60% of the pre-oscillation value and are even seen to 
reach values below those observed at the end of the following ELM crash. 
 



9 
 

 
Figure 7. Example of an off-mid-plane fluctuation before an ELM crash: in (a), the time-traces of two ECEI 
channels are shown, where both channels measure inside the separatrix at the same major radius (R = 2.12 m). 
No Te fluctuations are observed just below the mid-plane, where ch. (8,6) measures. Whereas ch. (3,6), 
measuring about 10 cm above the mid-plane, clearly shows the off-mid-plane fluctuation appearing and 
disappearing again. Shown in (b) are the <Te>R measurements of the inner four channels; comparable to 
figure 6(c) but only showing the time-window of an off-mid-plane oscillation. In this case, it can be seen that 
this fluctuation appears both above and below the mid-plane. As is deduced from the two straight lines, 3 
periods fit into the ECEI observation window. The five panels in (c) show the 2D Te (eV) evolution of this 
fluctuation. 
 
The radial extension or position of this mode activity is not easily determined from the ECEI 
measurement and it is most likely to extend radially inwards with respect to the observation area. 
Therefore, as a first estimate, the poloidal mode number m is estimated assuming that the mode is 
located on the q = 4 surface. From the off-mid-plane fluctuation shown in figure 7(b), it is estimated 
that 3 periods fit into the ECEI observation window, which has a height of 0.29 m. Next, the straight 
field line approximation has to be taken into account, which corrects for the fact that the derivative of 
the poloidal angle θ does not in general have the same direction as the derivative of the poloidal 
magnetic field [28]. This holds especially for the non-circular cross section of a flux surface in X-
point configuration, which is the case here, and this method provides a poloidal angle θ* which can be 
linearly extrapolated. As is determined from the straight field line angle calculation of θ* shown in 
figure 8, the ratio dθ/dθ* is about 3.65. From this, the poloidal mode number m is estimated to be 112 
± 12 and, accordingly, the toroidal mode number n = 28 ± 7. Here, the error margins originate from 
assuming the location of the mode to be on the neighbouring q = 7/2 and 9/2 flux surfaces. 
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Figure 8. Relation of the straight field line angle θ* to the poloidal angle θ: based on the CLISTE equilibrium 
reconstruction that is nearest in time to the shown measurements, the relation of θ and θ* is determined for the 
normalized radius ρpol = 0.94 (where the centre of the mode is estimated to be, and the q = 4 surface is located). 
The ratio of dθ/dθ* is 3.65, as is deduced from the dashed lines. 
 
As the off-mid-plane oscillations decrease in amplitude again, the plasma enters a quiescent phase (for 
0.65 ms on average) where temperatures hover around the same levels as before. In many of the 
analyzed cases, however, the quiescent phase is disturbed by irregular occurrences of single 
temperature dips, sometimes reminiscent to those seen during the off-mid-plane fluctuations. 
 
3.4 Mode structure at the ELM onset 
As is indicated in figure 6, the quiescent phase is followed by a phase of clear deformation of the 
temperature profile inside the separatrix. It is only at the end of this phase that the temperature finally 
starts to decrease. Here, this end is defined as the start time of the ELM crash. Due to the fact that the 
ECEI observation window is located at the outer mid-plane, this moment occurs even before the 
thermo-currents in the divertor start to rise: on average 160 µs for ‘slow’ ELMs and 210 µs for ‘fast’ 
ELMs. For most ‘slow’ ELMs the observed deformation shows a coherent poloidal mode structure 
which lasts on average 80 µs. For the ‘fast’ ELMs, their occurrence lasts only 30 µs on average. A 
typical example of such a mode is shown in figure 9. However, since different variations of the 
evolution of this mode have been observed, a short discussion of the variations is given at the end of 
this paragraph. 
 
Similar to the previously discussed off-mid-plane fluctuation, the direction of this mode’s rotation is 
always upwards in the ECEI frame, i.e. in the electron diamagnetic drift direction. For the typical case 
shown in figure 9, the observed mode has a poloidal wavelength of ca. 15 cm and a radial 
displacement of almost 3 cm. 
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Figure 9. Mode development at the ELM onset: in (a), similar to figure 6(c), the <Te>R of the inner four 
channels is shown as a function of the vertical position and time. Here, it can be seen that the mode occurs about 
75 µs before the ELM crash at t0.The <Trad>R for the same time-window, but then of the outer four channels, is 
shown in figure 10. The ten panels in (b) are the consecutive frames (with dt = 5 µs) that show the 2D Te (eV) 
evolution of the mode. The frame in (b) indicated with * is used for the estimate of the mode numbers. 
 
Based on the 2D Te measurement in figure 9(b*) and the CLISTE equilibrium reconstruction that is 
nearest in time, the poloidal mode number m can be calculated. Using the straight field line 
approximation (as described in section 3.3 and cf. figure 8), the poloidal mode number m is estimated 
to be 74 ± 9 and, accordingly, the toroidal mode number n = 18 ± 4. Again, the error margins 
originate from assuming the location of the mode to be on the neighbouring q = 7/2 and 9/2 flux 
surfaces. 
 
In 50% of the observed ‘slow’ ELM crashes, including the one shown in figure 9, the mode is seen to 
increase in velocity towards the end of its life time. These modes start with a velocity of 4-5 km/s, 
which is similar to that of the preceding off-mid-plane fluctuation, and then increase to at least 7-9 
km/s. Notably, from figure 9(b), it is also seen that the mode number clearly increases in time; 
increasing as much as 50% in 10 µs towards the crash. 
 
The description of the ELM onset mode as given above applies to the majority of ELM crashes. 
However, some variations have been observed as well. From all analyzed ‘slow’ ELMs (41), six 
crashes show different dynamics: three ‘slow’ ELMs have shown a quiescent phase after a mode that 
looked similar to the ELM onset mode described above. In three other cases a mode was not even 
seen at all. Considering the ‘fast’ ELMs (17 in total), seven cases were found that showed different 
dynamics: a similar quiescent phase, occurring after an ELM onset-like mode, was observed five 
times, and twice there was no mode at all. 
 
3.5 ELM crash and filaments 
After the occurrence of the mode described in paragraph 3.4, the ELM crash phase starts: a chaotic 
phase comes first, where the coherent mode structures can no longer be identified (although 
sometimes remnants of the ELM-onset mode can be seen) and the temperatures of the inner ECEI 
channels eventually begin to collapse. This is followed by a phase where structures of increased 
temperature, so-called filaments, occur on the outer channels. It is only after the last filament has 
occurred, on average 1.6 ms after the ELM crash has started, that the temperatures in the inner 
channels stop decreasing and the recovery phase starts. 
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For ‘slow’ ELMs, the chaotic phase lasts on average 150 µs, and for ‘fast’ ELMs this is a bit shorter 
with 95 µs. The end of the chaotic phase is almost always marked by the absence of any activity in the 
whole ECEI-observation window, or sometimes by the clear occurrence of the first filament. 
 
For the ELMs analyzed here, all structures appearing after the chaotic phase have been identified as 
filaments when an increased <Trad>R (as described in paragraph 2.3) could be followed for a longer 
period of time and/or over multiple channels in the vertical direction. For both ‘slow’ and ‘fast’ 
ELMs, seven filaments on average could be identified after each ELM crash; with minimum and 
maximum numbers of 2 and 13. The first filament is usually seen within the first 200 µs after the end 
of the chaotic phase; depending on the number of filaments, the last filament can occur up to 2 ms 
after the first. The number of filaments that can be seen depends on the length of the temperature 
crash phase. 
 
The measurements in figure 10 show an example of a filament; in this case one that travels through 
the whole of the ECEI observation window during the cause of its lifetime. These measurements are 
taken following the exact same ELM onset mode that was described in the previous paragraph and 
they show the filament as a poloidally localized structure of increased local temperature around the 
very edge. The filament has a height of 7 cm and rotates in the upward direction with a velocity of ca. 
2 km/s. In order to enhance this structure, since it lies in the steep gradient region, Trad-Trad,avg is shown 
in figure 10(b) rather than the absolute (radiation) temperature Trad. Here, Trad,avg is the average 
radiation temperature taken at the end of the crash. Assuming locally increased electron densities [29] 
inside a filament, the optical thickness inside the structure could (marginally) be above unity [23]. So, 
although these measurements are obtained from regions just at and outside the separatrix, the radiation 
temperatures (with maxima up to 200 eV) are still assumed to be strongly correlated to the electron 
temperature. 
 

 
Figure 10. Example of a filament: in (a), similar to figure 6(d), the <Trad>R of the outer four channels is shown 
as a function of z and time; this is, in fact, for the same time-window a shown in figure 9. Here, it can be seen 
that at t = 2.7480 s a filament starts to move from bottom to top. In (b), five panels show the 2D measurements 
of this filament as it passes through the ECEI observation window; here, in order to enhance the structure, 
∆Trad = Trad – Trad,avg is shown where Trad,avg is determined after the filament has passed. 
 
Usually the filaments move in upward direction with a typical speed of a few km/s. However, in 20 
ELM crash phases (15 ‘slow’ and 5 ‘fast’ ones), filaments have been observed to move in the opposite 
direction of the preceding ELM onset mode. In all these cases, it is observed that this downward 
movement only concerns the first filament, or first few, that occur after the ‘chaotic’ phase. 
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4. Discussion and conclusion 
As has been shown, the 2D aspect of ECEI (and its fast measurement) has revealed several features of 
ELM dynamics that were previously inaccessible to ECE measurements. Firstly, it has been seen that 
a difference between ‘slow’ and ‘fast’ ELMs at AUG is the occurrence of a temperature fluctuation 
which has its amplitude strongest off mid-plane and is followed by quiescent phase. Its poloidal and 
toroidal mode numbers are m = 112 ± 12 and n = 28 ± 7. Secondly, at the onset of the ELM crash, and 
a few tens of µs before the ELM crash is observed by the thermo-currents in the divertor, a mode is 
observed covering the entire ECEI observation window. The estimated mode numbers are m = 74 ± 9 
and n = 18 ± 4, which, most remarkably, are seen to increase towards the crash. Simultaneously, the 
velocity (in the poloidal direction) of the mode increases. Finally, during the temperature collapse 
phase, ELM filaments have been identified in the outer half of the ECEI observation window and their 
motion can be followed in the vertical direction. Contrary to both the off-mid-plane fluctuation and 
the ELM onset mode, which only have been seen rotating in the electron diamagnetic drift direction, 
sometimes the first few filaments have been observed to move in the opposite direction as well. 
Observations like these clearly show the benefit of the 2D ECEI diagnostic, since such features could 
not independently have been derived from 1D measurements. 
 
With respect to the classification of the observed phases, it has to be stressed here that this is based on 
the analysis of a single, albeit typical, AUG type-I ELMy H-mode discharge with a q95 of 4.7. In order 
to characterize the whole series of ELMs, the dimensionality of the ECEI measurements (Te as a 
function of R, z, and time) has been brought down by applying radial averaging over two halves of the 
observation window. The application of this averaging method, which enhances the radially coherent 
features, might also have suppressed incoherent features that could still be relevant. 
 
With regard to the off-mid-plane fluctuation, which has been found here to be a distinguishing factor 
between ‘slow’ and ‘fast’ ELM cycles, the following has to be taken into account. It was shown in 
[22] that for ‘slow’ ELMs all edge profiles reached their final shape up to 7 ms before the final crash. 
But since the observed off-mid-plane fluctuation occurs only in the last 2 ms, it cannot be the sole 
cause of the delay; also in the discharge analyzed here, the difference between ‘slow’ and ‘fast’ ELMs 
was on average 5 ms. However, the presence of this fluctuation does suggest that it regulates the 
plasma edge condition in such a way that a stable situation is prolonged at least a little longer until the 
ELM crash finally comes. 
 
Due to the quiescent phase that often occurs in between the off-mid-plane temperature oscillation and 
the onset mode, seen just prior to the start of the temperature crash, it is not clear whether or not this 
off-mid-plane fluctuation develops into the ELM onset mode, or if the two are separate phenomena. 
The mode numbers that have been estimated are, however, of the same order of magnitude, with those 
for the off-mid-plane oscillation being slightly higher. With respect to the fast changes in mode 
number and velocity that have been observed for the ELM onset mode, the ECEI measurements alone 
cannot reveal to what extent these effects are related to the slowing down (and stopping) of the edge 
plasma rotation [30]. 
 
The duration of the temperature collapse phase differs for each ELM crash. Interestingly, the 
occurrence of filaments is only seen during this temperature collapse phase. With some of the first 
filaments seen moving in downward direction, it is uncertain to what extent their motion is related to 
the previously observed ELM onset mode or whether it could be determined by the plasma flows in 
the scrape-off-layer. 
 
Compared to other observations, e.g. [11, 12] and [15], it is notable that the toroidal mode number n 
of the off-mid-plane fluctuation presented here is much higher. However, these mode numbers have 
mostly been determined from a precursor that usually grows in amplitude in the last ~100 µs and is 
seen in the Mirnov coils. This is obviously not the case here, since the off-mid-plane fluctuation does 
not develop into the actual crash. It is noted, though, that the n number of the presented ELM onset 
mode is already lower than that of the off-mid-plane fluctuation. On the other hand, the existence of a 
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high frequency (300-500 kHz) precursor oscillation, which is often observed in the magnetics, is 
possibly connected to high-n ballooning modes. It is also seen that these high frequency precursors 
drop in frequency during the final growth phase. Although most of the observed precursors are seen 
mainly in the magnetics, there are also examples that show the existence of a low frequency precursor 
that is not seen on the magnetics but only in the density [7]. 
 
Further study will be required to put these new observations in a broader perspective as well as in the 
context of the general ELM cycle as described in the introduction. In order to find the origin of the 
off-mid-plane fluctuation, a comparison will be made to the Te oscillations observed in type-II ELMs, 
which show similar behaviour [31]. Combining the ECEI measurements of filaments during the 
temperature collapse phase with measurements from (visual ligth) cameras, Langmuir probes and e.g. 
the fast-ion-loss detector should resolve the different directions of motion observed. By slightly 
changing the magnetic field, or changing the settings of the diagnostic, the ECEI field of view will be 
shifted so the radial depth of the modes can be determined. It will also be investigated whether the 
observed phenomena occur in a similar way in other plasma conditions, e.g. different q95 or edge 
collisionality. Finally, a direct comparison of the ECEI measurements of the mode observed at the 
ELM onset and the non-linear modelling of JOREK [10, 21, and 32] might also reveal whether or not 
this could indeed be the ELM trigger. 
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