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Abstract. The detailed characteristics of the precursor of type I ELM have been studied in JT-60U using 
diagnostics with high temporal and spatial resolution such as microwave reflectometer, electron cyclotron 
emission (ECE) heterodyne radiometer and grating polychromator. Coherent density and temperature precursors 
have been observed before the collapse phase of the type I ELM. The growth rate of the precursor is evaluated 
to be γ/ωA ~ 10-3 for several edge pedestal conditions. From the phase delay between ECE signals measured at 
two toroidal locations and the frequency of the precursor, the toroidal mode number is experimentally evaluated 
as n = 8-10 or 14-16 assuming that the precursor rotates toroidally with the same toroidal rotation speed of 
carbon impurity. It is found that the dominant n varies with each ELM under the same plasma condition. A new 
parameter of the ratio of the pressure gradient inside the pedestal (p′in) to the pressure gradient within the 
pedestal (p′ped) has been confirmed as an important parameter determining the ELM energy loss (ΔWELM) 
normalized to the pedestal stored energy (Wped), ΔWELM/Wped. When the ratio of p′in/p′ped increases from 0.3 to 
0.6, ΔWELM/Wped increases from 0.04 to 0.10. The dependence can not be explained by either the edge 
collisionality dependence or the edge toroidal rotation dependence of ΔWELM/Wped. When the plasma near the top 
of the pedestal on the high-field side is heated by the electron cyclotron wave (ECW) power of 1.57 MW, the 
ΔWELM/Wped was reduced by 33 %, together with the increase in the ELM frequency. The increasing rate of the 
ELM frequency with the heating power is four times larger in the ECW injection case than the neutral beam 
injection case, suggesting the localized ECW injection to the edge plasma can be considered as a candidate for 
an active ELM control technique in ITER. 
 
1. Introduction 
 
The rapid release of heat and particles from edge plasma due to edge localized modes (ELMs) 
is one of the critical issues in ITER, since the instantaneous heat load may determine the 
lifetime of plasma facing components and/or divertor targets. In Q = 10 inductive operation 
scenario for ITER, the high confinement mode (H-mode) plasma with type I ELMs has been 
considered as a reference scenario. However, the heat load limit of 0.5 MJ⋅m-2 for both of the 
tile materials, carbon and tungsten, requires an acceptable ELM energy loss (ΔWELM) of less 
than 1 MJ [1], which corresponds to about 1% of the pedestal stored energy (Wped) in ITER. 
The current acceptable value relies on the normalized ELM energy loss of ΔWELM/Wped ~ 0.2 
based only on the edge collisionality (νe

*) dependence of ΔWELM/Wped [2]. Since other 
dependences have been observed as described below, better understanding of ELM physics 
and developing models of energy loss process due to ELMs with predictive capability are 
important for reliable prediction of the ELM energy loss in ITER. In parallel with these 
studies, investigations of small or no ELM regimes, and developments of active ELM control 
methods have been performed in many devices to establish ELM mitigation technique 
compatible with ITER reference scenario [3-5 and references therein]. 
 
In JT-60U, fast dynamics of type I ELMs has been investigated for developing a model of 
ELM [6]. In the previous experiments, however, the toroidal mode number of ELM 
precursors has not been evaluated using the magnetic probe array, since ELM precursors in 
magnetic fluctuation have not been observed. Thus, a new transmission line for electron 
cyclotron emission (ECE) diagnostics toroidally separated by 60 degrees from the original 
transmission line has been installed for the correlation analysis of temperature precursors in 
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JT-60U. Then, detailed characteristics of ELM precursor such as growth rate and mode 
number have been evaluated for understanding what kind of instability triggers the type I 
ELM. Prediction of the ELM energy loss in ITER is essentially important for evaluation of 
required conditions of ELM mitigation in ITER. The νe

* dependence has often been used for 
this purpose. However, a large variation of ΔWELM/Wped has been observed in many tokamaks 
and so that other plasma parameters determining ΔWELM/Wped have been proposed such as 
normalized ion gyroradius (ρ* = ρ/a) in DIII-D [7] and edge toroidal rotation velocity (VT) in 
JT-60U [8]. In addition to these parameters, the integrated simulation of ELM energy loss 
using TOPICS-IB code predicts the ratio of the pressure gradient inside the pedestal (p′in) to 
the pressure gradient within the pedestal (p′ped) can change ΔWELM/Wped through the different 
radial profile of the eigenfunction of unstable modes [9]. To confirm the prediction, the 
dependence of ΔWELM/Wped on p′in/p′ped predicted by TOPICS-IB code has been checked 
using experimental data in JT-60U. Active ELM control methods using resonant magnetic 
perturbation produced by internal coils and pellet injection have been considered as primary 
methods for ITER [4 and references therein]. Since there are still some remaining issues on 
these methods, alternative ELM mitigation techniques have been investigated. As one of 
them, modulated edge ECCD/ECH was applied in ASDEX Upgrade and the ELM frequency 
was clamped from ~150 Hz to the modulation frequency of 100 Hz [10]. In JT-60U, on the 
other hand, the effects of the continuous injection of the electron cyclotron wave (ECW) on 
ΔWELM/Wped have been investigated. 
 
2. Characteristics of type I ELM precursor 
 
Coherent density and temperature precursors of type I ELMs are typically observed 200-
500 μs before the collapse of the pedestal structure and the temperature precursor is observed 
within the narrow radial region at the pedestal [6]. In plasma with Ip = 1.6 MA and BBT = 4.0 T, 
simultaneous ELM precursor measurements are performed using the microwave reflectometer 
and the ECE radiometer, which measure the midplane plasma on the low-field side as shown 
in FIG. 1(a). A coherent density precursor is also observed in the line-integrated density using 
the vertical interferometer (FIR2) as shown in FIG. 1(c). In FIR1 signal measured at the high-
field side, on the other hand, the amplitude of density fluctuation is about 10 % of that in 
FIR2 signal even if the viewing chord of FIR1 is passing through only the edge plasma 
region,   r/a > 0.7, indicating that the ELM precursor is localized on a low field side, like a 
ballooning mode. 
 
As shown in FIG. 1(d), the precursor in the density fluctuation measured with the 
reflectometer is most visible. The variation in the phase signal of the reflectometer is mainly 
attributed to the radial displacement of the cut-off density layer. As shown in the small box in 
FIG. 2, the growth of the amplitude of the density fluctuation can be fitted by an exponential 
function. In order to evaluate the growth rate (γ) of the precursor experimentally, the time 
constant of fitting curves is analyzed systematically using plasmas with Ip = 1.5 MA and BBT = 
3.3 or 3.7 T. Then, the histogram of the time constant in three different pedestal conditions in 
terms of the pedestal stability such as the safety factor (edge current density) and/or the edge 
pressure are compared in FIG. 2. The distribution of the time constant has a peak near 150-
200 μs and the shape of the histogram is similar in all three cases. Since the Alfvén 
frequencies (ωA) of these plasmas are in the range of 4.7-4.9×10  rad⋅s , the growth rate of 
the precursor normalized to ω

6 -1

A is evaluated to be γ/ωA ~ 10 . -3
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FIG. 3. Precursor signal in temperature 
fluctuations measured with (a), (c), (e) 
heterodyne radiometer and (b), (d), (f) 
grating polychromator in three cases. 
Dashed lines are simulated signal using 
model parameters of toroidal mode number 
and toroidal rotation speed. 
(a)&(b): n = 8 (VT = -21.5 km⋅s-1) or 
       n = 14 (VT = -12.3 km⋅s-1). 
(c)&(d): n = 9 (VT = -20.0 km⋅s-1) or 
       n = 15 (VT = -12.0 km⋅s-1). 
(e)&(f): n = 10 (VT = -18.0 km⋅s-1) or 
       n = 16 (VT = -11.3 km⋅s-1). 
Dotted lines are eye guide. 
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FIG. 2. Histogram of the time constant of amplitude 
of ELM precursor in the density fluctuation. 
Evolution of type I ELM precursor measured with 
reflectometer and an example of fitting line to 
determine the time constant are also shown in small 
box. 

R (m)
2.0 3.0 4.0

1.0

-1.0

0.0

FIR1
Thomson 

FIR2 

Ddiv

E49217 
t=8.51s

α

ECE

R
eflectom

eter

-20

-10

0

10

20

P
ha

se
 (r

ad
) Reflectometer (r/a~0.94) 

(nc~1.4E19)

0

1

2

D
a 

(a
.u

.)

E49217

Dα
div (outer divertor)

ELM onset

8.122 8.123 8.124
1.5

2

2.5

E
C

E
 (a

.u
.) Radiometer (r/a~0.98)

FIR2

nl
 (1

01
8 m

-3
)

0

1

-1

Time (s)

(a)

(b)

(c)

(d)

(e)

FIG. 1. (a) Plasma configuration for ELM precursor 
measurement together with the line of sight of two FIR 
interferometers, Dα intensity, reflectometer and measured 
location of ECE radiometer. Waveforms of (b) Dα intensity 
at outer divertor, (c) line-integrated density, (d) phase 
change of reflectometer signal and (e) ECE intensity of 
radiometer. 

The toroidal rotation velocity near the measured point of the reflectometer and the ECE 
diagnostics is -20±10 km⋅s-1. Here, minus means the direction counter to the plasma current. 
Assuming that the precursor frequency is determined by the VT and the toroidal mode number 
(n), possible n is evaluated to be 6-17 using the reflectometer signal only. To identify n and 
VT, multi-point precursor measurements have been performed using the heterodyne 
radiometer and the grating polychromator. Since the toroidal separation of these diagnostics is 
60 degree, it is impossible to identify larger n than 6 directly. However, the phase delay and 
the frequency of the precursor in ECE signals can indicate possible combinations of n and VT 
taking account of the toroidal separation and the measured VT. FIG. 3 shows the temperature 
precursors in three different cases within 0.8 s under the same plasma condition. Although the 
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relative phase between radiometer and polychromator is changed, it is not due to the change 
in the direction of the propagation, but due to the aliasing of the measurement because of the 
large toroidal separation of 60 degrees. Dashed lines in FIG. 3 are simulated signal and the 
model parameters of n and VT are determined by adjusting the simulated signal to observed 
temperature precursors. Observed phase difference in FIG. 3(a)&3(b), 3(c)&3(d) and 
3(e)&3(f) can be reproduced with n = 8 + 6x, n = 9 + 6x and n = 10 + 6x, respectively. Here, x 
is positive integer depending on VT. Assuming that the toroidal rotation velocity of the 
precursor is equal to the edge toroidal rotation speed of -20±10 km⋅s-1, the dominant mode 
number of n = 8-10 (V -1 -1) or 14-16 (VT ~ -20 km⋅s T ~ -12 km⋅s ) are deduced. It is noted that 
the dominant mode number varies with ELMs among the range of n (8-10 or 14-16) even in 
the same plasma conditions. In 28 ELMs for 0.8 s in E49217, 6 ELMs have n = 8 or 14, 3 
ELMs have n = 9 or 15 and 8 ELMs have n = 10 or 16 (it is difficult to identify n in other 11 
ELMs). The linear MHD stability analysis for E49217 using MARG2D [11] shows that n = 
15 mode is unstable and other modes with n = 12-17 are also marginally unstable, suggesting 
that a small difference in edge plasma conditions determines the dominant n number for each 
ELM crash. 
 
These experimental results suggest that the precursor phase can be considered as a linear 
growth phase of peeling-ballooning modes and the instability with such a small growth rate 
determines the onset condition of type I ELM. 
 
3. Dependence of ELM amplitude on pressure gradient inside pedestal 
 
The dependence of ΔWELM/W  on p′ /p′ped in ped has been investigated using experimental data 
based on hybrid scenario development in JT-60U [12-13]. The definition of p′  and p′in ped can 
be seen in a small figure in FIG. 5(a). After the calculation of the fast ion component using 
OFMC code, the pressure gradients inside and within the pedestal are evaluated (p′ = dp/dρ, 
here ρ is normalized minor radius in toroidal flux coordinates). In the dataset, most of the 
plasma parameters such as plasma shape (R/a = 3.4 m/0.9 m, κ ~ 1.4, δ ~ 0.3), plasma current 
(I  = 0.9 MA), toroidal magnetic field (Bp BT = 1.6 T) and safety factor at 95% flux surface (q95 ~ 
3.3), are fixed. The variation of p′  is mainly due to the difference in the heating power (Pped net 
= 6.5-9.4 MW) and the different core confinement causes a variation of p′in. In the dataset, the 
ELM frequency varies between 43-103 Hz depending on the heating power, the plasma 
density and the recycling. 
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FIG. 4. Wped, ΔWELM and ΔWELM/Wped as a function of p′ped or p′in. 

FIG. 4 compares Wped, 
ΔWELM and ΔWELM/Wped 
as a function of p′ped or 
p′in. As can be seen in 
FIG. 4(a) and 4(b), Wped 
clearly increases with 
increasing p′ped, while 
the dependence of 
ΔWELM on p′ped is not so 
clear. Then, 
ΔWELM/Wped tends to 
decrease with increasing 
p′ped as shown in FIG. 
4(c). On the other hand, 
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ΔWELM tends to increase with p′ , while no dependence of W  on p′in ped in is observed, as can be 
seen in FIG. 4(d) and 4(e). However, the data in FIG. 4(f) is scattered and no clear 
dependence of ΔWELM/W  on p′  can be seen. ped in
 
Based on the dataset shown in FIG. 4, the dependence of ΔWELM/W  on p′ /p′ped in ped is shown in 
FIG. 5(a). In contrast to p′  dependence and p′ped in dependence shown in FIG. 4(c) and 4(f) 
respectively, ΔWELM/W  increases linearly with p′ /p′ped in ped as predicted by the integrated ELM 
modeling using TOPICS-IB code. The dataset shown in FIG. 5(a) is plotted against edge νe

* 
or edge VT in FIG. 5(b) and 5(c), respectively. In both cases, 
no clear relation can be seen. 
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FIG. 5. (a) Normalized ELM 
energy loss as a function of 
the ratio of pressure gradient 
inside (p′in) and within (p′ped) 
the pedestal. Definition of p’in 
and p’ped is also plotted in 
small figure. (b) Normalized 
ELM energy loss as a function 
of the edge collisionality. (c) 
Normalized ELM energy loss 
as a function of the edge 
toroidal rotation speed. Gray 
symbols shows VT dependence 
reported in [8]. 

 
Changes in the ion temperature profile before and after an 
ELM, which indicates the ELM affected area, are compared 
in FIG. 6(a) for the two discharges marked by A and B in 
FIG. 5(a). The larger reduction rate (amplitude of the ELM) 
within the pedestal as well as wider ELM affected area is 
observed in case A. It is noted that Wped in case A is smaller 
than case B as can be seen in the pressure profiles shown in 
FIG. 6(b), while larger ΔWELM is observed (26.6 kJ in case A 
and 22.1 kJ in case B), resulting larger ΔWELM/Wped in case 
A. Thus, the pressure at the top of the pedestal and its 
gradient (p′ped) are not main parameter in determining ΔWELM 
and ΔWELM/Wped. 

 
In the integrated ELM 
modeling using TOPICS-IB 
code [9], the ELM crash is 
modeled by the increasing 
particle diffusivity (D) and 
thermal diffusivity (χ) to 
100 m2s-1 for fixed duration of 
200 μs. Using this model, 
larger ΔWELM is mainly 
attributed to wider ELM 
affected area and no large 
difference in ΔT/T is predicted. 
Since the different amplitude 
of the ELM within the pedestal 
has been observed in the 
experiment as shown in FIG. 
6(a), new modeling of the 
maximum value of D and χ 
during ELM crash will be 
useful for better prediction. 
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4. ELM control using edge ECW injection 
 
The effects of local electron heating near the pedestal by the ECW injection on ELM 
characteristics have been investigated in JT-60U. In order that the ECW power is absorbed 
near the pedestal in plasmas with Ip = 0.96 MA and BBT = 1.7 T (q95 ~ 3.3), the injection angle 
of the second harmonic X-mode ECW having the frequency of 110 GHz is adjusted as shown 
in FIG. 7(a). When 1.57 MW of ECW power (injection power is 1.73 MW) is absorbed near 
the top of the pedestal on high-field side as shown in FIG. 7(b), the ELM frequency increases 
from 45 Hz to 90 Hz with increasing edge Te as shown in FIG. 8(a) and 8(b). With this change 
in the ELM frequency, ΔWELM is reduced from 31.1 kJ to 20.3 kJ as can be seen in FIG. 8(d), 
while keeping the Wped almost constant. Shortly after the increase in the edge Te and the ELM 
frequency, both core and edge density are gradually reduced by ~7 % taking ~200 ms. The 
reduction of the total stored energy by ~8 % is mainly attributed to this density pump-out. 
 
After the ECW is stopped, the plasma enters a short ELM free H-mode phase (~65 ms) as 
shown in FIG. 8(e)-8(h). During this phase, the plasma density and the stored energy recover 

quickly. At the end of the ELM free phase, higher pedestal 
pressure can be achieved than that before the ECW injection, 
which is due to higher pedestal temperature. Then, ELMy H-
mode phase with the ELM frequency of 50 Hz, similar to that 
before ECW injection, is reappeared. After about five ELMs, 
the pedestal temperature gradually decreases to the same 
temperature before the ECW injection as shown in FIG. 8(f). 
These observations suggest that a change in the edge stability 
due to the edge ECW injection plays an important role in 
determining the ELM characteristics. 
 
The typical characteristic of type I ELM is that the ELM 
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frequency increases with the loss power through the 
separatrix, which is proportional to the heating power. In 
order to confirm whether the observed change in the ELM 
characteristics is due to the power dependence of the type I 
ELM or not, the ELM frequency as a function of the 
absorbed power is compared between plasmas with the 
ECW injection and heated by NBI only as shown in FIG. 
9(a). In a wide range of initial heating power of NBI, the 
increase in the ELM frequency is observed. Even in the 
high β plasma (βN = 2.4), the ELM frequency can be 
increased. It is noted that the increasing rate of the ELM 
frequency is independent from the initial heating power or 
the initial ELM frequency. Based on these results, for more 
direct comparison, FIG. 9(b) shows the ELM frequency as 
a function of EC power or incremental NBI power above 
4.5 MW for plasmas with similar recycling level. As can be 
seen, the increasing rate with ECW injection is about four 
times larger than only NBI heating case. In addition, the 
increase in the injection power of NBI by 2.2 MW 
(absorbed power of 1.2 MW) only raised the ELM 
frequency from ~70 Hz to ~85 Hz as shown by squares in 
FIG. 9. These results indicated that the increase in the ELM 
frequency with the ECW injection is not due to the increase 
in the heating power. 
 
In order to understand how effective the ECW injection is 
to reduce the ELM energy loss, the relation between 
ΔWELM/Wped and the ELM frequency is compared in FIG. 
10. The ΔWELM/Wped decreases with increasing the ELM 
frequency. Thus, the localized EC injection near the 
pedestal can be considered as a candidate for an active 
ELM control technique in ITER, although the plasma 
confinement is slightly degraded. 
 
When the ECW is injected into core plasma, well inside the 
top of the pedestal, the increasing rate of the ELM 
frequency is similar to the NBI case. Thus, the absorbed 
location of the ECW seems to be important. When ECW is 
injected at the top of pedestal on the low-field side in 
plasmas with Ip = 0.8 MA and BBT = 2.2 T (q95 ~ 5.0), no 
reduction of ΔWELM has been observed so far. Although 1.6 

MW of the ECW power is absorbed with the power deposition profile similar to the high-field 
side injection case, the ELM frequency decreases from 65 Hz to 55 Hz with increasing 
ΔWELM. The different response between high- and low-field side injections implies that the 
electron cyclotron current drive (ECCD) at edge region may play an important role in the 
ELM control. Thus, the ECCD profile calculated by Fokker-Planck code [14] is compared 
with the total edge current profile including the edge bootstrap current. In E49797 shown in 
FIG. 8, the maximum edge current density of 130 kA⋅m  is 16 times larger than the maximum 
ECCD of 8.3 kA⋅m . It is difficult to change the edge stability by this level of the small 
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change in the current profile. Therefore, the change in the stability through the modification 
of the edge current profile may not be a main reason why the ELM characteristics are 
changed. The understanding the physics mechanism of the ELM control by the edge ECW 
injection is left for the future work. 
 
5. Summary 
 
The growth rate of the type I ELM precursor in the density fluctuation measured at the outer 
midplane is systematically evaluated in three different pedestal conditions. The growth rate of 
the precursor normalized to ωA is evaluated to be 10-3 in all three cases. The phase delay 
between ECE signals measured at two toroidal locations and the frequency of the precursor 
indicates n = 8-10 or 14-16 assuming that the precursor rotates toroidally with the same 
toroidal rotation velocity of carbon impurity. It is noted that the dominant n varies with each 
ELM under the same plasma condition. The dependence of ΔWELM/Wped on p′in/p′ped, which is 
predicted by integrated ELM modeling using TOPICS-IB code, has been confirmed using 
experimental data in JT-60U. When the ratio of p′in/p′ped increases from 0.3 to 0.6, 
ΔWELM/Wped increases from 0.04 to 0.10. The dependence can not be explained by either the 
edge collisionality dependence or the edge toroidal rotation dependence of ΔWELM/Wped. 
Therefore, a reliable prediction of the edge pressure profile across the top of the pedestal will 
be required for a better prediction of the ELM energy loss in ITER. The effects of the local 
heating near the pedestal by the ECW injection on ELM characteristics have been 
investigated in JT-60U. When the ECW is injected near the top of the pedestal on high-field 
side, the ΔWELM/Wped can be reduced together with the increase in the ELM frequency. The 
increasing rate of the ELM frequency with the heating power is four times larger in the ECW 
injection case than the NBI case, suggesting the localized ECW injection to the edge plasma 
can be considered as a candidate for an active ELM control technique in ITER. 
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