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Abstract

The analysis of two well-diagnosed JET H-mode pedestals using MHD and gyro-kinetic codes 
shows that the pedestals are close to the stability limits of the peeling-ballooning modes at the end 
of the ELM cycle, but no unstable kinetic ballooning modes (KBM) are found in the steep pedestal 
region during the ELM cycle. Good correspondence between ideal MHD n = ∞ ballooning mode 
and gyro-kinetic KBM stability is confirmed. The top of the pedestal is found to have unstable 
micro-tearing modes that are sub-dominant to ion temperature gradient modes.
	 Stability analysis of the pedestal used in ITER transport simulations shows that a pedestal 
temperature of 5.9keV (corresponding to 107kPa with ne

 = 0.85nGW) is at the stability limit of a 
Type I ELMy H-mode pedestal limited by peeling-ballooning modes. The close fitting metal wall in 
ITER is shown to have the potential to affect the ideal peeling-ballooning instabilities responsible 
for triggering ELMs, thus modifying the dynamics of the ELM crash.

1.	 Introduction

A central question for ITER is whether it can reach the set goal of Q = 10 (Q = Pfusion/Pauxiliary) 
H-mode operation. There have been several efforts to predict ITER performance using transport 
codes such as CORSICA, PTRANSP or TGLF [1, 2, 3].
	 While all these simulations have relatively sophisticated physics models for the transport in 
the core region, they generally do not model the pedestal region, but assume a given pedestal as 
a boundary condition. The results are highly dependent upon these assumptions. The higher the 
pedestal temperature, the higher the core temperature, and thus, fusion power.
	 However, the pedestal in a standard Type I ELMy H-mode is limited by ELMs that are triggered 
by ideal MHD peeling-ballooning instabilities [4]. As the pedestal pressure increases during the 
inter-ELM period, the edge plasma eventually becomes unstable and an ELM is triggered. The MHD 
instabilities set the limit for the pedestal pressure and determine the boundary condition for the core 
transport simulations. First we investigate two well-diagnosed discharges during the ELM cycle to 
determine whether the peeling-ballooning modes indeed limit the pedestal in the most ITER-like 
current device, JET. Then we conduct an edge stability analysis on the equilibria used in the ITER 
simulation [1] to determine the maximum pedestal height in ITER consistent with a marginally 
stable pedestal. We also investigate the stability changes that the metal wall in ITER can have on 
the pedestal limiting peeling-ballooning instabilities.
	 While the peeling-ballooning mode stability gives an ultimate limit for the pedestal height for a 
given width, the width of the pedestal has to be predicted by some other method. In the so-called 
EPED model [5, 6], the pedestal pressure gradient is assumed to be limited by kinetic ballooning 
modes (KBM) during the ELM cycle. We use JET equilibria that have high edge bootstrap current, 
as the ITER plasmas are predicted to have, in a linear gyro-kinetic stability analysis to study whether 
the pedestal gradients are indeed limited by unstable KBMs.
	 The process of pedestal width evolution in MAST during an ELM cycle is found to be controlled 
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at the “knee” region at the top of the pedestal by the interplay of micro-tearing and kinetic ballooning 
modes[7, 8]. We investigate, whether the micro-tearing modes are present in a hot ITER-like JET 
pedestal by conducting a gyro-kinetic stability analysis on the pedestal top.

2.	 Finite-n MHD Stability Analysis of JET and ITER Edge Plasmas

The finite-n peeling-ballooning modes are found to be the limiting instability in several current 
tokamaks operating in H-mode with Type I ELMs [4]. We investigate whether this limit is indeed 
present in two well-diagnosed JET discharges and then use it to determine the maximum pedestal 
height in transport simulations for the 15 MA ITER baseline scenario.

2.1 Stability Analysis Method
In order to conduct an edge stability analysis, we first create an equilibrium for the experimental 
plasma. In the case of JET, we take the experimental electron density and temperature profiles 
measured during the different phases of the ELM cycle using the Thomson scattering system. A 
self-consistent equilibrium is then constructed, calculating the bootstrap current using the formula 
of [9] with the HELENA code [10]. For ITER we obtain the full equilibrium information from the 
CORSICA transport simulation output [1].
	 The normalized pedestal pressure gradient and the current density are then varied around the 
experimental equilibrium and the ideal MHD stability of these modified equilibria is analyzed using 
the MISHKA-1 code [11] to determine the stability boundaries. We can then plot the experimental 
point and the stability boundaries in a j − a stability diagram, where j is the current density and  

is the normalized pressure gradient defined as  a = − 2∂V/∂ψ
(2π)2

V

2π2 R0

1/2
µ0

∂p

∂ψ , where V is the plasma 

volume, R0 is the major radius, p is the pressure and   is the poloidal flux.

2.2 JET Stability Analysis
For this study, we have chosen two high triangularity (d = 0.42) JET discharges with Ip

 = 2.5MA 
and Bt

 = 2.7T. The Pulse No: 79503 has high fuelling (3×1022e/s) and the Pulse No: 79498 has low 
fuelling (0.5×1022e/s). The density, temperature and pressure profiles of the two plasmas during the 
ELM cycle are shown in Fig. 1. These profiles are obtained by binning data from several Thomson 
scattering laser pulses (with 1cm radial resolution) according to their relative position in the ELM 
cycle and then fitting a modified hyperbolic tangent function to the data. More detailed discussion 
about the data and fitting is given in [12].
	 As can be seen, the pedestal behaviour between ELMs is different in these two cases. In the low 
fuelling plasma, both the temperature and density pedestal heights increase and the widths decrease 
during the ELM cycle. This means that the pressure gradient is not limited by any instability before 
the ELM crash. In the high fuelling case the density pedestal height increases slightly while the 
temperature profile stays unchanged after a quick recovery following an ELM crash. Initially (up 
to midway through the ELM cycle) the maximum pressure gradient in the pedestal increases, but 
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then saturates and does not change for a large part of the ELM cycle. The width of the pressure 
profile increases very slightly during the ELM cycle.
	 In the equilibrium reconstruction the self-consistent bootstrap current is assumed to follow the 
pressure profile without a delay. It has been shown that this is a good approximation for current 
diffusion in similar plasmas in ASDEX Upgrade [13]. The resulting toroidal current and q-profiles 
for the low fuelling discharge (Pulse No: 79498) are shown in Fig. 2.
	 Due to the high bootstrap current the q-profile becomes very flat at the steepest pressure gradient 
region. In the high fuelling case the evolution of the current profile is small since the density and 
temperature profiles do not change much.
	 The peeling-ballooning stability diagrams of the two discharges are shown in Fig.3. While the 
pedestal evolution is quite different in these two cases, both plasmas lie within error margins on the 
peeling-ballooning stability boundary at the end of the ELM cycle. This supports the ideal peeling-
ballooning mode stability limit being the ultimate limit for the pedestal.

2.3 ITER Baseline Stability Analysis
We now analyze the stability of the inductive ITER baseline scenario with fusion gain Q = 10 
during the steady-state current flat-top phase, which has plasma current Ip = 15MA and toroidal 
vacuum field of Bt

 = 5.3T. The transport code CORSICA [14] was run with core density of ne,core = 
8.5×1019 m−3 which corresponds to 85% of the Greenwald density and four different temperature 
pedestals, Te,ped =

 2.5, 3.7, 5.2 and 6.5keV. The temperature profiles vary almost linearly with y 
inside the pedestal reaching 33keV in the core. The density profile is flat except for the pedestal. 
Since the current is calculated self-consistently, the q-profile is affected by the bootstrap current 
in the pedestal region, so varies significantly from clearly monotonic in the Te,ped =2.5keV case to 
slightly reversed shear in the Te,ped =

 6.5keV case. Figure 4 shows the pressure, toroidal current 
density and q-profiles for the four cases.
	 Stability diagrams showing the most unstable modes and the stability boundaries for the cases
Te,ped =

 3.7, 5.2 and 6.5keV are given in Fig.5. The lowest temperature pedestal (Te,ped =
 2.5keV) is 

found to be far from any edge stability limit, so no diagram is included. As can be seen the marginally 
stable (growth rate  = !�/2) equilibrium is between the Te,ped =

 5.2 and 6.5keV cases. To find the 
marginally stable equilibrium more precisely, we took the average of the temperature, pressure 
and current profiles of these two equilibria and investigated the stability of that equilibrium. As 
expected, this equilibrium is on the stability boundary, and, consequently, it is the marginally stable 
equilibrium. The equilibrium has Te,ped =

 5.9keV, which corresponds to 107kPa at the pedestal top
(y  = 0.96). This is a slightly higher value than that obtained by Snyder et al. (92kPa) for the pedestal 
with the same width and stability condition [6]. The marginally stable pedestal temperature is within 
error margins of the prediction based on empirical scaling and including shaping effects [15].
	 In the transport simulations, the width of the pedestal was set to 4% of the normalized poloidal 
flux. A sensitivity analysis to this assumption, by varying the width of the pedestal, found that the 
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pedestal width of Te,ped =
 5.2keV has to be decreased by 30% to make it peeling-ballooning unstable, 

and conversely the pedestal width of Te,ped =
 6.5keV has to be increased by 30% to make it stable.

	 In ITER the first wall will be made of steel covered with beryllium tiles. Beryllium is a very 
good conductor, so it can act as a stabilising structure for ELM-triggering ideal peeling-ballooning 
instabilities in the same way as it stabilizes performance limiting ideal kink modes by turning them 
into more slowly growing resistive wall-modes [16]. Slower growth time for the ELMs could reduce 
the peak heat loads on divertors by distributing the energy release over a longer time. To test the 
feasibility of this idea, we take the ITER equilibrium that is clearly unstable (Te,ped =

 6.5keV) and 
test how much the ideal growth rate of the most unstable mode is affected by the wall. We find 
that using ITER first wall as a perfectly conducting wall the growth rate is reduced by 25%. For 
the more marginal case (Te,ped =

 5.9keV) the growth rate is halved. So, while the first wall will not 
improve the stable pedestal height (the resistive wall mode will eventually destabilize the edge), it 
may have a significant effect on the ELM dynamics by affecting the growth of the ELM triggering 
instabilities.

3.	G yro-kinetic Stability Analysis

In the EPED model the pedestal pressure gradient is limited by kinetic ballooning modes (KBM) and 
the ideal MHD n = ∞ ballooning mode stability is used as a proxy for their stability. Using a linear 
electro-magnetic gyro-kinetic code GS2 [17] we analyze the micro-stability of the experimental 
JET equilibria described earlier and compare that to the n = ∞ stability calculated by HELENA. 
For both high and low fuelling plasmas we find that the experimental profiles are stable for both n 
= 1 ballooning modes and KBMs in the pedestal region throughout the ELM cycle.
	 Figure 6 shows a scan where the pressure gradient is artificially increased until the n = 1ballooning 
modes and KBMs are destabilized. We note a very good correspondence between stability of both 
modes, and that the “knee” region near the top of the pedestal and inside the bootstrap current peak 
is closer to the stability boundary than the steepest pressure gradient region.
	 A similar gyro-kinetic analysis on the marginally stable ITER equilibrium (Te,ped =

 5.9 keV) gives 
very similar results to the JET plasmas, i.e. the pedestal region is stable to KBMs and a pressure 
gradient scan gives matching results for the marginal stability to ideal n = ∞ ballooning and gyro-
kinetic KBMs. Also as for JET, the ITER pedestal is closer to marginal stability at the “knee” of 
the pedestal than at the middle.
	 In both the ITER and JET edge plasmas the absence of unstable KBMs in the pedestal is due to 
high bootstrap current opening 2nd stability access. By artificially reducing the current it is possible
to make the entire pedestal region KBM unstable.
	 In a gyro-kinetic analysis of the MAST tokamak, it was found that the plateau region at the top 
of the pedestal is unstable to micro-tearing modes (MTM) [18, 7, 8]. A similar analysis on the JET 
pedestal finds that there are indeed unstable MTMs at the top of the pedestal throughout the ELM 
cycle, but in JET they are sub-dominant to ion temperature gradient modes. Recent studies found 
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MTMs more unstable at the edge where there are more trapped particles [19]. As in MAST and 
unlike the MTMs usually found in core plasmas these modes are not very extended along the field 
line as shown in Fig.7. The growth rate of the pedestal top micro- tearing modes increases with 
decreasing collisionality.

Conclusions

Using MHD stability analysis we have shown that high and low fuelling dis- charges in JET end 
the Type I ELM cycle close to the peeling-ballooning stability limit, confirming it as the ultimate 
limit for the pedestal. Such stability analysis on ITER baseline transport simulations found that 
the pedestal top pressure can reach 107kPa while being marginally stable (g = w*�/2) against 
intermediate-n peeling-ballooning modes. With ne,ped = 8.5×1019 m−3 this corresponds to Te,ped =

 

5.9keV. Using a more stringent condition for stability (g  < 0), the maximum achievable pedestal 
temperature is 5.2keV. We found that the growth rate of the peeling-ballooning modes can be reduced 
by a conducting Beryllium wall placed at the location of the first wall. Local gyro-kinetic analysis 
for JET does not support KBMs controlling the pedestal pressure gradient, though we note that the 
knee is closer to marginal stability than the middle of the pedestal. This is marked in the analyzed 
JET low fuelling case, where the pressure gradient increases throughout the ELM cycle. The good 
match with EPED’s pped prediction for the JET data [20] has to be due to some mechanism other 
than KBMs limiting the pressure gradient. However, the peeling-ballooning mode stability is still 
likely to be a robust limit for the pedestal in ITER. Since this stability limit was found to be relatively 
insensitive to the pedestal width, an approximate predicted width will allow a relatively accurate 
prediction of the marginally stable pedestal height. Unstable micro-tearing modes are found in the 
plateau region at the JET pedestal top and may play an important role in the pedestal evolution 
during the ELM cycle.
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Figure 1: The density, temperature, maximum pressure gradient and pedestal width evolution during the ELM cycle in 
high and low fuelling JET discharges. The labels represent the normalized time in the ELM cycle.
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Figure 2: The toroidal current density and q-profile evolution during the ELM cycle in low fuelling JET discharge 
(Pulse No: 79498). The labels give the nor- malized time in the ELM cycle.

Figure 3: The peeling-ballooning stability diagrams during the ELM cycle in (a) high fuelling and (b) low fuelling JET 
discharges. The colour represents the growth rate of the most unstable mode, the toroidal mode number of the most 
unstable mode is given and the dashed line shows the stability boundary. The stars represent the experimental points 
during the ELM cycle with j and  scaled relative to the stability boundaries at each time.
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Figure 7: The eigenfunctions of  and A|| along the ballooning angle  for the kyri = 0.37 micro-tearing mode at the JET 
pedestal top.

Figure 5: Stability diagrams of the baseline plasmas with 3.7 keV (a), 5.2 keV (b) and 6.5keV (c) pedestal temperatures. 
The color represents the growth rate of the most unstable mode (dark blue is stable, red is the highest growth rate), the 
toroidal mode number of the most unstable mode is shown and the star is the equilibrium from the CORSICA simulation. 
The black dashed line represents the stability boundary defined as g = w/2. The yellow dotted line represents g = 0.

Figure 6: A stability plot of the high fuelling JET plasma at the end of the ELM cycle. The values represent how much 
the pressure gradient has to be increased to make the corresponding flux surface n = 1 ballooning (dashed red) or
gyro-kinetic KBM (solid blue) unstable. The shaded area shows the location of the ’knee’.
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