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1. Introduction 

The good energy confinement in the H-mode makes it the 
preferred operation regime for high performance operation 
in present tokamak devices and the reference operational 
scenario to achieve high fusion gain in ITER. However, edge 
localized modes (ELMs) driven by large pressure and current 
gradients in the H-mode edge transport barrier can produce 
high transient power and particle loads to the plasma facing 

components (PFCs), which can lead to increased erosion 
of the divertor and reduced divertor target lifetime in ITER  
[1, 2]. On the other hand, the time-averaged edge particle 
transport provided by ELMs is required to provide impurity 
control both for intrinsic and extrinsic impurities as well as for 
the prevention of helium ash accumulation in burning plasmas 
[3]. Due to the detrimental effects of ELMs on the plasma 
facing components’ lifetime, there is a large ongoing effort 
on ELM control in both the experimental and the theoretical/
modelling areas. In ITER, two methods for ELM control are 
foreseen in the baseline: increasing the ELM frequency by 
pellet injection [4], and stabilisation or mitigation of ELMs by 
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Abstract
In the Quiescent H-mode (QH-mode) regime, the edge harmonic oscillation (EHO), thought 
to be a saturated kink-peeling mode (KPM) driven unstable by current and rotation, is found 
in experiment to provide sufficient stationary edge particle transport to avoid the periodic 
expulsion of particles and energy by edge localized modes (ELMs). In this paper, both linear 
and nonlinear MHD modelling of QH-mode plasmas from the DIII-D tokamak have been 
investigated to understand the mechanism leading to the appearance of the EHO in QH-mode 
plasmas. For the first time nonlinear MHD simulations with low-n modes both with ideal wall 
and resistive wall boundary conditions have been carried out with the 3D non-linear MHD 
code JOREK. The results show, in agreement with the original conjectures, that in the non-
linear phase, kink peeling modes are the main unstable modes in QH-mode plasmas of DIII-D 
and that the kink-peeling modes saturate non-linearly leading to a 3D stationary state. The 
characteristics of the kink-peeling modes, in terms of mode structure and associated decrease 
of the edge plasma density associated with them, are in good agreement with experimental 
measurements of the EHO in DIII-D. The effect of plasma resistivity, the role of plasma 
parallel rotation as well as the effect of the conductivity of the vacuum vessel wall on the 
destabilization and saturation of kink-peeling modes have been evaluated for experimental 
QH-mode plasma conditions in DIII-D.
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the application of 3D edge magnetic field perturbations with 
external coils [5]. The use of vertical kicks to trigger ELMs is 
also being investigated as an option for ELM control to pro-
vide tungsten impurity control in the initial phases of ITER 
operation in which the plasma current for H-mode discharges 
will typically be ~7.5 MA [6]. The viability of other ELM mit-
igation techniques such as those based on edge fuelling [7–10] 
in current tokamaks needs to be assessed for ITER given the 
very different behaviour of the recycling neutrals (low core 
plasma fuelling efficiency) expected in ITER [11]. The extrap-
olation of all the techniques for active ELM control to ITER 
is subject to uncertainties, as their physics basis is not known 
with sufficient precision, and there exist issues regarding their 
compatibility with particular scenario/hardware requirements 
in ITER (compatibility with radiative divertor operation, 
required fuel throughput, etc). For this reason, research on 
confinement regimes which can reach high energy confine-
ment levels without ELMs remains a priority for ITER.

In this respect, the QH-mode regime, originally developed 
at the DIII-D tokamak [12, 13] and investigated in other cur-
rent devices [14–16], has been found to provide high energy 
confinement without transient energy fluxes to PFCs associated 
with ELMs. In DIII-D, this operational regime has recently 
been extended towards conditions suitable for ITER opera-
tion such as low torque input [17] and high normalized density 
operation [18] thus overcoming two important restrictions for 
its suitability for ITER. In the QH-mode, an edge harmonic 
oscillation (EHO) is found to provide stationary edge particle 
transport that replaces the periodic expulsion of particles and 
energy by ELMs. The EHO is conjectured to be a saturated 
external kink/peeling mode driven unstable by edge current 
and rotation [19]. The increased pedestal transport associated 
with this MHD instability appears to be sufficient to maintain 
the edge pressure gradient near but below the ELM instability 
boundary [19] thus avoiding the triggering of ELMs. Although 
the reference scenario for ITER Q = 10 operation is based on 
the ELM-controlled Type I ELMy H-mode (with 3D edge mag-
netic field perturbations or controlled triggering of ELMs by 
pellets), for the reasons mentioned, it is of interest for ITER 
to assess whether the QH-mode could be a viable alternative 
for such scenario in ITER. This requires the understanding of 
the nonlinear MHD physics mechanisms leading to the EHO 
experimental behaviour found in the QH-mode experiments, 
including the role of plasma rotation in this observed behaviour, 
as a first step towards determining whether such physics mech-
anisms would be at work in ITER plasmas and thus whether the 
QH-mode can be considered as an alternative to the controlled 
Type I ELMy H-mode for ITER high Q operation.

In this paper both linear MHD stability limits and the 
nonlinear evolution of DIII-D QH-mode plasmas have been 
investigated. In particular and for the first time, nonlinear 
MHD simulations of DIII-D QH-mode plasmas have been 
carried out with the nonlinear MHD code JOREK [20, 21]. 
The physics characteristics of the non-linearly saturated 
kink-peeling mode, conjectured to be associated in the 
experiment with the EHO, will be presented and compared 
with experimental observations of the EHO to demonstrate 

the validity of the conjecture. Finally, the influence of par-
allel rotation as well as of the effect of the conductivity of 
the vacuum vessel wall on the destabilization and saturation 
of kink-peeling modes for DIII-D QH-mode plasmas will be 
discussed.

In this paper we consider two DIII-D QH-mode dis-
charges: one is chosen because it is representative of what 
could be possible in ITER with the available input torque 
and externally imposed 3D fields (#145 117) and the other 
because it displays a robust QH-mode behaviour although its 
experimental requirements would not be available in ITER 
(#153 440). #145 117 is a discharge with Ip = 1.1 MA, Bt = 
1.9 T, counter beam neutral injection at first and then with 
increasing co-injection to a relevant ITER-like co-torque 
level and with 3D non-axisymmetric (NA) magnetic field 
perturbation applied. #153 440 is a discharge with Ip = 1.5 
MA, Bt =1.9 T and strong counter neutral beam injection 
throughout and without NA fields. The equilibria used in the 
analysis presented here have been obtained from reconstruc-
tions with the EFIT code [22] using the magnetic and profile 
data for these discharges.

2. Linear MHD stability analysis

We have started the analysis of these discharges by studying 
the ideal MHD stability limits with respect to peeling-bal-
looning modes at the pedestal of these QH-mode plasmas 
with the linear ideal MHD code MISHKA-1 [23]. The edge 
stability diagrams for these discharges are constructed by 
varying the pedestal pressure gradient and the pedestal cur-
rent density independently. For each equilibrium, the growth 
rate is calculated for modes with toroidal mode numbers 
between n = 1 to n = 40. In the stability calculations, the 
plasma is assumed to be surrounded by a vacuum and an ide-
ally conducting wall at the minor radius position rwall = 1.15a, 
where a = 0.68 m is the minus radius. The stability diagram 
for the ideal MHD peeling-ballooning stability of the edge 
plasma for shot #145 117 is shown in figure 1(a). The experi-
mental equilibrium, represented by the star, is in the stable 
region but close to the corner of the kink/peeling and bal-
looning stability boundary, in agreement with earlier results 
for DIII-D QH-mode plasmas using the ELITE code [24]. 
The peeling-ballooning diagram for shot #153 440 is shown 
in figure 1(b). This plasma lies in a stable region but closer 
to the kink/peeling stability boundary than to the ballooning 
one. The presence of a large bootstrap current in the pedestal 
of these plasmas is the reason behind their closeness to the 
kink/peeling boundary.

The kink/peeling stability boundary is found to depend 
sensitively on the value of the current density at the separatrix. 
Figure 2(b) shows the dependence of the kink-peeling limit as 
a function of the separatrix current density (Jsep) normalised 
to the central current density (J0). Increasing the edge cur-
rent density to Jsep /J0 = 0.4 lowers the kink-peeling limit to 
the values obtained from the experimental equilibrium recon-
struction for shot #153 440. The ballooning stability boundary, 
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on the other hand, is not affected by the separatrix current 
density. Thus a small change to the current density profile in 
the edge region, as shown in figure 2(a), is sufficient to bring 
the experimental equilibrium to reach the ideal MHD kink-
peeling stability boundary.

3. Nonlinear MHD simulations of DIII-D QH-mode 
plasmas

3.1. The non-linear MHD code JOREK

The JOREK code [20, 21] is a 3D non-linear MHD code, 
developed with the aim of studying the non-linear evolution 
of MHD instabilities such as ELMs, tearing modes, kink/
peeling and ballooning modes, in full toroidal X-point geom-
etry including the separatrix, open and closed field lines. Both 
the full MHD model and reduced MHD models are available 
in JOREK. For the study presented here, the reduced MHD 

model, detailed below, has been applied. The magnetic field 
⎯→⎯⎯
B  and the velocity ⎯→v  are represented using the poloidal flux ψ  
and the electric potential Φ and the parallel velocity υ// with 
the following ansatz:

ψ= + = + ∇ ×ϕ ϕ ϕB B B e e
F

R R

1
,p

0
 (1)

υ υ υ υ= + = + × ∇ Φϕ⊥ B eR ,// // (2)

where R is the major radius in toroidal geometry, ϕe  is the 
toroidal unit vector and F0 = B0R0, with the magnetic field 
strength B0 at the magnetic axis R = R0. Substituting equa-
tions  (1) and (2) into the visco-resistive MHD equa-
tions  including diffusive particle and heat transport leads to 
the reduced MHD model, to be solved for mass density ρ, 
temperature T, the electric potential Φ, the parallel velocity 
and the poloidal flux:

Figure 1. (a) Peeling-ballooning mode stability diagram for #145 117. (b) Peeling-ballooning mode stability diagram for #153 440. In both 
plots, the stars represent the equilibrium of the discharges, peeling-ballooning modes are scanned for toroidal number nϵ [1, 40], squares 
are unstable modes colored by the most unstable toroidal number nϵ [1, 40], the dashed red line in (b) is the stable boundary when Jsep /J0 = 
0.4 for #153 440.

Figure 2. (a) The flux surface averaged current density profile (blue) of #153 440 as a function of the normalized poloidal flux, including 
the current density profile that is the marginally stable to kink-peeling modes (red). (b) The kink-peeling stability limit in terms of the 
pedestal current normalized to the total plasma current as a function of the normalized separatrix current density.
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where ⊥D , κ⊥ and κ// are the perpendicular particle diffusion 
and the perpendicular and temperature dependent parallel heat 
conductivity. ρS  and ST are the particle and heat source, respec-
tively. η η= ( )−T T/0 0

3/2 is the temperature dependent plasma 
resistivity, μ is the viscosity. J is the toroidal current density 
and γ is the ratio of the specific heats.

The normalization used in the equations  is based on the 
magnetic permeability μ0 and the mass density ρ0 on axis. 

The diffusive parameters are normalized as η η ρ μ= /J SI 0 0 , 

μ μ μ ρ= /SI 0 0 , μ ρ=⊥ ⊥D D SI 0 0 , κ κ μ ρ=⊥ ⊥ /SI 0 0 , where the 
SI subscript refers to the values of the respective coefficients 
in the SI unit system.

The boundary condition on the surfaces parallel to the 
magnetic field is usually taken to be an ideally conducting 
wall in JOREK. Coupling of JOREK to the STARWALL code 
[25] allows a resistive wall boundary condition to be modelled 
(see section 5 for more details). On open field lines, the par-
allel component of the velocity is set to the local sound speed 
in the outgoing direction (Mach-one sheath boundary condi-
tion). The boundary condition on the parallel energy flux is 
described by a sheath transmission factor relating the convec-
tive and conductive energy fluxes [26].

In the JOREK code, both physics variables and the (R, Z ) 
coordinates of the poloidal plane are described by bi-cubic 
C1 Bezier finite elements [27], giving to a continuous repre-
sentation of the variables and their derivatives. The toroidal 
direction is discretized using a real Fourier series. The time 
evolution scheme is fully implicit, advancing all variables 
in a single step using a Crank–Nicholson or Gears scheme. 
The resulting large sparse matrix is iteratively solved with the 
GMRES method. The diagonal block matrices corresponding 
to the individual toroidal harmonics are applied as an effec-
tive preconditioner, which are solved using the direct parallel 
sparse matrix solver PaStiX [28].

3.2. Non-linear MHD simulation of QH-mode plasmas

Nonlinear MHD simulations of DIII-D shot #1451 17 per-
formed with the JOREK code assuming ideal wall boundary 
conditions have been carried out. The influence of 3D NA 
fields, which are applied in the experiment for this discharge, 
is not modelled in the study presented here. In a first step, 
the initial 2D static equilibrium obtained from a kinetic EFIT 
fit is evolved in JOREK on a finite element grid aligned to 
the poloidal flux. A typical grid size in our studies includes 
7–10 thousand bi-cubic finite elements in the poloidal plane 
and up to 32 toroidal planes. The initial static equilibrium for 
the n = 0 toroidal harmonic obtained from EFIT is evolved in 
time with JOREK in order to obtain a new stationary equi-
librium with consistent equilibrium flows. In this evolution 
the transport coefficients in JOREK are chosen such as to 
keep the density and pressure profile approximately constant 
in time and similar to the experimental ones from EFIT. In 
the pedestal, the gradients are preserved by choosing a local 
minimum in the profile of the diffusion coefficients applied 
in the JOREK simulations. For these simulations the perpen-
dicular particle diffusion and perpendicular and parallel heat 
conductivity are chosen as ⊥D  = 1   ×   10−6, κ⊥ = 1   ×   10−6 and 
κ// = 500 (in normalised units). The pedestal diffusivities are 
chosen as =⊥ ⊥D D0.08ped  and κ κ=⊥ ⊥0.25ped  to keep the orig-
inal pedestal profiles constant over time (in SI units κ⊥ = 2 m2 

Figure 3. Time evolution of the perturbed magnetic energy of each harmonic for n = 1–5 kink peeling mode for the JOREK simulations of 
shot #145 117. (a) Energy evolution in the linear phase, time from 0.8 ms to 1.7 ms. (b) Energy evolution at the saturated phase, time from 
1 ms to 6 ms.
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s−1). A heating and a particle source are applied to keep the 
total energy and particle content in the stationary state without 
MHD activity.

After the JOREK equilibrium is obtained, simulations 
are carried out including higher toroidal harmonics. Figure 3 
shows the time evolution of the magnetic energy perturba-
tion for the simulation of shot #145 117 including toroidal 
harmonics n = 1–5. The JOREK simulations show that there 
is an initial exponentially growing phase of MHD modes, as 
shown in figure  3(a). This linear growth phase, which lasts 
from 0.8 ms to 1.3 ms is dominated by the medium-n (n = 5) 
harmonics. However, due to nonlinear coupling between n = 
5, 4 and 3, the growth of the n = 1, 2 harmonics is also excited 
later in the time evolution (at 1.25 s for n = 1 and 1.35 s for  
n = 2) with non-linear growth rates about 10 times larger than 
their linear growth rates earlier in the time evolution. After 
this initial growth phase a non-linear phase starts, shown in 
detail in figure 3(b), where the amplitude of the MHD per-
turbation saturates into a 3D stationary state. The dominant 
mode number of the MHD perturbation changes from n = 5 in 
the linear phase down to a predominantly n = 1 perturbation 
in the stationary state, with the n = 5 harmonic decaying to the 
smallest amplitude in the stationary state.

Figure 4(a) shows a contour plot of the flux perturbation 
in the poloidal plane during the saturated state in figure 3(b) 
(including toroidal mode numbers n = 1–5). This magnetic 
perturbation has a typical structure of a non-linearly saturated 
kink/peeling mode (KPM) [29] localised near the separatrix. 
Figure 4(b) shows the 3D helical structure of the density on 
a flux surface corresponding to the unperturbed separatrix for 
the saturated n = 1–5 KPM. The density perturbation illus-
trates the 3D localisation of the KPM at the separatrix in the 
toroidal and poloidal direction.

In these simulations the saturated KPM rotates in the 
counter clockwise poloidal direction due to the E  ×  B velocity 
with a frequency about 1.6 kHz. The average (n = 0) flows 

are significantly increased by the presence of the KPM. The 
E  ×  B flows are increased by a factor of 4, likely driven by 
the Maxwell stress (due to the magnetic perturbation of the 
instability) while the average parallel flows are increased by 
a factor of 2. It should be noted that these simulations do not 
include diamagnetic, neoclassical or toroidal rotation effects. 
The rotating KPM leads to an oscillation of the plasma at the 
boundary which corresponds to a displacement of 1.5 cm at 
the outer mid-plane.

The time evolution of the local density at normalized  
ψ = 0.95 at the outer mid-plane for the n = 1–5 KPM is shown in 
figure 5(a). The corresponding frequency spectrum of the den-
sity perturbation is plotted in figure 5(b). The spectrum shows 
5 equally spaced frequencies corresponding to the 5 toroidal 
harmonics used in the simulations. This indicates a coupling 
of the toroidal harmonics to form a rotating, toroidally local-
ized structure (as shown in figure 4(b)). The non-sinusoidal 
behavior found in the simulations of the KPM mode, which is 
due to its toroidal localization due to coupling of harmonics, 
is in good agreement with the observations of the EHO typi-
cally present in DIII-D QH-mode experiments [21, 30, 31]. 
The amount of toroidal localization caused by harmonic cou-
pling is illustrated in figure 6 which shows the density as a 
function of the toroidal angle at the outer mid-plane at a nor-
malized flux of 0.95 at the midplane. The figure compares the 
density perturbation from simulations including a single n = 1  
harmonic (i.e. without any toroidal localization/harmonic 
coupling) with the case with n = 1–5 coupled harmonics. The 
width of the perturbation, at half maximum, is reduced by 
about a factor of 2 due to harmonic coupling.

The simulated density profiles at the outer mid-plane at 3 
time slices during one period of the oscillations in figure 5(a) 
are shown in figure 7(a). Consistent with the boundary dis-
placement mentioned above, the density profiles show a radial 
displacement of 1.5 cm within the period. In addition, there is 
no indication of an island like structure with a local flattening 

Figure 4. (a) Contour plot of the poloidal flux perturbation of the saturated n = 1–5 KPM in the poloidal plane for the JOREK simulations 
of shot #145 117. (b) 3D helical structure of the density perturbation for a saturated n = 1–5 KPM at separatrix for the JOREK simulations 
of shot #145 117.
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of the profile in the density profiles near the pedestal top, as 
has been measured in DIII-D in discharges in which RMPs are 
applied to obtain ELM suppression, although some flattening 
is observed near the separatrix for the time averaged density 
profiles, as also measured with the Thomson scattering [32]. 
Both the magnitude of the density displacement and the den-
sity profile shape features are in good agreement with typical 
observations for QH-modes in DIII-D. This is illustrated in 
figure  7(b) where the density profiles measured for another 
QH-mode discharge (shot #156 655) with a fast reflectometer 
are shown. In this discharge the measured radial displacement 
due to the EHO is ~1 cm. The simulated density profiles in 
the presence of a saturated KPM with JOREK for DIII-D are, 
although not from the same discharge, in good agreement with 
the profiles from the reflectometer with respect to the ampli-
tude of the displacement and the absence of a local flattening 
near the pedestal top.

Figure 8(a) compares the density profiles at two toroidal 
phases (ϕ = 0, π) in the presence of saturated n = [0,5] KPM 

with the stationary JOREK equilibrium state (n = 0, blue 
curve); the experimental density profile (from the time when 
the EHO is present) is also shown for comparison (black 
curve). In the simulations it is observed that the presence of 
a saturated KPM causes a strong additional density loss at 
the pedestal due to the E  ×  B convection pattern of the satu-
rated kink-peeling mode. In simulations including only the 
toroidal harmonics n = [0,1] (see figure 8(b)), i.e. not allowing 
a toroidal localisation of the KPM mode/coupling of multiple 
harmonics, the stationary density in the presence of the satu-
rated KPM at the top of the pedestal is reduced by 25% com-
pared with the equilibrium values. In simulations including  
n = [0–5], the mode becomes more toroidally localised due to 
coupling of harmonics and the kinetic and magnetic energy 
of the perturbation increases. In this case the density loss 
increases and the stationary state density with the saturated 
KPM at the pedestal top is reduced by 50% compared to the 
equilibrium, as shown in figure 8(a).

On the contrary, the temperature profiles are not signifi-
cantly affected by the KPM mode. Figure 9 shows tempera-
ture profiles at two toroidal phases with saturated KPM for 
the case with n = [0–5] toroidal harmonics and the stationary 
state (n = 0). Compared to the stationary state, the temperature 
with KPM has neither significant oscillation at the edge, nor 
pedestal loss. The physics processes leading to this different 
behaviour of the density and temperature losses in the pres-
ence of a saturated KPM will be discussed in more detail later 
in this section, where the effective perpendicular conductivity, 
including the effect of the ergodic magnetic field, is estimated.

The absolute reduction of the pedestal density evaluated by 
JOREK depends on the assumed amplitude of the total par-
ticle source (and the particle transport coefficients chosen as 
described above), which is Sρ = 1.0   ×   1022 s−1 in these simu-
lations. Increasing the total particle source by a factor of 2 and 
the heat source by a factor of 1.6, and adapting the transport 
coefficients to keep the same steady state profiles, the reduc-
tion of the density at the top of the pedestal is reduced from 
~25% to ~10% for the n = [0,1] case and from 50% to 25% 
for the n = [0–5] case. This is due to the fact that the MHD 

Figure 5. (a) Time evolution of the density (normalized to the central density) at normalized ψ = 0.95 in the outer mid-plane for the 
JOREK simulations of shot #145 117. (b) Density frequency spectrum at normalized ψ = 0.95 in the outer mid-plane for the JOREK 
simulations of shot #145 117.

Figure 6. The amplitude of the density perturbation as a function 
of the toroidal angle ϕ at ψ = 0.95 for n = 1 (blue curve) and n = 
1–5(red curve) for the JOREK simulations of shot #145 117.

Nucl. Fusion 55 (2015) 113002
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induced particle transport due the E  ×  B flows is not changed 
significantly by the change in the particle source while the 
diffusive particle transport is increased by 2. Thus the fraction 
of the MHD induced transport to the total particle transport 
is reduced as the magnitude of the particle source increases 
(and correspondingly the transport coefficients are increased 
to keep the same equilibrium profiles). Thus for a detailed 
comparison with experiment on the transport losses induced 
by the EHO and the saturated KPM in the JOREK simula-
tions, a detailed profile of the particle source in the experiment 
is required.

Previous JOREK simulations of the plasma response 
to RMP fields [33] had found that the MHD induced den-
sity losses strongly depend on the plasma resistivity with 
decreasing MHD density losses as the resistivity of the plasma 
decreases. Therefore we have studied the dependence of the 
saturated KPM-driven transport versus the value of the resis-
tivity used in the simulations. In the JOREK simulations, 
the resistivity follows the Spitzer dependence on plasma 

temperature η( ) ∝ −T T   3/2  [34] with a central resistivity of  
ηJ =5   ×   10–7, corresponding to real resistivity 1.28   ×   10−6Ω·m 
in the simulations shown in figures  3–8. These simulations 
have thus a Lundquist number S is 6.5   ×   106, which is a factor 
of 100 lower compared to experiment. We have thus scanned 
the value of the central resistivity resistivity ηJ from 7   ×   10−7 
to 3   ×   10−7 to quantify its effect on the MHD driven par-
ticle transport. Figure 10(a) shows the time evolution of the 
magnetic energy and kinetic energy of simulations including 
the n = [0, 1] harmonics for different values of the resistivity.  
A reduction of the resistivity ηJ from 7   ×   10−7 to 3   ×   10−7 
leads to a reduction of the linear growth rate of the unstable 
KPM by more than a factor of 2 (from 7.2   ×   10−3 to 
2.3   ×   10−3) during its growing phase. The amplitude of 
the kinetic energy perturbation of the saturated n = 1 KPM 
shows a small decrease with the decreasing value of the resis-
tivity, in contrast, the magnetic energy perturbation actually 
slightly increases. As a consequence the MHD-induced trans-
port due to the KPM is only weakly dependent on the value 

Figure 7. (a) Density profiles at 3 different times during the oscillation at the outboard mid-plane from the JOREK simulation of shot 
#145 117. (b) Density profiles at 3 different times at the outboard mid-plane in experimental measurement for DIII-D #156 655.

Figure 8. (a) Density profiles for a n = [0–5] saturated KPM. (b) Density profiles for a n = [0, 1] saturated KPM. The black curves are 
the initial density profile from experiment, the blue curves show the density profile of the stationary n = 0 JOREK equilibrium for the shot 
#145 117. The red curves show the density profiles in the presence of a saturated KPM at ϕ = π (full curve) and at ϕ  = 0 (dashed curve).
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of the resistivity. This is illustrated more quantitatively in 
figure 10(b) where the density profiles in the saturated state 
for the n = [0,1] KMP for various values of the resistivity are 
compared with the equilibrium density profiles. From the 
results in figure 10(b) it is clear that the value of the resistivity 
within the explored range has only a minor effect on the MHD 
induced density transport losses and on the resulting density 
profiles for the phase in which the KPM is saturated, with 
smaller particle losses being obtained for lower resistivities/
lower magnitude of the kinetic energy perturbation. We have 
also explored the effect of the viscosity on the MHD induced 
transport during saturated KPMs. However, unlike the resis-
tivity which has a minor effect; the viscosity does not have 
a noticeable effect either on the KPM growth rate during the 
growing phase or on the amplitude of the saturated KPM or on 
the density profile during the saturated KPM phase.

JOREK modelling for the DIII-D QH-mode discharge 
#153 440 (not taking into account the strong counter-rotation 
in this discharge) shows a very different non-linear behavior 
compared to discharge #145 117, as shown in figure  11(a). 
Simulations of shot #153 440, with similar assumptions as for 
#145 117, find that for this discharge similar KPMs to those 
of #145 117 become unstable, although KPMs are localized 
near but inside the separatrix unlike in #145 117. This is more 
clearly shown by the plasma density profiles during the phase 
with saturated KPMs for #153 440 in figure  11(b) which 
shows no large density perturbation extending beyond the 
separatrix unlike in #145 117. However, it should be noted 
that for most simulations of #153 440 no stationary saturated 
KPM phase is reached, instead a bursting KPM mode is 
found. This is shown in figure 12(a) which compares the time 
evolution of the magnetic energy of the n = 1 toroidal har-
monic for the two discharges #145 117 and #153 440. Instead 
of the 3D stationary saturated KPM state found for #145 117 
(blue curve), the simulation of #153 440 develops regular 
bursts of the kink-peeling mode. This bursting behaviour is 
dependent on both the value of the resistivity and on the value 

of the edge current density for shot #153 440. Figure 12(b) 
shows the time evolution of the magnetic energy for the  
n = 1 KPM mode with various values of the resistivity and 
edge current density. As shown in this figure  the frequency 
of bursting decreases with decreasing edge current density. 
When the initial edge current density is reduced by 20%, (see 
red curve in figure 13(a)), the bursting of KPM slows down 
and its frequency of bursting decreases to about a half of its 
value with the experimental equilibrium current density pro-
file, as shown in figure 12(b) (red curve). The bursting behav-
iour remains as the edge current density is decreased until 
(when the reduction is larger than 30% of its initial value) 
the plasma becomes MHD stable to KPMs. In contrast, 
when the resistivity is reduced to less than ηJ = 4   ×   10−7, 
the bursting behavior disappears and the n = 1 mode grows 
with lower growth rate in the linear phase and saturates in a 
3D stationary state at a lower value of the magnetic energy 
perturbation (see green curve in figure 12(b)).

There are differences in mode rotation and MHD driven 
particle transport between the bursting behaviour found for 
KPMs in shot #153 440 and the stationary saturated KPM 
state in #145 117. In the 3D stationary saturated KPM 
state the mode is continuously rotating with a frequency of 
1.6 kHz whereas in the bursting case of #153 440 the KPM 
only rotates with a similar frequency in the growing phase, 
once the mode reach the non-linear stage before bursting,  
it stops rotating. The density profile in the bursting state 
at the time of maximum amplitude has a much smaller 
oscillation at the edge than that of #145 117, as shown in 
figure  13(b). The density profile for a bursting n = [0, 1] 
KPM at the time of maximum amplitude shows that there 
is not a significant particle loss (typically the pedestal den-
sity decreases by ~10%) nor a significant oscillation of the 
boundary when compared with the initial equilibrium pres-
sure profile (n = 0).

One possible reason for the bursting behaviour may be that 
for shot #153 440 the plasma boundary is much closer to the 
boundary of the computational domain used in the simulation, 
where the ideal wall boundary condition is applied, compared 
to #145 117. This could lead to a larger stabilization of the 
KPM by induced currents in the wall and thus to the reduction 
of its amplitude after it has grown to a large amplitude leading 
to the bursting. Note that in the case of shot #153 440 where 3D 
NA fields are not applied in the experiment the large counter 
rotation together with other rotation terms not included in the 
modelling here (neoclassical, diamagnetic) may play a role in 
MHD instability and change the behavior found in the simula-
tions from a bursting to a saturated KPM when included in the 
simulations. Work is in progress to include these effects (see 
section 4).

Expanding the number of toroidal harmonics in the simula-
tions of #153 440 to include n = [0–5], a 3D stationary state is 
obtained, in this case with a dominant toroidal mode number 
n = 2. Figure  14(a) shows that the initial growing phase 
of the evolution of the magnetic energy is similar for both 
#153 440 and #145 117. The most unstable mode in the early 
linear phase is the n = 5 mode. Due to the non-linear cou-
pling, the modes n = 1 and n = 2 develop with a linear growth 

Figure 9. Normalized temperature profiles for a saturated n = [0–5] 
KPM, the blue curves show the temperature profile of the stationary 
n = 0 JOREK equilibrium for the shot #145 117, the red curves 
show the temperature profiles in the presence of a saturated KPM at 
ϕ  = π (full curve) and at ϕ = 0 (dashed curve).
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rate about 10 times larger than their initial linear growth rates. 
In the non-linear phase, the n = 5 harmonic decays to small 
amplitude and the n = 2 and n = 4 harmonics become domi-
nant as shown in figure 14(b) (compared to n = 1 in the case 
#145 117). The amplitude of the magnetic energy perturba-
tions of the saturated dominant modes n = [2, 4] of the KPM 
for #153 440 are similar to those of n = [1, 2] for #145 117 
and, correspondingly, the particle losses caused by the n = [2, 
4] saturated modes are similar to those in #145 117, as shown 
in figure 15 while temperature losses remain very small. It is 
interesting to note that to obtain a toroidal localization, which 
is the lower energy state of the saturated KPMs obtained in 
JOREK modelling, the harmonics which are a multiple of the 
dominant mode need to be locked in phase. In the case of a 
dominant n = 2 mode, only the even modes contribute to the 
toroidal localization of the KPM mode and the odd modes 
decay to a small amplitude. This explains the fact that for the 
simulations of #153 440 with n = [0–5] harmonics only the 

n = 2 and n = 4 harmonics saturate at high magnetic energy 
perturbation amplitude.

The simulations for both DIII-D QH-mode plasmas show 
that KPMs can saturate even in the absence of a significant 
rotation in the simulations. This indicates that the interaction 
of the kink-peeling mode with a resistive wall is not an essen-
tial ingredient for its saturation for these plasma conditions 
in the simulations. A possible reason for the mode saturation 
is the formation of islands and an ergodic layer in the edge of 
the plasma, which has been found in the simulations of both 
QH-mode plasmas. The Poincare plot of magnetic field lines 
for a saturated n = 1–5 KPM at the edge plasma of #145 117 
in figure 16(a) shows these features.

A strongly ergodic field would lead to a large energy loss 
due to the large parallel conduction losses, as is found in 
simulations of plasmas with resonant magnetic field per-
turbations for ELM control. However, in these QH-mode 
simulations the temperature losses are small. To estimate the 

Figure 10. (a) Time evolution of the magnetic energy (Wm) and the kinetic energy (Wk) with different resistivities for an n = 1 KPM for the 
JOREK simulations of shot # 145 117. (b) Comparison of density profiles with different resistivities for saturated n = [0, 1] KPM, initial 
experiment density profile and n = 0 stationary JOREK equilibrium density profile.

Figure 11. (a) Contour plot of density perturbation in the poloidal plane of an unstable n = 1 KPM at the maximum amplitude in the 
bursting cycle for #153 440. (b) The density in the poloidal plane and a contour plot of the electric potential with the separatrix in poloidal 
plane.

Nucl. Fusion 55 (2015) 113002



F. Liu et al

10

heat transport due the magnetic field perturbations, an upper 
estimate for the effective perpendicular heat diffusion coef-
ficient (assuming free-streaming electrons) has been calcu-
lated following [35]:

κ
ψ= (Δ )

⊥
∥L

verg
2

th,e (8)

Figure 16(a) shows a Poincare plot with the color scale indi-
cating the local perpendicular heat diffusion coefficient. Averaging 
over flux surfaces gives a maximum value for the estimated effec-
tive radial transport due to the ergodic field of κ⊥

erg ~ 0.5 m2 s−1 
in the pedestal region, which is comparable to the value of κ⊥ped 
used in the simulations (κ⊥ped = 0.5 m2 s−1). However, in the non-
linear MHD simulations presented here, the parallel conduction 
is reduced by a factor of 25 with respect to its real Spitzer–Harm 
value for numerical reasons. Therefore, the expected ergodic 
perpendicular heat transport in these QH-mode simulations is 
very low, much lower than the upper estimate from equation (8),  

of the order of 0.02m2 s−1. This is consistent with the very small 
change to the temperature profile found in the simulations. This 
could change if larger values of parallel conduction, closer to the 
real Spitzer–Harm value, would be used in the simulations. On 
the basis of the arguments above a change of gradient of at most 

a factor of ~2 would be expected in the pedestal in that case, as 

κ⊥  ped
eff  = κ κ κ+ ≈⊥ ⊥ ⊥     2 ped

erg
ped. Independently of this, the length 

of the field lines, indicated by the color scale in the Poincare plot 
figure 16(b), shows that although the field is ergodic when the 
KPM is saturated, the field lines do not have a short connection 
length to the divertor targets; i.e. their radial excursions remain 
limited and within the confined plasma. Thus, although ergodic 
transport could potentially affect the shape of the temperature 
profiles in the pedestal region for larger values of the parallel con-
ductivity when the KPM is saturated, the direct losses on open 
field lines connecting the plasma facing components to the con-
fined plasma will always remain small with a saturated KPM in 
the simulations. On the other hand, the corresponding plot of the 

Figure 12. (a) Comparison of the time evolution of the magnetic energy perturbation (n = 1) of a 3D stationary saturated KPM state for 
#145 117 and a bursting KPM for #153 440. (b) Time evolutions of the magnetic energy of a 3D stationary bursting KPM (n = 1) with 
various resistivity and edge current density values for #153 440.

Figure 13. (a) Current density profiles vs normalized ψ for #153 440, the blue curve is the initial current density profile, the red curve 
is the current density profile with 20% reduction at the edge. (b) Comparison of density profiles for bursting n = [0, 1] KPM in JOREK 
simulations at the time of maximum amplitude compared to the equilibrium (n = 0) profile for #153 440.
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density in the poloidal plane in figure 16(c) shows that the den-
sity perturbation follows the contour lines of the electric potential 
(i.e. the E  ×  B flows) which are not necessarily aligned with the 
magnetic field lines. The E  ×  B flow lines do cross the plasma 
boundary and this leads to the modelled particle losses. Further 
work is in progress to understand the precise mechanisms that 
may lead to KPM saturation in the presence of an ergodic layer.

4. Effect of parallel equilibrium rotation on the  
QH-mode non-linear evolution

Recent investigations [17, 30] indicate that the EHO is pos-
sibly driven by edge rotation and rotation shear destabilizing 
KPMs. In order to understand the effect of edge rotation in QH 
modes edge stability, parallel rotation, as an approximation of 
the toroidal rotation has been included in the JOREK simula-
tions by utilizing a profile for the parallel rotation similar to 

the toroidal rotation measured experimentally. Figure  17(a) 
shows the 2D stationary equilibrium including parallel rota-
tion, in the plasma and in the scrape-off layer region and 
divertor for #145 117. The parallel rotation at the top of 
the pedestal in the simulations is about 20 km s−1, which is 
similar to that measured. The time evolution of the magnetic 
energy for the modes n = 1–5 with parallel rotation is shown 
in figure 17(b) for #145 117. Compared to the case without 
parallel rotation for the same shot, the parallel rotation profile 
(with a strong rotation shear at the pedestal) at this amplitude 
level does not significantly change the linear growth rates or 
the non-linear evolution. The saturation levels are comparable 
with and without parallel rotation (compare figure 17(b) with 
figure 3(b)), although the case with rotation exhibits a more 
irregular time behaviour. The density (and pressure) at the top 
of the pedestal has the same reduction and the EHO frequency 
obtained is also similar for both cases. On this basis it appears 
that the parallel rotation and/or its rotational shear on its own 

Figure 14. Time evolution of the perturbed magnetic energy of each harmonic for n = 1–5 kink peeling mode for the JOREK simulations 
of shot #153 440. (a) Energy evolution in the linear phase, time from 0.6 ms to 1.7 ms. (b) Energy evolution at the saturated phase, time 
from 1 ms to 3.5 ms.

Figure 15. (a) Density profiles for the n = [0–5] saturated KPM. (b) Temperature profiles for a n = [0–5] saturated KPM. The black curves 
are the initial density profile from experiment, the blue curves show the density profile of the stationary n = 0 JOREK equilibrium for the 
shot #153 440. The red curves show the density profiles in the presence of a saturated KPM at ϕ  = π/2 (full curve) and at ϕ  = 0 (dashed 
curve).
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does not play a major role in the destabilization and saturation 
of the KPMs leading to the EHO in the DIII-D QH-modes 
modelled.

5. Effect of a resistive wall on the QH-mode  
non-linear evolution

The influence of a realistic resistive wall in these DIII-D 
simulations has been studied with the coupled codes JOREK 
and STARWALL [25]. The STARWALL code calculates 
the response from the vacuum and the time evolution of the 
induced eddy currents in the resistive wall, using a thin wall 

approximation. This dynamic response is used as a boundary 
condition on the poloidal flux evolution in the JOREK code.

Figure 18(a) shows the plasma flux perturbation and the 
current potential in the resistive wall during the saturated state 
of an n = [0, 1] KPM for #145 117. Figure 18(b) shows the 
time evolution of the magnetic energy of the KPM mode for 
an ideal wall without plasma rotation and for a resistive wall 
for a range parallel rotation speeds at the plasma pedestal from 
-80 km s−1 to 80 km s−1. As shown in this figure the effects of 
a resistive wall and of toroidal rotation with a resistive wall 
on KPM instability and saturation are very moderate. With a 
resistive wall there is a small decrease in the linear growth rate 
of the KPM by about 20% when the toroidal rotation increases 

Figure 17. (a) 2D stationary equilibrium in the poloidal plane with parallel flow. (b) Time evolution of magnetic energy for n = 1–5 KPM 
of #1451 17 with parallel equilibrium rotation.

(a)

Figure 16. Poincare plot of magnetic field lines for the saturated n = 1–5 KPM of #145 117, the color scale indicates the estimated heat 
transport due to the ergodicity (a) and the connection length (b). (c) shows the density in the poloidal plane and a contour plot of the 
electric potential with the separatrix in the poloidal plane.
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from 0 to 80 km s−1. In contrast, the linear growth rate of the 
KPM with counter parallel rotation is very close to the ideal 
wall case. The saturation level is also modified by positive 
parallel rotation in the resistive wall case, with the highest 
saturation levels being found for the highest positive parallel 
rotation speeds. As for the linear growth rate of the KPM, its 
saturation level is not modified by rotation speed for the cases 
with counter parallel rotation and it is similar to the ideal wall 
case with no rotation. It should be noted that for all cases the 
effects of toroidal rotation are small with a resistive wall and, 
in fact, the density loss at the pedestal is reduced from 25% 
to below 20% when parallel rotation increases from 0 to 80 
km s−1, despite the increase of saturated magnetic energy of 
the KMP. This shows that indeed the inclusion of a resistive 
wall and plasma rotation has an effect on the non-linear KPM 
evolution but that this effect is small in these simulations of 
the QH-mode conditions in DIII-D.

It is also important to note that, for the cases with zero par-
allel rotation speed, the KPM saturation level is very similar 
for the case with an ideal wall and a resistive wall. In both 
cases the saturated KPM rotates with similar frequency in the 
poloidal plane, and the resulting density loss at pedestal is also 
comparable. Thus with a resistive wall the saturation of the 
KPM does not require a finite toroidal rotation, as found with 
an ideal wall.

6. Conclusions

Both linear and nonlinear MHD simulations for two DIII-D 
QH-mode discharges have been performed with the MISHKA 
and JOREK codes respectively. The linear MHD peeling-
ballooning stability study shows that these QH-mode plasmas 
are close to the kink/peeling stability boundary, confirming 
earlier studies [17, 30], with the kink/peeling stable boundary 
being sensitive to the value of the separatrix current density. In 
the nonlinear MHD simulations of DIII-D QH-mode plasmas, 
kink/peeling modes have been found to grow exponentially in 
the linear phase and then non-linearly saturate into a new 3D 
stationary state. It is found that the dominant toroidal mode 

number in the 3D stationary state is not determined by the 
most unstable linear instability but that the low-n (n = 1, 2) 
modes in the 3D state are excited by the non-linear coupling 
of the medium-n harmonics. The saturated KPM mode leads 
to oscillations in the edge magnetic field, position of the 
plasma boundary and associated plasma parameters (density 
in particular) with the typical multi-harmonic content associ-
ated with the EHO in QH-mode plasmas observed experimen-
tally in magnetics and fast reflectometer measurements. In the 
non-linear simulations, the E  ×  B flows due to the saturated 
kink-peeling mode lead to a significant particle loss channel 
and, associated with it, to a decrease of the edge plasma den-
sity, which is in good agreement with typical observations 
in DIII-D QH-mode plasmas. On the basis of the non-linear 
MHD modelling results presented in this paper we can con-
clude that the experimental behaviour observed for the EHO 
is in good agreement with that modelled for a saturated kink/
peeling mode driven unstable by the large edge current den-
sity in these plasmas, as previously conjectured.

The main issue which remains to be understood is that of the 
mechanism leading to the saturation of the mode and whether 
this mode remains saturated in a stationary fashion or if it is 
subject to relaxations (bursty behaviour). In our simulations 
we find that this is affected by the resistivity of the plasma, the 
proximity to a conducting ideal wall and where edge ergodiza-
tion by the mode itself could potentially play a role. In general 
the effects of parallel rotation/rotation shear on the saturation 
of the KPM appear to be small even when we consider a real-
istic resistive wall, which is contrary to current experimental 
evidence. This could be due to the fact that the present simula-
tions only include parallel rotation effects and that, when self-
consistent simulations include neoclassical poloidal velocities 
and diamagnetic effects to properly reproduce the radial elec-
tric field, then the edge non-linear MHD stability picture may 
be changed. This will be subject to further studies to be carried 
out in conjunction with a realistic resistive wall.

An important question that remains to be addressed is 
which are the physics mechanisms and which are the relevant 
parameters determining whether the plasma develops into 
an ELMy H-mode, dominated by the non-linear evolution 

Figure 18. (a) The perturbed flux and wall current potential on the resistive wall of a saturated n = 1 KPM for #145 117. (b) The (n = 1) 
magnetic energy for ideal wall and a scan of the assumed parallel rotation speed at the top of the pedestal for the resistive wall.
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of medium to high-n ballooning modes or into a QH-mode 
regime in which the relevant modes are low-n kink-peeling 
modes. The present paper does not address this question 
but concentrates on the non-linear evolution of low-n kink-
peeling modes in DIII-D QH-mode plasmas. The ballooning 
modes (and thereby the possibility of an ELMy solution) have 
been excluded by the choice of toroidal mode numbers in the 
simulations (n = 0–5). The next step will be to use toroidal 
mode numbers including those typical of ballooning modes  
(n = 0–20). Also, the physics model will need to include dia-
magnetic flows to obtain a full ELM cycle [36]. Diamagnetic 
flows are available in the JOREK code but not used in this paper.

Ultimately the identification of the physics mechanisms 
that lead to the saturation of the KPM and the EHO in DIII-D 
QH-mode will allow us to evaluate the possibility of high 
fusion performance ITER operation in this operational mode 
taking into account the specific characteristics of ITER plasmas 
and tokamak (low resistivity/low collisionality plasma, low 
toroidal rotation, highly conducting vessel at rwall/a = 1.4, etc).
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