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Abstract. Extensive modelling efforts of the plasma response to the resonant magneticperturbation
(RMP) fields, utilized for controlling the edge localized mode (ELM), help to identify the edge-peeling
response as a key factor, which correlates to the observed ELM mitigation inseveral tokamak devices
including MAST, ASDEX Upgrade, EAST and HL-2A. The recently observed edge safety factor win-
dow for ELM mitigation in HL-2A experiments is explained in terms of the edge-peeling response.
The computed plasma response, based on toroidal single fluid resistive plasma model with different
assumption of toroidal flows, is found generally larger in ELM suppressed cases as compared to that
of the ELM mitigated cases, in ASDEX Upgrade and DIII-D. The plasma shaping, in particular the
plasma triangularity, contributes to the enhanced plasma response. But the shaping does not appear to
be the sole factor - other factors such as the (higher) pedestal pressure and/or current can also lead to
increased edge-peeling response.

1 Introduction

Resonant magnetic perturbation (RMP), or sometimes simply referred to as magnetic pertur-
bation (MP), has been experimentally established as an efficient way of controlling the large
(type-I) edge localized mode (ELM) in H-mode tokamak plasmas. In fact, full suppression of
type-I ELM, under ITER relevant (low) collisionality conditions, has been reported on several
present-day devices including DIII-D [1], KSTAR [2], EAST [3] and ASDEX Upgrade [4].
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Even in devices where ELM suppression has so far not been achieved, the ELM bursting fre-
quency is significantly increased with reduced amplitude per burst. This is referred to as ELM
mitigation, which is still of significant benefit in terms of reducing the peak heat flux load on
the plasma facing components. ELM mitigation (but not suppression) has been achieved in
JET [5], MAST [6], and very recently in HL-2A.

Extensive modelling efforts have been devoted to understand and to interpret ELM control
experiments. Most of the modelling work has been carried outfor individual devices, for
example MAST [7], DIII-D [8, 9], ASDEX Upgrade [10, 11, 12, 13], EAST [14], as well as
for ITER [7, 15, 16, 17]. These activities were also reportedin recent review articles [18, 19].

In this work, we report some of the recent multi-machine, comparative modelling results on
the ELM control experiments utilizing the RMP fields. More specifically, we focus on the
toroidal computation of the plasma response to RMP fields. Theplasma response, either in
terms of the perturbed magnetic field or the plasma displacement, often allows direct compar-
ison with experimental measurements and consequently quantitative validation of the compu-
tational models [20, 21]. In turn, the plasma response can provide, at the macroscopic level,
guidance for optimization of the coil configuration in orderto achieve the best ELM control
in experiments. No less importantly, the plasma response computations also help to under-
stand the RMP field penetration physics, and the associated particle and momentum transport
[22, 23]. Finally, the computed plasma response field can be valuable input data for further
studies, such as the (enhanced) energetic particle losses due to 3D RMP fields, and the result-
ing divertor-wall heat loads [24].

Previous study has revealed that there are essentially two types of plasma response to the
applied RMP fields. One is the the so called core-kink response, and the other is the edge-
peeling response [7]. The difference is that the plasma displacement is strongly localised
near the plasma edge - in the pedestal region - with the edge-peeling type of response, and
is often associated with a dominant single poloidal harmonics in terms of the radial plasma
displacement. The core-kink response, on the contrary, hasa much more global structure in
terms of the internal plasma displacement. The corresponding poloidal spectrum of the radial
displacement is also more rich.

It has been the computational observation that the core-kink response normally results in a
large plasma surface displacement near the outboard mid-plane, similar to the ballooning mode
structure, though in this case with rather low toroidal modenumbers (n is typically equal to
1,2,3). On the other hand, the edge-peeling response is often associated with a large plasma
displacement near the X-point. For a resistive plasma response, the amplitude of the resonant
radial magnetic field components near the plasma edge is alsofound to be a good measure for
the edge-peeling type of plasma response.

From the practical point of view, perhaps the most useful result is the correlation between
the computed edge-peeling response and the observed ELM mitigation by the RMP fields
in experiments. Such a correlation has previously been obtained in the modelling of several
tokamak devices [7, 8, 25, 4, 13], and will be further confirmed by the new results presented
in this work. The role of the edge-peeling response in ELM suppression is less exploited in
previous work, and is therefore one of the focusing points inthis study.

The next Section briefly introduces the computational model, that we use in this study to obtain
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the plasma response in toroidal geometry. Section 3 presents the multi-machine modelling
results for the ELM mitigation experiments, followed by theELM suppression modelling
reported in Section 4. Section 5 summarizes the computational results and Section 6 draws
conclusion.

2 Computational plasma response model

The majority of the results reported in this study are obtained by the MARS-F code [26], which
solves linearized, single fluid MHD equations in toroidal geometry. The detailed formulation
for solving the RMP problem was described in Ref. [27], with additional comments on certain
specific points being also discussed in a recent work [11].

For the completeness of information, below we list the equations that are solved by MARS-F

i(ΩRMP+nΩ)ξ = v+(ξ ·∇Ω)Rφ̂, (1)

iρ(ΩRMP+nΩ)v = −∇p+ j ×B+J×b−ρ
[

2ΩẐ ×v+(v ·∇Ω)Rφ̂
]

−ρκ‖|k‖vth,i| [v+(ξ ·∇)V0]‖ , (2)

i(ΩRMP+nΩ)b = ∇× (v×B)+(b ·∇Ω)Rφ̂−∇× (ηj), (3)

i(ΩRMP+nΩ)p = −v ·∇P−ΓP∇ ·v, (4)

j = ∇×b, (5)

whereR is the plasma major radius,φ̂ the unit vector along the geometric toroidal angleφ of the
torus,Ẑ the unit vector in the vertical direction in the poloidal plane. ΩRMP is the excitation
frequency of the RMP field, which is zero for a dc coil current.n is the toroidal harmonic
number. For a linear response of axi-symmetric equilibria,we need to consider only a singlen
perturbation each time. The full plasma response from differentn’s can in principle be linearly
superposed, if needed. The plasma resistivity is denoted byη. The Spitzer resistivity model
is used in this work. The variablesξ,v,b, j , p represent the plasma displacement, perturbed
velocity, magnetic field, current, and pressure, respectively. The equilibrium plasma density,
field, current, and pressure are denoted byρ,B,J,P, respectively. Γ = 5/3 is the ratio of
specific heats for ideal gas.

The last term in Eq. (2) describes the effect of parallel sound wave damping, withκ being a
numerical coefficient determining the damping “strength”.k‖ = (n−m/q)/R is the parallel
wave number, withm being the poloidal harmonic number andq being the safety factor.vth,i =
√

2Ti/Mi is the thermal ion velocity, withTi,Mi being the thermal ion temperature and mass,
respectively. The parallel component of the perturbed velocity is taken along the equilibrium
field line. In this work, we assumeκ‖ = 1.5, corresponding to a strong sound wave damping.
Influence of the sound wave damping model (strong versus weak) has been systematically
investigated in Ref. [11].

The RMP field is generated by the source currentjRMP flowing in the RMP coils

∇×b = jRMP, ∇ · jRMP = 0. (6)

Note that MARS-F consistently solves the combined MHD equations in the plasma region,
the vacuum equations for the perturbed fieldb (i.e. curl- and divergence free conditions forb)
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outside the plasma, as well as the above coil equation (6) as the source term. The perturbed
magnetic fieldb is thus defined as a global quantity across the plasma-vacuum-coil regions.
In other words, theb field defined in MHD equations as well as in Eq. (6) is produced by the
currents both in the plasma (the perturbed plasma current) and in the RMP coils.

The two key physics terms in our model, that are directly relevant to the plasma response to the
RMP fields, are the toroidal flow frequencyΩ and the plasma resistivityη. The former leads
to the screening of the applied vacuum field (more precisely the resonant components), whilst
the latter allows certain penetration of the field. Within the linear theory, the superposition
of the resistive plasma response field and the 2D equilibriumfield yields magnetic islands of
finite size, as a result of “forced reconnection”.

Within the single fluid theory, the plasma flow is naturally presented by the thermal ion flowΩ.
However, since the major effect of the flow is the field shielding in the RMP plasma response
problem, we shall also consider another flow model, namely the equilibriumE×B flow, with
the rotation frequency ofΩE×B, in this work. In other words, in some of the study reported
below (Section 4), we shall replaceΩ from the above MHD equations byΩE×B, and compare
the plasma response with these two different flow models. Different flow models certainly
correspond to different MHD physics. However, the mathematical structure corresponding
to the field screening, which is reflected in the Ohm’s law, is very similar [28]. We also
mention that, within the two-fluid theory, the electron flow in the direction perpendicular to the
magnetic field line has been shown to be crucial for the resonant field screening [29, 30, 31].
This flow model is beyond the physics capability of our present formulation, and is thus not
considered here.

Despite the relative simplicity of the formulation, the linear single fluid model has been shown
to be quantitatively adequate in many cases, in particular for the RMP problem associated with
the ELM control, when the modelling results are compared with the experimental measure-
ments [20, 21].

3 Modelling ELM mitigation experiments

ELM mitigation has been achieved in several machines, including MAST [6, 32], ASDEX
Upgrade [33], JET [5] and recently in EAST [3] and HL-2A. Extensive MARS-F modelling
has been performed for MAST [7], ASDEX Upgrade [10, 11, 12], and EAST [14]. All the
modelling results, in comparison with the corresponding experimental observations, so far
point to the important role played by the edge-peeling response for achieving the best ELM
mitigation [19]. The edge-peeling response, which was firstidentified in modelling of the
JET experiments [34], is found to be closely correlated to the pronounced plasma surface
displacement near the X-point. On the contrary, the other type of the plasma response - the
core-kink response - often causes large plasma displacement near the outboard mid-plane, due
to the ballooning effect. In the modelling of the MAST ELM mitigation experiments, we
found that the ratio of the plasma displacement near the X-point to that at the outboard mid-
plane serves as a good indicator for the density pump-out observed in experiments, for both L-
mode and H-mode plasmas. In H-mode plasmas, achieving ELM mitigation without causing
the mode locking or the H-to-L back transition requires thisdisplacement ratio exceeding
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certain critical value (about 1.7 for MAST plasmas). In other words, the best strategy for
ELM mitigation appears to be maximizing the edge-peeling response and at the same time
minimizing the core-kink response.

For the purpose of avoiding confusion with terminology, we briefly explain here the meaning
of the edge-peeling response, which has been discussed in several of previous studies. This is
one type of kink response, which causes the plasma displacement mainly near the edge, and is
thus sometimes also referred to as the “edge-kink” responsein literatures. The structure of the
perturbation is similar to that of the peeling mode instability, with the latter being (normally the
low-n) part of the spectrum of the peeling-ballooing mode which isthe initial MHD instability
associated with type-I ELMs. The difference is that the peeling mode normally refers to
an unstable eigenmode, whilst the edge-peeling response refers to part of the stable plasma
response to the RMP fields. The toroidal spectrum of the peeling-ballooning mode eventually
depends on the plasma equilibrium, whilst the edge-peelingresponse always has the same
toroidal spectrum as that of the applied vacuum RMP field.

In ASDEX Upgrade plasmas using then = 2 RMP coil configurations, the plasma flow is
often partially damped during the ELM mitigated phase, but without directly causing mode
locking. Extensive modelling efforts, performed for discharges with the conventional plasma
shape (low upper triangularity), again reveal the importance of the edge-peeling response. In
particular, the fluid model predicted optimal coil phasing,that maximizes the edge-peeling
response, agrees well with the best achievable ELM mitigation in experiments [33]. This
is confirmed by MARS-F [10, 11, 12], NEMEC [4] as well as JOREK [13] computations. In
particular, systematic scans with varying edge safety factor [12, 37] as well as plasma pressure
[37] yield simple analytic fitting formulas for the optimal coil phasing, with varying plasma
conditions.

ELM mitigation has also been achieved in EAST with then = 2 RMP fields. The computa-
tional study, reported in Ref. [14], again reveals the important role played by the edge-peeling
response. More specifically, both coil phasing of+90o and−90o were considered in experi-
ments. The+90o phase, though introducing much larger resonant field components compared
to the−90o phase, has very weak effect on the ELM behavior. The−90o coil phasing is
computationally shown to cause large edge-peeling response, and experimentally strong ELM
mitigation.

In the following, we shall report the MARS-F modelling results for the recent ELM mitigation
experiments in HL-2A. HL-2A is a medium-sized tokamak with the major radius ofR0=1.65
m and the typical plasma minor radius of about 37 cm. A 2×2 ELM control coil system has
recently been installed. There are two rows of coils (upper and lower, respectively) as shown
in Fig. 1, with each consisting of 2 coils along the toroidal angleφ, spanning about 11.4o in φ,
and being separated from each other by 180o in φ.

This coil system generates multiple toroidal RMP field components. By supplying the coil
currents flowing in the opposite direction in each row, as in experiments, field components
with odd n numbers are created. In HL-2A discharge 29676, which we use in this work for
the modelling purpose, the supplied coil current is 4.5 kAt.An analytic estimate shows that
the corresponding coil currents for toroidal componentsn = 1,3,5,7 are 284 A, 280 A, 373
A, 262 A, respectively. The amplitude of the first few toroidal components of the coil currents
is comparable, as expected.
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Figure 1: The location and size of the ELM control coils in HL-2A, shown (a) on the poloidal
plane together with the plasma boundary shape for discharge29676 at 820ms, and (b) in a 3D
view in blue and red.

However, when the generated RMP fields reach the plasma, the (resonant) field components
with highern become significantly weaker, due to the fact that the higher-n andm (m is the
poloidal number) components decay faster in the vacuum. Theresulting resonant radial field
amplitude, at the corresponding rational surface close to the plasma boundary, is compared in
Fig. 2. Here, the amplitude of the radial field component, foreachm andn, is defined as a
dimensionless quantity

b1
res≡

1

R2
0B0

∣

∣

∣

∣

b ·∇ψ
Beq·∇φ

∣

∣

∣

∣

mn

, (7)

whereB0 is the vacuum toroidal magnetic field strength at the major radiusR0 (B0=1.37 Tesla
in HL-2A discharge 29676),b the perturbed magnetic field due to RMP,ψ the equilibrium
poloidal flux function, andBeq the equilibrium field. The toroidal harmonic is calculated using
the geometric toroidal angleφ, whilst the poloidal harmonic is calculated using a PEST-like
definition for the poloidal angleχ, which yields a Jacobian being proportional to the square of
major radius,R2. These choices of toroidal and poloidal angles result in a straight-field-line
flux coordinate system.

Figure 2 comparesb1
res for n = 1,3,5,7 toroidal components. For eachn, comparison is also

made between the applied vacuum RMP field (dashed lines) and the total perturbed field in-
cluding the plasma response (solid lines). Moreover, in numerical modelling, for eachn, we
perform full scans of the coil current phasing angle∆φ between the upper and lower rows,
from -180o to +180o. In experiments, with only two coils per row, the only possible choice for
the coil phasing is either even parity (∆φ = 0) or odd parity (∆φ =±180o). In all ELM control
experiments carried out so far in HL-2A, only odd parity configuration has been considered.

Comparing the resonant vacuum field components betweenn = 1,3,5,7, we find the ratio of
the peak values (among all coil phasing∆φ) is about 169:64:8:1, indicating that the largest role
in ELM control is still played by then = 1 field component in HL-2A, despite a very small
coverage of the toroidal angle by the RMP coils. Then = 3 field component, being 3 times
smaller than then = 1 component, may also plays some role.

Inclusion of the plasma response changes the poloidal spectrum of the RMP field. As a con-
sequence, the dependence ofb1

res on the coil phasing∆φ also changes. In particular, the peak
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Figure 2: The computed amplitude of the last resonant radialfield component, for the vacuum
RMP field (dashed lines) and the total response field includingthe plasma response (solid
lines), for the (a)n = 1, (b) n = 3, (c) n = 5, and (d)n = 7 field components in HL-2A, with
artificial variation of the coil phasing∆φ between the upper and lower rows. The experimental
coil phasing corresponds to∆φ = 180o.

amplitude ofb1
res is reached at different coil phasing, between the vacuum field and the total

response field. Defining the coil phasing that maximizesb1
res as the “optimal” coil phasing,

we find 60o shift in the optimal phasing between the total response fieldand the vacuum field,
for the dominantn = 1 component. This 60o phase shift is close to what has been found for
ASDEX Upgrade plasmas [10, 11, 12] as well.

More interestingly, theb1
resvalue from then = 1 plasma response peaks at∆φ = 180o, i.e. with

the odd parity coil configuration, indicating that the experimental choice of the coil configu-
ration is already optimal. The other possible choice of the coil configuration in experiments
- the even parity - should yield the least effect on ELMs, according to the modelling results
shown here.

As has been shown in the previous MARS-F modeling for MAST [7],ASDEX Upgrade
[10, 11, 12] and EAST [14], ELM mitigation is closely correlated to the edge-peeling re-
sponse, which often manifests itself as pronounced plasma displacement near the X-point
[19]. We examine here these aspects for the HL-2A case, with results summarized in Figs. 3
and 4, where we again scan the coil phasing∆φ. Figure 3 compares the amplitude of the core-
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kink component (dashed lines) versus the edge-peeling component (solid lines) of the plasma
response, for then = 1,3,5,7 RMP fields, respectively. The amplitude of the core-kink re-
sponse is defined as the maximum value of all poloidal Fourierharmonics of the computed
plasma radial displacement|ξ1

mn(ψp)| ≡ |ξ ·∇s|mn, in the range of the normalized equilibrium
poloidal flux 0< ψp ≡ s2 < 0.5 (i.e. in the plasma core region). The amplitude of the edge-
peeling response is defined as the maximum amplitude of the same quantity in the range of
0.8 < ψp < 1 (i.e. in the plasma edge regions). Although these definitions are not unique,
previous modelling experience shows that this choice well represents the core-kink and the
edge-peeling components of the plasma response.

Two key observations can be made from Fig. 3. First, the plasma radial displacement quickly
decreases with the toroidal mode number. In particular, forthe edge-peeling amplitude, the
peak values (along∆φ) follow a ratio of 196:33:2:1, forn = 1,3,5,7. This is generally con-
sistent with the resonant radial field amplitude ratio shownin Fig. 2, again confirming the
dominant role played by then = 1 RMP field component for the ELM control in HL-2A. The
second observation is that, for then = 1 harmonic, the edge-peeling amplitude reaches the
maximum value at∆φ ∼ 180o - another indication that the odd parity coil configuration is
close to the optimum for the ELM control in HL-2A. It is also interesting to note that the core-
kink amplitude also reaches maximum with the odd parity coilconfiguration, for this HL-2A
plasma.

Closely related to the edge-peeling (core-kink) response, is the plasma surface displacement
near the X-point (the outboard mid-plane). This is indeed confirmed by the computed coil
phasing scan results as shown in Fig. 4. Hereξn ≡ |ξ · ∇s|/|∇s| is the amplitude of the
normal displacement of the plasma surface. The correlationis particularly evident for the
dominant toroidal componentsn = 1 and 3. Less correlation is observed forn = 5 and 7. But
the amplitude of the plasma displacement is very small forn = 5 and 7. The good correlation
between the edge-peeling response and the plasma displacement near the X-point, forn = 1,3,
also means that the odd parity coil configuration causes the largest X-point displacement in
these HL-2A plasmas.

The amplitude of the plasma normal displacement is also plotted in the poloidal plane in
Fig. 5, and compared between then = 1 and then = 3 toroidal components, assuming the
odd parity coil configuration. Besides the obvious difference in the overall magnitude of the
displacement, the pattern is somewhat different. In particular, then = 1 normal displacement
strongly peaks near the X-point, whilst then = 3 displacement is pronounced both near the
X-point and in the low field side region of the torus. The combined effect is still largely the X-
point displacement peaking with the odd parity coils, whichshould be in favour of maximizing
the control effects on the ELMs in experiments.

Finally, and perhaps most interestingly, is a direct comparison between experiments and mod-
elling for HL-2A, as shown by Fig. 6. Here, we present in Fig. 6(a) the experimentally
measured ELM frequency for a series of RMP discharges, where the edge safety factorq95 is
varied. The ELM frequency is normalized by that from the RMP-off discharges. In the range
of q95 below 3.5, no ELM mitigation is achieved in HL-2A (with odd parity coil configura-
tion). However, clear ELM mitigation is achieved in aq95 window with q95 value above 3.6,
with more than doubling of the ELM frequency in certain cases.

In the MARS-F modelling results shown in Fig. 6(b), we varyq95 by scanning the total
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Figure 3: The computed amplitude of the core-kink (dashed lines) versus the edge-peeling
(solid lines) components of the plasma response, caused by the (a)n = 1, (b)n = 3, (c)n = 5,
and (d)n = 7 vacuum RMP field components in HL-2A, with artificial variation of the coil
phasing∆φ between the upper and lower rows. The experimental coil phasing corresponds
to ∆φ = 180o. The amplitude of the response components is measured in terms of the radial
plasma displacement.
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Figure 4: The computed amplitude of the plasma surface displacement near the outboard mid-
plane (dashed lines) and near the X-point (solid lines), caused by the (a)n = 1, (b)n = 3, (c)
n = 5, and (d)n = 7 vacuum RMP field components in HL-2A, with artificial variation of the
coil phasing∆φ between the upper and lower rows. The experimental coil phasing corresponds
to ∆φ = 180o.

Figure 5: The computed distribution of the plasma radial displacement amplitude at the
poloidal plane, caused by the (a)n = 1 and (b)n = 3 components of the applied RMP fields
in HL-2A. The ELM control coil current is assumed to be 4.5 kAt, with the upper and lower
rows in odd parity, as in experiments.
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Figure 6: Comparison of the HL-2A experiments versus the modelling results as the safety
factorq95 is scanned: (a) the ratio of the ELM frequency with RMP to that without RMP, as
measured in experiments, (b) the ratio of the plasma surfacedisplacement near the X-point to
that near the outboard mid-plane, as computed by MARS-F.

plasma current, based on the plasma equilibrium from the HL-2A discharge 29676 at 820 ms.
We find that, roughly in the sameq95 window where the ELM mitigation has been observed in
experiments, the ratioξX/ξM of the computed plasma surface displacement near the X-point,
to that of the outboard mid-plane, is maximized. This is qualitatively the same correlation
we found for the MAST plasmas [7]. On the other hand, we noticethat the correlation is not
perfect, between the ELM mitigation window obtained in experiments (Fig. 6(a)) and that
from the modelling (Fig. 6(b)). In particular, the modelling predicts a mitigation window
which is slightly shifted towards the lower range ofq95. This may be partially due to the
way the plasma equilibria are scanned in MARS-F, where only the total plasma current is
varied, whithout modifying other equilibrium quantities such as the current profile and the
plasma pressure. In experiments, these quantities may varyfrom shots to shots. Nevertheless,
these MARS-F modelling results for HL-2A, though still not representing an exhausted study,
already confirm the role of the edge-peeling response in the ELM mitigation, that we have
previously found in other devices.
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Table 1: Basic equilibrium parameters of the modelled ASDEX Upgrade (discharge numbers
30835 and 33133) and DIII-D (discharge number 164277) plasmas.

Shot# Time(ms) R0(m) B0(T) Ip(MA) βN q0 q95 Ω0/ωA(%)

30835 3200 1.724 1.705 0.773 2.148 0.811 3.760 2.299
33133 3000 1.701 1.756 0.854 2.064 1.129 3.782 4.551
164277 2500 1.670 1.907 1.587 1.665 1.157 3.640 5.081

4 Modelling ELM suppression experiments

So far most of our modelling efforts have been devoted to the ELM mitigation experiments.
Work has just been started to compute the plasma response forELM suppressed experiments.
In particular, understanding the physics difference between the ELM mitigation and suppres-
sion is still at the initial stage, with some of the results reported below for ASDEX Upgrade,
DIII-D, and KSTAR.

Before doing so, we briefly mention the previous modelling efforts for the ELM suppression
experiments in DIII-D [25] and EAST [14]. Despite the possible profound difference between
the mitigation and suppression physics, both studies stillfound that the edge-peeling response
is an important indicator for the the ELM suppression. In particular, a systematic coil phasing
scan for the EAST plasma confirms that the best coil phasing for achieving the ELM suppres-
sion is the one that causes the strongest edge-peeling response [14].

In the following, we report a comparative analysis of the plasma response computed by
MARS-F, for both ELM mitigation and suppression discharges.Full ELM suppression has
recently been achieved in ASDEX Upgrade under low pedestal collisionality conditions (with
effective electron collisionality at the pedestal topν∗ped

<∼ 0.4) [4]. This was possible, however,
only with the increased plasma shaping. More specifically, it was found that increasing the
upper triangularity helps to obtain the ELM suppression. Inthe conventional, low upper trian-
gularity plasmas, only ELM mitigation was achieved, even with the optimal ELM control coil
configurations [33]. It is therefore important to understand, from the plasma response point of
view, whether (and how) a stronger plasma shaping helps to achieve the ELM suppression.

For this purpose, we select three plasmas from three ELM control experiments - two from AS-
DEX Upgrade and one from DIII-D. These three plasmas, with key equilibrium parameters
listed in Table 1, differ significantly in the plasma shaping, in particular the upper triangu-
larity as shown in Fig. 7(a). The conventional low triangularity ASDEX Upgrade plasma,
represented by discharge 30835, has upper triangularityδU = 0.05 and lower triangularity
δL = 0.43. The high triangularity ASDEX Upgrade shape, represented by discharge 33133,
hasδU = 0.23 andδL = 0.42. Finally, the DIII-D discharge 164277 has ITER similar shape
(ISS), withδU = 0.34 andδL = 0.65. We note that these three equilibria have similar edge
safety factor, ofq95 ≃ 3.7. The pedestal pressure is significantly higher in DIII-D discharge
164277, as shown in Fig. 7(b). The pedestal pressure in ASDEXUpgrade discharge 33133 is
slightly higher than that of 30835.

In experiments, ELM mitigation is achieved in discharges similar to ASDEX Upgrade 30835,
using the n=2 RMP fields produced by 5 kAt coil currents in 90o coil phasing, which is close
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Figure 7: Comparison of (a) the plasma boundary shapes and theELM control coils loca-
tion between the ASDEX Upgrade discharge 30835 (with ELM mitigation) and 33133 (ELM
suppression), and the DIII-D discharge 164277 (ELM suppression), and (b) the equilibrium
pressure profiles near the plasma edge (covering the pedestal region) among three discharges.
The equilibria are reconstructed within an inter-ELM period during the ELM mitigated phase
for the ASDEX Upgrade discharge 30835, and during the ELM suppressed phase for ASDEX
Upgrade 33133 and DIII-D 164277.

to the optimal coil phasing as judged by the edge-peeling response criterion [11, 12]. Using the
same coil configuration, however, ELM suppression is achieved in ASDEX Upgrade discharge
33133, as shown by Fig. 8 using the same coil phasing and 6.5 kAt RMP coil currents. Indeed,
both the divertor current (a) and the the divertor heat flux (c) measurements show a full ELM
suppression in the time window of 2.75-3.15 s, at a fixed coil phasing of 90o (d). The plasma
pedestal density decreases (density pump out) after the application of the RMP fields, but
remains nearly constant during the ELM suppression phase. In DIII-D discharge 164277, a
4.5 kAt coil current, with the n=3 even parity configuration,is sufficient to suppress the type-I
ELM.

In this work, we shall compute and compare the plasma response for the aforementioned
three equilibria, using the corresponding coil configurations as in experiments. A key input
parameter for the plasma response computation is the plasmaflow. Within the single fluid
model in MARS-F, we shall test two toroidal flow models. One is the fluid flow model (i.e.
the bulk thermal ion flow), with the toroidal angular rotation frequency ofΩ. the other is the
E×B flow, with the angular frequency ofΩE×B. These two rotation frequencies, for each of
the three plasmas, are compared in the plasma edge region in Fig. 9. It is evident that the fluid
and theE×B flow profiles are qualitatively different in these plasmas. In particular, theE×B
flow speed reverses sign in the pedestal top region, in all three discharges. This may affect
the flow screening of the applied RMP fields. And this is also themain motivation for us to
consider these two different flow models in this study.

Figure 10 compares the MARS-F computed plasma response, in terms of the resonant radial
field componentb1

res, between three discharges with different plasma shaping, assuming the
fluid flow model (a) and theE×B flow model (b), respectively. The fluid flow model does
not distinguish between the ASDEX Upgrade low triangularity case (ELM mitigation) and the
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Figure 8: Time traces for the ELM suppressed discharge 33133in ASDEX Upgrade, for (a)
the divertor current (the outer divertor thermoelectric current), (b) the pedestal density, (c) the
divertor peak heat flux, and (d) the coil current phasing (90o in this case).
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Figure 9: The reconstructed (from the measurements) plasmafluid toroidal rotation frequency
Ω (solid lines) and theE×B toroidal rotation frequencyΩE×B (dashed lines), for (a) the
ASDEX Upgrade discharge 30835 at 3200 ms, (b) the ASDEX Upgrade discharge 33133 at
3000 ms, and (c) the DIII-D discharge 164277 at 2500 ms.

15



0.9 0.92 0.94 0.96 0.98 1
0

0.1

0.2

0.3

0.4

0.5

ψ
p

b
1 re

s
 x

 1
0

(a)
4

AUG30835.3200

AUG33133.3000

D3D164277.2500

0.9 0.92 0.94 0.96 0.98 1
0

0.05

0.1

0.15

0.2

ψ
p

b
1 re

s
 x

 1
0

(b)

4

AUG30835.3200

AUG33133.3000

D3D164277.2500

Figure 10: Comparison of the computed plasma response, in terms of amplitude of the res-
onant radial field components near the plasma edge, among three discharges with different
plasma shaping: the ASDEX Upgrade discharges 30835 and 33133, the DIII-D discharge
164277. Computations are performed assuming (a) the fluid rotation frequencyΩ, and (b) the
E×B rotation frequencyΩE×B, in the single fluid plasma response model.

DIII-D ISS case (ELM suppression) in terms ofb1
res. On the other hand, the fluid flow model

yields a strongb1
res response for the high triangularity ASDEX Upgrade discharge 33133, at

the rational surfaceq = m/n = 8/2 (nearψp = 0.96). This is largely due to the fact that the
fluid rotation frequency nearly vanishes near this rationalsurface, as shown in Fig. 9(b). [We
note that the fluid flow also nearly vanishes in discharge 30835 as shown in Fig. 9(a), but not
near a rational surface (in fact between 7/2 and 8/2 surfaces). This does not yield an amplified
response of the resonant field harmonic.]

Assuming theE×B flow model, Fig. 10(b) shows that theb1
res response near the plasma

edge (in the pedestal region) is generally stronger in the ELM suppressed cases (both ASDEX
Upgrade and DIII-D), than that in the ELM mitigation case (ASDEX Upgrade 30835). It
remains, however, to clarify whether this larger response directly comes from the difference
in the plasma shaping. This will be examined later on in this work.

The other figure of merit, that can be used to measure the plasma response, is the plasma
surface displacement [19]. The plasma surface displacements, as functions of the poloidal
angle, are plotted and compared in Fig. 11 for the two ASDEX Upgrade equilibria with low
and high upper triangularity shaping. Since the displacement is a dimensional quantity, it
is reasonable to perform the comparison within the same device. Again both the fluid flow
and theE×B flow models are considered, with results reported in Figs. 11(a) and (b),
respectively. A general observation is that the RMP fields induce larger plasma displacements
in the ASDEX Upgrade plasma with stronger shaping. In particular, with theE×B flow,
the plasma displacement near the X-point is significantly larger with the high-triangularity
shaping, where the ELM suppression has been achieved in experiments, as compared to the
low triangularity shaping, where only ELM mitigation has been obtained.

We have also performed plasma response computations using aMHD-kinetic hybrid formu-
lation (the MARS-K model [35]), where the precessional driftresonance of both bulk thermal
ions and electrons are taken into account. The drift kineticresponse from thermal particles is
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Figure 11: Comparison of the computed plasma surface displacement amplitude along the
poloidal angle, between the ELM mitigated case (30835) and the suppressed case (33133) in
ASDEX Upgrade. Computations are performed assuming (a) the fluid rotation frequencyΩ,
and (b) theE×B rotation frequencyΩE×B, in the single fluid plasma response model. The
outboard midplane corresponds to the poloidal angle of about 0, and the X-point about -100
degrees.

found to be almost identical to what have been shown in Figs. 10 and 11, indicating that the
kinetic effect is weak in these modelled plasmas, in terms ofthe plasma response.

The stronger plasma response for the ELM suppressed cases (both ASDEX Upgrade and DIII-
D), as shown in Figs. 10 and 11, may be contributed from several factors. One obvious candi-
date is the plasma shaping. In order to better quantify this factor, we choose one equilibrium as
the basis - in this study the one from ASDEX Upgrade 30835 at 3200 ms - and gradually vary
the plasma shape while keeping the other radial profiles (pressure, current density, toroidal
flow) unchanged. We introduce a parametric shaping

S(α) = (1−α)(1−2α)S30835+4α(1−α)S33133+α(2α−1)S164277, (8)

whereS30835andS33133are the plasma boundary shapes from the ASDEX Upgrade discharges
30835 and 33133, respectively, as shown in Fig. 7(a).S164277is the plasma shape from DIII-D
discharge 164277 as shown in Fig 7(a), but with the plasma minor radius shrunk to match
that of the ASDEX Upgrade plasmas. The new shapeS(α) is then introduced with a shaping
factor α, such that atα = 0,0.5 and 1, the shapesS30835, S33133 andS164277 are recovered,
respectively. Figure 12(a) shows eleven examples of the plasma shapes, corresponding to
α = 0,0.1,0.2, . . . ,1.

It is not possible to obtain self-consistent toroidal equilibria with the variation of the plasma
shape alone. In this study, we allow the total plasma currentto vary, but keeping the edge
safety factor the same as that of base equilibrium from ASDEXUpgrade discharge 30825,
i.e. we keepq95 = 3.760 while performing the shaping scan. The resulting plasmacurrent
variation, as a function of the shaping factorα, is shown in Fig. 12(b).

Figures 13 and 14 report the main results of the MARS-F computed plasma response, from
the aforementioned shaping scan. There is a certain trend ofincreasing the plasma response
near theq = m/n = 8/2 surface (ψp ∼ 0.97 in Fig. 13(b)), but the effect is moderate. We
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Figure 12: (a) A systematic variation of the plasma boundaryshape, introduced by a scaling
parameterα and covering those of ASDEX Upgrade discharges 30835 (α = 0) and 33133
(α = 0.5), as well as the “shrunk” version of the DIII-D discharge 164277 (α = 1). The
equilibrium radial profiles for the pressure and the (surface averaged) toroidal current density
is fixed, being the same as that from ASDEX Upgrade discharges30835. With fixed toroidal
field and fixedq95 value during the shaping scan, the self-consistently computed equilibrium
solutions result in varying total plasma current plotted in(b).

should note that, by assuming the same amount of plasma current in the RMP coils, the vac-
uum resonant field amplitude generally decreases with increasing plasma shaping. Therefore
the “effective” increase of the plasma response would be stronger with shaping, if we were
matching the vacuum field component instead of the RMP current. The same holds for the
plasma surface displacement (Fig. 14), which does not show significant change with shaping,
by fixing the RMP coil current. Using different flow models (thefluid versus theE×B flow
models in Figs. 14 (a) and (b), respectively) do not change the conclusion here.

The above study thus confirms that the plasma shape variationalone cannot explain the larger
plasma response computed for the ELM suppressed cases. The other factors, such as the
plasma (pedestal) pressure and current density, may also play a role. It is known from the
previous studies that the plasma kink response increases with pressure [36, 37] or parallel
edge current [38].

Work has also recently been initiated for modelling the ELM suppression experiments in
KSTAR. KSTAR is so far the only device that can be used to study the ELM control with
a coil system that is similar to the ITER design (i.e. three rows of in-vessel coils). Figure
15 shows a typical plasma shape in KSTAR, together with the RMP coil geometry [39]. Be-
cause there are three rows of coils located at the low field side of the torus, KSTAR, as well
as ITER, has more flexibility in choosing the poloidal spectrum of the applied field, by tuning
the relative coil phasing between three rows.

One example is shown in Fig. 16, where we fix the toroidal phaseΦM of the middle row
coil currents, and independently vary the coil current phase for the upper (ΦU ) and lower
(ΦL) rows. The computations are performed assuming then = 2 coil configuration, as in the
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Figure 14: The variation of the computed plasma surface displacement amplitude, along the
poloidal angle, with varying plasma boundary shape as shownin Fig. 12. The plasma response
is computed assuming (a) the fluid rotation model, and (b) theE×B rotation model.
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vessel (n black), and the two sets (upper and lower, in red) ofpassive stabilizing plates, and
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KSTAR discharge 11341. The modelled plasma has the on-axis safety factorq0 = 1.05 and the
edge safety factorq95 = 3.64. The normalized plasma pressure isβN = 2.50. The computed
plasma response, quantified in terms of the magnetic island width near the plasma edge, the
plasma displacement near the X-point, the net electromagnetic torque inside the plasma, is
shown by Figs. 16(b),(c),(d), respectively. A clear optimum, of ΦU −ΦM ≃ ΦL−ΦM ≃ 180o,
is predicted, that yields the largest plasma response as shown by Figs. 16(b) and (c). This
essentially corresponds to the odd parity configuration between the middle-row and off-middle
rows of coils. Interestingly, both figures of merit - the resonant radial field amplitude (b) and
the plasma X-point displacement (c) - yield the same optimumfor the coil phasing. The
vacuum field (a) yields a different optimum. On the other hand, the optimal coil phasing, that
maximizes the plasma response, also leads to large (not the largest though) electromagnetic
torque that can potentially brake the plasma flow. Therefore, in reality, the best choice of the
coil phasing may have to be a compromise between maximizing the plasma response on one
hand, and minimizing the flow damping from the other hand.

We mention that direct comparison of the above modelling results with KSTAR experiments,
as well as systematic modelling of the KSTAR ELM suppressionexperiments with more rel-
evant plasma equilibria, remains to be a future work.
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Figure 16: The computed (a) vacuum island width near the plasma edge, (b) island width
including resistive plasma response, (c) the plasma surface displacement near the X-point, and
(d) the net electromagnetic torque inside the plasma, whilevarying the relative coil phasing
between the upper and lower rows of coils in KSTAR, with respect to the middle row. All
three rows of coils are assumed to be in then = 2 configuration, with the coil current of 1 kAt.
Computations are based on the KSTAR equilibrium from discharge 11341 at 7s.
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Table 2: Applicability of the edge-peeling criterion to ELMcontrol experiments. Symbol “
√

”
indicates successful application so far (with references where applicable), for the scanned
parameters listed in the Table.

Device R0[m] R0/a #Rows× n Scanned Mitigation Suppression
#Coils n parameters

MAST 0.9 1.7 6+12 3(1,2,4,6) ∆Φ,q95
√

[7]
ASDEX 1.7 3.3 2×8 2(1,3,4) ∆Φ,q95,βN

√
[10, 11, 12, 4, 13]

√

Upgrade
DIII-D 1.65 2.8 2×6 3(1,2) ∆Φ,q95

√

EAST 1.85 4.3 2×8 1,2,4 ∆Φ
√

[14]
√

[3, 14]
JET 2.9 3.1 1×4 1,2 βN ,q95

√
[34]

KSTAR 1.8 3.7 3×4 1,2 ∆Φ
HL-2A 1.65 4.4 2×2 1,3,5,. . . ∆Φ,q95

√

5 On the role of edge-peeling plasma response

Extensive multi-machine modelling efforts on the ELM mitigation, as well as so far limited
efforts on the ELM suppression, all point to the important role played by the edge-peeling
plasma response. The applicability of the edge-peeling criterion to multiple devices is sum-
marized in Table 2, where the basic machine parameters and available coil configuration in
each machine are also listed and compared. Various parameter scans - mostly the coil phasing
∆Φ and the edge safety factorq95 scans - have been performed for a given device. As a pe-
culiar point, we note that MAST had 6 coils in the upper row, and 12 coils in the lower row,
which allows the RMP spectrum up ton = 6, using the lower row alone.

We emphasize that such a comparative cross-machine investigation, though valuable in iden-
tifying the key plasma response metric for ELM control, is not sufficient in understanding
the ELM suppression physics. More study, probably with enhanced plasma models beyond
macroscopic MHD, may be essential to identify the key physics differences between the ELM
mitigation and suppression.

6 Conclusion and discussion

Quantitative toroidal modelling of the plasma response formulti-machine ELM control ex-
periments, utilizing RMP fields, leads to a reasonable solid conclusion, that the edge-peeling
plasma response plays a significant role in ELM mitigation. In direct toroidal computations,
the edge-peeling response often manifests itself as a largeresonant radial field component near
the plasma edge, or a strong plasma surface displacement near the X-point point in a divertor
plasma. A more close analysis reveals that the large X-pointdisplacement is a sufficient but
not a necessary condition when the edge-peeling response isdominant - a more general condi-
tion is the weak equilibrium poloidal field along certain poloidal angle of the plasma surface
[19]. The edge-peeling response criterion is particularlyuseful in providing guidance for op-
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timization of the RMP coil phasing, as has been demonstrated in MAST, ASDEX Upgrade,
and EAST in previous work, and in the detailed modelling for HL-2A in this study. Extensive
modeling has also shown that the optimal coil phasing depends on the plasma conditions, in
particular on the edge-q value (q95) as well as the plasma pressure.

To achieve better ELM mitigation, while maximizing the edge-peeling response is essential,
minimizing the core-kink response may also be important to avoid undesired side effects (such
as core flow damping or H-to-L back transition) on the plasma.For plasma-coil configurations
where both the edge-peeling and the core-kink response can be simultaneously large, the best
strategy seems to be maximizing the ratio of the plasma X-point to the outboard mid-plane
displacement. This is so far the case for MAST and HL-2A plasmas. In fact, this displacement
ratio serves as a good indicator of the experimentally observed ELM mitigation window in
q95 in HL-2A, as shown in this study. On the other hand, the relation between the fluid model
predicted X-point displacement and the lobe structures observed in experiments [40, 41], near
the X-point, needs further investigation.

The edge-peeling response criterion also helps to identifythe best coil phasing for ELM sup-
pression, as shown by the modeling results in EAST and DIII-D. More validation work, how-
ever, is needed for further confirmation, e.g. for ASDEX Upgrade and KSTAR plasmas.

It is, however, a more subtle issue to distinguish ELM mitigation and suppression from the
modelling point of view, based on the macroscopic plasma response. Attempts made in this
study, for the ASDEX Upgrade and DIII-D plasmas, show that the plasma response is gener-
ally stronger for the ELM suppressed cases, as compared to that of the ELM mitigated cases.
This is partially related to the (stronger) plasma shaping.But the other plasma conditions,
such as the (higher) pedestal pressure and/or current density, may also play a role. In real
experiments, these factors are often coupled, and perhaps act in a synergistic manner to help
achieving ELM suppression.

The macroscopic plasma response, based on linear fluid (or two-fluid), ideal or resistive MHD
models, helps to capture some of the physics associated withthe ELM control, but certainly
cannot answer all the questions. In particular, it is not clear whether these kind of models
can fully identify the ELM suppression physics. The role of large magnetic islands near the
pedestal top [42] on the field screening need to be further investigated, based on either im-
proved linear MHD models, non-linear models, or even kinetic models. The drift kinetic
effect from bulk thermal particles, however, has been foundweak in modifying the plasma re-
sponse, for the ASDEX Upgrade and DIII-D plasmas consideredin this work. Other physics
mechanisms such as turbulence, that helps to enhance the pedestal transport during the ELM
suppression, may also need to be considered in the future.

Another important question, which has so far not been systematically addressed in the plasma
response based modelling, is the (minimal) RMP current requirement, in order to achieve
the desired ELM control. This is a critical issue for ITER andfor any other future devices
where ELM control is required. A semi-empirical approach, combining the experimental
observations with the computed plasma response, may help toidentify such requirements.
First principle based approaches, as it appears, are still not sufficiently mature to directly
address this question, but efforts should certainly be devoted here.
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