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Extensive modelling efforts of the plasma response to the resonant magnetic perturbation 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 in several tokamak devices,
including MAST, ASDEX Upgrade, EAST, and HL-2A. The recently observed edge safety factor
window 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 shap-
ing, 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.

[http://dx.doi.org/10.1063/1.4978884]

I. INTRODUCTION

Resonant magnetic perturbation (RMP), or sometimes
simply referred to as magnetic perturbation (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,'
KSTAR,? EAST,? and ASDEX Upgrade.* Even in devices
where ELM suppression has so far not been achieved, the
ELM bursting frequency is significantly increased with
reduced amplitude per burst. This is referred to as ELM miti-
gation, which is still of significant benefit in terms of reduc-
ing 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 under-
stand and to interpret ELM control experiments. Most of the
modelling work has been carried out for individual devices,
for example, MAST,7 DIII-D,&9 ASDEX Upgrade,lo’13
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EAST," and ITER.”'>"'7 These activities were also reported
in recent review articles.'®!?

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. The plasma response, in terms of either the per-
turbed magnetic field or the plasma displacement, often
allows a direct comparison with experimental measurements
and consequently quantitative validation of the computa-
tional models.?>*' In turn, the plasma response can provide,
at the macroscopic level, guidance for optimization of the
coil configuration in order to achieve the best ELM control
in experiments. No less importantly, the plasma response
computations also help to understand the RMP field penetra-
tion physics and the associated particle and momentum
transport.”>*® 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 resulting divertor-wall heat loads.”*

This study has revealed that there are essentially two
types of plasma response to the applied RMP fields: One is
the so-called core-kink response and the other is the edge-
peeling response.’ The difference is that the plasma displace-
ment is strongly localised near the plasma edge—in the ped-
estal region—with the edge-peeling type of response and is
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often associated with a dominant single poloidal harmonics
in terms of the radial plasma displacement. The core-kink
response, on the contrary, has a much more global structure
in terms of the internal plasma displacement. The corre-
sponding poloidal spectrum of the radial displacement is also
richer.

It has been computationally observed that the core-kink
response normally results in a large plasma surface displace-
ment near the outboard mid-plane, similar to the ballooning
mode structure, though in this case with rather low toroidal
mode numbers (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 mag-
netic field components near the plasma edge is also found to
be a good measure for the edge-peeling type of plasma
response.

From the practical point of view, perhaps the most use-
ful 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 devi-
ces™ %1325 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 the previous work
and is therefore one of the focusing points in this study.

Section II briefly introduces the computational model
that we use in this study to obtain the plasma response in
toroidal geometry. Section III presents the multi-machine
modelling results for the ELM mitigation experiments, fol-
lowed by the ELM suppression modelling reported in
Section IV. Section V summarizes the computational results,
and Section VI draws conclusion.

Il. COMPUTATIONAL PLASMA RESPONSE MODEL

The majority of the results reported in this study are
obtained by the MARS-F code,”® 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.'"

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

i(Qrup + nQ)E = v + (¢ - VQ)R, )
ip(Qrmp + 1Q)V=—-Vp+jxB+Jxb
— p2QZ x v+ (v- VQ)R¢]
—prylkpvmil[v + (& - V)Vol, ()

i(Qrmp 4+ 1Q)b = V x (v x B) + (b - VQ)R$ — V x (1),

3)
I(QRMp+nQ)p= —VVP—FPVV7 (4)
J=Vxb, )

where R is the plasma major radius, (Z) the unit vector along
the geometric toroidal angle ¢ of the torus, and Z the unit
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vector in the vertical direction in the poloidal plane. Qgyp 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 con-
sider only a single n perturbation each time. The full plasma
response from different ns can in principle be linearly super-
posed, if needed. The plasma resistivity is denoted by 1. The
Spitzer resistivity model is used in this work. The variables
&, v, b, j, and p represent the plasma displacement, perturbed
velocity, magnetic field, current, and pressure, respectively.
The equilibrium plasma density, field, current, and pressure
are denoted by p, B, J, and P, respectively. I'=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, with k being a numerical coefficient
determining the damping “strength.” kj = (n —m/q)/R
is the parallel wave number, with m being the poloidal
harmonic number and ¢ being the safety factor. vy ; =
\/2T;/M; is the thermal ion velocity, with T; and M; being
the thermal ion temperature and mass, respectively. The par-
allel component of the perturbed velocity is taken along the
equilibrium field line. In this work, we assume x; = 1.5, cor-
responding to a strong sound wave damping. The 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 current jryp
flowing in the RMP coils

VXxb=jmp, V-Jgmp=0. (6)
Note that MARS-F consistently solves the combined MHD
equations in the plasma region, the vacuum equations for
the perturbed field b (i.e., curl- and divergence free condi-
tions for b) outside the plasma, as well as the coil equation
(6) as the source term. The perturbed magnetic field b is thus
defined as a global quantity across the plasma-vacuum-coil
regions. In other words, the b field defined in MHD equa-
tions 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, which are
directly relevant to the plasma response to the RMP fields,
are the toroidal flow frequency Q and the plasma resistivity
n. The former leads to the screening of the applied vacuum
field (more precisely the resonant components), while
the latter allows certain penetration of the field. Within
the linear theory, the superposition of the resistive plasma
response field and the 2D equilibrium field yields magnetic
islands of finite size, as a result of “forced reconnection.”

Within the single fluid theory, the plasma flow is natu-
rally presented by the thermal ion flow Q. 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 equilibrium E x B flow, with the rotation
frequency of Qgyp, in this work. In other words, in some of
the study reported in Section IV, we shall replace Q from the
above MHD equations by Qgyp and compare the plasma
response with these two different flow models. Different
flow models certainly correspond to different MHD physics.
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However, the mathematical structure corresponding to the
field screening, which is reflected in the Ohm’s law, is very
similar.”® We also mention that, within the two-fluid theory,
the electron flow in the direction perpendicular to the mag-
netic field line has been shown to be crucial for the resonant
field screening. ' This flow model is beyond the physics
capability of our present formulation and is thus not consid-
ered 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 measurements.?’!

lll. MODELLING ELM MITIGATION EXPERIMENTS

ELM mitigation has been achieved in several machines,
including MAST,*** ASDEX Upgrade,” and JET® and
recently in EAST? and HL-2A. Extensive MARS-F model-
ling has been performed for MAST,” ASDEX Upgrade,'®'?
and EAST.'* 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.'"® The edge-peeling
response, which was first identified in modelling of the JET
experiments,>* is found to be closely correlated to the pro-
nounced 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- and H-mode plasmas. In H-mode plasmas,
achieving ELM mitigation without causing the mode locking
or the H-to-L back transition requires this displacement ratio
exceeding a certain critical value (about 1.7 for MAST plas-
mas). 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 some-
times also referred to as the “edge-kink™ response in litera-
tures. 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-ballooning
mode, which is the initial MHD instability associated with
type-1 ELMs. The difference is that the peeling mode nor-
mally 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 equilib-
rium, whilst the edge-peeling response always has the same
toroidal spectrum as that of the applied vacuum RMP field.
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In ASDEX Upgrade plasmas using the n =2 RMP coil
configurations, the plasma flow is often partially damped
during the ELM mitigated phase, but without directly caus-
ing 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, which maximizes the edge-peeling
response, agrees well with the best achievable ELM mitiga-
tion in experiments.> This is confirmed by MARS-F,'*!2
NEMEC,* and JOREK ' computations. In particular, system-
atic scans with varying edge safety factor'*?’ as well as
plasma pressure®’ yield simple analytic fitting formulas for
the optimal coil phasing, with varying plasma conditions.

ELM mitigation has also been achieved in EAST with
the n =2 RMP fields. The computational study, reported in
Ref. 14, again reveals the important role played by the edge-
peeling response. More specifically, coil phasing of +90°
and —90° was considered in experiments. The +90° phase,
though introducing much larger resonant field components
compared to the —90° phase, has a very weak effect on the
ELM behavior. The —90° coil phasing is computationally
shown to cause large edge-peeling response and experimen-
tally 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 of
Rp=1.65m and the typical plasma minor radius of about
37cm. A 2 x2 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 angle ¢, spanning about 11.4° in ¢,
and being separated from each other by 180° in ¢.

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 com-
ponents with odd » 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 com-
ponents n=1, 3, 5, and 7 are 284 A, 280 A, 373 A, and
262 A, respectively. The amplitude of the first few toroidal
components of the coil currents is comparable, as expected.

However, when the generated RMP fields reach the
plasma, the (resonant) field components with higher n
become significantly weaker, due to the fact that the higher-
n and m (m is the poloidal number) components decay faster
in the vacuum. The resulting 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, for each m and n, is defined as a
dimensionless quantity

. 1

res R(Z)B()

b- Vi
By - V¢

. (N

mn

where By is the vacuum toroidal magnetic field strength at
the major radius Ry (Bo=1.37 Tesla in HL-2A discharge
29 676), b the perturbed magnetic field due to RMP,  the



056111-4 Liu etal.

0.5

0.4f (a) 1
0.3}
0.2f
0.1}

o

Z[m]

=011 1
-0.2¢
-0.3

-0.41

-0.5
1.2

14 1.6 1.8 2 2.2
R [m]

Phys. Plasmas 24, 056111 (2017)

FIG. 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 discharge

29676 at 820 ms, and (b) in a 3D view in blue and red.

equilibrium poloidal flux function, and B, the equilibrium
field. The toroidal harmonic is calculated using the geomet-
ric toroidal angle ¢, whilst the poloidal harmonic is calcu-
lated using a PEST-like definition for the poloidal angle y,
which yields a Jacobian being proportional to the square of
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Figure 2 compares brles forn=1, 3, 5, 7 toroidal compo-
nents. For each n, comparison is also made between the
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FIG. 2. The computed amplitude of the last resonant radial field component, for the vacuum RMP field (dashed lines) and the total response field including the
plasma response (solid lines), for the (a) n=1, (b) n=3, (¢) n=3, and (d) n="7 field components in HL-2A, with artificial variation of the coil phasing A¢
between the upper and lower rows. The experimental coil phasing corresponds to A¢ = 180°.
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perturbed field, including the plasma response (solid lines).
Moreover, in numerical modelling, for each n, we perform
full scans of the coil current phasing angle A¢ between the
upper and lower rows, from —180° to +180°. In experi-
ments, with only two coils per row, the only possible choice
for the coil phasing is either even parity (A¢ = 0) or odd
parity (A¢ = £180°). In all ELM control experiments car-
ried out so far in HL-2A, only odd parity configuration has
been considered.

Comparing the resonant vacuum field components
between n=1, 3, 5, 7, we find that the ratio of the peak val-
ues (among all coil phasing A¢) is about 169:64:8:1, indicat-
ing that the largest role in ELM control is still played by the
n=1 field component in HL-2A, despite a very small cover-
age of the toroidal angle by the RMP coils. The n=3 field
component, being 3 times smaller than the n =1 component,
may also play some role.

The inclusion of the plasma response changes the poloi-
dal spectrum of the RMP field. As a consequence, the depen-
dence of bl on the coil phasing A¢ also changes. In
particular, the peak amplitude of bl is reached at different
coil phasing, between the vacuum field and the total response
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field. Defining the coil phasing that maximizes bl as the
“optimal” coil phasing, we find 60° shift in the optimal phas-
ing between the total response field and the vacuum field, for
the dominant n =1 component. This 60° phase shift is close
to what has been found for ASDEX Upgrade plasmas'®'? as
well.

More interestingly, the b\ value from the n=1 plasma
response peaks at A¢ = 180°, i.e., with the odd parity coil
configuration, indicating that the experimental choice of the
coil configuration 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,” ASDEX Upgrade,'®'? and EAST,'* ELM miti-
gation is closely correlated to the edge-peeling response,
which often manifests itself as pronounced plasma displace-
ment near the X-point.'"> 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 A¢. Figure 3 compares
the amplitude of the core-kink component (dashed lines) ver-
sus the edge-peeling component (solid lines) of the plasma
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FIG. 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 A¢ between the upper and lower
rows. The experimental coil phasing corresponds to A¢ = 180°. The amplitude of the response components is measured in terms of the radial plasma
displacement.
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FIG. 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=35, and (d) n="7 vacuum RMP field components in HL-2A, with artificial variation of the coil phasing A¢ between the upper

and lower rows. The experimental coil phasing corresponds to A¢ = 180°.

response, for the n =1, 3, 5, 7 RMP fields, respectively. The
amplitude of the core-kink response is defined as the maxi-
mum value of all poloidal Fourier harmonics of the com-
puted plasma radial displacement |£,1,m(lpp)| =|¢- Vs, in
the range of the normalized equilibrium poloidal flux
0<y,= 5% < 0.5 (i.e., in the plasma core region). The ampli-
tude of the edge-peeling response is defined as the maximum
amplitude of the same quantity in the range of 0.8 <y, <1
(i.e., in the plasma edge regions). Although these definitions
are not unique, the 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 toroi-
dal mode number. In particular, for the edge-peeling ampli-
tude, the peak values (along A¢) follow a ratio of 196:33:2:1,
forn=1, 3,5, 7. This is generally consistent with the resonant
radial field amplitude ratio shown in Fig. 2, again confirming
the dominant role played by the n=1 RMP field component
for the ELM control in HL-2A. The second observation is
that, for the n=1 harmonic, the edge-peeling amplitude
reaches the maximum value at A¢ ~ 180°—another indica-
tion 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 coil configuration, for this HL-2A plasma.

Closely related to the edge-peeling (core-kink) response
is the plasma surface displacement near the X-point (the out-
board mid-plane). This is indeed confirmed by the computed
coil phasing scan results as shown in Fig. 4. Here, &, =
|€ - Vs|/|Vs| is the amplitude of the normal displacement of
the plasma surface. The correlation is particularly evident
for the dominant toroidal components n =1 and 3. Less cor-
relation is observed for =35 and 7. But the amplitude of
the plasma displacement is very small for n=35 and 7. The
good correlation between the edge-peeling response and the
plasma displacement near the X-point, for n=1, 3, also
means that the odd parity coil configuration causes the larg-
est 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 the n =1 and the n = 3 toroidal components, assum-
ing the odd parity coil configuration. Besides the obvious dif-
ference in the overall magnitude of the displacement, the
pattern is somewhat different. In particular, the » = 1 normal
displacement strongly peaks near the X-point, whilst the
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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.

n =73 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, which should be in favour of maximizing the
control effects on the ELMs in experiments.
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FIG. 6. Comparison of the HL-2A experiments versus the modelling results
as the safety factor gos 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 surface displacement near the X-point to that near the outboard mid-
plane, as computed by MARS-F.

Finally, and perhaps most interestingly, is a direct com-
parison between experiments and modelling for HL-2A, as
shown in Fig. 6. Here, we present in Fig. 6(a) the experimen-
tally measured ELM frequency for a series of RMP dis-
charges, where the edge safety factor gos is varied. The ELM
frequency is normalized by that from the RMP-off dis-
charges. In the range of go95 below 3.5, no ELM mitigation is
achieved in HL-2A (with odd parity coil configuration).
However, clear ELM mitigation is achieved in a ¢g95 window
with gos5 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
vary qos by scanning the total plasma current, based on the
plasma equilibrium from the HL-2A discharge 29676 at
820 ms. We find that, roughly in the same g95 window where
the ELM mitigation has been observed in experiments, the
ratio Ex/&y, of the computed plasma surface displacement
near the X-point, to that of the outboard mid-plane, is maxi-
mized. This is qualitatively the same correlation we found
for the MAST plasmas.7 On the other hand, we notice that
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 pre-
dicts a mitigation window, which is slightly shifted towards
the lower range of g9s. This may be partially due to the way
the plasma equilibria are scanned in MARS-F, where only
the total plasma current is varied, without modifying other
equilibrium quantities such as the current profile and the

TABLE I. Basic equilibrium parameters of the modelled ASDEX Upgrade
(discharge numbers 30835 and 33133) and DIII-D (discharge number
164277) plasmas.

Shot#  Time (ms) Ry (m) By (T) I, MA) By qo  qos Qolwy (%)
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
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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

1642717.

plasma pressure. In experiments, these quantities may vary
from 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.

33133

IV. 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 for ELM suppressed
experiments. In particular, understanding the physics

8

[
o

FIG. 8. Time traces for the ELM sup-
pressed discharge 33133 in ASDEX
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28
time (s)

22 24 26 3.0

3.2



056111-9 Liu et al.

difference between the ELM mitigation and suppression 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 model-
ling efforts for the ELM suppression experiments in DIII-
D* and EAST.' Despite the possible profound difference
between the mitigation and suppression physics, both studies
still found that the edge-peeling response is an important
indicator for the ELM suppression. In particular, a system-
atic coil phasing scan for the EAST plasma confirms that the
best coil phasing for achieving the ELM suppression is the
one that causes the strongest edge-peeling response.'*

In the following, we report a comparative analysis of the
plasma response computed by MARS-F, for both ELM miti-
gation 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 top 1/36(150.4).4 This was possi-
ble, however, only with the increased plasma shaping. More
specifically, it was found that increasing the upper triangular-
ity helps to obtain the ELM suppression. In the conventional,
low upper triangularity plasmas, only ELM mitigation was
achieved, even with the optimal ELM control coil configura-
tions.>® 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 ASDEX Upgrade and
one from DIII-D. These three plasmas, with key equilibrium
parameters listed in Table I, differ significantly in the plasma
shaping, in particular, the upper triangularity, as shown in Fig.
7(a). The conventional low triangularity ASDEX Upgrade
plasma, represented by discharge 30835, has upper triangular-
ity 0y =0.05 and lower triangularity 6, = 0.43. The high tri-
angularity ASDEX Upgrade shape, represented by discharge
33133, has dy=0.23 and 6, = 0.42. Finally, the DIII-D dis-
charge 164277 has ITER similar shape (ISS), with ;= 0.34
and o, = 0.65. We note that these three equilibria have a simi-
lar edge safety factor of gos ~ 3.7. The pedestal pressure is
significantly higher in DIII-D discharge 164277, as shown in
Fig. 7(b). The pedestal pressure in ASDEX Upgrade 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 90° coil phasing,
which is close to the optimal coil phasing as judged by the
edge-peeling response criterion.'""'? Using the same coil con-
figuration, however, ELM suppression is achieved in ASDEX
Upgrade discharge 33133, as shown in Fig. 8 using the same
coil phasing and 6.5 kAt RMP coil currents. Indeed, both the
divertor current (a) and the divertor heat flux (c) measure-
ments show a full ELM suppression in the time window of
2.75-3.15s, at a fixed coil phasing of 90° (d). The plasma
pedestal density decreases (density pump out) after the appli-
cation 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.

Phys. Plasmas 24, 056111 (2017)

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
plasma flow. 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 of Q. The other is the E x B flow,
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FIG. 9. The reconstructed (from the measurements) plasma fluid toroidal
rotation frequency Q (solid lines) and the E x B toroidal rotation frequency
Qp.p (dashed lines), for (a) the ASDEX Upgrade discharge 30835 at
3200ms, (b) the ASDEX Upgrade discharge 33133 at 3000 ms, and (c) the
DIII-D discharge 164277 at 2500 ms.
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FIG. 10. Comparison of the computed plasma response, in terms of amplitude of the resonant radial field components near the plasma edge, among three dis-
charges with different plasma shaping: the ASDEX Upgrade discharges 30835 and 33133, the DIII-D discharge 164277. Computations are performed assuming
(a) the fluid rotation frequency €, and (b) the E x B rotation frequency Qgg, in the single fluid plasma response model.

with the angular frequency of Qg.p. These two rotation fre-
quencies, for each of the three plasmas, are compared in the
plasma edge region in Fig. 9. It is evident that the fluid and
the E x B flow profiles are qualitatively different in these
plasmas. In particular, the E x 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. This is
also the main motivation for us to consider these two differ-
ent flow models in this study.

Figure 10 compares the MARS-F computed plasma
response, in terms of the resonant radial field component
bl., between three discharges with different plasma shaping,
assuming the fluid flow model (a) and the E x B flow model
(b), respectively. The fluid flow model does not distinguish
between the ASDEX Upgrade low triangularity case (ELM
mitigation) and the DIII-D ISS case (ELM suppression) in
terms of b... On the other hand, the fluid flow model yields a
strong bl response for the high triangularity ASDEX
Upgrade discharge 33133, at the rational surface g=m/
n=238/2 (near y,=0.96). This is largely due to the fact that
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the fluid rotation frequency nearly vanishes near this rational
surface, 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 the E x B flow model, Fig. 10(b) shows that
the brles 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, how-
ever, 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, which can be used to measure
the plasma response, is the plasma surface displacement.'®
The plasma surface displacements, as functions of the poloi-
dal angle, are plotted and compared in Fig. 11 for the two
ASDEX Upgrade equilibria with low and high upper triangu-
larity shaping. Since the displacement is a dimensional
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FIG. 11. Comparison of the computed plasma surface displacement amplitude along the poloidal angle, between the ELM mitigated case (30835) and the sup-
pressed case (33133) in ASDEX Upgrade. Computations are performed assuming (a) the fluid rotation frequency Q, and (b) the E x B rotation frequency
Qg 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°.
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quantity, it is reasonable to perform the comparison within
the same device. Again both the fluid flow and the E x B
flow models are considered, with results reported in Figs.
11(a) and 11(b), respectively. A general observation is that
the RMP fields induce larger plasma displacements in the
ASDEX Upgrade plasma with stronger shaping. In particu-
lar, with the E x 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 an MHD-kinetic hybrid formulation (the MARS-K
model®®), where the precessional drift resonance of both
bulk thermal ions and electrons is taken into account. The
drift kinetic response from thermal particles is 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 of the 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 obvi-
ous candidate is the plasma shaping. In order to better quan-
tify 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, and toroidal flow)
unchanged. We introduce a parametric shaping

S(O() = (1 - OC)(l — 20£)S3()g35 + 40((1 - O{)S33133
+ o200 — 1)S 164277, (8)

where S30g35 and Ss33133 are the plasma boundary shapes
from the ASDEX Upgrade discharges 30835 and 33133,
respectively, as shown in Fig. 7(a). Sig4277 is 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 shape S(«) is then intro-
duced with a shaping factor «, such that at =0, 0.5, and 1,
the Shapes S30835’ S33133, and S164277 are recovered, respec-
tively. Figure 12(a) shows eleven examples of the plasma
shapes, corresponding to « =0, 0.1, 0.2,..., 1.
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It is not possible to obtain self-consistent toroidal equi-
libria with the variation of the plasma shape alone. In this
study, we allow the total plasma current to vary, but keeping
the edge safety factor the same as that of base equilibrium
from ASDEX Upgrade discharge 30825, ie., we keep
qos = 3.760 while performing the shaping scan. The resulting
plasma current variation, as a function of the shaping factor
o, 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 of increasing the plasma response
near the g =m/n=8/2 surface (i, ~0.97 in Fig. 13(b)), but
the effect is moderate. We should note that, by assuming the
same amount of plasma current in the RMP coils, the vacuum
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 cur-
rent. 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 (the
fluid versus the E x B flow models in Figs. 14(a) and 14(b),
respectively) does not change the conclusion here.

The above study thus confirms that the plasma shape
variation alone 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®®>” or
parallel edge current.*®

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 geome-
try.*® Because 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 toroi-
dal phase ®Y of the middle row coil currents and

1 - . 5
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0.8
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=z ' AUG33133
S ° D3D164277

FIG. 12. (a) A systematic variation of
the plasma boundary shape, introduced
by a scaling parameter o and covering
those of ASDEX Upgrade discharges
30835 (¢=0) and 33133 (2=0.5), as
well as the “shrunk” version of the
DII-D discharge 164277 («=1). The
equilibrium radial profiles for the pres-
sure and the (surface averaged) toroidal
current density are fixed, being the
same as that from ASDEX Upgrade dis-
charges 30835. With fixed toroidal field
and fixed gos value during the shaping
scan, the self-consistently computed
equilibrium solutions result in varying
total plasma current plotted in (b).
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while scanning the plasma boundary shape as shown in Fig. 12. The RMP coil current is kept unchanged during the shaping scan. Considered is the n =2 coil
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FIG. 14. The variation of the computed plasma surface displacement amplitude, along the poloidal angle, with varying plasma boundary shape as shown in
Fig. 12. The plasma response is computed assuming (a) the fluid rotation model and (b) the E x B rotation model.
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FIG. 15. The ELM control coil geometry in KSTAR, plotted (a) (in blue) together with the plasma boundary shape (based on discharge 11341 at 7s), the
KSTAR double-wall vacuum vessel (n black), and the two sets (upper and lower, in red) of passive stabilizing plates, and (b) in a 3D view.
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FIG. 16. The computed (a) vacuum island width near the plasma edge, (b) island width including resistive plasma response, (c) the plasma surface displace-
ment near the X-point, and (d) the net electromagnetic torque inside the plasma, while varying 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 the n=2 configuration, with the coil current of 1 kAt.

Computations are based on the KSTAR equilibrium from discharge 11341 at 7 s.

independently vary the coil current phase for the upper (®")
and lower (®“) rows. The computations are performed
assuming the n =2 coil configuration, as in the KSTAR dis-
charge 11341. The modelled plasma has the on-axis safety
factor go=1.05 and the edge safety factor gos =3.64. The
normalized plasma pressure is fy=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, and the net electromagnetic torque inside the
plasma, is shown in Figs. 16(b)-16(d), respectively. A clear
optimum, of ®Y — ®M ~ ®F — M ~ 180°, is predicted,
which yields the largest plasma response as shown in Figs.
16(b) and 16(c). This essentially corresponds to the odd par-
ity configuration between the middle-row and off-middle
rows of coils. Interestingly, both figures of merit—the reso-
nant radial field amplitude (b) and the plasma X-point dis-
placement (c)—yield the same optimum for the coil phasing.
The vacuum field (a) yields a different optimum. On the
other hand, the optimal coil phasing, which 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 damp-
ing on the other hand.

We mention that a direct comparison of the above
modelling results with KSTAR experiments, as well as sys-
tematic modelling of the KSTAR ELM suppression experi-
ments with more relevant plasma equilibria, remains to be a
future work.

V. 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
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TABLE II. Applicability of the edge-peeling criterion to ELM control experiments. Symbol ““\” indicates successful application so far (with references where

applicable), for the scanned parameters listed in the table.

Device Ry (m) Rola #Rows X #coils nn Scanned parameters Mitigation Suppression
MAST 0.9 1.7 6412 3(1,2,4,6) AD, go5 J (Ref. 7)

ASDEX 1.7 33 2x8 2(1,3,4) AD, gos, Py J (Refs. 4 and 10-13) N
Upgrade

DIII-D 1.65 2.8 2x6 3(1,2) AD, gos J

EAST 1.85 4.3 2x8 1,2,4 AD J (Ref. 14) J (Refs. 3 and 14)
JET 29 3.1 1x4 1,2 Pns qos J (Ref. 34)

KSTAR 1.8 3.7 3x4 1,2 AD

HL-2A 1.65 44 2x2 1,3,5,... AD, g9s J

edge-peeling criterion to multiple devices is summarized in
Table II, where the basic machine parameters and available
coil configuration in each machine are also listed and com-
pared. Various parameter scans—mostly the coil phasing AD
and the edge safety factor go5 scans—have been performed
for a given device. As a peculiar 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 to n = 6, using the lower
row alone.

We emphasize that such a comparative cross-machine
investigation, though valuable in identifying the key plasma
response metric for ELM control, is not sufficient in under-
standing 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.

VI. CONCLUSION AND DISCUSSION

Quantitative toroidal modelling of the plasma response
for multi-machine ELM control experiments, utilizing RMP
fields, leads to a reasonable solid conclusion that the edge-
peeling plasma response plays a significant role in ELM mit-
igation. In direct toroidal computations, the edge-peeling
response often manifests itself as a large resonant radial field
component near the plasma edge, or a strong plasma surface
displacement near the X-point point in a divertor plasma. A
closer analysis reveals that the large X-point displacement is
a sufficient but not a necessary condition when the edge-
peeling response is dominant—a more general condition is
the weak equilibrium poloidal field along the certain poloidal
angle of the plasma surface.'” The edge-peeling response cri-
terion is particularly useful in providing guidance for optimi-
zation of the RMP coil phasing, as has been demonstrated in
MAST, ASDEX Upgrade, and EAST in the 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-g value (gos) as well as on 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 simulta-
neously large, the best strategy seems to be maximizing the

ratio of the plasma X-point to the outboard mid-plane dis-
placement. 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 ggs in HL-2A, as shown in this study. On the
other hand, the relationship between the fluid model pre-
dicted X-point displacement and the lobe structures observed
in experiments,m’41 near the X-point, needs further
investigation.

The edge-peeling response criterion also helps to iden-
tify the best coil phasing for ELM suppression, as shown by
the modeling results in EAST and DIII-D. More validation
work, however, 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 plas-
mas, show that the plasma response is generally 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 cou-
pled and perhaps act in a synergistic manner to help achiev-
ing ELM suppression.

The macroscopic plasma response, based on linear fluid
(or two-fluid), ideal, or resistive MHD models, helps to cap-
ture some of the physics associated with the ELM control,
but certainly cannot answer all the questions. In particular, it
is not clear whether these kinds of models can fully identify
the ELM suppression physics. The role of large magnetic
islands near the pedestal top** on the field screening needs to
be further investigated, based on improved linear MHD mod-
els, non-linear models, or even kinetic models. The drift
kinetic effect from bulk thermal particles, however, has been
found weak in modifying the plasma response, for the
ASDEX Upgrade and DIII-D plasmas considered in this
work. Other physics mechanisms such as turbulence, which
helps to enhance the pedestal transport during the ELM sup-
pression, 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
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issue for ITER and for any other future devices where ELM
control is required. A semi-empirical approach, combining
the experimental observations with the computed plasma
response, may help to identify such requirements. First prin-
ciple 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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