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The effect of the axisymmetric plasma shape to the non-axisymmetric plasma re-
sponse to resonant magnetic perturbations (RMPs) is investigated in experiment
and modeling for the DIII-D, EAST and ASDEX Upgrade tokamaks. Systematically
modeling the effect of the triangularity, whilst keeping other equilibrium quantities
largely unchanged reveals that the plasma response is strongly suppressed at high
triangularity compared to that at low triangularity. This is validated through tar-
geted comparison with experiments at DIII-D, EAST, and ASDEX Upgrade. DIII-D
and EAST magnetic measurements are used to validate simulations, while at ASDEX
Upgrade the plasma edge displacement is measured. Both experiments and modeling
find a reduced magnetic plasma response on the high-field side at high triangular-
ity across devices. Multi-modal analysis of the simulation results extracts the mode
structure and applied spectrum dependence of each mode. The amplitude of the
dominant mode reveals similar trends with the edge resonance and radial displace-
ment near X-point, which suggests that the multi-mode plasma response provides
another way to understand the edge localized mode (ELM) control physics. The
plasma response is strongly reduced at high triangularity compared to that at low
triangularity, which implies different ELM control effects as shaping is varied. These
findings indicate that the plasma shape should be taken into consideration when de-
signing an RMP-ELM control strategy in experiment, and that predictive plasma
response calculations can be used to maximize access to RMP-ELM control in future
devices by maximizing the coupling between coils and the plasma.
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I. INTRODUCTION

The resonant magnetic perturbations (RMPs) produced by magnetic coils outside the
plasma have been demonstrated1 to be an efficient technique to control edge localized modes
(ELMs), which can cause plasma facing components to erode at an unacceptable level for
next generation fusion devices like ITER2. This technique has been experimentally proven
to be an effective method for either mitigating or suppressing ELMs on several tokamaks,
including DIII-D3, JET4, MAST5, ASDEX Upgrade6, KSTAR7, EAST8, and HL-2A9.

Despite the fact that the physics of RMP-ELM control is not fully understood yet, the
plasma response to RMPs is known to play significant role in this process10–12. Many factors
can affect plasma response and ELM control effect, and these have been intensively studied
in the past few years. For instance, the shielding or amplifying effects caused by plasma
profiles, such as the rotation13,14 or pressure15,16, can result in a reduction or enhancement of
the plasma response and in turn affect the plasma stability; the non-linear effects in plasma
response are observed and found to be non-negligible in achieving ELM suppression8,17–19;
the multi-mode effect is found to be one essential feature of plasma response and can be
used to optimize ELM control20–24.

One particularly interesting aspect in controlling ELMs with RMP is the effect of the
axisymmetric plasma shaping, such as the up-down asymmetry25,26 and triangularity of
the plasma shape27–29. In this work, the influence of triangularity on plasma response to
RMPs is discussed. Statistical analysis of recent RMP-ELM control experiments in DIII-
D found significant differences in the window of ELM suppression with different plasma
triangularities27, as shown in Fiugre 1(a), that ELMs are easier to suppress at upper trian-
gularity ∆up ∼ 0.3 compared to ∆up ∼ 0.1, while suppression was not observed at ∆up ∼ 0.6.
Similar effects are also observed in ASDEX Upgrade28 where ELMs are easier to suppress
at upper triangularity ∆up ∼ 0.25, as shown in Fiugre 1(b).

To understand the differences of ELM control effects with different triangularity, two
possible hypotheses are proposed. One is that the plasma response to RMPs changes with
triangularity, which affects the ELM suppression threshold and window. The other is that
the 3D peeling-ballooning stability changes with triangularity, which in turn affects the ELM
behavior. In this paper, we focus on the first hypothesis, and systematically investigate the
influence of plasma triangularity on the plasma response to RMPs and the coupling to the
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FIG. 1. Statistics of ELM suppression threshold with different triangularity in (a) DIII-D and (b)

ASDEX Upgrade. The black points indicate ELM mitigation, the magenta points indicate ELM

suppression.

resonant surfaces. It reveals that the resonant coupling is reduced at high triangularity
as compared to that at low triangularity. This is validated through targeted comparisons
with experiments at DIII-D, EAST, and ASDEX Upgrade, and can partially explain the
experimental observations. Moreover, the multi-mode plasma response shows similar trends
as the resonant coupling, implying that this provides another way to optimize RMP-ELM
control.

The rest of this paper is structured as follows. Section II describes the experimental
setup, along with the modeling approach used in this work. Section III describes modeling
results in this work, and comparison with ELM control results in experiments. Section IV
describes the validation between experiments and modeling. Section V describes the multi-
modal analysis of the results, demonstrating that this technique provides another way to
understand ELM control effects. Concluding remarks are given in section VI.

II. EXPERIMENTAL SETUP AND MODELING APPROACH

In this work, the plasma response to RMPs is systematically investigated by varying the
axisymmetric plasma upper and lower triangularity, whilst keeping other equilibrium quanti-
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ties largely unchanged or deliberately scanning them. Both experiments and simulations are
performed in the investigation. The experiments are carried out in DIII-D, ASDEX Upgrade
and EAST tokamaks with toroidal mode number n = 3, 2, 1 RMP applied, respectively.
The simulation is carried out using the single-fluid linear resistive magneto-hydrodynamic
(MHD) code MARS-F30. Simulation results are used to evaluate the plasma response at
different triangularity, while experimental results are used to verify the reliability of the
simulation.
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FIG. 2. Plasma shapes with different triangularity superimposed on the poloidal cross-section with

RMP coils (green) and diagnostics (red, blue) used in this work in (a) DIII-D, (b) ASDEX Upgrade

and (c) EAST.

The plasma shapes produced in experiments are shown in Figure 2. Lower single-null
(LSN) plasma shapes are used in DIII-D and ASDEX Upgrade, while an upper single-null
(USN) is used in EAST, the grad-B direction is into divertor for all shots in study. The
upper triangularities are deliberately scanned in experiments for all three tokamaks. The
triangularity ∆up varies from 0.1 to 0.6 in DIII-D, from 0 to 0.3 in ASDEX Upgrade, and
from 0.5 to 0.7 in EAST. The detailed experimental parameters are listed in Table I.

To preserve the influence of triangularity and exclude other factors, the equilibria used

5



TABLE I. Experimental parameters for the cases examined in this work.

Case Ip (MA) BT (T) q95 βN nRMP Shape ∆up Measurement

DIII-D 1.56 2.0 3.6 1.5∼2.0 3 LSN 0.1∼0.6 magnetic sensors

AUG 0.76 1.7 3.8 2.2 2 LSN 0∼0.3 Li-Beam, He-Beam

EAST 0.37 2.2 5.9 0.5 1 USN 0.5∼0.7 magnetic sensors

in the simulation are generated using two equilibrium codes. In order to reproduce the
plasma response with different pedestal parameters, the equilibria of DIII-D are generated
self-consistently using the SEGWAY31 code. Not only triangluarity is scanned for the DIII-D
case, but also the pedestal density ne,ped and the normalized beta βN . Pedestal parameters
in DIII-D are then calculated to be consistent with the EPED code predictions32. The
equilibria of ASDEX Upgrade and EAST cases are generated using the CHEASE33 code,
and only triangluarity is scanned in the process (without self-consistent pedestal prediction).

Targeted comparison of modeled plasma response with experiments is carried out in
section IV. The high-field side (HFS) and low-field side (LFS) magnetic sensors in DIII-D
and EAST allow validation on magnetic plasma response, while the lithium beam34 (Li-
Beam) and helium beam35 (He-Beam) in ASDEX Upgrade allow validation on perturbed
displacement. The location of these diagnostics are shown Figure 2.

III. CORRELATION OF THE CALCULATED PLASMA RESPONSE
WITH ACCESS TO ELM SUPPRESSION

Previous studies found that the amplitude of edge resonant radial field component can be
used to represent the plasma response that matters for ELM control36,37. In this section, we
choose the amplitude of edge resonant radial field component that near ψp = 0.95 surface
|bres0.95| as a metric to evaluate the influence of plasma shape in triangularity on plasma
response and ELM control. Here, bres0.95 = (B

ρ

Bζ )0.95, where Bρ and Bζ are the radial and
toroidal components of magnetic fields in flux coordinate, the superscript res denotes the
resonant component, the subscript 0.95 denotes the Fourier component with poloidal number
m and toroidal number n of the m/n rational surface that is nearest to the ψp = 0.95 surface,
and ψp denotes the normalized poloidal flux.

Comparison of plasma responses with different pedestal density ne,ped and normalized
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beta βN value is carried out for DIII-D n = 3 cases at δϕUL = 0◦. Here δϕUL denotes the
relative phase between upper and lower coil currents. One group is simulated using a set of
low pedestal density equilibria (ne,ped ∼ 2 × 1019m−3), the other group is simulated using
a set of high pedestal density equilbria (ne,ped ∼ 4 × 1019m−3). Both groups contain three
βN cases (βN ∼ 1.5, 1.8, 2.0) and vary the upper triangularity ∆up from 0.1 to 0.6. These
equlibria are generated self-consistently using the SEGWAY code31.

The edge resonant radial field component |bres0.95| is simulated for these DIII-D cases, which
is shown in Figure 3(a). The blue and red lines denote the plasma response at low and
high pedestal density, respectively. The solid, dashed and dotted lines denote the plasma
response at βN ∼ 1.5, 1.8, 2.0, respectively. It can be seen that the plasma response does not
change much at low pedestal density for all βN cases, which indicates the plasma response is
insensitive to triangularity at low pedestal density. On the contrary, the plasma response is
sensitive to triangularity at high pedestal density and high βN . The resonance first increases
with triangularity in the range of ∆up ∼ 0.1 - 0.2, then decreases with it at ∆up > 0.3. The
plasma response at low or moderate triangularity ∆up ∼ 0.1 - 0.4 is obviously greater than
that at high triangularity ∆up ∼ 0.4 - 0.6.

These results are correlated with the experimental observations shown in Figure 1(a). The
edge resonance of the high pedestal density case is greater at low or moderate triangularity
∆up ∼ 0.1 - 0.4 as compared to that at high triangularity ∆up ∼ 0.4 - 0.6. This agrees
with the experimental results that ELMs cannot be suppressed at high triangularity. The
edge resonance increases with triangularity in the range of ∆up ∼ 0.1 - 0.2, also agreeing
with the results that ELMs are easier to suppress at moderate triangularity as compared
to low triangularity. Note that there is no experimental data at high pedestal density
and low triangularity, and there is no ELM suppression at high ne,ped ∼ 4 × 1019m−3 in
experiment. The high pedestal density case in simulation are qualitatively compared to
the ELM suppression observation in experiment. The simulation results can explain the
degree of difficulty to access ELM suppression at different triangularities, while it cannot
explain the density window of ELM suppression. These consistencies between experiment
and simulation shows a correlation between the plasma response and ELM suppression access
at different triangularities in DIII-D.

However, the simulation result cannot explain why ELM suppression is lost with den-
sity increases in experiment, because the linear response model is insufficient to simulate
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FIG. 3. (a) The amplitude of edge resonant radial field component near ψp = 0.95 surface simulated

by the MARS-F code with n = 3 RMP applied at δϕUL = 0◦ in DIII-D. A sketch of plasma shapes

of equilibria used in the simulation are superimposed on the figure. (b) The relation between

pedestal pressure, pedestal density and triangularity of the equilibria used in MARS-F simulation.

These equilibria are generated self-consistently using the SEGWAY code with the pedestal density

ne,ped ∼ 2× 1019m−3 (blue), 4× 1019m−3 (red) and βN ∼ 1.5 (dotted line), 1.8 (dashed line), 2.0

(solid line).

the transition between ELM suppression and mitigation18, and further non-linear model is
required to understand the density effects on ELM control12,19. Moreover, excessively low
pedestal density in experiments lead to H-L back transitions, which is due to entirely dif-
ferent physics and is beyond the scope of this work. Thus the results of the low pedestal
density limit cannot be verified through the experimental observations in this work.

We also point out that the density effect is not directly included in the MARS-F model.
The DIII-D equilibria used in the simulation are generated self-consistently using the SEG-
WAY code31. When we scan the pedestal density, the pedestal pressure will change to keep
the equilibria self-consistent with the EPED code pedestal predictions32. Figure 3(b) shows
the pedestal pressure of the equilibria used in the simulation. The blue and red lines denote
the low and high pedestal density, respectively. It can be seen that, to keep the equilibria
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self-consistent with the EPED model, higher pedestal density would lead to higher pedestal
pressure, which in turn cause more pressure driven edge response. Besides, the increase of
pedestal pressure with triangularity also cancels out the reducing effect of triangularity on
the plasma response to some extent, resulting in the slight increase of edge resonance at low
pedestal density.

Similar modeling is carried out for ASDEX Upgrade with n= 2 RMP applied at δϕUL = 0◦

and EAST with n = 1 RMP applied under δϕUL scan, which in accordance with that in
experiments. The equlibria used in these cases are generated using the CHEASE33 code,
and the self-consistent pedestal evaluation was not available. The plasma shapes of those
equilibria can be seen in Figure 4. The range of upper triangularity for ASDEX Upgrade is
∆up ∼ 0 - 0.3, which corresponds to the range covered in experiments. The range of both
upper and lower triangularity for EAST are extrapolated to ∆ ∼ 0.3 - 0.7 in CHEASE33,
while only the upper triangularity is scanned in experiment from 0.5 to 0.7 (solid line). The
reason of doing extrapolation for EAST equilibria is that the plasma shapes in EAST are
USN, while those in DIII-D and ASDEX Upgrade are LSN. To ensure that same effects of
triangularity are discussed in this work, both upper and lower triangularity are scanned for
the EAST case in the simulation. This also explores the relative role of the triangularity of
the X-point region as compared to the crown region.

Figure 4(a) shows the edge resonance for the ASDEX Upgrade case. It is calculated with
n = 2 RMP applied at δϕUL = 0◦, which is the same as that in experiment. It can be
seen that the resonance decreases with triangularity, which disagrees with the experimental
observations shown in Figure 1(b), where ELMs are easier to be suppressed at ∆up ∼

0.25 in experiments. Figure 4(b) shows the peak value of edge resonance of the EAST
case calculated under δϕUL scan at each triangularity, which corresponds to the maximum
plasma response at each triangularity. The red and blue line denote the resonance calculated
in upper and lower triangularity scan, respectively. The solid line denotes that the equilibria
used in simulation are interpolated from experiments, while the dashed line denotes that
extrapolated from experiments. It can be seen that the edge resonance decreases with both
upper and lower triangularity. The plasma response is sensitive to plasma shape at low
triangularity, and insensitive at high triangularity. This is similar to the result of DIII-D
high pedestal density case shown in Figure 3(a).

In summary, the simulated results in this section shows the influence of triangularity on
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FIG. 4. (a) The amplitude of edge resonant radial field component near ψp = 0.95 surface simulated

by the MARS-F code in ASDEX Upgrade with n = 2 RMP applied at δϕUL = 0◦, and (b) the peak

value of that in EAST with n = 1 RMP applied under δϕUL scan. A sketch of plasma shapes of

equilibria used in the simulation are superimposed on these figures. These equilibria are generated

with interpolation (solid line) and extrapolation (dashed line) from experimental equilibria using

the CHEASE code.

the plasma response. The plasma response is sensitive to plasma shape in low triangularity
and high pedestal density. This can partially explain the experimental observation shown in
Figure 1 that ELM control effects is sensitive to triangularity and pedestal density. However,
it cannot explain why the ELM suppression is lost with pedestal density increase, and why
ELM suppression cannot be achieved at ∆up ∼ 0.1 in ASDEX Upgrade. This also reveals
the limitation in understanding ELM control only from the view of linear plasma response,
further nonlinear models12,38 and 3D stability analysis39 is required to better understand
ELM control physics.
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IV. DIAGNOSTICS ALLOW VALIDATION OF PLASMA RESPONSE
SIMULATION

In order to test the reliability of the simulation, validation of plasma response between
experiment and simulation is carried out. The validation involves all three tokamaks, and
is discussed in this section.
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FIG. 5. (a) The measured (scatter markers) and simulated (dashed and solid lines) magnetic

plasma response on LFS (blue) and HFS (red) at different triangularity in DIII-D, note that the

left y-axis is for the measured plasma response and right y-axis is for the simulated one. (b)

Locations of magnetic sensors superimposed on the poloidal cross-section with different plasma

shapes in triangularity in DIII-D.

The magnetic diagnostics allow validation of the magnetic plasma response in DIII-D,
the results of which are shown in Figure 5(a). The blue triangles and red circles denote the
measured plasma response on LFS and HFS, respectively. The solid and dashed line denote
the plasma response simulated with high and low pedestal density at βN ∼ 1.8. The location
of the sensors on HFS and LFS are shown in Figure 5(b), as well as a diagram of plasma
shape in different triangularity. It can be seen that the measured plasma response on the
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HFS (red circles) decreases with triangularity, and the simulated high pedestal density result
(red solid line) agrees with the measured one in trends, despite that the absolute value of the
simulated plasma response is greater than the measured one. The measured plasma response
on the LFS (blue triangles) is relatively flat, and the simulated low pedestal density result
(blue dashed line) agrees with measured one at low triangularity, while the high pedestal
density results (blue solid line) agrees with it at high triangularity. The parameter range
of pedestal density and pedestal pressure in experiments are shown in Figure 6. The blue
dots denote low triangularity cases (∆up < 0.2), and the red dots denote high triangularity
cases (∆up > 0.4). There are no experimental points at low triangularity and high pedestal
density, and the pedstal density for most experimental points at high triangularity is also
high. Therefore, the LFS results in Figure 5(a) show good agreement between measurement
and simulation, while the HFS results reproduce the trends with high pedestal density. In
general, the simulated plasma response for DIII-D shows similar trends with measurement,
which supports the modeling results presented in Section III.
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The magnetic sensors on EAST also allow validation of the plasma response simulation.
Figure 7(a) shows the magnetic plasma response measured in EAST. The red, green and
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blue markers denote the plasma response measured at triangularity ∆up ∼ 0.5, 0.6 and
0.7, respectively. The red, green and blue lines are the corresponding simulated plasma
response. The location of the magnetic sensors are shown in Figure 7(b). It can be seen
that the plasma response measured on the HFS decreases with triangularity, and the δϕUL

dependence of the simulated plasma response agrees with the measured one, despite the fact
that the absolute value is not captured in the simulation. Note that the simulated result
in Figure 7(a) does not contradict the result in Figure 4(b), as the sensor measured plasma
response is also affected by the location of measurement.

0 90 180 270 360

UL

0

0.5

1

1.5

2

B
 (

G
/k

A
)

(a) Exp #92657

Exp #92671

Exp #92675

Fit #92657

Fit #92671

Fit #92675

MARS-F 
up

0.5

MARS-F 
up

0.6

MARS-F 
up

0.7

1.5 2 2.5

R (m)

-1.5

-1

-0.5

0

0.5

1

1.5

Z
 (

m
)

EAST

(b)

up
0.5

up
0.6

up
0.7

Sensors

FIG. 7. (a) The measured (scatter markers) and simulated (solid lines) magnetic plasma response

at different triangularity on HFS in EAST. (b) Locations of magnetic sensors superimposed on the

poloidal cross-section with different plasma shapes in triangularity in EAST.

Unfortunately, no magnetic plasma response data is available on ASDEX Upgrade for
this experiment. Instead, the perturbed displacement measured by the lithium beam and
helium beam can be used to compare to the simulation results, which is shown in Figure 8
(a). The red circle and blue triangle denote the perturbed displacement measured by lithium
beam and helium beam, respectively. The red solid line and blue dashed line denote the
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simulated results. The position of these two diagnostics are shown in Figure 8(b). It can be
seen that no clear trend is discernible in the measured data and the simulated displacement
does not change much with triangularity, which implies that the perturbed displacement is
insensitive to triangularity. The absolute value of the simulated perturbed displacement is
within a factor of two, on average, with the measured one, which provides some confidence
in the modeling results.
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line and blue dashed line). (b) Locations of perturbed displacement measured by the lithium beam

(red solid line) and helium beam (blue solid line), as well as a diagram of plasma shapes with

different triangularity in ASDEX Upgrade.

In summary, the measured and simulated magnetic plasma response reveals similar
trends, and the HFS magnetic plasma response decreases with triangularity. The simulated
perturbed displacement at LFS mid-plane agrees well with the measurement in ASDEX
Upgrade, and it is insensitive to triangularity. The agreement between experiment and
simulation indicates the reliability of the linear plasma response model.
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V. ADDITIONAL UNDERSTANDING ENABLED BY DYNAMIC
EVOLUTION OF THE MULTI-MODE PLASMA RESPONSE

Previous studies found that the plasma response is multi-modal20,22,24,40, and several
methods were proposed to extract the multi-mode plasma response20,21,24,41. In this section,
multi-modal analysis for plasma response is carried out using the method presented in Ref
[24].

For completeness, the method is briefly summarized here. The singular value decomposi-
tion (SVD) technique is used to extract the multi-mode plasma response. It is a factorization
of a complex matrix A, as A = USV*. Here, the complex matrix A contains data about
mode amplitude and phase, with each row the spatial structure of the plasma response
and each column the δϕUL dependence of the plasma response. After the decomposition,
the right-singular vectors V#i (columns of V) form a set of orthonormal basis vectors for
the spatial structure of each mode. The left-singular vectors U#i (columns of U) form an
orthonormal basis for the dependence on δϕUL of each mode. Each element S#i on the
diagonal of S represents the amplitude or the eigenvalue of the mode identified by V#i and
U#i, and the square of it S2

#i denotes the energy of the mode.

Figure 9 shows the mode structure of the dominant and secondary mode extracted using
SVD for DIII-D case at low triangularity ∆up ∼ 0.1 and high triangularity ∆up ∼ 0.6. It can
be seen that the mode structure at high and low triangularity are similar, as the dominant
modes are both stronger near the X-point and weaker on mid-plane, while the secondary
modes are both stronger on LFS mid-plane. The similarity of mode structure suggests that
it does not change with triangularity. The δϕUL dependence of these modes are shown in
Figure 10. The red solid line denotes the dominant mode and the blue dashed line denotes
the secondary mode. Figure 10(a) shows the results at low triangularity ∆up ∼ 0.1, while
Figure 10(b) for high triangularity ∆up ∼ 0.6. It can be seen that the δϕUL dependence
of these modes are similar at both high and low triangularity, which further supports the
conclusion that the mode does not change with triangularity. Similar results are found in
the ASDEX Upgrade and EAST cases indicating that the structure and δϕUL dependence
of multi-mode plasma response do not change with triangularity.

However, the eigenvalue Si of the multi-mode plasma response does change with triangu-
larity, as shown in Figure 11 (a). The red lines denote the dominant mode and the blue lines

15



1 1.5 2 2.5

R (m)

-1.5

-1

-0.5

0

0.5

1

1.5

Z
 (

m
)

(a)

Mode #1

up
0.1

0

1

2

3

4

5

6

7

|V
#

1
|

10
-3

1 1.5 2 2.5

R (m)

-1.5

-1

-0.5

0

0.5

1

1.5

Z
 (

m
)

(b)

Mode #2

up
0.1

0

1

2

3

4

5

6

7

|V
#

2
|

10
-3

1 1.5 2 2.5

R (m)

-1.5

-1

-0.5

0

0.5

1

1.5

Z
 (

m
)

(c)

Mode #1

up
0.6

0

1

2

3

4

5

6

7

|V
#

1
|

10
-3

1 1.5 2 2.5

R (m)

-1.5

-1

-0.5

0

0.5

1

1.5

Z
 (

m
)

(d)

Mode #2

up
0.6

0

1

2

3

4

5

6

7

|V
#

2
|

10
-3

FIG. 9. Mode structure of Br components of the (a,c) dominant and (b,d) secondary mode at (a,b)

low triangularity ∆up ∼ 0.1 and (b,d) high triangularity ∆up ∼ 0.6 in DIII-D.

denote the secondary mode. It can be seen that the amplitude of the dominant mode at low
or moderate triangularity ∆up < 0.4 is greater than that at high triangularity ∆up > 0.4.
This reveals similar trends with the results presented in Figure 3 (a). It also can be used to
explain the experimental observations shown in Figure 1(a), that the mode associated with
ELM control effect is stronger at low or moderate triangularity, thus ELM suppression is
easier to be achieved at this regime.

Previous studies show that the edge kink-peeling response is a key indicator for the
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effect of ELM control11. Several parameters can be used as metrics for the edge kink-
peeling response, such as the amplitude of edge resonant radial field component |bres|36,37,
and the amplitude of radial displacement near X-point |ξX |42. As far as the linear resistive
plasma response is concerned, these metrics are co-linear and reveal similar results in finding
the optimal coil phasing for ELM control24,43. Figure 11(b) shows the amplitude of radial
displacement near X-point |ξX |, which is another metric that can be used to evaluate the
plasma response for ELM control42. It can be seen that the displacement near X-point at low
or moderate triangularity ∆up < 0.4 is much greater than that at high triangularity ∆up >

0.4, which also agrees with the experimental observation. Indeed, the X-point displacement
appears to decay more strongly with triangularity than the resonant fields.

The dominant mode of multi-mode plasma response reveals similar trends with the edge
resonance and the radial displacement near X-point, and all these three metrics show agree-
ment with experimental observations. It implies that the dynamic evolution of the multi-
mode plasma response provides another way to understand the ELM control physics.
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(b) The perturbed radial displacement near X-point of these cases in DIII-D.

VI. CONCLUSION

In conclusion, the influence of plasma shape in triangularity on plasma response to RMPs
is investigated for the DIII-D, EAST and ASDEX Upgrade tokamaks in this work. In gen-
eral, the magnetic plasma response decreases with triangularity in both resonant harmonics
and HFS sensor measurements. The plasma response is sensitive to plasma shape at low
triangularity, while the sensitivity decreases at high triangularity. The resonance of plasma
response is correlated with ELM suppression access, and can be used to partially explain
the ELM control effects in DIII-D. The ASDEX Upgrade results indicating improved access
at low triangularity, however, are not explained.

Comparison of experimental measurements and modeling results shows agreement in
trends on DIII-D and EAST. This suggests that the magnetic plasma response can be well
simulated in the linear model. The agreement of the amplitude of perturbed displacement
on LFS mid-plane between experiment and modeling in ASDEX Upgrade further proves this
point, despite that it is insensitive to triangularity.

Multi-modal analysis of the simulation results extracts the mode structure and applied
spectrum dependence of each mode. The amplitude of the dominant mode shows similar
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trends as the edge resonance and X-point displacement. This suggests that dynamic evolu-
tion of multi-mode plasma response provides another way to understand the ELM control
physics.

However, the linear MHD model still has limitations in modeling ELM suppression access,
as it cannot explain, for example, why ELM suppression is lost with pedestal density increase.
Besides, the simulation results also disagree with the fact that no ELM suppression has
been achieved in ASDEX Upgrade at ∆up ∼ 0.1 yet, which implies that it is insufficient
to understand ELM control only from the view of the plasma response. Further nonlinear
MHD12 and 3D stability analysis39 is required for better understanding ELM control in
experiment.

The plasma response is strongly reduced at high triangularity compared to that at low
triangularity, which implies different control effects of RMPs as the plasma shape is var-
ied. These results indicate that the plasma shape should be taken into consideration when
designing a tokamak suitable for RMP-ELM control, and that predictive plasma response
calculations can be used to maximize access to RMP-ELM control in future devices by
maximizing the coupling between the coils and the plasma44,45.
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