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Abstract

The integrated Resonant Magnetic Perturbation (RMP)-based Edge-Localized Mode
(ELM)-crash-control process aims to enhance the plasma performance during the RMP-driven
ELM crash suppression, where the RMP induces an unwanted confinement degradation. In this
study, the normalized beta (8y) is introduced as a metric for plasma performance. The
integrated process incorporates the latest achievements in the RMP technique to enhance Sy
efficiently. The integrated process triggers the n = 1 Edge-localized RMP (ERMP) at the L-H
transition timing using the real-time Machine Learning (ML) classifier. The pre-emptive RMP
onset can reduce the required external heating power for achieving the same Sy by over 10%
compared to the conventional onset. During the RMP phase, the adaptive feedback RMP ELM
controller, demonstrating its performance in previous experiments, plays a crucial role in
maximizing Sy during the suppression phase and sustaining the Sy-enhanced suppression state
by optimizing the RMP strength. The integrated process achieves Sy up to ~2.65 during the
suppression phase, which is ~10% higher than the previous KSTAR record but ~6% lower than
the target of the K-DEMO first phase (On = 2.8), and maintains the suppression phase above the
lower limit of target Oy (= 2.4) for ~4 s (~607g). In addition to Sy enhancement, the integrated
process demonstrates quicker restoration of the suppression phase and recovery of Sy compared
to the adaptive control with the n = 1 Conventional RMP (CRMP). The post-analysis of the
experiment shows the localized effect of the ERMP spectrum in radial and the close relationship
between the evolution of Sy and the electron temperature.
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1. Introduction

The steep pressure gradient and the high current density
at the edge of High-Performance Mode (H-mode) plasma
drive quasi-periodic pedestal relaxation, the so-called Edge-
Localized Mode (ELM) crash. The ELM crash generates
heat and particle flux onto Plasma-Facing Components (PFC),
which can threaten machine safety in ITER [1] and post-
ITER tokamaks. An applying external magnetic perturbation
resonant at the rational surface(s), called Resonant Magnetic
Perturbation (RMP), is proposed to control ELM crashes [2,
3]. Various tokamaks realize the RMP-driven ELM crash sup-
pression, allowing tokamak machines to relieve the mechan-
ical stress: KSTAR [4-6], DIII-D [2, 7-9], ASDEX Upgrade
[10, 11], and EAST [12]. However, the RMP technique is
associated with an unwanted plasma performance degradation
primarily caused by RMP-induced density pump-out, which
is experimentally observed in multiple machines, including
KSTAR [13-15], DIII-D [16-19], ASDEX Upgrade [11, 20],
MAST [21, 22], and EAST [23, 24], and reproduced by
simulations [25-27].

Despite the performance degradation induced by the RMP,
the RMP spectra reliably suppress ELM crashes within the
suppression window. KSTAR can produce various external
magnetic perturbation spectra using three rows of in-vessel
coils in the poloidal direction and four window-pane-like coils
at each row in the toroidal direction [28]. Among many dif-
ferent combinations of coil current in each row and phas-
ing (phase difference of lower-row coil to adjacent upper-
row coil), the Non-Resonant Magnetic Perturbation (NRMP),
almost orthogonal to the helical field lines, brakes the plasma
rotation only without obvious density pump out [29-31]. The
Quasi-Symmetric Magnetic Perturbation (QSMP), restoring
quasi-symmetry of perturbed particle orbit, has little effect on
plasma density and rotation [30]. However, neither NRMP nor
QSMP suppresses ELM crashes. Moreover, according to an
analysis of DIII-D plasmas without ELM crashes, the RMP
plasmas can have advantages over other operating regimes,
such as enhanced D, H-mode (EDA-H), improved energy
confinement mode (I-mode), and quiescent H-mode (QH-
mode), in terms of the plasma performance [32]. This paper
focuses specifically on enhancing plasma performance dur-
ing the RMP-driven ELM-crash-suppression phase. In order to
adopt the RMP technique in ITER and future fusion devices,
it is required to recover and enhance the plasma performance
during the suppression phase.

A database for KSTAR RMP-driven ELM-crash-control
experiments is constructed to investigate experimental condi-
tions favorable to the plasma performance enhancement in the
ELM-crash-suppression phase. Here, the normalized beta (5x)
represents the plasma performance, where Oy = (- aBr /I,
and 3= (p)/(B?/2u0). The Bn of performance-enhanced
plasmas can be compared to whether it approaches the target

On of a demonstration fusion power plant (DEMO) design (2.8
in the K-DEMO first phase [33], 2.6 and 3.8 in the EU DEMO1
and DEMO?2 design options [34], and 3.4 in the JA DEMO
steady-state plasma [35]). The database analysis indicates that
the auxiliary heating power (Ppey) and the RMP coil current
(Irmp) are the two most relevant factors determining Sy dur-
ing the RMP-driven suppression phase. The basic approach to
BN enhancement is to increase Phey to the maximum available
value and to reduce Irpp to around the suppression threshold.
However, for an efficient and stable fy-enhanced suppres-
sion phase, it is necessary to introduce the latest achievements
related to the RMP technique. The pre-emptive RMP onset
based on the real-time Machine Learning (ML) classifier [36],
which automatically triggers RMP before the first ELM after
the L-H transition, can obtain a higher ion temperature at
the plasma core region compared to the conventional pre-set
RMP onset [37]. The interactive Iryp control by the adaptive
feedback RMP ELM controller balances Sy enhancement and
ELM crash suppression by optimizing Igmp [15, 38, 39], in
contrast to the conventional pre-set Igmp control. The optim-
ization of not only Igyp for the RMP strength but also the RMP
spectrum can contribute favorably to plasma confinement. The
Edge-localized RMP (ERMP) spectrum has a high enough
edge resonant magnetic field to suppress ELM crashes while
reducing the resonant field in the core region compared to the
Conventional RMP (CRMP) spectrum [40, 41]. The accom-
plishments mentioned above are combined into the integrated
RMP-based ELM-crash-control process. The main body of the
paper will provide a detailed description and achievements of
the integrated process.

The outline of this paper is as follows. Section 2 ana-
lyzes the Oy database for KSTAR RMP-driven ELM-crash-
control experiments. Section 3 describes the experimental plan
for efficient Sy enhancement during the suppression phase.
Section 4 reports the achievement of the integrated RMP-
based ELM-crash-control process in enhancing Sy and the
post-analysis results. Section 5 presents a plan for expanding
the integrated process to plasma performance-enhanced long-
pulse ELM-less operation. Finally, section 6 gives a summary
of this paper.

2. Gy database for KSTAR RMP-driven
ELM-crash-control experiments

KSTAR demonstrates robust and reproducible RMP-driven
ELM crash suppression [4, 13, 14, 42-44], thereby con-
tributing to understanding the suppression mechanism [5,
45] and expecting the suppression window in the RMP coil
phase-space [46]. Based on this reliability of the RMP-
driven suppression in KSTAR, a database for KSTAR RMP-
driven ELM-crash-control experiments is constructed to study
the plasma performance during the RMP phase, where [y
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represents the plasma confinement performance and all the
discharges are in a Lower Single Null (LSN) configuration.
The By database tabulates the following information: By (tor-
oidal magnetic field strength at the geometrical axis), plasma
current (I,), RMP configuration [toroidal harmonic number
(n), RMP coil phasing, and coil current (Irpmp)], magnetic EFIT
data [47] [safety factor at 95% of normalized toroidal mag-
netic flux (qos), plasma elongation (x), plasma triangularity
(4, and §;), BN, and Wyp], line-averaged density () from
mm-wave interferometry [48] and two-color interferometry
(TCI) [49], total Neutral Beam Injection (NBI) power (Png1),
and total electron cyclotron heating (ECH) power (Pgcg). The
RMP configuration of the discharges included in the database
is categorized into two groups: static n = 1, +90° phasing [4]
(207 shots) and static n = 2, +90° phasing [6] (76 shots). For
reference, in KSTAR, the four window-pane-like RMP coils
in the toroidal direction can generate magnetic perturbation
up to n = 2. The database includes 283 RMP-driven ELM-
crash-control discharges and 2067 data sets, of which 169 are
ELM-crash-suppression discharges (119 cases for n = 1 RMP,
and 50 cases for n = 2 RMP) and 557 are the suppression
data sets (387 cases for n = 1 RMP, and 170 cases forn = 2
RMP). Each data set comprises a collection of time-averaged
values for the parameters listed above. The time of interest is
selected based on three criteria: 1) Within the time-averaging
period of +0.1 s around the chosen time point, the ELM crash
patterns affected by the RMP remain stable, regardless of
whether the RMP entirely suppresses ELM crashes. 2) The
plasma equilibrium has no unintended perturbations during
this period. 3) The measurement data is reliable and free of
excessive noise. The database excludes the rotating RMP con-
figuration, where the relative phase to the laboratory frame
changes in time. This is because the rotating RMP perturbs
equilibrium conditions despite constant RMP strength and
phasing [43].

The suppression data sets provide the relationship between
On and parameters listed in the database during the ELM-
crash-suppression period. As shown in figure 1(a), in the n
= 1 RMPs, Gy positively correlates with the total auxiliary
heating power (Pheat = Pxpr + Prch)- In the n = 2 RMPs
(figure 1(b)), it seems that By is insensitive to Py, However,
the n = 2 RMP experiments are conducted in a wide I, range
different from the n = 1 RMP experiments (figure 2). Since
B is inversely proportional to I, by definition, it is neces-
sary to decouple the I, effect on By to investigate the rela-
tionship between [y and Py in the n = 2 RMPs. In both two
majority I, ranges of the n =2 RMPs (550 < I, < 620kA, and
730 < I, < 800kA), By increases as Py, increases (figure 3).
For reference, the NBI in co-I,, direction and the ECH are
the main heating sources in KSTAR, but about 91% (153
shots) of the suppression discharges in the database use the
NBI only.

In this study, Irmp represents the strength of the resonant
magnetic field (|0Bys|). However, |Bys| can vary at the same
Irmp due to the plasma response to external magnetic per-
turbation, which is influenced by plasma conditions such as
magnetic shear, temperature, and density profiles. Although
the precise calculations considering the plasma response can

provide exact resonant magnetic field (dB;) spectra, such cal-
culations are not available for all the cases in the database.
In both n = 1 and n = 2 RMP configurations, an increase in
Irmp tends to decrease (y (figure 4), although the effects of /,
(especially n = 2 RMPs) and Py on [y are not decoupled
from that of Ixyp. In the n = 1 RMPs, the Sy reduction slope
is steeper than the n = 2 RMPs. The observed trend appears
to be due to the differences in 6B, spectra, such as the pen-
etration depth into the plasma core, between n = 1 and n =
2 RMPs. However, it is not possible to directly compare 6By
spectra or |0Bres| of n = 1 and n = 2 RMPs using Irmp.

The database analysis shows that Ppey and Iryvp are the
most influential parameters on Sy of the suppression phase.
In contrast to Ppey and Ixmp, other parameters, such as ne,
&y, 65, and K, do not show a clear relationship with Sy during
the suppression phase. These results are consistent with intu-
itive predictions that the additional Pyey and the lower |0 Bies|
can enhance the plasma performance during the suppression
phase.

3. Experimental design to achieve Gy-enhanced
ELM crash suppression

3.1. Experimental conditions favorable to By > 2.4 ELM crash
suppression

As shown figures 1 and 4, Sy is below 2.4 in almost all cases of
ELM crash suppression. Therefore, fx > 2.4 becomes a goal
for plasma performance enhancement during the RMP-driven
ELM-crash-suppression phase in KSTAR.

The database analysis results indicate that Ppe, and Igymp
are the two main actuators to enhance Sy during the suppres-
sion phase. All available NBI sources are used to maximize
Pheai- However, only one ECH source of ~0.6 MW power is
utilized since this power level is optimal for achieving robust
ELM crash suppression, considering the ECH effect on the
plasma rotation. The ECH injection can change the toroidal
rotation profile [50, 51]; in the co-I, NBI heated discharges of
KSTAR, ECH reduces the co-I, plasma rotation [51]. When
the ECH lowers the rotation below the threshold, the ECH-
induced rotation drop terminates the suppression phase, as in
the DIII-D experiments in which the NBI mix controls the
torque affecting the plasma rotation [9]. Additionally, Ppey
increases step-by-step to avoid failure in plasma control due
to abrupt changes in plasma conditions. Irpp should be as
low as possible but above the suppression threshold level.
The Irmp scan is necessary to obtain the optimal Igxyp level
since the Iryp threshold is sensitive to plasma conditions,
such as pressure profile [25], plasm shape [52], By [53], RMP
configuration [46], etc.

The data distribution in section 2 shows that the n = 1
RMPs obtain higher Sy during the ELM crash suppression
than the n = 2 RMPs. Since Sy o 1/ I, by definition, the n = 1
RMP-driven suppression at gos ~ 5 suppression window,
with lower /I, as shown in figure 2 (I, ~ 490-540kA when
Bt = 1.8 T), has an advantageous over n = 2 RMP-driven sup-
pression in gos ~ 3.4, 3.8, and 4.4 windows (I, ~ 560-800 kA
when By = 1.8 T) in achieving higher Sy. Moreover, the n =
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Figure 1. [y in the ELM-crash-suppression phase versus Phey in static n = 1 RMP configuration (a) and static n = 2 RMP configuration

(b). The dotted straight lines indicate linear regression lines.
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Figure 3. [n versus Ppey for the n = 2 RMP suppression data sets
in two majority I, ranges: 550 < I, < 620kA (green) and 730

< I, < 800KA (red). The ‘Other’ label indicates data outside of
these two I, ranges. Dotted straight lines represent linear regression
lines for each range, with the same color convention.

1 RMP-driven suppression at ggs ~ 5 is more reproducible, as
evidenced by the number of cases. Therefore, the n = 1 RMP is
more effective in achieving Sx > 2.4 ELM crash suppression.

This study uses Sy as a metric for evaluating plasma per-
formance to enable prompt comparison, which makes n =
1 RMP of lower I, a better option for achieving high Sy.
However, it is important to note that the metric should eventu-
ally be changed to absolute parameters relevant to the fusion
performance.

Other conditions, except the major parameters affecting Sy,
are set to be highly reproducible to the n = 1 RMP-driven ELM
crash suppression: Br = 1.8 T, §ayg ~ 0.57 (6, ~ 0.32 and 6; ~
0.82), and k ~ 1.72.

3.2. RMP onset by real-time ML classifier

A real-time ML classifier [36], providing the current plasma
state, such as L-mode, H-mode, and ELMy phase, is intro-
duced for efficient plasma performance enhancement. The
RMP application can be connected to the ML classifier results.
For example, by synchronizing the RMP onset timing with the
L-H transition timing, the RMP can be fired according to the
pre-set Iryp target and ramp-up rate before the first ELM crash
in the H-mode.

Figure 5 compares experiments for Sy enhancement during
the RMP-driven ELM crash suppression in two different RMP
triggering methods. Preliminary experiments provide the Iryp
threshold and determine the optimal heating configuration for
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Figure 5. Comparison of experiments for S enhancement during
the RMP-driven ELM-crash-suppression phase in KSTAR: RMP
onset by conventional pre-set parameters (#28 756, black) and ML
classifier (#29 367, red). (a) Total auxiliary heating power. (b) RMP
coil current. Time traces of Sy with D, (cyan) signal for (c) #28 756
and (d) #29 367.

On enhancement and stable plasma control. In the case of
the conventional pre-set RMP onset (#28 756), the maximum
Preye during the RMP phase is ~5.76 MW (Pngp ~ 5.3 MW
and Pgcy ~ 0.45MW), as shown in figure 5(a), and Igmp
rises during the H-mode phase according to the pre-set con-
trol parameter (figure 5(b)). In the case of the ML-classifier-
based RMP onset (#29 367), the maximum Py is ~5.14 MW
(Png1 ~ 4.5MW and Pgcy ~ 0.63 MW), and the Izyp onset,
determined by the ML classifier output, occurs ~10ms after
the L-H transition accompanied by the increase in Sy shown
in figure 5(d). In the conventional case, Sy increases up to
~2.47 under RMP, but the suppression phase appears tran-
siently (figure 5(c)). The ML-based pre-emptive RMP onset

achieves up to Oy ~ 2.56 during the stable ELM crash sup-
pression (figure 5(d)) despite ~11% lower Pje, than the con-
ventional case. Igyp around the maximum Sy (indicated by
vertical dotted lines in figure 5) is similar in the two cases:
~1.67kA/turn in the conventional method (#28 756, 8.95 s)
and ~1.71 kA t~! in the ML-based RMP onset (#29 367, 65).

The ML-classifier-based RMP onset, originally designed
for the pre-emptive ELM crash control, offers an advantage
in enhancing [y compared to the conventional pre-set RMP
onset. This Sy enhancement in the pre-emptive RMP onset is
primarily due to higher ion temperature in the plasma core
region relative to that in the conventional RMP onset [37].
A turbulence and transport analysis in progress will provide
a physics understanding of the increased core 7; in the RMP
onset coincident with the L-H transition.

3.3. Interactive Irup control by adaptive feedback RMP ELM
controller

In the ML-classifier-based Sy enhancement experiment shown
in figure 5, Irpmp gradually decreases to increase Sy under the
given Ppey. However, ELM crashes reappear when Igyp i
below ~1.68 kA t~!, and finally, the ELM-crash-suppression
phase turns into the ELM-crash-mitigation phase after 8.8s.
Despite the need for an increase in Igpp to suppress the ELM
crash reappearing, Igpp continues to decrease according to the
pre-set Irpp Waveform.

The adaptive feedback RMP ELM controller [15, 38, 39]
is introduced to compensate for the limitations of the con-
ventional pre-set Irpmp control through an interactive Igyp
control. The adaptive controller optimizes Irymp based on a
built-in real-time ELM crash frequency monitor. During the
suppression phase, the adaptive controller reduces Iryp to
recover plasma confinement, taking into account a hysteresis
effect that lowers the Igypp suppression threshold [15]. If the
ELM crash frequency monitor detects ELM crashes during the
Irmp reduction, the controller updates the Igmp suppression
threshold and increases Igyp until ELM crashes disappear
on the ELM crash monitor. Once the suppression phase is
restored, Irmp decreases again. This iterative adjustment of
Irmp can optimize the RMP strength to recover the plasma
confinement while maintaining the ELM-crash-suppression
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phase. More details about the structure and process of the
adaptive feedback algorithm can be found in [38, 39].

The previous KSTAR experiments demonstrate that the
adaptive controller can recover the plasma performance up to
~90% of the non-RMP phase: Sy recovered in the suppres-
sion phase is ~1.91, and Sy in the non-RMP phase is ~2.13
[15]. Therefore, in this study on Sy > 2.4 ELM crash suppres-
sion, the adaptive controller is crucial in enhancing the plasma
performance during the suppression phase and sustaining the
performance-enhanced suppression state. For reference, the
Phreat, discussed in section 3.1, is higher than in the previous
experiments proving the performance of the adaptive control-
ler (Pheat ~ 3 MW).

3.4. Reduced core resonant magnetic field by ERMP

In order to maximize the Sy enhancement under the given
experimental conditions, it is necessary to optimize the RMP
spectrum in favor of the plasma confinement, as well as
to adjust Irmp. The RMP configuration of n = 1, +90°
phasing (Itop = Ivip = Igor and A¢rv = Adms = 90°,
where Ix is the RMP coil current of each row and A¢xy
is the phase difference between rows) has a finite resonant
magnetic field strength near the plasma core [31, 40, 42],
which can degrade the plasma confinement. The systematic
approach by core-null space projection considering RMP coil
constraints, such as coil geometry, location, and maximum
current, provides the ERMP [40, 41]. The ERMP spectrum
has a reduced resonant component in the core region, com-
pared to the conventional n =1, 4+90° phasing RMP (n =
1 CRMP) spectrum, while maintaining the edge component
above the suppression threshold. The original goal of optimiz-
ing RMP spectra for ELM crash control is to avoid disruptive
MHD instability driven by core resonant fields, such as locked
modes [54]. In this study, it is anticipated that a reduced core
component in the ERMP spectrum will enhance the plasma
confinement.

4. Integrated RMP-based ELM-crash-control
process

4.1 Experimental validation of the integrated process

The integrated RMP-based ELM-crash-control process incor-
porates the latest achievements described in section 3, such as
the real-time ML classifier, the adaptive feedback RMP ELM
controller, and the ERMP spectrum, for efficient Sy enhance-
ment during the ELM-crash-suppression phase. The integ-
rated process unfolds as follows: first, the ERMP spectrum
is triggered based on real-time ML classifier output. Next,
the control authority of the ML classifier is transferred to the
adaptive controller. Finally, the adaptive controller optimizes
Irmp to achieve enhanced [y during the suppression phase.
The performance of the integrated process is validated by
comparing Sy during the suppression phase in different Irpp
control methods and n = 1 RMP spectra (figure 6). The com-
parisons include 1) n = 1 CRMP with a constant Igyp of

6 @) ; ; : . : :
4 J—_r——’ _

3 . .
(b) #31185 (CRMP)

Pheat [NIW]
(&)

time [s]

Figure 6. Comparison of Oy during the n = 1 RMP-driven ELM
crash control. (a) Total auxiliary heating power. Time traces of An,
D, (cyan), and RMP coil current (black) in (b) the CRMP with
pre-set constant Irmp (#31 185), (¢) the CRMP with adaptive
feedback control (#31 184), and (d) the ERMP with adaptive
feedback control (#31 189). (e) H-factor. In (b)—(d), Irmp is the top
coil current among three-row RMP coils (TOP, MIDdle, and
BOTtom) in KSTAR. In CRMP, ITQP = IMID = IBQT, while in
ERMP, Itop = Igor > Imip.-

1.9kAt~! (#31185), 2) n = 1 CRMP with adaptive Igyp con-
trol (#31184), and 3) n = 1 ERMP with adaptive Iryp con-
trol (integrated process, #31 189). In all cases, the RMP onset
timing is when the real-time ML classifier indicates the L—
H transition. During the RMP phase, Bt = 1.8 T, 4y ~ 0.57,
Kk~ 1.72, I, ~ 490kA, and gos ~ 5.1. As shown in figure 6(a),
Prey increases step-by-step to avoid failure in plasma con-
trol, and the maximum Py iS ~5.4 MW (Pngr ~ 4.8 MW and
Pgcy ~ 0.58 MW). Figures 6(b)—(d) show that Igmp, repres-
enting the top coil current among three-row RMP coils, in the
ERMP spectrum is consistently larger than the CRMP spec-
trum throughout the discharge. However, in the ERMP spec-
trum, the top and bottom coil currents are ~23.8 times larger
than the mid coil current (i.e. Itop = Igor = ~23.8Iuip), res-
ulting in a resonant magnetic field lower than expected from
the Irymp alone. The Ideal Perturbed Equilibrium Code (IPEC)
[55] calculations, shown in figure 7, indicate that the ERMP
spectrum (red line) applied in the integrated process produces
~14% lower |0B.s| near the core region (¢¥n ~ 0.48) than
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Figure 7. Comparison of resonant magnetic field (0Bres) spectra.
CRMP is the conventional n = 1, +90° phasing RMP applied in
#31 184 and #31 185. ERMP is the n = 1 edge-localized RMP for
#31189.

CRMP (blue line) when |0B,s| around the pedestal top (¢)n ~
0.94) is the suppression threshold, based on the assumption
that the suppression threshold is similar across different RMP
spectra [46].

One technical challenge in combining the ML classifier
and the adaptive controller is ensuring a smooth transition
of Igrmp control authority. In both discharges (#31 184 and
#31 189), where the adaptive feedback control algorithm is
activated 3s and 4 s after the RMP onset, respectively, the
adaptive controller takes over Igyp control authority from the
ML classifier without any issues. For reference, the pre-set
parameters for adaptive control are as follows: the Igpp ramp-
up rate is 0.6 kA t~! s~!, the ramp-down rate is 0.3 kAt~ s~!
in#31184and 0.5kAt~!s~!in#31 189, and the waiting time
for Irmp adjustment after the restoration of the suppression
phase is 400 ms.

In the reference case (n = 1 CRMP with constant Igpp, i.e.
#31 185), the maximum [y during the suppression phase is
~2.49 (figure 6(b)). Compared to the previous ML-classifier-
based RMP onset case (#29 367 in figure 5), the maximum Sy
is ~3% lower despite ~5% higher Pjc,. About 11% higher
Irmp in #31 185 (1.9kA t~1) could be the main reason for the
lower (y, but it contributes to the stable Sy > 2.4 suppression
phase lasting over 6s (~2.8 s duration in #29 367).

In #31 184 (figure 6(c)), the adaptive controller reduces
Irmp three times to enhance the plasma performance. At the
first attempt, Sy increases up to ~2.61 (lrmp ~ 1.43kA t=1),
but ELM crashes reappear soon. The adaptive controller
restores the suppression phase in ~0.55 s by increasing Irpp to
~1.74kA t~!. The second attempt starts after the pre-set wait-
ing time of 400 ms following the recovery of the suppression
phase. The reduction in Igyp during the second attempt stops
at Ixmp ~ 1.44 kA t~!, which corresponds to the lower limit of
Irmp determined by the adaptive controller based on the results
of the first attempt. Sy ~ 2.6 suppression phase is maintained
for ~0.65s, a longer duration than the first attempt, and then

the suppression phase transits to the ELM-crash-mitigation
phase. The controller achieves the suppression phase recov-
ery in ~0.48 s by increasing Irymp to ~1.73 kA t~!, similar to
the first recovery. During the last attempt, the 7, flat-top ends
at 10.5s.

In the integrated process (#31 189, figure 6(d)), the ERMP
spectrum is applied instead of the CRMP spectrum in the pre-
vious two cases. The adaptive control with ERMP (i.e. integ-
rated process) achieves a higher Oy than the adaptive con-
trol with CRMP. During the RMP phase, the maximum Sy
is ~2.69 around 7.9 s, but sparse ELM crashes appear then.
The maximum [y of the stable suppression phase is ~2.65
around 8.1s (~2.61 in #31 184). The duration of Gy > 2.6
suppression is ~1.4s, ~2.3 times longer than the adapt-
ive control with CRMP. Moreover, the suppression in Oy
above 2.4 (the lower limit of target Oy) is sustained for ~4 s
(~607g), while the duration of Sy > 2.4 suppression is ~2.1's
(~317g) in #31 184. Like #31 184, the mitigation phase fol-
lows the By ~ 2.6 suppression phase. The [y drop in the
mitigation phase is about two times larger than observed in
the CRMP (#31 184). However, the restoration time for the
suppression phase (~0.30s and ~0.215s) is ~38% — 62%
shorter than that of #31 184 (~0.55 s and ~0.48 s). The shorter
restoration time means that a smaller change in Iryp iS
sufficient to recover the suppression since the pre-set Irmp
ramp-up rate for the adaptive control is 0.6kAt~!'s~! for
both ERMP and CRMP cases. Similarly, the recovery time
for Oy ~ 2.6 suppression (~0.70s) is ~51% shorter than
#31 184 (~1.43s). The reduced |JB;es| inside the edge region
in the ERMP is the most likely reason for the quicker Oy
recovery.

In two adaptive control cases (#31 184 and #31 189), the
pattern of Irmp change is consistent with the Iryp optimiz-
ation process described in section 3.3, except for one case
that requires explanation. In the integrated process (#31 189),
the adaptive controller halts the decrease in Irxmp at ~7.76s
when an ELM crash occurs. However, these sporadic ELM
crashes do not trigger the mitigation phase. Consequently,
the adaptive controller suspends the decision of Ixyp ramp-
up, in contrast to the immediate Irpp ramp-up responding
to the mitigation phase (for example, ~8.9s in #31 189).
After a delay of ~400ms, the controller triggers a jump in
Ixmp of ~0.06kA t~! (determined by the internal process) at
~8.17 s to achieve stable suppression and maintains Iryp as
the updated lower limit of Iryp. This increase in Igyp can rein-
force the reduction of Sy after the Gy peak at ~7.9s.

In conclusion, the integrated RMP-based ELM-crash-
control process sets a new record for Sy during the RMP-
driven ELM crash suppression in KSTAR, reaching Oy ~ 2.65.
The adaptive feedback control algorithm achieves higher Oy
during the suppression [Onmax ~ 2.65 in the ERMP spectrum
(i.e. integrated process) and Sy max ~ 2.61 in the CRMP spec-
trum] than the conventional pre-set Iryp operations (SN max ~
2.49 in #31 185). The attempts to achieve Sy above the target
value of 2.4 during the suppression phase extend the access-
ible range of the suppression in KSTAR to Sy > 2.4 regions.
The H-factor (Hgor, = T exp/TE,89L, Where Tgexp is the energy
confinement time from experiments and 7g o1 iS the energy
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confinement time derived from a multi-machine scaling [56])
confirms the plasma confinement enhancement (figure 6(e)).
In this analysis, the injected Py 1S used to calculate 7g gor.. In
#31 189 (integrated process) and #31 184 (CRMP with adapt-
ive control), Hgor, increases up to ~1.99 and ~1.92, respect-
ively, coincident with the timing of maximum Sy. In the ref-
erence case (#31 185), the maximum Hgop, at Pyeyr ~ 5.4 MW
is ~1.84.

0On = 2.6 ELM crash suppression is comparable to the tar-
get O of the EU DEMO1 design option (6y = 2.6 [34]) but
5%—T7% lower than the target of the K-DEMO first phase (65
= 2.8 [33]). Compared to the DIII-D (similar size to KSTAR)
BN record dataset of RMP-driven ELM crash suppression
(BN ~ 2.5, Pheat > TMW, I, ~ 1.2 MA [32]), KSTAR achieves
higher Oy during the suppression phase with lower Ppey
(~5.4MW). However, in this comparison, the relatively low
I, in the KSTAR S ~ 2.65 case (I, ~ 0.49 MA) is favorable
for obtaining higher Sy than the DIII-D Sy record. As men-
tioned in section 3.1, Sy is an insufficient metric to describe the
absolute plasma performance. For example, the I,aBr product
is a simple metric for fusion performance [57]. While I,aBt ~
1.05 in the DIII-D fy record [32], in the KSTAR case, I,aBt ~
0.41 (with a minor radius of a ~ 0.46 m) despite its higher (.
This study that enhances the plasma performance during the
suppression phase will be extended to increase the absolute
plasma performance by introducing a metric relevant to the
fusion performance.

4.2. By recovery after the mitigation phase onset

During the adaptive control in both the ERMP and the CRMP
cases, the mitigation phase, accompanied by Sy drop, occurs
after the Sy ~ 2.6 suppression phase (figures 6(c) and (d)).
This section investigates the Sy recovery after the onset of the
mitigation phase. It is worth noting that other MHD instabil-
ities are unlikely to contribute to the rapid Sy reduction
observed in the mitigation phases since there are no measur-
able instability events during the RMP phase except the mit-
igated ELM crashes.

Figure 8 shows the relative change in the parameters of
interest compared to their value at the onset of the mit-
igation phase. The relative change of variable F can be
written by AF(t,) = (F(t) — F(tm))/F(tm), where t,, denotes
the time of the mitigation phase onset. To focus on the
temporal change of AF(t,), time-averaged values for ng;
(from TCI) and 7. [from electron cylotron emission (ECE)
radiometry [58]] are obtained for each 10 ms time window.
The relative change in Ox (AS(fm), figure 8(b)) exhibits a
similar pattern to AT.(ty,) on ¥n ~ 0.2 (figure 8(c)) and
N ~ 0.8 (figure 8(d)). The evolution of T, spans a wide
radial range, and AT, (#y,) has a similar level with ASB(#y),
except for changes supposed to be attributed to the mitigated
ELM crashes. The similarity between AS(ty,) and AT, (ty)
increases as close to the plasma core. The relationship between
ApB(tm) and Ane (tn) is not as obvious as the relationship
between Sy and T, (figure 8(e)). The above observations indic-
ate that 7. predominantly influences the drop or recovery

of 51\1.

() #3184

Figure 8. Comparison of the time evolution in electron density and
temperature. (a) RMP coil current (green) and D, signal (grey) in
#31 184 (CRMP spectrum with adaptive control). The relative
change to the value at the onset of the mitigation phase:

(b) B, (c) electron temperature (T¢) on YN ~ 0.2, (d) Te on YN ~
0.8, and (e) line-averaged electron density. (f) Irmp (red) and D,
(grey) in #31 189 (integrated process). In (b)—(e), green corresponds
to #31 184, and red does #31 189. Vertical dotted lines indicate the
onset and end of the mitigation phase in #31 184 and #31 189 and
the end of the I, flat-top in #31 189. #,, and e denote the time of
the mitigation phase onset and the end of the I, flat-top, respectively.

An interesting observation regarding Ane(fy) is that
Ane (tm) becomes larger than zero at the onset of the mitig-
ation phase in both the ERMP and the CRMP cases. During
the suppression phase, Ane ;(fn) < 0. This behavior is similar
to the suppression threshold in electron density observed in
DIII-D [9] and ASDEX upgrade [11]. The electron density on
the pedestal top (nepeq) at the onset of the mitigation phase
(in #31 184, ne peq ~ 2.71 x 10'9 and ~2.57 x 10" m—3, while
in #31189, nepeq ~ 2.65 x10" and ~2.69 x10°m™3) is
higher than the maximum 7, peq observed during the suppres-
sion phase so far in KSTAR (~2.5 x 10" m—3 [14]). However,
further exploration of the high e peq region is necessary to con-
firm the density threshold in the KSTAR [14].

The increase in Sy independent of the change in Iryp is
observed in both the ERMP and CRMP cases. During the
Irmp ramp-up to restore the ELM crash suppression, Sy is
recovered by ~4.3% in the ERMP case (t — t;;, ~ 0.26-0.38 s)
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and ~5.4% in the CRMP case (f — t;, ~ 0.11-0.46 s). During
the constant Iryp due to the waiting time in the adaptive con-
trol, Sy increases by ~3.4% in the ERMP case (t — t,,, ~ 0.38—
0.78s) and ~1% in the CRMP case (t —t,, ~ 0.6-0.955).
The plausible explanation for this [y recovery, not influ-
enced by Irmp, is that the plasma can naturally restore Oy
to a certain extent without relying on a decrease in Irmp if
the mitigated ELM crashes excessively degrade Sy below the
level anticipated by the RMP strength and auxiliary heating
power. For example, in the ERMP case, during the period
of constant Ixmp (~3.96kAt™!), By increases from ~2.46
(t—ty ~ 0.38s, or t~ 9.265) to ~2.55 (t —t, ~ 0.78s, or
t ~ 9.665s). Considering that Sy ~ 2.58 at t~ 7.16s under
similar Irpp and Py conditions (figure 6(d)), it suggests that
the plasma at # — t,, ~ 0.38 s has the potential to recover .
In the CRMP case, the restoration of the suppression phase
leads to a transient drop in [n. This By drop can be attrib-
uted to the higher Gy (Bn ~ 2.53 at Ixmp ~ 1.73kA t= just
before the suppression restoration (t — t,,, ~ 0.54 s) than Sy ~
2.5 under similar Ixpp and Pheye conditions in the previous
time (f ~ 5.61 s, figure 6(c)). However, in this Sy drop of the
CRMP case, further investigation is required to explain the
overshoot in [y recovery and the sustainment of higher Oy
levels during the mitigation phase.

During the Irmp ramp-down after the waiting time in the
adaptive control, the evident acceleration in [y recovery is
observed in the CRMP case, whereas it is unclear in the ERMP
case. This absence of accelerated [y recovery in the ERMP
can be attributed to the quick restoration of the suppression
phase. In the ERMP, during the Irmp ramp-up to restore the
suppression phase, Irmp increases by ~5.8%, while ~21%
in the CRMP. Furthermore, at the end of the waiting time
(t—ty ~ 0.785), BN reaches ~98% of the value at the onset
of the mitigation phase and ~97% of the maximum Sy dur-
ing the stable suppression phase. In the ERMP, the impact
of change in |dBys| on Sy cannot be as significant as in the
CRMP.

Figure 9 shows the repetition frequency of ELM crashes
(frep) during the mitigation phase. In the CRMP case
(figures 9(a) and (b)), the onset of [y recovery (indicated by
black dotted lines) occurs ~30 ms before the increase in frep to
above ~60 Hz (indicated by magenta dotted lines), while in the
ERMP case (figures 9(c) and (d)), it occurs ~20 ms after. Since
the stored energy loss driven by ELM crash becomes lower in
a higher fi., [59], a higher fi., can cause the recovery of (.
However, further investigation is required to clarify the caus-
ality between the onset of 3y recovery and the increase in fr,
and figure out the f;.,, threshold for Sy recovery if fr., is related
to On recovery. A comprehensive simulation can address this
matter, but such an investigation is beyond the scope of this

paper.

4.3. Turbulent fluctuation in the suppression phase of ERMP
and CRMP spectra

The KSTAR Electron Cyclotron Emission Imaging (ECEI)
system [60] is introduced to analyze turbulent fluctuations in
the ERMP and CRMP discharges. Among 24 (vertical) x 8
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Figure 9. The relative change of Oy to its value at the onset of the
mitigation phase in #31 184 (CRMP) (a) and in #31 189 (ERMP)
(c). The repetition frequency of ELM crash in #31 184 (CRMP)

(b) and in #31 189 (ERMP) (d). Black dotted line: the onset time of
Bn recovery. Magenta: the time of the fr, increase to above ~60 Hz.
Green (#31 184) and red (#31 189): the end time of the mitigation
phase.

(radial) ECEI channels in a two-dimensional space on the pol-
oidal cross-section, the vertically adjacent two channels are
employed to obtain the coherence (7., (f)) spectrum and the
relative fluctuation of electron temperature (7./T.) through
correlation analysis. T. /T, can be derived from the relation
T. /Te = \/2ByiaCry(0) /Bir [61], where Byq4 is the video band-
width (300 kHz for ECEI), By is the Intermediate Frequency
(IF) bandwidth (700MHz for ECEI), C,,(0) is the cross-
correlation coefficient at zero lag time. However, the ECEI
view windows only cover the Low Field Side (LFS) edge in
#31 184 (CRMP) and #31 189 (ERMP). For analyzing fluctu-
ations inside the edge of the plasma, the ECE radiometry is
utilized. The ECE radiometry channels are distributed radi-
ally along the mid-plane, but the distance between adjacent
channels is not sufficiently close for correlation analysis.
Alternatively, the standard deviation (o) of T, for a specific
time period represents the fluctuation level during that period.
Total T, can be expressed as T, = Te o + T., where Teo and T.
represent the steady and fluctuation part of electron temper-
ature, respectively. Based on the assumption that (T,) ~ T,
((T.) denotes the time-averaged T.) within the time window
of interest, o(T.) can be a reliable proxy for quantifying the
magnitude of fluctuations, since o (T ) is the square root of the
expected value of (T, — (T.))>.

Figure 10 shows fluctuation levels of the electron temper-
ature in different radial positions. The ECEI analysis calcu-
lates 7, (f) and C,(0) in non-overlapping 50 ms time seg-
ments. Within this time segment, the sensitivity of Te /Te,
determined by Tg /T2 > 2Byia/V/NBis [62], is ~0.2%, where
the independent sample number (N) is 25000 at a 500 kHz
sampling rate of ECEL The ECE analysis obtains o(7,) for
each non-overlapping 50 ms time window, corresponding to
the time segment length used in ECEI analysis. In the time of
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Figure 10. Comparison of electron temperature fluctuation. (a) and (e): Time traces of AN, Do (cyan), and RMP coil current (black). (b) and
(f): Coherence spectra from two vertically adjacent ECEI channels on low-field side mid-plane (1)n ~ 0.95). (¢) and (g): Relative
fluctuation level measured by ECEI channels on 1¥x ~ 0.95. (d) and (h): Standard deviation of 7. from the ECE radiometry channel on

N ~ 0.8. (a)—(d) for #31 184 (adaptive control with n = 1 CRMP spectrum) and (e)—(/) for #31 189 (integrated process). The maximum

[ at the stable suppression is indicated by fmax.

interest, o(Te)/o(Tn) > 2.9, where Ty is the thermal noise
temperature of the system. For reference, the sampling rate
of ECE radiometry is 500 kHz in the discharge of interest.
The resonant positions of ECE and ECEI channels are determ-
ined by considering the poloidal magnetic field and relativistic
broadening [63]. Due to the potential decrease in correlation
analysis accuracy and the possibility of overestimating o (T)
caused by the frequent ELM crashes, the discussion on fluc-
tuation level does not focus on the period of the ELM-crash-
mitigation phase, indicated by magenta dotted lines.

The ERMP and the CRMP exhibit a similar trend in tur-
bulent fluctuations on the plasma edge ()x ~ 0.95) during
the suppression phase since the ERMP is designed to have
the same 0Byes spectrum as the CRMP at the plasma edge. In
both suppression phases under the ERMP and CRMP spectra,
as Iryp decreases (or Oy increases), the coherence spectra
on ¢y~ 0.95 get broadened, 7., (f) increases in the fre-
quency range f < 25 kHz (figures 10(b) and (f)), and the rel-
ative fluctuation level (7./T,) at the plasma edge increases
(figures 10(c) and (g)). This trend is more evident in the CRMP
case. In the ERMP, during the period when [y decrease by
~2% after reaching the maximum Sy of the stable suppres-
sion phase (indicated by the vertical line labeled #;,,y), T. /T
slightly increases and 7, (f) in f > 25kHz becomes strong.
When Irmp decreases, the reduction in |0B,.s| can weaken the
RMP-induced classical quasi-linear transport [25, 64] or sta-
bilize turbulent fluctuations driven by the anisotropic ExB
shearing rate in a magnetic island [65]. However, the expec-
ted gradient steepening due to the Sy enhancement, associ-
ated with reducing the quasi-linear transport coefficient or the
RMP-driven turbulence, can linearly drive additional turbulent

fluctuations. Thus, it follows that the observed increase in tur-
bulent fluctuations might be originated from the linear drive of
turbulence fluctuations due to the gradually enhanced pedestal
with the decrease in RMP strength, which suggests that on the
plasma edge in the present experiments, the driving mechan-
ism is more dominant than the turbulence stabilization mech-
anism when Igyp decreases. On the other hand, further ana-
lysis is required to tell whether the elevated fluctuation level
is related to the onset of the mitigation phase.

In the CRMP case, the fluctuation level (o (T.)) increases in
the region of 1)y ~ 0.8 as Irpmp decreases (or By increases) if
disregarding bumps that coincide with sporadic bursts of the
D,, signal around 5.4 s (figure 10(d)). On the other hand, in
the ERMP, there are no significant changes in the fluctuation
level, except for fluctuations driven by sporadic ELM crashes
(figure 10(h)). Supposing that the observed fluctuation level on
N ~ 0.8 is governed by the same mechanism as the plasma
edge explained above, the impact of Igyp on the magnitude of
the relevant turbulence on 1N ~ 0.8 may be insignificant in the
ERMP. This can be attributed to a smaller magnitude of | Bes|
on YN ~ 0.8 in the ERMP compared to the CRMP, as shown
in figure 7, which implies that the applied 0Bes in the ERMP
may not penetrate into the resonant surface near ¢ ~ 0.8. It
is well-known that only when the applied resonant field pen-
etrates into the resonant surface, the ambient magnetic topolo-
gies can be reorganized. Consequently, this change in the mag-
netic topology can increase particle or heat transport, affecting
instability/fluctuation. Thus, the comparison of the fluctuation
level on ¥ ~ 0.8 suggests that the ERMP spectrum affects the
radially narrower regions localized to the plasma edge, com-
pared to the CRMP spectrum.



Nucl. Fusion 63 (2023) 086032

M. Kim et al

5. Plans for expanding the integrated process to
long-pulse ELM-less operation

This section explores the expansion of the integrated RMP-
based ELM-crash-control process, excluding the matter of a
metric for evaluating plasma performance. The integrated pro-
cess needs to consider issues related to long pulse and ELM-
less operation for further improvement, although it already
demonstrates the ability to enhance plasma performance dur-
ing the ELM-crash-suppression phase.

Figure 6(d) shows that the integrated process does allow
for the reappearance of ELM crashes when enhancing [y
in the suppression phase. While enhancing the plasma per-
formance in the ELM-crash-suppression plasmas, it is cru-
cial to avoid any single ELM crash, which can threaten
machine safety in ITER and future fusion devices. The
latest version of the adaptive feedback RMP ELM con-
troller incorporates a real-time detector for a precursor to
ELM-crash-suppression loss [39], which can pre-emptively
control Irmp to prevent the ending of the suppression
phase. By integrating this update, the integrated process can
move closer to achieving the plasma performance-enhanced
RMP-based ELM-less operation. However, before deploy-
ment, the precursor detector should be optimized for exper-
imental conditions favorable to the plasma performance
enhancement.

KSTAR, equipped with superconducting magnets, is an
ideal testbed for expanding the integrated process to the long-
pulse ELM-less operation. To consider the long-pulse issue,
the integrated process can incorporate any long-pulse-relevant
actuators compatible with the plasma performance-enhanced
RMP-driven ELM crash suppression, even if they are unre-
lated to the RMP technique. One of the potential candid-
ates is the KSTAR divertor plasma detachment control based
on the simplified real-time modeling [66], reducing the heat
load on PFCs. However, the impurity seeding, the primary
actuator of the detachment control, has a side effect on core
plasma performance [67] and affects conditions to access ELM
crash suppression by changing electron density and recycling
conditions [68, 69]. Therefore, incorporating the detachment
control requires upgrading the integrated process to balance
plasma detachment, ELM crash suppression, and plasma per-
formance enhancement.

6. Summary

The RMP technique is a promising method to control the
ELM crash. However, the RMP-driven ELM crash con-
trol is accompanied by an unwanted degradation in plasma
performance. Based on the reliability of the RMP-driven
ELM crash suppression in KSTAR, the database for KSTAR
RMP-driven ELM-crash-control experiments is constructed to
investigate the plasma performance during the ELM-crash-
suppression phase and identify experimental conditions favor-
able to Sy enhancement. In this database, Sy is a metric for the
plasma confinement performance. Among the 283 discharges

included in the database, the data sets from 169 ELM-crash-
suppression discharges indicate that 1) the auxiliary heating
power (Pre,) and the RMP coil current (Iryp) are the two main
parameters influencing Oy during the suppression phase, 2) in
KSTAR, the lower I, conditions for the n = 1 RMP suppres-
sion have an advantage over the n = 2 RMP suppression in
achieving higher Sy, and 3) other parameters, such as line-
averaged electron density (n.;) and plasma shape, have little
correlation with By. In almost all KSTAR suppression cases
in the database, Sy is below 2.4. Therefore, the lower limit of
target Oy for plasma performance enhancement is set at 2.4.

For efficient Sy enhancement, the integrated RMP-based
ELM-crash-control process incorporates the latest achieve-
ments related to the RMP technique. The integrated process
applies the ERMP, favorable to the plasma confinement due
to the reduced resonant components inside the edge region
while maintaining the edge component above the suppression
threshold, at the time of L—H transition using the real-time
ML classifier. The ML-based pre-emptive RMP onset, trig-
gering RMP before the first ELM crash of H-mode, reduces
the external heating power required to achieve the same Sy by
over 10% compared to the conventional RMP onset according
to the pre-set control parameter. After taking over Iryp control
authority from the ML classifier, the adaptive feedback RMP
ELM controller optimizes the Iryp level to enhance Gy during
the suppression phase and sustain the [Sn-enhanced suppres-
sion state. The performance of the integrated process is exper-
imentally validated. The integrated process maintains the Sy
> 2.4 suppression phase for ~4 s (~607g) and achieves Sy up
to ~2.65 during the suppression phase, which is ~10% higher
than the previous KSTAR record, but ~6% lower than the tar-
get of K-DEMO first phase. Furthermore, the integrated pro-
cess confirms the additional advantage of the ERMP spectrum
on top of its contribution to the Sy enhancement. During the
adaptive control, the restoration time for the suppression phase
and the recovery time for Sy ~ 2.6 suppression are reduced by
~38%—62% and ~51%, respectively, in the ERMP compared
to the CRMP when the ELM-crash-mitigation phase accom-
panied by a drop in By occurs.

A series of post-analyses provide several findings that 1)
the evolution of Jy is predominantly influenced by electron
temperature, 2) the onset of Sy recovery after the mitigation
phase accompanied by a temporary By drop may be related to
the repetition frequency of mitigated ELM crashes, and 3) the
impact of the ERMP spectrum is more radially localized to the
edge of the plasma compared to the CRMP spectrum.
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