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Abstract

A small non-axisymmetric (3D) magnetic field can offer invaluable ways for
instability control in tokamaks when optimally used, as has been highlighted by the
edge-localized mode (ELM) control using a resonant magnetic perturbation (RMP).
While the inherent complexity due to its 3D nature constantly poses scientific
challenges, recent research progresses have been increasing the prospects of
universal predictive capabilities on RMP ELM suppression. A successful framework
has been developed based on integrated perturbative models under international
collaborations centered around the Korean Superconducting Tokamak Advanced
Research (KSTAR), as will be reviewed in this article. This framework separates the
interaction between 3D coils and resonant fields as the ideal magnetohydrodynamic
(MHD) outer-layer process in fast time scales, from the dynamics of resonant field
penetration as the narrow boundary layer process in non-ideal MHD time scales.
The major profile alterations can occur only when the resonant field becomes strong
enough to penetrate and bifurcate to new magnetic island topologies. This hypothesis
enables simplified 3D field optimizations once the field penetration thresholds are
identified. The prediction of the field penetration thresholds require non-linear
MHD simulations but can be simplified by isolating it from outer-layer response,
successfully explaining key parametric dependencies and accessibility conditions
for RMP ELM suppression. Improved understanding has been leveraged to expand
physics basis for underlying transport in fully geometry, as recent perturbative 3D
simulations are revealing the complex interplays across classical and non-classical
transport, between Kink and tearing mode structures, between closed- and open-
field lines which are important to optimize power flux to plasma facing components.
The pre-programmed predictive optimization of 3D tokamak scenarios can then
be combined with an adaptive RMP control to find the optimal trade-off between
stability and confinement. The above approaches under this framework are not based
on the first principles but are indeed providing unique guidances for 3D tokamak
design, optimization, and control.
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1 Introduction and background

A tokamak strongly relies on the axisymmetry in the magnetic field to confine hot
charged particles while remaining sensitive to a non-axisymmetric (3D) magnetic
perturbation (Boozer 2008, 2010; Helander et al. 2012). A non-axisymmetry
as small as 0.01 —0.1% can even cause a disruption as well as substantial
performance degradation, and thus any unexpected 3D error field (EF) in a
tokamak requires proper correction algorithms (La Haye et al. 1992; Fishpool and
Haynes 1994; Buttery et al. 1999; Scoville and LaHaye 2003; Park et al. 2007;
Menard et al. 2010; Paz-Soldan et al. 2014; In et al. 2017). This sensitivity, on
the other hand, also leaves powerful utility of 3D fields, as has been highlighted
by the suppression of the edge-localized mode (ELM) crashes via a resonant
magnetic perturbation (RMP) (Evans et al. 2004, 2006, 2008; Liang et al. 2007;
Suttrop et al. 2011; Kirk et al. 2012; Jeon 2012; Nazikian et al. 2015; Sun et al.
2016). RMP ELM suppression and EF control indeed represent the two main
apposing consequences of 3D fields (Park et al. 2018)—invaluable benefits
on the profile and instability control but mostly at the expense of confinement
degradation—which pose great challenges in developing 3D tokamak scenarios.

3D tokamak scenarios have become of great interest due to their potentials to
maintain the high confinement mode (H-mode) (Wagner et al. 1984) but without
ELMs. ELM crashes are otherwise almost inevitable in H-modes. As well
known in tokamak science (Zohm 1996; Connor 1998; Snyder et al. 2007), ELM
crashes are repetitive energy losses when the self-organized pressure gradient
near the edge pedestal in H-modes, §pped, becomes steep enough to trigger local
magnetohydrodynamic (MHD) peeling—ballooning instabilities. These ELMs
can cause unrepairable damage to plasma facing components such as divertors
and, thus, must be controlled in a reactor scale tokamak (Hawryluk et al. 2009).
The possibilities of controlling ELMs using 3D fields were seen in early device
experiments such as COMPASS-C (Hender et al. 1992) and JFT-2 M (Shoji et al.
1992) as summarized well in the early review paper (Evans 2015). Then, the
full control of ELMs in the collisionality conditions projectable to the next-step
devices has been demonstrated at the DIII-D tokamak from the year of 2003, by
Evans et al. (2004) and his colleagues as documented by their seminal papers
(Moyer et al. 2005; Evans et al. 2005, 2006, 2008; Fenstermacher et al. 2008). It
was followed by the JET (Liang et al. 2007) and ASDEX-U (Suttrop et al. 2011)
tokamaks as well as by the MAST spherical torus (Kirk et al. 2010) where ELM
mitigations were achieved, and then the two superconducting tokamaks, KSTAR
(Jeon 2012) and EAST (Sun et al. 2016), joined the group in early 2010s by fully
suppressing ELMs with their flexible set of ELM control coils. These broadly
validated applicabilities lead to the proposal of 3D fields as a primary scheme
for ELM-free H-mode scenarios in the next-step devices such as ITER (Schaffer
et al. 2008; Loarte et al. 2014).

Experimental evidences across the world program, however, are also regularly
revealing seemingly inconsistencies. The early criteria based on the vacuum island
overlap width (VIOW) developed over extensive DIII-D data (Fenstermacher
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et al. 2008) were not always consistent with observations in other tokamaks (Kirk
et al. 2015; Paz-Soldan et al. 2015; Park et al. 2018), or other operational regimes
even in the same device, e.g., when the density is too high (Suttrop et al. 2018)
or rotation is too slow (Moyer et al. 2017; Paz-Soldan et al. 2019), or the plasma
shape becomes distinct (Nazikian et al. 2016). In particular, ELM suppression
or acceptably strong ELM mitigation by 3D fields were never achieved in the
spherical torus (ST) devices (Canik et al. 2009; Kirk et al. 2013) or even in the
conventional tokamaks when the plasma shape becomes up-down symmetric
(Hudson et al. 2010; Shafer et al. 2021). A number of important progresses have
been made along with advanced diagnostics (Moyer et al. 2005; McKee et al.
2013; Wade et al. 2015; Nazikian et al. 2015; Lee et al. 2016; Choi et al. 2017;
Ida et al. 2018; Park et al. 2022), and first-principle kinetic or MHD simulations
(Park et al. 2010; Bécoulet et al. 2014; Waltz and Ferraro 2015; Orain et al. 2017;
Kwon et al. 2018; Kim et al. 2020; Hager et al. 2020), but none to dates has
been able to offer a universal predictability across those diversified phenomena.
This paper is not intended to cover them all nor give comprehensive review of
rich 3D field physics which can be rather found in other preceding review papers
(Boozer 2010; Callen 2011; Wade et al. 2015; Evans 2015). This paper instead
will focus on a brief review of a particular framework that has been successfully
used particularly in the low-toroidal-mode (low-n) RMP ELM control in KSTAR,
while still broadly aiming at developing common 3D physics basis and predictive
schemes readily available for ELM control.

The rest of the paper is organized as follows. The framework along with
perturbed 3D physics models in hierarchy will be summarized in Sect. 2 along with
the hypothetical breakdown of physics basis. The following Sect. 3 will introduce
recent evidences indicating that the 3D field coupling is well separable from
complex resonant boundary layer dynamics. Section 4 will introduce important
progress on the resonant layer modeling, which has been greatly improved in last
decade as validated over several definitive features of RMP ELM suppression such
as g5 window. Transport under 3D fields can take place in various channels, some
of which require knowledge beyond MHD or across non-confined boundary region,
as will be discussed in Sect. 5 on the selected topics such as momentum transport or
heat fluxes to the divertors. Section 6 will show recent advances on the real-time 3D
field control which finds an optimal trade-off between stability and confinement, and
also on the 3D coil designs under the adopted framework. Then this paper will be
concluded with brief summary and remarks for future work.

2 3D field physics basis and hypothesis

2.1 Classification of 3D fields

3D fields in tokamak science are often mixed in use and confusing. Precisely, a 3D
field in a tokamak only means a small non-axisymmetric magnetic perturbation 6B

compared to the main tokamak magnetic field ZBO. Thus, a 3D field cannot alter the
fundamental nature of tokamak confinement, such as that toroidal plasma currents
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must be induced to provide a rotational transform. However, the radial component
contained in the perturbation (5B n) to the (B0 i) = 0 surfaces can strongly distort
tokamak plasmas even with |5B| / |BO| =103 ~ 1074, by inducing magnetic islands
in a significant fraction of plasma volume. “3D" field in a tokamak is a terminology
adopted to emphasize such a powerful impact, and also to comprehend a diversity
of magnetic perturbations more than RMPs. A RMP can also be an ambiguous
term in toroidal plasmas where it is not easy to isolate a resonant part of a magnetic
perturbation 51§mn. Here, m is the poloidal and n is the toroidal harmonic number,
which can resonate at a surface where magnetic field lines have the identical helical
pitch, ¢ = m/n. Strong poloidal mode coupling exists almost always unless the
plasma shape is circular in a very large aspect ratio A = R/a — oo, where R is the
major radius and a is the minor radius of a torus. Toroidal mode coupling can also
occur non-linearly when the perturbation becomes locally sizable. In fact, most of
the 3D fields tested in tokamaks contain non-resonant contents as much as resonant
contents in terms of their amplitudes in vacuum space. It is the plasma response that
amplifies resonant (Boozer 2001), or near-resonant components (Lanctot et al. 2010,
2011), supporting the logic to treat any 3D field as a RMP to the leading order.
Nonetheless, it is still useful to classify 3D fields in the following three categories.

e RMP (resonant magnetic perturbation) (Evans et al. 2004):
3D field containing significant (7, n) components which can resonate with
unperturbed plasma on the ¢ = m/n rational surfaces, somewhere in the core
or the edge, and possibly break the surfaces into magnetic islands by “field
penetration” (Fitzpatrick and Hender 1991; Fitzpatrick 1993; Fitzpatrick 2004;
Fitzpatrick and Waelbroeck 2005; Cole and Fitzpatrick 2006; Cole et al. 2008;
Fitzpatrick and Waelbroeck 2008, 2009; Fitzpatrick 2016; Fitzpatrick 2018a, b).
e NRMP (non-resonant magnetic perturbation) (Park et al. 2013):
3D field not containing any impactful resonant components even after plasma
response, but having components (m + Am,n + An) that can induce strong
transport globally across deformed surfaces. The signature phenomenon is the
rotational damping by “neoclassical toroidal viscosity (NTV)" (Shaing 1983,
2003; Shaing et al. 2008; Zhu et al. 2006; Park et al. 2009; Sun et al. 2010, 2012;
Shaing et al. 2015).
e  QSMP (quasi-symmetric magnetic perturbation) (Park et al. 2021):
3D field minimizing the variation in the field strength along the field lines.
The field lines must be perturbed field lines since the field strength along the
actual particle trajectory, i.e., “Lagrangian” field strength 6B,,,, (Boozer 2006;
Park et al. 2009) is what determines transport of guiding-center plasmas. As a
result, it is not accompanied either by field penetration or NTV, even if magnetic
perturbations are large in amplitudes.

Note that RMP or NRMP is identifiable only by local field line geometries, at
least conceptually, but QSMP requires the estimation of perturbed field lines in
3D equilibrium or often the kinetic particle trajectories to minimize the effects
of transport as it is not normally possible to achieve 6B;,,, — 0 everywhere. Still
QSMP is a mutually exclusive group of fields as there are no RMP or NRMP
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effects, by the definition, despite its large amplitude of perturbations. The
possibility to form such a perturbation has been demonstrated recently in KSTAR
and DIII-D (Park et al. 2021) and thus it deserves a distinct category in the 3D
optimization.

Optimizing 3D fields should comprehend all above, but in this paper will mean
optimizing only RMPs which create the leading-order effects in tokamaks through
plasma response. NRMP effects encapsulated by NTV will be considered as a side,
or subsidiary effect, to be optimized for the next order as needed. Note that NTV
is not only driven by NRMPs, but also by RMPs especially near magnetic islands
(Shaing 2001; Kim et al. 2013) and can play an important role in establishing
transport required for ELM suppression. Therefore, RMP optimization will also
lead to NTV optimization to some extent, although those two are not necessarily
correlated linearly.

2.2 Hypothesis on RMP responses—bifurcations of 3D tokamak equilibria

A key hypothesis to understand resonant tokamak responses is that it is the
bifurcation among perturbed equilibria that leads to an ELM-free state from an
ELMying state. The bifurcation refers to the process known as the resonant field
penetration, or equivalently the opening process of magnetic islands at the resonant
surfaces (Fitzpatrick and Hender 1991; Fitzpatrick 1993; Fitzpatrick 2004;
Fitzpatrick and Waelbroeck 2005; Cole and Fitzpatrick 2006; Cole et al. 2008;
Fitzpatrick and Waelbroeck 2008, 2009; Fitzpatrick 2016; Fitzpatrick 2018a, b).
This process is non-ideal and non-linear, establishing a dynamic path between pre-
and post-ideal MHD equilibria in the presence of 3D fields. In addition, this process
is assumed to be sufficiently local around the resonant surfaces which are valid as
long as the size of magnetic islands remains small, as it does especially before the
full field penetration. This hypothesis is followed by further breakdown;

(I)  Before the field penetration:

Entire plasma evolves ideally and initially establishes resonant coupling,
in between Alfven 7, and sound 7, time scales, along with screening parallel
currents j at each resonant layer to preserve magnetic topology (Boozer
2004; Park et al. 2007; Bécoulet et al. 2012; Waelbroeck et al. 2012).
Optimizations of 3D field spectrum for resonant coupling can therefore be
approximated reasonably well with ideal perturbed equilibria. See Sect. 3.

(I)  After the field penetration:

If the screening parallel current or an implied resonant field at a particular
surface reaches a threshold, the resonant field, or the resonant helical flux
W, (Fitzpatrick and Hender 1991; Park et al. 2008), penetrates and opens
magnetic islands rapidly until non-linearly saturated, in later non-ideal time
scales such as resistive 7, or viscous 7, time scales (Fitzpatrick 2012). Its
immediate consequence depends on the location of resonant surfaces where
the field penetration takes place.

@ Springer



1

Page 6 of 32 Reviews of Modern Plasma Physics (2023) 8:1

(110

av)

(i) If the field penetration occurs at a core low (m, n), particularly (2, 1) or

(3, 2), surfaces, born-locked islands become big enough to disrupt entire
plasma (La Haye et al. 1992; Fishpool and Haynes 1994; Lanctot et al.
2017; Hu et al. 2020).

(ii) If the field penetration occurs at the innermost edge, or at the top of

the pedestal, the saturated islands are only big enough to reduce the
pedestal height closely to ELM instability boundary. This hypothesis
has been used successfully in theory and modeling (Waelbroeck et al.
2012; Hu et al. 2020a), but also backed up by several observations
including synthetic diagnostics (Nazikian et al. 2015; Choi et al. 2022;
Willensdorfer et al. 2022) although it is still challenging to directly
measure the small edge islands.

(iii) If the field penetration occurs at the outermost edge region, or at the foot

of the pedestal, no direct change in MHD instabilities is expected but
substantial particle transport such as density pump-out may still occur
(Hu et al. 2019, 2020b). See Sect. 4.

Transport during ELM suppression:

Non-linear island evolutions during ELM suppression are accompanied
with changes in transport relevant for guiding-center plasmas. Transport here
includes E X B convection associated with ion polarization currents inside
islands (Hu et al. 2019, 2020a) and neoclassical diffusion due to wobbled
magnetic surfaces (Liu et al. 2017), but not anomalous turbulence. This
means to assume anomalous transport coefficients such as viscosity and
thermal diffusivity same throughout the field penetration. See Sect. 5.
Transport after ELM suppression:

NTV by NRMPs or heat flux to the region outside plasma will be assumed
to be only a consequence by ELM-suppressed states rather than intervening
effects. Optimizing these two in particular, under ELM suppression, are
indeed important subjects. Rotational damping by NTV as a result of RMP
applications can change various other instabilities. Resulting steady heat
flux to the divertors would also better be minimized while ELM suppression
should be maintained to avoid transient heat flux (Hawryluk et al. 2009;
Loarte et al. 2014; In et al. 2017). Changes of anomalous transport in new
magnetic topologies, in comparable or different time scales (Ida et al. 2018;
Ishizawa et al. 2019; Taimourzadeh et al. 2019; Hager et al. 2020; Hahm
et al. 2021), are beyond the scope of this paper and so will be discussed only
briefly. See also Sect. 5.

Note also in the cases of (IL.ii)—(ILiii), magnetic islands are sufficiently local and,
thus, ideal MHD can still dominate globally in outer layers which can be used to
match layer solutions, or even as an approximation for entire plasma region after
taking the modified 2D profiles when modeling (IV) transport physics after ELM
suppression. These presumptions have been tested in recent experiments especially
in KSTAR as will be reviewed in the following sections.
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3 Optimizing 3D field spectrum for ELM suppression

Many degrees of freedom in 3D space is indeed the central complexity in 3D field
optimizations. Device-to-device variations in coil row position and shape easily
confuse studies and their interpretations without a clear physics basis, as illustrated
in Fig. 1 for examples. (a) DIII-D has the 1 X 6 ex-vessel coils at the midplane called
C-coil which are mostly used for EF control and also the 2 X 6 in-vessel coils at
the off-midplane called I-coils that are used for both EF and ELM control (Luxon
et al. 2003). (b) NSTX has the 1 X 6 midplane coils which are ex-vessel although
they are as close as other in-vessel coils (Bell et al. 2006). The in-vessel 2 X 12 non-
axisymmetric control coils (NCCs) are only conceptual for NSTX-U in the future
as studied for the purpose of ELM control when desired (Lazerson et al. 2015). (c)
COMPASS is equipped uniquely with the 2 X 4 high-field-side (HFS) coils as well
as other low-field-side (LFS) coils (Markovic et al. 2018). (d) KSTAR is also unique
in having the 3 X 4 in-vessel coils at the midplane as well as at the off-midplane (Lee
2000). (e) ITER is planning to have the most complicated 3D coil set including the
3 X 6 ex-vessel coils for EF control and the 3 X 9 in-vessel coils for ELM control
(Schaffer et al. 2008).

Even in a single device, a question can remain on whether or not unexplored
3D fields could provide better access to or reliability for ELM suppression. This
was a situation in KSTAR, where there are 3 rows of coils near the top, midplane,
and bottom as shown in Fig. 1d, each of which can be independently controlled
for the amplitude and also the phase of n =1 perturbations. Note under linear
response, the toroidal mode n’s are not coupled since a tokamak before perturbation
is axisymmetric (i.e., n = 0). KSTAR has shown the complete ELM suppressions

(a) DINI-D (b) NSTX-U (w. NCC design) (e) ITER (3x6 ex-, 3x9 in-vessel)

Fig. 1 Examples of various 3D coils. a 1 X 6 ex-vessel midplane coils and 2 X 6 in-vessel off-midplane
coils in DIII-D. b 1 X 6 ex-vessel midplane with conceptual 2 X 12 in-vessel off-midplane coils in
NSTX-U. ¢ 2 x 4 in-vessel high-field-side (HFS) coils and 1 X 4 in-vessel midplane coils in COMPASS.
d 3 X 4 in-vessel midplane and off-midplane coils in KSTAR. e 3 X 6 ex-vessel coils and 3 X 9 in-vessel
coils at the midplane and off-midplane planned for ITER. Each contour on the plasma boundary surface
illustrates the helical variations of 3D magnetic fields normal to the surface due to plasma response
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using #n = 1 in many discharges since its first demonstration in 2011 (Jeon 2012),
but using almost one exclusive RMP configuration called standard 90° phasing. This
configuration is characterized by I = I, = I, = I, i.e., the same n = 1 currents at
the top, midplane, bottom coils respectively and also by ¢, = ¢,z Which means
the same phase differential between the top-to-midplane and the midplane-to-
bottom. The standard 90° phasing represents only a single operating point in five-
dimensional coil phase space.

It is practically impossible to test all 3D field options conceivably in five-
dimensional coil phase space. Then, the predict-first experiments took place in 2016,
using ideal perturbed equilibrium simulations based on the (I) presumption. By
taking also the assumptions for (II.i) and (IL.ii) qualitatively but empirically taking
the field penetration thresholds for the core and the edge near the top pedestal, 6B
and 6B,;, from a single operating point with the standard 90 ° phasing. Then by
evaluating those core and edge resonant fields as a function of 5 coil variables,
i.e., 6B, (Ir, Iy, Ig, 1y, Ppyp), from ideal perturbed equilibria, it became possible
to visualize the entire map of ELM suppression windows in the coil space based
on 6B, < 6B, since otherwise it means locking (ILi), and 6B, > 6B,; for ELM
suppression as otherwise it means no MHD instability change (IL.ii).

The diagram in Fig. 2 shows those three possibilities, locking (red), no instability
change with non-resonant response only (green), and ELM suppression (blue), in
the case with the maximum currents at the top and bottom coils I, = Iy = 5kA, as
a function of remaining variable (I, ¢ = ¢y, = ¢yyp). This subspace was never
explored before 2016 but was particularly chosen since there is the second ELM

R

il

4f#18049  TOP1MIDT BOT1 [KA] (A)
T '

ELM suppression
window

270°

8
Time [s]

Fig.2 Stability diagram on the left with n =1 RMP as a function of (I, ¢ = ¢y = ¢pyp) With
I, =15 = 5kA predicted for a KSTAR 2017 target plasma. The (A-F) orange curves show the
experimentally tested variations and the overlaid light blue sections in the curves are the validated ELM
suppression windows, as followed by time traces of D, and coil currents for each (A-F) case on the right.
Figure is taken and modified from Ref. Park et al. (2022). More details for the predicted diagram, coil
phase space and experimental traces can be found in Ref. Park et al. (2018)
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suppression window accessible only by dynamic 3D field variations, as illustrated
in the (A—C) paths. The (A-F) trajectories in Fig. 2 show the experimentally tested
variations of (I, ¢) based on the prediction, which indeed validated the predicted
ELM suppression windows in every path as highlighted by overlaid light blue
curves. Note that similar results were already obtained in 2016 as published in Park
et al. (2018) but here the results in 2017 covered more complex variations of 3D
coils for new target plasmas to extend the validations (Park et al. 2022).

These results demonstrate that the variable effects due to 3D field spectrum can
be predicted by linear and ideal MHD response to 3D fields, consistent with the
(I) assumption. Machine—machine variations of 3D coils are no longer confusing
once the resonant fields at the core and edge (here in average sense) are identified.
Also, the results show that the outer-layer coupling between 3D coils and resonant
fields is well separable from the field penetration process in layer. In particular,
the field penetration thresholds for core and edge are shown to be independent
of the variations in 3D fields as assumed, since otherwise the ELM suppression
windows would not have been predicted with the fixed thresholds. The degree of 3D
variability in KSTAR is large enough for one to generally claim the validity of these
assumptions in entire 3D field space.

4 Understanding parametric accessibility and dependencies of RMP
ELM suppression

The variability of 3D field spectrum is predictable reasonably well with ideal
perturbed equilibria as described in Sect. 3, but the actual operating windows
for ELM suppression shown in Fig. 2 can be identified only when the threshold
conditions for the core and edge are known. By following the (II) assumption, one
needs to understand the field penetration process near the resonant surfaces. There is
no fundamental difference in the field penetration physics (Waelbroeck et al. 2012;
Fitzpatrick 2018a; Hu et al. 2019, 2020) among different resonant surfaces as long
as the magnetic islands are small and local, which is always true at least initially
till the onset of the field penetration. Recent modeling by the non-linear two-fluid
MHD code called TM1 (Yu et al. 2008; Hu et al. 2019, 2020, 2020b, 2021a) indeed
shows the similar parametric dependencies of the threshold conditions for the core
(m,n) = (3,2) locked modes (LMs) (published in Ref. Hu et al. (2020)) and for the
edge (m,n) = (5, 1) ELM suppression as

6By, /B, x n’°T*°B "¢ (DIII-D, LMs), (1)

6Bs, /B, x ng'ézTg'(’B;l'OS wp (KSTAR, ELM suppression), 2)

where n, is the electron density, 7, is the electron temperature, w is the toroidal
rotation, wy; is the ExB rotation, each at the rational surfaces, and By is the toroidal
field at the magnetic axis. Figure 3 shows the examples of those TM1 simulations,
using and scaling the profiles measured from a ELM-suppressed discharge with the
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Changes of edge RMP threshold vs. key layer parameters
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Fig.3 TMI predictions of parametric dependencies and scaling of the (5, 1) field penetration in the edge,
with scaled profiles measured from a KSTAR discharge #18730. Electron density (n,), E X B rotation
(wg), and electron temperature (7,) are local at the (5, 1) rational surface, but the toroidal field B, is the
value at the magnetic axis

n = 1RMP in KSTAR. Note in the comparison that the rotational dependencies are
represented differently by @ vs. wp for the core vs. edge. This difference is ignorable
for the core but not in the edge where the diamagnetic flows by each species or
neoclassical poloidal flow have rapid variations so as to comprise toroidal rotation
in balance quite differently from E X B rotation. In more detail, it is known that the
critical rotation for RMP ELM suppression may be neither w or wg, but the one
with an offset by ion or electron diamagnetic flow (Fitzpatrick 2018a; Paz-Soldan
et al. 2019; Hu et al. 2020a). All these indicate the complexity of the edge profiles
by which the ELM suppression phenomena appear to be richer than the core LM
phenomena.

The parametric scaling shown in Egs. (1-2) may look odd as there are scale-
dependent parameters. It is largely motivated by strong correlations seen empirically
with operational conditions such as electron density, particularly for the core LMs
(Fitzpatrick 2012; Logan et al. 2020). It is shown that the parametric scaling can
be reformed into non-dimensional physical parameters with additional parameters
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such as the plasma size (Connor and Hastie 1973; Wolfe et al. 2005), but the
operational parametric scaling is currently offering the best predictive measure.
Still, the empirical scaling is not always seen consistent with the numerical scaling
since even the operational parameters cannot be completely isolated in experiments.
For example, empirical scaling for the core LMs due to error fields (EFs) tend to
pronounce the density dependency much more than the temperature dependency.
This led to the error field correction strategy to follow mainly the empirical threshold
scaling developments based on tokamak database (Buttery et al. 1999; Logan et al.
2020; Hu et al. 2020), while using the numerical scaling as a guidance and also to
understand the inter-parametric dependencies (Hu et al. 2020).

It is important to note that the local 6B, or 6Bs; are matching points to the ideal
outer-layer solutions in a layer modeling. TM1 simulations are not exactly local
as it covers the entire plasma domain but match the fields at the plasma boundary
which is not an unreasonable assumption for RMP ELM suppression as the edge
resonant surfaces are close to the boundary surface. This separation of the inner
non-ideal and outer ideal layers via asymptotic matching is the key to error field
threshold scaling to avoid LMs and can also be taken as a compelling approach to
predict RMP ELM suppression in our framework. One of the recent highlights is
the prediction of g¢5 windows for RMP ELM suppression and validation across the
entire KSTAR database shown in Fig. 4. These impressive results were published
already in Ref. Hu et al. (2021b) but Fig. 4 includes additional data points collected
during the 2020-2021 KSTAR experimental campaigns.

The so-called g¢s window has been known for the most characterizing feature of
RMP ELM suppression since it was first reported by Todd Evans (Evans et al. 2008).
As gqs represents the helical pitch for the main field lines in the edge, it is indicative
to the resonance required between the main field lines and applied perturbations in
the edge. Nonetheless, it was difficult to quantitatively explain the steep changes of
RMP ELM suppression along with the edge ¢ conditions. RMP ELM suppression
appears to be even almost impossible when the gy is not carefully adjusted although
there are several resonant surfaces that can cover the edge region by one to another
when g5 changes. It turns out that the location of the resonant surface needs to be
close enough for the location of stationary flow and also for the location of the top
of pedestal so that the particle transport can become strong enough to reduce the
pedestal and change the ELM instability (Hu et al. 2019; Paz-Soldan et al. 2019).
These conditions can meet only in a narrow g9s window as were shown quantitatively
for the first time by TM1 simulations. One can see from Fig. 4 the steep changes of
pedestal pressure degradation along with ggs, which will appear as a g5 window
given a fixed RMP current. The condition matching is repeated roughly when one
rational surface replaces another at the same location, establishing good n windows
per the unit change of g¢s. These results are overall consistent with the KSTAR
observations in many years as can be seen by the overlaid data points. Note that
TM1 simulations can not predict whether or not the predicted pedestal change can
actually lead to ELM stability change and so here assumed 15% degradation as
requirements to achieve ELM suppression.

The condition like g45 can be categorized as an accessibility condition, in addition
to threshold conditions, e.g., Eqs (1-2), as ELM suppression becomes almost
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Fig.4 gys windows for RMP ELM suppression in KSTAR predicted by the TM1 code, retrieved
from Fig. 8 in Ref. Hu et al. (2021b) and updated with new data obtained in 2020 and 2021 KSTAR
campaigns. The contour indicates the predicted pedestal pressure modification due to n = 1 (Top) and
n =2 (Bottom) RMP currents as a function of ggs. Thick blue lines indicate where 15% reduction of the
pedestal pressure is reached as assumed for the boundary of ELM suppression window. Threshold data
obtained in KSTAR experiments are overlaid by points or bars, explaining the favorable g5 conditions
for ELM suppression seen many years in KSTAR

inaccessible out of a narrow conditional window. Another such example is the
plasma shape condition. RMP ELM suppression was never observed in the up—down
symmetric double-null configuration (Hudson et al. 2010; Shafer et al. 2021; Liu
et al. 2021), and becomes very difficult even in a single-null configuration when
the triangularity becomes too high (Suttrop et al. 2017; Paz-Soldan et al. 2019; In
et al. 2019). It has been shown that these shape effects are partially due to the strong
variation of 3D plasma response relative to the minor changes in the shape itself,
especially in the high-field side (HFS) (Paz-Soldan et al. 2015). This was known
for the double-null vs. single-null configurations but recently also shown for high-
triangularity cases. As published in Ref. Gu et al. (2022) and validated, Fig. 5 shows
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Fig.5 Variations of 3D plasma response due to shape changes in a ASDEX-U and b EAST, as predicted
by MARS-F simulations and validated by experiments. Figures are taken from Fig. 4 in Ref. Gu
et al. (2022). The rapid decrease of plasma response for higher triangularity (A) implies the potential
difficulties to generate strong enough response to suppress ELMs

the rapid changes of the HFS plasma response in the MARS-F modeling when the
triangularity increases in each EAST and ASDEX-U target plasma. Note that the
triangularity itself was changed in a significant range, but this change is very small
compared to the shape as a whole.

The changes in plasma response due to shaping, however, do not seem enough to
explain the steep changes of the accessibility to ELM suppression. Since the local
layer would not see directly the shaping effect taking place in outer layers, a layer
modeling alone is not expected to fill the gap here. There are possibilities to have
significant changes in the edge profiles along with the boundary conditions near the
primary plasma facing components, e.g., through the X-point changes along with
the lower triangularity in the lower single-null (LSN) cases. However, the AUG
experiments in Fig. 5a in Ref. Gu et al. (2022) with the upper triangularity scan
with a LSN plasma are clearly against this idea. The shape accessibility conditions
are not yet fully resolved after all, motivating more comprehensive modeling in full
geometry, without approximating the dynamics separate across the resonant layers,
perhaps also by integrating kinetic transport models.

5 Understanding underlying transport induced by 3D fields

3D responses including field penetration also change underlying particle,
momentum, and heat transport. Toroidal momentum transport that creates rotational
damping is almost always followed unless the applied field is quasi-symmetric
(Niirenberg and Zille 1988; Boozer 1995), i.e., a QSMP (Park et al. 2021) in a
tokamak. This well-known neoclassical toroidal viscous (NTV) process occurs even
when the applied field is non-resonant, i.e., an NRMP through the non-axisymmetric
surfaces (Shaing 1983, 2003; Shaing et al. 2008; Zhu et al. 2006; Park et al. 2009;
Sun et al. 2010, 2012; Shaing et al. 2015). However, it is believed that NTV across
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deformed surfaces alone, without modified magnetic topologies, is not strong
enough to change thermal particle or heat transport which are already anomalously
larger than neoclassical expectation. Only when the applied field is resonant enough
to change the magnetic topologies, i.e., the RMP field penetration, a meaningful
particle or heat transport may be followed altering the major pressure profiles and
thereby instability.

The most characteristic transport phenomenon in the presence of RMPs is the
so-called density pump-out (Evans et al. 2006, 2008). Assuming the quasi-neutrality,
the plasma (electron) density n, evolution can be represented by

on,
ot

+V - G + i, + 1)
L ) 3)
=05+ 9. [(Dl + Dy, + DNT)Vne] +5,,

with a source §,. The second part in the LHS is largely convective assuming the
total flow u = iy + i, + ii” with the E x B flow, the electron diamagnetic flow, the
parallel flow, respectively, and is almost incompressible. The first part in the RHS
represents the polarization effects due to electron quickly following the field lines
in non-axisymmetric magnetic topologies. It is shown that the precise description
of the polarization currents is the key to the simulation of density pump-out with
isolated magnetic islands (Hu et al. 2019). The electric field associated with the
polarization currents modifies i, o E x B which then convects the particles across
flux surfaces inside magnetic islands. The second part in the RHS represents
neoclassical and anomalous diffusive process. D represents the cross-field diffusion
mainly created by tokamak turbulence. Dy, (Park et al. 2009) is the non-ambipolar
diffusion associated with non-axisymmetric variation in the field strength and NTV.
The last Dy, reflects the potentially modified turbulent process due to magnetic
islands or stochastic field lines.

The polarization currents evolving E upon non-axisymmetric perturbations and
subsequent E X B convective transport across islands were explained first in detail
by Rutherford et al. in Rutherford (1973). This classical transport appears to be the
leading-order driver for density pump-out as well as the critical component to be
self-consistent to reproduce the field penetration, as successfully shown recently by
extensive TM1 simulations (Hu et al. 2019, 2020b, a, 2021a, b). Figure 6 shows
the (a) evolution of magnetic islands at the (5, 1) rational surface due to RMPs and
(b) the modified density profiles as a result from TM1 simulations, from the same
KSTAR experimental case employed to find numerical threshold scaling in Fig. 3
and ELM suppression window in Fig. 4a. Figure 6a clearly shows a bifurcation
process called the field penetration in the simulation when the (5, 1) RMP field
increases from 12G to 14G, which then causes the density pump-out through the
(5, 1) islands at the top of the pedestal and modifies the pedestal pressure profile
strong enough to stabilize ELMs in KSTAR (Hu et al. 2021b).

This success may be somewhat a surprise since TMI1, first of all, runs on a
cylindrical geometry (Yu et al. 2008) even if it uses a full-geometry code GPEC
(Park and Logan 2017) to specify the initial condition of 3D fields at the plasma

@ Springer



Reviews of Modern Plasma Physics (2023) 8:1 Page150f32 1

(a) RMP-driven island evolution (b) Density profile by RMP
""" Lt rfrrerr[rrrerg 2-5_""l"'

T Bimp ot

14 Gs

Field penetration ]
to bigger islands

12Gs
..... Tossv i i oicesioeeosl 0.5',...1....1....|....
60 90 120 150 08 085 09 095 1
Time (ms) Yy

Fig.6 TMI1 simulations for the a evolution of (5, 1) magnetic islands in the two different amplitudes
of RMP fields and b the modified electron density profiles as a result, clearly reproducing the
field penetration and density pump-out process. The simulation is performed for the same KSTAR
experimental case #18730 as one for Figs. 3 and 4a (Hu et al. 2021b)

boundary. An important implication is that the RMP-driven islands from the
initially ideal responses remain still local to the leading order, as adopted by many
analytic theories (Hazeltine et al. 1985; Fitzpatrick and Hender 1991; Fitzpatrick
1993; Waelbroeck 2003; Fitzpatrick 2004; Fitzpatrick and Waelbroeck 2005; Cole
and Fitzpatrick 2006; Cole et al. 2008; Fitzpatrick and Waelbroeck 2008, 2009;
Waelbroeck et al. 2012; Fitzpatrick 2016; Fitzpatrick 2018a, b) and consistent
with (II) assumption in this paper. As extensively reported recently, in fact, TM1
demonstrated its predictive capabilities of RMP physics to many details in DIII-D
and KSTAR. An example to the detail is the prediction for the staircase jump for
the density pump-out (Hu et al. 2019, 2020a) since there are more than one rational
surface each of which can bifurcate with bigger islands and the density pump-out.
There are clear observations in DIII-D (Hu et al. 2019), EAST (Sun et al. 2016),
and also recently KSTAR (via private communication with S. K. Kim and Q. Hu)
supporting this idea. TM1 also explains that the density pump-out would occur
almost always by RMPs even if ELMs are not suppressed, as happens in many cases,
due to the field penetration at the outermost edge rational surfaces. These pictures
are plausible as taken for (ILii) and (ILiii) assumptions in Sect. 2 but yet to be
validated in detail.

Second, TMI runs with Dy, = 0 and Dy, = 0, i.e., no change in neoclassical or
turbulent transport due to islands. This implies that these transport mechanisms may
be subdominant over the classical mechanism implemented in TM 1, which of course
should be verified and validated with the full-geometry simulations. There are also
other observations left unresolved yet. The difficulty to suppress ELMs in spherical
torus devices was never clearly explained (Canik et al. 2009; Kirk et al. 2013).
RMP ELM suppression was never achieved in the double-null divertor (DND)
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configurations which appears to be only partially associated with the weak plasma
response in the high-field-side (HFS) (Hudson et al. 2010; Shafer et al. 2021), again
motivating the full-geometry simulations integrated with additional transport.

In toroidal geometry, magnetic islands are not equal in their shape at the resonant
surfaces around the torus. Mode coupling, broadly speaking, can also come into
play across Kink and tearing mode structure and also across different toroidal
mode numbers non-linearly. Non-ambipolar transport, D,,, is also an important
toroidal effect as it is mainly driven by toroidally trapped particles. In fact, MARS
simulations for MAST and DIII-D have shown that D,, could be strong enough
to cause substantial density pumping (Liu et al. 2017, 2020), as, therefore, taken
here as the (III) assumption. These effects were all combined recently in the
JOREK code (Bécoulet et al. 2012; Huijsmans and Loarte 2013; Kim et al. 2020),
comprehensively unveiling their complex dynamics. JOREK runs on the full
geometry non-linearly, and uses a reduced set of MHD equations, which has been
recently updated in a way to have the polarization currents explicitly similar to TM1,
and also now includes the Dy, effects using a semi-analytic formulation (Kim et al.
2021).

The integration of the semi-analytic Dy, calculations to a non-linear code
deserves an explanation. Analytic formulations of D,,, or equivalently neoclassical
toroidal viscosity (NTV) transport (Shaing et al. 2015), are based on the well-defined
flux surfaces with integrable field lines nested around the magnetic axis. When the
field lines are not integrable, radial diffusive transport is no longer meaningful in
neoclassical theory since the parallel transport can quickly overwhelm transport
processes. However, if a 3D MHD code can still approximately yield surfaces
confining plasmas, one can formulate extra diffusive process across the surfaces.
Figure 7 shows the perturbed surfaces identified in JOREK by electron temperature
with &, = 6T,/(dT,y/dy) where &, is the radial displacement of the surfaces, on
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Fig.7 Radial displacements of perturbed field lines identified by electron isothermal contours from non-
linear JOREK simulation on a KSTAR n = 2 RMP discharge #18594. The underlying Poincare plot is
taken from Fig. 10 in Kim et al. (2020), indicating the similarity and validity of the identifications
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another KSTAR case where ELMs were suppressed by n =2 RMP. One can see
that the electron isothermal contour lines are consistent with the magnetic field lines
from the view point of Poincare plot. Next step is to estimate the non-axisymmetic
variation in the field strength that the particles see along their trajectories (Boozer
2006; Park et al. 2009; Logan et al. 2013). This requires additional kinetic
information, which are the particle trajectories on the perturbed flux surfaces across
the field lines. Here the approximation is to use &,, fluid movements across the field
lines on the surface, and to calculate &, (Park and Logan 2017) based on ideal force
balance assuming that ideal MHD dominates again once the islands or stochastic
field lines are established.

By integrating the (£, £,) structure identified from JOREK into the semi-analytic
formulation implemented in a GPEC module, PENTRC (Logan et al. 2013), it
was shown in Ref. Kim et al. (2021) that D,, can indeed play an important role
in toroidal geometry. In the n = 2 RMP case in KSTAR, the contribution from the
neoclassical Dy, (or NTV) is shown to be comparable with one from the classical
transport as shown in Fig. 8. This explained not only the observed density pump-out
more successfully than the simulation without NTV, but also the observed rotation
damping overall in terms of the total torque as reported by Kim et al. (2021). This
kinetic-hybrid non-linear MHD simulation is relatively new and still under active
developments, but generally it does show the complicated compensations across
the neoclassical and classical mechanisms. For example, a strong near-resonant
Kink structure can suppress islands and classical convective transport, but instead
compensate the loss through the NTV associated with the Kink mode, as will be
published in a separate paper.

In addition, potential modifications in anomalous transport across Kink,
islands, or stochastic field lines, generally termed as Dy, here, should also be
understood. Note that Dy, represents the direct changes of turbulence due to the
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Fig. 8 Modified pedestal density profiles due to n = 2 RMP in the KSTAR discharge #18594, simulated
in JOREK without (red) and with (blue) Dy, or equivalently NTV, as shown at the figure on the left. Dy,
appears to be essential to explain experimental data better as indicated in comparison to the experimental
data (EXP). Simulated NTV particle flux (I'y;y), NTV torque (zyyy) compared to NBI injection torque
(Tpeam) Profiles are also shown at the right. NTV total torque due to RMP is up to 31% of the beam
total torque which roughly explains rotation damping observed in the experiment. Figures are taken and
slightly updated from Fig. 2 in Kim et al. (2021)
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3D structure, not the indirect changes due to modified 2D profiles such as ExB
along the time. For example, recent gyrokinetic analysis (Hahm et al. 2021) and
simulation (Taimourzadeh et al. 2019) indicate that vortex flows around magnetic
islands increase turbulence along with spreading and, thus, radial transport across
the X-points of island chains. These characteristics of turbulence around islands
have been understood similarly in (neoclassical) tearing modes for years (Poli et al.
2009; Hornsby et al. 2015; Ishizawa et al. 2019) and recently became also of great
interest in RMP topical areas. The gyrokinetic RMP simulations have been recently
performed in KSTAR for further validations with the advanced imaging diagnostics,
in a perturbative fashion using the 3D MHD solutions as a background and, thus,
following the logic behind (IV) assumption.

The time scales of these classical, neoclassical, or turbulent transport due to 3D
fields are not necessarily similar. The pedestal bifurcations with the field penetration
in KSTAR have been well explained by non-linear MHD or neoclassical-hybrid
MHD, but a gradual pedestal evolution later in time has also been observed in
long pulses. This may be potentially due to a feedback between the same transport
mechanisms and evolving profiles, but also possibly due to new transport such as
turbulence in longer time scales. Note that all transport mechanisms with 3D fields
can also significantly appear in thermal energy or heat channel (e.g., via non-
ambipolar y,, or anomalous y,, thermal diffusivity). This paper focuses on particle
channel, i.e., density pump-out, which appears to be most prominent, but underlying
transport in heat channel should also be understood to predict temperature profiles
under RMP ELM suppression.

Lastly, power flux into plasma facing components across or along the open-
field lines is also a critical subject for transport resulted from 3D fields. Successful
ELM suppression will remove transient heat flux to the divertors as desired, but can
modify steady power fluxes in multiple ways. It can increase fast ion losses which
can result in the increase of temperature for limiters and vessels (Bortolon et al.
2013; Van Zeeland et al. 2015; Xu et al. 2020), which can become a critical issue
in long pulse as studied in KSTAR (Rhee et al. 2022). It can also increase steady
flux to the divertors through the split strike points as discussed in many literature
(Hawryluk et al. 2009; Jakubowski et al. 2009; Schmitz et al. 2011; Ahn et al. 2011;
Harting et al. 2012; Loarte et al. 2014), or even the primary strike point as reported
often in KSTAR (In et al. 2017, 2019). The prediction of heat flux to the divertors
with 3D fields requires precise descriptions for the edge plasmas across the scrape-
off layer (SOL) region including multi-species transport along the open-field lines
and neutrals. The well-known EMC3-EIRENE code (Feng et al. 1997; Frerichs et al.
2010; Lore et al. 2017) can simulate these complex boundary phenomena given 3D
MHD background solutions, again by following the (IV) assumption, as has been
deployed across the international tokamak program.

Figure 9 shows an example of EMC3-EIRENE predictions in KSTAR, on the
heat flux distribution at the outer divertor due to various n = 1 RMPs. Note that
only the poloidal distribution is shown by taking the maximum heat flux along
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Fig.9 On the courtesy of J. Blarcum and H. Frerichs. Heat flux profiles in the outer divertor simulated
by EMC3-EIRENE on a KSTAR discharge #16586 as a function of 6 different n = 1 RMP operating
points (red dot) under the (blue) ELM suppression window. The detail will be published by J. Blarcum
et al. as a separate paper, but shortly here, the significant variations in the predicted heat flux profiles
indicate the possibility to optimize heat flux while maintaining ELM suppression

the toroidal direction given each poloidal point on the outer divertor. The 6 RMP
configurations shown in Fig. 9 are all under ELM suppression window for the
studied target discharge #16586 as shown in blue on the 3D stability diagram. The
3D stability diagram is on the same coil space (I, ¢) as the diagram introduced
in Fig. 2 and is identical to Fig. 3 in Ref. Park et al. (2018). This new result in
KSTAR indicates the possibility to meaningfully change and optimize heat flux on
divertors while still maintaining ELM suppression, as will be published in more
detail as a separate paper. For example, one of the currently important issues is to
understand the dependencies of the predicted edge dynamics along the open-field
lines including heat flux, on 3D MHD response solutions.

6 Controlling and designing 3D coils

The predictive capabilities for 3D field coupling in Sect. 3, parametric dependencies
and accessibility conditions in Sect. 4, and transport in Sect. 5, can be used to
optimize plasma scenarios and 3D fields. When a 3D field operating window exists
with variable margins, it is the real-time control that can finally find an optimal
operating point. Performance will degrade too much if 3D fields are excessive, but
ELMSs can crash if 3D fields are too marginal. So, it is a subtle trade-off which can
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Fig. 10 An example of the adaptive n = 1 RMP control in KSTAR based on real-time D, interpreters,
minimizing confinement degradation (as shown by f§, parameter), while maintaining ELM suppression.
The controller successfully converges to an optimal and stable operating point with up to 60%
confinement restoration. Figure is taken from Fig. 1 in Kim et al. (2022) in a compact form

vary along the time especially in long pulse. Recently such a real-time ELM control
has been successfully demonstrated through the KSTAR and Princeton University
collaborations, using the real-time D, detectors and adaptive 3D field controllers
(Kim et al. 2022; Shousha et al. 2022). An excellent example is shown in Fig. 10
(Kim et al. 2022). Initially, RMP was increased until the detector found no ELMs.
Then the controller decreased the RMP field to restore confinement as represented
by B, until the detector found ELMs back. Next cycles come with gradual
improvements since the controller learned in what level the ELMs can be suppressed
or not suppressed, toward the final convergence as established.

Note that the experiment above actually showed better performance than expected,
due to unexpected gain during the control. As described in Kim et al. (2022) and
as one can directly read from Fig. 10, the ELM suppression threshold became
substantially different after the first cycle (after about 7.5 s). This is a surprise since
the hysteresis was expected from non-linear simulations between the entering and
exit point of ELM suppression, but not between the entering (or exit) points across
different cycles. It turns out that a pedestal broadening mainly through ion channels
was followed once ELMs were suppressed at the first cycle and then was sustained
afterward even ELMs were back later during the feedback processes. The pedestal
broadening then became beneficial by increasing edge resonant coupling, resulting
in easier ELM suppression with lower RMP fields and thereby lower confinement
degradation. This beneficial hysteresis appears to be associated with ion turbulent
transport although it is not always accompanied depending on discharge conditions,
motivating further research in this area. Also note that the ELM crashes needed
by the detector to identify the lower bound may be not necessary if the detector
can use the precursors in D, baseline or other active spectroscopy which are under
investigations in KSTAR.
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The control margins or 3D field operating windows will be greater with more
capable 3D coils (Logan et al. 2021). An important principle to follow in designing
3D coils for ELM suppression is the isolation of resonant coupling in the edge,
relative to the core which is unnecessary. This optimizing principle (Park et al.
2018) is particularly critical for low-n RMPs since the core coupling can lead to the
disruptive LM modes. The core resonant coupling for higher-n (> 2) may not lead
to a disruption although it can still degrade performance unnecessarily. The high-n
RMPs are, therefore, generally favored for ELM suppression as adopted for ITER,
but their fast radial attenuation requires the 3D coils to be inside the vessel which
will not be allowed for a reactor due to nuclear contamination.

The optimizing principle has been systematically implemented recently with
GPEC, based on the new projection scheme to the core-null space (Yang et al.
2020). This scheme shows how a 3D field can be shaped in space to completely
remove the core resonances while keeping the edge resonances. The so-called
edge-localized RMP (ERMP) is characterized by curtailed perturbations near the
outboard midplane as the core Kink mode is most amplified by perturbations near
the outboard midplane. Its revealing characteristics offer an idea on how to design
the coils in space as illustrated in Fig. 11 (Yang et al. 2020). By simply adjusting
the existing window pane coils to roughly match the shape of the edge-localized
RMP, ELM suppression windows can be largely expanded as a result of increased
edge coupling relative to core coupling as shown in Fig. 11 (from (a) to (b)). More
intelligent way of the coil design was also successfully tested, by integrating the

(a) Existing (b) Optimized (c) Optimized
window-pane coils window-pane coils Helical coils

)

@

270
Coil phasing, ¢
Fig. 11 Examples of optimized 3D coils designed for n = 1 ELM suppression on a KSTAR plasma. ELM
suppression windows (in blue) are expanded when the window pane coils are adjusted based on the edge-

localized RMP in (b) compared to (a), and even further when spacial adjustments beyond window pane
shapes were allowed by FOCUS code in (c). Figure is taken from Figs. 8 and 9 in Yang et al. (2020)
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optimizing scheme with 3D coil design tools. Figure 11c) shows that the 3D coils
designed by a stellarator coil design code, FOCUS (Zhu et al. 2018), can indeed
expand the ELM suppression even further than the simple window pane coils.
Such a helical coil set may be less flexible in applications across different plasma
scenarios, but this study indicates the possibility to find a highly optimized coil set
for the baseline fusion plasma scenario using the low-n RMPs, by exploiting the
large degrees of freedom to generate 3D fields.

7 Summary and concluding remarks

3D fields can offer a new and promising path to control transport and instabilities
in tokamak scenarios but only when carefully optimized and controlled.
Richness and complexities involved in 3D tokamak physics are manifested by
the diversified observations across the world program. The attempts made here in
this review are brief introductions to recent advances and remaining issues, along
the particular framework taken by a collaborative group for KSTAR research to
extend the predictive capabilities on 3D field ELM suppression. The framework
is built on understanding of various types of 3D fields and inherently strong
resonant tokamak responses, and on hypothesis of the local island bifurcation
called field penetration as the central mechanism for ELM suppression through
local profile modifications. The critical words are local bifurcation, enabling the
reasonable separations of multi-scale in time and space for physics studies. An
important example is the prediction of resonant coupling in entire 3D space using
only ideal MHD equilibria as validated in KSTAR, allowing one to focus on local
dynamics in common physics basis across the devices.

The prediction of the local bifurcation called field penetration is then required
to identify actual 3D tokamak operational windows with suppressed ELMs.
The parametric (or profile) dependencies can be separated to accessibility and
threshold conditions. As shown and validated by pioneering TM1 work, the
field penetration threshold depends strongly on local density, rotation, and By,
as well known in the core locked mode bifurcation studies. This indicates no
fundamental demarcation between the two bifurcations other than the differences
in the profiles. The accessibility conditions are also critical as otherwise ELM
suppression appears to be almost forbidden. TM1 applications show that one of
the most well-known accessibility conditions, g¢s window, is also predictable by
non-linear two-fluid MHD, as validated over large KSTAR and DIII-D database.
Other accessibility conditions such as shaping are yet to be resolved by perhaps
more integrated simulations with transport, although recent studies indicate that
the steep change of global 3D response may play an important role.

Understanding on transport mechanisms under RMP ELM suppression has
also been greatly improved recently. The prominent density pump-out can be
explained largely by convective EX B followed by ion polarization currents
across islands, as shown by cylindrical TM1 applications. Nonetheless, toroidal
effects such as mode coupling can complicate dynamics where neoclassical 3D
transport or turbulence across islands and stochastic field lines can play important
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roles. Recent JOREK simulations integrated with neoclassical toroidal viscosity
(NTV) calculations indeed show the complex interplay between classical and
neoclassical mechanisms as well as between Kink and tearing mode structures.
Transport across and along the open-field lines is what determines power flux
to plasma facing components during RMP ELM suppression after all. Recent
applications of the cutting-edge EMC3-EIRENE 3D edge simulations indicate
the possibility to optimize power flux under ELM suppression window, so as to
minimize the steady heat flux as well as to remove transient heat flux.

Once the valid 3D field operational windows are identified, it is the real-time
control that can find the best trade-off between stability and confinement. An
excellent demonstration has been shown recently in KSTAR, using the adaptive 3D
field control with the real-time D, monitoring and by showing 60% confinement
restoration when the feedback successfully converged. Benefits can be extended if
3D coils are designed to optimize the selective resonant coupling and to expand
ELM suppression windows. A systematic optimizing scheme has been developed
recently and adopted in KSTAR to optimize the configuration of existing coils as
well as design innovative 3D coils for the future.

The framework here and its successful applications in the KSTAR tokamak as
introduced in Secs. 3—6 look promising but will need to be tested further across the
advanced regimes and devices. The importance of plasma response in RMP ELM
suppression has been demonstrated widely across the devices (Paz-Soldan et al.
2015; Sun et al. 2016; Liu et al. 2017) other than the KSTAR, but it is not clearly
demonstrated or quantified in high-n RMPs for which the plasma response tends to
be suppressed. The hypothesis isolating local field penetration from global plasma
response, and anomalous or open-field line transport from the field penetration
process, is shown to work not only in the KSTAR n = 1 but also other RMP cases.
For example, TM1 with its classical E X B convective transport and with GPEC
global response could explain the dependencies on gy5 and pedestal density in DIII-D
for ELM suppression with n = 2 and n = 3 RMPs (Hu et al. 2019, 2020, 2021b). The
prediction of heat flux, at least its splitting patterns, has been successful when the
high-fidelity MHD solutions are used (Kirk et al. 2012; Nazikian et al. 2015; Lore
et al. 2017; Orain et al. 2017; Kim et al. 2020), even without considering the changes
in turbulence or potential feedback to the pedestal from the modified heat flux or
Scrape-Off Layer (SOL) plasmas. Nonetheless, the hypothesis is still challenged
by a number of RMP experimental results. As described in the Introduction, the
inability or difficulties to achieve RMP ELM suppression in the up-down symmetric
DND configuration, ST devices, high density or low rotation can be only partially
explained by the combination of global plasma response and layer modeling, raising
the concerns to extrapolate the results to entirely different regimes expected in
ITER. The integration of the high-fidelity modeling can fill the gap as illustrated in
the KSTAR studies but the improvements on the self-consistency across modeling
will be required to understand and validate the predictabilities.

The real-time adaptive RMP control shown in the KSTAR should also be tested
in other devices but its utility is quite clear for long-pulse next-step devices if 3D
fields are chosen to control ELMs. As shown in Fig. 1e, ITER will have 27 dedicated
in-vessel coils for ELM control which will be operated independently by 27 power
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supplies. The flexibility to choose RMP spectrum with 27 knobs will be indeed
unprecedented. It is, therefore, important to test how to utilize the flexibility in the
optimization and real-time control in currently operating devices. For example, the
integrated 3D modeling can tell us about the most reliable operating space of RMPs
and then the real-time control can be preformed only within that pre-optimized
operating space. In the future ITER experiments, it will also be important to exercise
various RMP scenarios, e.g., not only the n = 3 or n =4 as currently planned but
also n =1 and n = 2, to test its scientific feasibility in nuclear fusion reactors. The
3D optimization and feedback control will need to be integrated strongly with core
3D physics in those low-n scenarios, as illustrated by the KSTAR studies in this

paper.
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