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Abstract

An external resonant magnetic perturbation (RMP) field, an effective method to mitigate or
suppress the edge localized mode (ELM), has been planned to be applied on the ELM control issue in
ITER. A new set of magnetic perturbation coils, named as high m coils, has been developed for the
EAST tokamak. The magnetic perturbation field of the high m coils is localized in the midplane of the
low field side (LFS), with the spectral characteristic of high m and wide n, where m and n are the
poloidal and toroidal mode numbers, respectively. The high m coils generate a strong localized
perturbation field. Edge magnetic topology under the application of high m coils should have either a
small or no stochastic region. With the combination of the high m coils and the current RMP coils in
the EAST, flexible working scenarios of the magnetic perturbation field are available, which is
beneficial for ELM control exploration on EAST. Numerical simulations have been carried out to
characterize the high m coil system, including the magnetic spectrum and magnetic topology, which
shows a great flexibility of magnetic perturbation variation as a tool to investigate the interaction

between ELM and external magnetic perturbation.

Keywords: resonant magnetic perturbation, ELM control, tokamak

1. Introduction

A great breakthrough in fusion research is the improved confinement operational modes in
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Tokamaks. The well-known high confinement mode (H-mode) was first discovered on ASDEX in
1982 [1]. Compared with low confinement mode (L-mode), the triple product required by the Lawson
criterion can be increased by two orders of magnitude in an H-mode discharge [2]. However, edge
localized modes (ELMs), strong magnetohydrodynamic (MHD) instabilities, are commonly found
accompanying H-mode operation in tokamaks. During the eruption of ELMs, a large amount of heat
and particles in the core plasmas is exhausted into the scrape-off layer (SOL) and deposited on the
divertor targets, which could induce an extremely high heat load on the target and lead to strong
sputtering and erosion of material, especially in ITER and the future fusion reactors [3-5]. External
resonant magnetic perturbation (RMP) fields have been demonstrated to be an effective method to
suppress or mitigate ELMs in various tokamaks, such as DIII-D[6], JET[7], ASDEX Upgrade[8],
KSTARJ[9], and EAST[10]. Consequently, RMP is a key technique to control ELMs and ELM induced
divertor heat load, so that RMP coils will be installed in ITER [11]. Based on the experimental and
modelling works in the last decade, a possible mechanism of ELM control induced by RMP is
proposed as follows: magnetic islands would be formed on the rational surfaces at the plasma edge
under the application of RMPs, and the overlap of these neighboring islands could create a stochastic
region, which would enhance the effective radial transport of heat and particle, and consequently
reduce the pedestal pressure and avoid the triggering of type-I ELMs[11, 12].

By now, major devices have achieved ELM mitigation and suppression within different go5
windows [6,7]. The dominant toroidal perturbation mode of these experiments is mostly less than 4.
ELM mitigation and suppression have been achieved in EAST by using its up-down symmetrical RMP
coil system which generates toroidal magnetic perturbation mostly with n < 4[13, 14]. When low
order magnetic perturbation is used to control ELMs, due to its large amplitude and deep penetration
depth, it can have substantial impact on core MHD instabilities and particle transport, potentially
forming a locked mode in the core [15], and thereby causing plasma confinement degradation and
density pump-out [16, 17]. In the DIII-D experiment, the decreased coil current threshold of ELM
suppression suggests that mixed toroidal harmonic RMPs offer a better path to ELM control [18].
Therefore, it is worthy of attention to study the influence of external resonant magnetic perturbations
with high order modes and multiple modes on the plasma, especially the influence on ELM behavior.

To achieve ELM suppression without obvious impact on the core plasma and confinement
degradation, a new type of magnetic perturbation coil, named high m coils, has been designed for
EAST. It would generate a strongly localized perturbation field. To avoid confusion, in this article the
acronym ‘RMP’ will not be used to describe high m coils. Compared with the RMP system in EAST,
the high m coils are capable to create high m and wide » magnetic perturbations, which have better
coupling at poloidal structure, such as ballooning modes with high order structures. The conceptual
design of the high m coils is introduced in section 2. Its magnetic field features are described in section
3. The synergy between the EAST RMP and high m coils is presented in Section 4. Finally, a summary
and outlooks are given in section 5.

2. Conceptual design

In recent years some experimental results indicate that the spatial structure of ELMs has the
characteristics of high poloidal (m > 20) and medium toroidal mode numbers (3 < n < 20)[19, 20].
Modelling research also confirms that the toroidal mode number of the most unstable modes increases
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when going from current- to pressure gradient-driven-boundaries. Therefore, the variation of toroidal
mode number along the stability threshold plays an important role in the peeling-ballooning instability
[21, 22]. The high m components of magnetic perturbations generated by lower-hybrid-wave
(LHW)-induced helical currents play an important role in the ELM mitigation on EAST [23]. However,
some results suggest that the magnetic resonance is not a strictly necessary condition to achieve ELM
mitigation by using external field perturbations [22] . The influence of RMPs on the mode coupling and
saturation can be quite significant with small magnetic perturbations (about 107> T) [24]. Inspired by
these previous research works, a new type of coil is being developed in EAST, which has smaller
dominant Fourier components, but a strongly localized field. Compared with the current RMP system
in EAST, the high m coils have a better resonance at high order modes, especially for the ballooning
mode with a high » structure. The difficulty of engineering implementation is also taken into
consideration.

As illustrated in Fig. 1, the high m coil system consists of two coils, which are located at the low
field side (LFS) and are up-down symmetric about the outer midplane in the vacuum vessel. With this
setup, the high m coil system is close to the last closed flux surface (LCFS) and is able to create a
localized perturbation field with the same strength as the EAST RMP coils, though it is challenging to
install the coils in a narrow space between two neighboring ports. Each coil is composed of two loops
of a rounded rectangle shape (181.8 X 200mm, 201.7 X 200mm, poloidal X toroidal). As shown in
Fig. 1(c), a single loop forms two circles with opposite current directions, i.e., the magnetic fields B;
and B generated by the two circles of the upper loop are directed inward and outward radially,
respectively. Note that each loop is wound twice to enhance the perturbation field. The direction of the
current flowing in a single loop can be adjusted according to the preferred magnetic perturbation
spectrum and experimental purpose. In this paper, the direction of the perturbation magnetic field is
defined as below: positive (+) is B, pointing inward radially, while negative (-) is B, pointing
outward radially. Consequently, there are two operation modes of a high m coils. The primary
operation mode is presented in Fig. 1(c), with the directions of perturbation field B, as ‘“+ - + -’
corresponding to the four circles from top to bottom. Besides, the secondary operation mode has a

distribution of perturbation field B, ‘+--+".
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Fig. 1. (a) 3D view of the EAST tokamak torus, the EAST RMP are shown in green and high m coils are located at
the outer midplane; (b) Layout of a high m coils in the poloidal cross-section; (c) Sketch of a high m coils, and the

current flowing directions and perturbation field B, of the primary operation mode.

3. External magnetic perturbation fields induced by the high m coils

The magnetic field in the vacuum vessel generated by a high m coils has been calculated and
analyzed by the ERGOS code [25] without considering the plasma response. The thickness of coils has
also been neglected because the distance between plasma and coils is much larger than the thickness of

the coils.
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Fig. 2 magnetic spectrum of the perturbation field B, /B, at the 95% normalized poloidal flux surface. (a) Primary
operation mode of high m coils; (b) Secondary operation mode of high m coils; (¢) n = 1 EAST RMP

configuration.

Compared with the toroidal and poloidal perturbation components, the radial perturbation field on
the flux surface with a normalized radius p = 0.95 draws more interest in the ELM control. In Fig.
2(a) and (b), the magnetic spectra of the perturbation field B,./B, at the 95% normalized flux surface

generated by the high m coils are illustrated for the primary operation mode ‘+-+-’ and the secondary
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operation mode ‘+--+’, with 3 kA coil current. For comparison, an example of a n = 1 EAST RMP
configuration with maximum coil current 2.5 kA by which ELM suppression has been achieved in the
previous EAST experiment [13] is given in Fig. 2(c). It can be seen that: (1) The dominant component
(B/*™) of a single set of high m coils is two orders of magnitude smaller than that of the EAST RMP
coils, with B["™/B, ~ 1075. This is because B/"™ is an average effect on the entire flux surface and
the total area of the EAST RMP coils is about two orders of magnitude larger than high m coils.
However, owing to the strong localized perturbation field and the broad magnetic perturbation
spectrum in both m and n dependence of high m coils, which will be introduced in the following part,
abilities to affect edge instabilities is promising; (2) For ‘+-+-’operation mode in Fig. 2(a), the
amplitudes B/"™ /B, retain 90% of the n = 1 component when n reaches 10, and remain still above
60% when n comes to 20, exhibiting a very broad toroidal mode spectrum. Additionally, a
double-peak structure appears in the poloidal mode number space, with the major peak located at m =
15; (3) For “+--+’ operation mode in Fig. 2(b), the broad » spectrum characteristic and double-peak m
structure are also observed, but the major peak in the poloidal mode space is shifted down to m = 8; (4)
The dominant components B/"™/B, in the EAST RMP case are concentrated in the low m and n space
compared with the high m coils. With the synergy of the high m coils and the EAST RMP coils, it is

capable to create a perturbation field spectrum with considerable intensity covering a wide poloidal
mode number regime.
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Fig. 3 2D contour plot of the radial perturbation field B,(Gs) on the p = 0.95 flux surface: (a) primary
operation mode ‘+-+- of 3kA high m coils, (b) secondary operation mode ‘+--+’ of 3kA high m coils, (c) 2.5kA
EAST RMP, n = 1; Sectional view of the radial perturbation field B,(Gs): (d) primary operation mode ‘+-+-’ of

3kA high m coils, (e) secondary operation mode ‘+--+’ of 3kA high m coils, (f) 2.5kA EAST RMP, n=1.
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Fig.3(a), (b) and (c) shows the 2D contour plots of the radial perturbation field B, on the
p = 0.95 flux surface for the primary operation mode ‘+-+-’, secondary operation mode ‘+--+’ of high
m coils and the » = 1 RMP coils in upper single null (USN) plasmas on EAST. Solid black lines
represent typical EAST equilibrium magnetic field lines (gos = 3.9) on the p=0.95 flux surface. As
can be seen, the radial perturbation field generated by the high m coils occupies a very small area on
the p = 0.95 flux surface, localized in the LFS midplane where edge instabilities often occur. On the
p = 0.95 flux surface, localized maximum radial field strength of high m coils is larger than that of the
EAST RMP. The sectional view of the radial perturbation field originated from high m coils and the
EAST RMP coils—is shown in Fig.3(d), (e) and (f). It should be noted that the intensive radial
perturbation field density B" of both primary operation mode (+-+-) and secondary operation mode
(+--+) is localized at the edge plasma. The maximum radial perturbation field strength of high m coils
is 120 Gs at the LCFS, as shown in Fig.3(d)(e), while for EAST RMP it is 90 Gs. It is reasonable
mainly because the distance between high m coils and the LCFS is smaller than the EAST RMP’s,
although the number of turns of the EAST RMP is twice that of high m coils. In the case above, the
shortest distance between the LCFS and high m coils is approximately 10 cm, and for the EAST RMP

it is nearly 20 cm.

Fig. 4 Radial profile of the vacuum radial perturbation field spectrum in the PEST flux coordinates: (a) n = 4,
Qo5 = 3.9, (b) n =3, q95 = 6.0 and (c), n = 2, qg5 = 7.3 for the primary operation mode with coil current
Inighm =3 kA; and (d) n =3, qos = 3.9, (¢) n =2, qos = 5.3 and (f) n =1, qo5 = 7.3 for the secondary
operation mode with coil current Iy;gpm = 3 kA. Dashed curves indicate the resonant condition m = ng(r). Small

circles on the m = ng(r) curves represent the locations of rational surfaces.
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The radial profiles of the vacuum radial perturbation field spectrum in the PEST flux coordinates
for the primary operation mode and secondary operation mode at different ¢ profiles are shown in Fig 4.
The dashed curves indicate the resonance condition m=nq(r). Small circles on the m = nq(r) curves
represent the locations of the rational surfaces. In an extremely broad range of the edge safety factor ggs,
from 3.9 to 7.3, for different toroidal mode number, the m=ng(r) curves lie on the ridge of perturbation
spectrum of the high m coils for various toroidal mode numbers. Due to the broad toroidal mode
spectrum characteristic of high m coils, amplitudes of the perturbation spectrum for these broad
toroidal mode numbers are mostly the same order (B /B,~107°). The good resonance within a wide
qos range at the plasma edge indicates a wider gos window for ELM suppression or mitigation by high
m coils. When the operation mode of high m coils changes from the primary one to the secondary one,
the major ridge of the radial perturbation spectrum is shifted down from p = 0.95to p = 0.9, because
the penetration depth of the radial perturbation field in the secondary case is deeper than that in the
primary case. An additional reason lies in the m =1 component in the core region being much stronger

in the secondary operation mode.

Fig. 5 Poincaré plot in flux coordinates: (a) primary operation mode of high m coils, (b) secondary operation mode
with coil current Iy;gpm =3 kA (EFIT equilibrium data of shot 41985 on EAST is used as the initial

two-dimensional equilibrium).and (c) n=1 EAST RMP with coil current Ipyp = 2.5 KA.

The Poincaré plots in the flux coordinate under the primary and secondary operation modes of
high m coils are shown in Fig.5. For comparison, a Poincaré plot of the n = 1 EAST RMP ELM
suppression case in EAST [13] is given. The g profile (solid line) and the analytic islands widths

(lengths of the line segments) are superimposed in the figure. The magnetic topology under the
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application of high m coils is obviously different from that generated by the EAST RMP: (1) The
magnetic islands of different toroidal mode numbers are generated by the application of the high m
coils. (2) The islands>widths under the application of high m coils is significantly smaller than that of
the EAST RMP, but the number of island chains in high m coils case is larger. The radial distance
between two adjacent island chains is also smaller. (3) Magnetic islands marked on the figures do not
overlap under the application of high m coils. For the EAST RMP, magnetic islands overlap at the
plasma edge(p > 0.95), stochastic field lines are produced. In other cases while gos is above 4,

overlapping of the magnetic islands at the edge can occurs when high m coils are switched on.

4. Synergy between the EAST RMP and high m coils

To provide reliable operation at the required prolongation, an in-vessel RMP coil system has been
proposed for ITER for the purposes of ELM control, increased vertical stability and stabilization of
resistive wall modes [26]. Currently, the KSTAR tokamak is the only major tokamak featuring
in-vessel mid-plane RMP coils, whose configuration is similar to that of the planned ITER RMP
coils[27], unlike other tokamaks equipped with two (top/bottom) rows of RMP coils. With these
in-vessel mid-plane RMP coils, ELM changes were observed to differ (including suppression,
mitigation) from phasing and field spectrum of RMPs in K-STAR[28, 29]. It was also found that the
divertor heat fluxes near the outer strike point were broadened under the application of mid-plane
RMP in KSTAR while the other two-row RMPs rarely affected the near-SOL heat flux[30]. To explore
the potential synergy effect between RMP coils and high m coils, the 2D contour plot of the radial
perturbation field on the p = 0.95 flux surface and the corresponding perturbation spectrum under the
synergy of high m coils (Inignm = 3 kA) and RMP coils are shown in Fig 6. By the application of
EAST RMP coils installed at same toroidal position of high m coils: (1) The maximum amplitude of

perturbation spectrum increases by over 20%, (2) a m=1 mode arises at the edge, mixed harmonic of
both high m, medium m and low m modes are obtained.
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Fig. 6 2D contour plot of the radial perturbation field B,(Gs) on the p = 0.95 flux surface for the synergy of
high m coils (Injghm = 3 kA) and EAST RMP coils:(a) Igyp = 0 kA, (b) Igyp = 0.5 kA, (c) Igyp =1 kKA.
And the corresponding radial profile spectrum of the vacuum perturbation field in the PEST flux coordinates for
the n =4 component: (d) Izyp = 0 kA (e) Izyp = 0.5 kKA (f) Igyp =1 kA. The dashed curves indicate the
resonant condition m = nq(r). Small circles on the m = nq(r) curves represent the locations of the rational

surfaces.

Fig.7 Poincaré plot in the flux coordinate under the synergy of the high m coils and the EAST RMP coils. The high
m coils are operated in the primary mode with current Iy;gp, , = 3 kA, and RMP coil current is (a) 0 kA, (b)
0.5 kA and (¢) 1 kA. The EFIT equilibrium of discharge 72999 of the EAST is used as the initial two-dimensional
equilibrium. The n = 2,4 magnetic islands are marked in red and blue respectively. Here the width of island

represents the length of line segment.

Fig. 7 shows the Poincaré plot, ¢ profile and island widths in the flux coordinate under the
simultaneous operation of high m coils and EAST RMP coils with the high m coil current kept at 3 kA
and the RMP coil current increasing from 0 kA to 1kA at intervals of 0.5kA. For better understanding,
here only the positions and widths of the n = 2,4 magnetic islands are plotted at the edge as an
example. It can be seen that (1) the edge magnetic topology is changed due to the formation of
magnetic island chains at different rational surfaces. (2) the overlapping of magnetic islands is
observed at the very edge (p > 0.96) of plasma with two sets of high m coils. (3) the synergy of the
high m coils and the EAST RMP coils makes it more flexible to actively control the radial distribution

of the stochastication area.



5. Summary and discussion

A new high m coil system located at the outer midplane has been designed for the EAST tokamak.
The two most prominent characteristics of the high m coils are that (1) the perturbation field localized
in the midplane and plasma edge; (2) the dominant components of the radial perturbation field
concentrated in the high m regime, with its peak around m = 15 or 8 depending on the operation modes.
In addition, the dominant component of B, reveals a wide distribution in the toroidal mode number
space, with a small decreasing rate when n < 10. The perturbation magnetic field generated by the high
m coils has been calculated, showing a good resonance at a wide range of qq. Poincaré plot shows
that under the application of high m coils, magnetic islands of multiple toroidal modes can be generated
by the high m coils. All these simulations are based on the vacuum paradigm because the coupling of
multiple toroidal modes, which is one of the main features of high m coils, is not yet accomplished
currently in the ideal MHD codes, such as MARS-F. It should be pointed out that plasma response in
different scenarios will not be the same.

Investigations of the potential joint operation of the new high m coils and the EAST RMP coils
have also been performed. By turning on the EAST RMP coils at the same toroidal position as the high
m coils, an enhancement of the high m components and mixed harmonic of both high-order and
low-order modes can be obtained. Poincaré plots show that the width of the low n magnetic island
increases under the application of the EAST RMP coils. This could be helpful to ELM mitigation or
suppression with the threshold currents of high m coils.

Currently, the coils are being manufactured and will be installed in this year. Three types of
power supply waveforms are considered, including sine wave, square wave and direct current. In the
succeeding experiments, the plasma response process under the high m magnetic perturbation field and
the influence of the strong localized magnetic perturbation field on plasma stability and edge transport

properties will be investigated.
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