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New Tokamak Plasma Confinement Regime Realized by Utilizing Small Magnetic
Perturbations in the EAST Tokamak
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Achieving sustained high plasma confinement both in the core and at the edge, without crashes due to
edge instabilities, is highly desirable for efficient fusion energy production in a tokamak device. However,
control of edge instabilities usually results in core plasma confinement degradation. Here we demonstrate a
new improved core confinement plasma regime in EAST, characterized by a sustainable internal transport
barrier (ITB) and effective control of edge instabilities, both achieved by applying small resonant magnetic
field perturbations (RMPs) at just 0.1% of the equilibrium field amplitude. The key is to localize the
perturbations at the edge, which can be effectively realized by use of RMPs with high toroidal mode
numbers. Nonlinear interaction between the perturbed magnetic fields and plasma, especially tungsten
impurities, on different scales plays a key role in lowering the threshold heating power by a factor of 2
for triggering the formation of an ITB to improve core confinement. More importantly, the improved core
confinement can be actively controlled by tuning the perturbed field profile. This provides an attractive
method and a physical basis for an integrated solution of keeping high core confinement during edge

stability control for a future fusion reactor.

DOI: 10.1103/jtrr-p4ly

I. INTRODUCTION

Magnetically confined nuclear fusion, a possible solu-
tion for providing clean and safe energy, requires the
achievement of high plasma confinement while avoiding
dangerous crash events due to plasma instabilities [1]. The
tokamak, which confines plasmas in nested tori formed
by an axisymmetric magnetic field, is one of the most
promising approaches for building a fusion reactor [2].
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The success of tokamak experiments in the 20th cen-
tury led to the building of a reactor-scale tokamak, ITER,
in France by a global collaboration [3]. A state of sus-
tainable high energy confinement both in the core and
at the edge, characterized by the presence of an internal
transport barrier (ITB) facilitated by reversed or flat mag-
netic shear profiles and an edge transport barrier (ETB),
is highly desirable for a tokamak fusion reactor achieving
high fusion gain and steady-state operation [4—7]. Mean-
while, a quiescent edge without crashes known as edge-
localized modes (ELMs) [8] caused by the steep pressure
gradient near the plasma edge due to the ETB is critical
for safe operation to avoid harmful large transient heat
loads on the plasma-facing components of the machine
[9,10]. However, these are often contradictory objectives,
i.e., controlling ELMs often degrades plasma confinement
performance [10—12].

Published by the American Physical Society
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Although an ITB can significantly enhance core plasma
performance [13—17], it is more challenging to generate
and sustain than an ETB [6] because of plasma current
relaxation [14], instabilities [18], and impurity accumula-
tion [18,19], which will be severer in a future fusion reactor
with metal-plasma-facing components [20]. The underly-
ing physics involves complex nonlinear phase transitions
[21-23]. Although the suppression or mitigation of ELMs
by resonant magnetic field perturbations (RMPs) with a
nonaxisymmetric field strength on the order of 1073 rel-
ative to the equilibrium field has been demonstrated in
many tokamaks [10,12,24-29], it often causes a signifi-
cant degradation of core plasma confinement, making it
difficult to achieve high fusion gain in a future fusion reac-
tor. One has to carefully choose the RMP field spectrum to
optimize the control effect on the basis of its interaction
with plasmas [11,30-34]. Because of complex coupling
between core and edge physics at different scales, it has
been unclear how to simultaneously achieve the improved
core confinement and ELM suppression required for fusion
reactors, up to now.

In this paper, we report the finding of a new tokamak
plasma regime that simultaneously achieves improvement
of core confinement with a sustainable ITB and sup-
pression of ELMs using optimized edge-localized RMPs.
It involves complex nonlinear coupling between edge
and core plasma dynamics. More importantly, it differs
from the ITBs observed in other devices, which typically
form under specific initial conditions involving rapid cur-
rent ramp-up and preheating [14—16]. Reproducing these
conditions in future superconducting devices, such as
ITER, is particularly challenging. The formation of an ITB
in this experiment is reliable and insensitive to the initial
conditions, and the ITB can be well-controlled (triggered
and sustained or suppressed) by tuning the RMP field pro-
file during a discharge. The key to effective ITB formation
lies in generating sufficiently strong edge RMP fields while
avoiding strong core RMP fields, a condition that high-n
RMPs can readily achieve. It provides an attractive inte-
grated solution for keeping high core confinement during
edge stability control using small magnetic perturbations
for a future fusion reactor.

II. ACCESSING A NEW REGIME WITH ITB
FORMATION AND ELMS SUPPRESSION
REALIZED BY RMPS IN EAST

EAST is a medium-sized superconducting tokamak with
major radius Ry ~ 1.85 m that started operation in 2006. It
is equipped with a tungsten divertor and a molybdenum
wall [35,36]. The RMP system in EAST [12,37] (Fig. 1),
comprising two arrays of coils, is capable of generating
RMP fields with a toroidal mode number # up to 4 (four
periods along the toroidal direction), a configuration being
considered for ELM control in ITER [38]. The two arrays

of coils provide the possibility to compose different RMP
field profiles by changing the toroidal phase of the coil
currents in the different arrays.

Recent experimental results in EAST demonstrated the
advantage of using » = 4 RMPs, or even improvements
in some cases, for core energy confinement during ELM
suppression in an ELMy H-mode [39,40]. In these experi-
ments, the plasma g9s range, where gos denotes the safety
factor at 95% of the poloidal magnetic flux, the input
torque, and the RMP configurations were all similar to
those in the ITER high fusion gain O = 10 scenario
[39,40]. The high-n RMPs are more localized near the
plasma edge compared with the low-n ones (e.g., n =1
and n = 2), as shown in Fig. 1. This limits the interaction
of the 3D fields with the plasma to the edge region and
provides an effective way to increase W outward flux and
decrease the likelihood of core W accumulation [41,42].
This motivates us to study the detailed influence of RMPs
on core plasma confinement.

Significant efforts have been made to optimize RMPs in
terms of RMP mode number, RMP spectrum, and gg9s—all
of which are critical to the plasma response—in order
to achieve this new regime with good ELM suppression
and improvement of core plasma confinement in EAST.
Figure 2 illustrates an example in EAST discharge 91548,
in which this new regime is achieved during the application
of RMPs. In this discharge, the toroidal field strength By ~
1.65 T, g95 ~ 3.7, the normalized plasma g Sy ~ 1.2—1.6,
and the additional heating power is 1.8 MW of neutral
beam injection (NBI) and 1 MW of lower hybrid wave
(LHW), both kept constant throughout the application of
n = 4 RMPs with opposite phase of the coil currents in the
upper and lower coil arrays.

The general phenomena of density reduction and ELM
suppression induced by RMPs are observed in this dis-
charge, as shown in Figs. 2(a) and 2(b). Contrary to
previous observations [12], a significant increase in stored

EAST

FIG. 1. EAST RMP coils and fields. Shown here is an n = 4
odd-parity (opposite current in upper and lower coils) RMP coil
configuration to generate edge-localized magnetic perturbations.
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energy is noted during the RMP ELM suppression phase,
as illustrated in Fig. 2(b). The formation of an ion ITB
(transport barrier in the ion thermal transport channel
with a steep gradient in the ion temperature profile) at
the normalized radius p of approximately 0.25 during the
application of RMPs is crucial for the improvement in
confinement, as shown by the red line of the ion temper-
ature profile 7; in Figs. 2(b) and 2(f). The transition to
the ion-ITB regime appears after the RMP application, as
seen in the abrupt increases in the core 7; at  ~ 4.8 s in
Fig. 2(d), while the edge 7; at p &~ 0.75 remains almost
constant. As shown in Figs. 2(c) and 2(e), the core toroidal
rotation increases simultaneously, and its profile exhibits a

Discharge 91548 n =4 RMP with 6¢,, = 180°

P
@
(&)}

ELM suppression

D, (arb. units), IRM
N
o

wg (krad/s)

10 1 1 1 1 1 1 1

(d) T T |_4|_ T T T T
o5l p~01 ——p~0.75]

=

)

=

— 1.5

M
4.0 4.5 5.0 5.5 6.0 6.5 7.0
Time (s)
FIG. 2.

similar ITB structure. This phenomenon is a common fea-
ture of ion-ITB formation in this regime and can be used
to identify ITB formation. More importantly, the ITB can
be sustained during the application of RMPs in the later
phase, which is around 4 times the current diffusion time
in EAST and is limited only by technical constraints. The
plasma density is also increased during the ITB phase, as
shown in Fig. 2(b). As soon as the RMPs are terminated,
the ITB collapses and the stored energy decreases with a
short time delay. The RMPs can effectively reduce the W
impurity concentration, even in the presence of ELM sup-
pression and ITB formation, as shown in Fig. 2(a). Here,
the unresolved transition array (UTA) from the 4565 A

N
o

T T T
—— P1 without RMP, with ELMs, without ITB
—— P2 with RMP, with ELMs, without ITB
— P3 with RMP, without ELMs, with ITB

(keV)

(g) 10’

10°

x, (m?/s)

107"

0.4 0.6 0.8

P

0.2

0.0

(a) Temporal evolution of Balmer-« emission of deuterium D, (black), intensity of the tungsten unresolved transition array

in the 45-65 A wavelength range Iy uta (red), and RMP coil current Ixyp (blue). (b) Line-averaged density (r.) (black), stored energy
Wwnp (red), NBI power (blue), and LHW power (magenta). (c) Toroidal rotation wg at p ~ 0.1 (red) and p ~ 0.75 (blue). (d) Ion
temperature 7; at p 2 0.1 (red) and p & 0.75 (blue). Radial profiles of (e) the toroidal rotation wy, (f) the ion temperature, and (g) the
ion thermal diffusivity x; at three different phases indicated by shaded regions in the left subgraphs, i.e., before RMP application with
W accumulation (phase 1, black), with RMP application before ITB formation (phase 2, blue), and with RMP application and the ion
ITB (phase 3, red). The purple line represents the neoclassical level of the ion thermal transport.
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wavelength range in EAST is composed primarily of W26+
to W+ ions and is commonly used to characterize the
behavior of the W impurity in the plasma core. These
results prove that RMPs can induce and maintain the ITB
in this regime compatible with ELM suppression and W
impurity control.

To further demonstrate that the formation of the ion
ITB with the use of RMPs is beneficial to the energy con-
finement, Fig. 3 compares the differences in density and
stored energy with and without an ion ITB under RMP
application. The databases are from H-mode plasmas with
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FIG. 3. Relative changes of (a) plasma density and (b) stored

energy with the ion ITB (red) and without the ion ITB (blue)
during the application of RMPs normalized to the values without
RMPs vs By. Here By = BaBr/I, is the normalized pressure,
where f is the ratio of the plasma pressure to the magnetic field
pressure, a is the plasma minor radius, By is the toroidal mag-
netic field, and I, is the plasma current. The data are derived
from 56 discharges, with no more than three time slices selected
from each discharge. The parameters at the selected time need to
remain constant for at least 0.1 s, which is twice the energy con-
finement time on EAST. The criteria for identifying the ion ITB
are described in Appendix A 4.

application of n = 1-4 RMPs and similar heating meth-
ods and power in experiments from 2016 to 2019. It is
obvious that the stored energy in the ITB regime is about
20% higher than that in the absence of an ITB, as shown
in Fig. 3(b). Moreover, the stored energy with RMP appli-
cation can be higher than that without RMPs, despite the
density pump-out caused by RMPs, as shown in Fig. 3(a).
These statistics indicate that not only do the RMPs not
cause a reduction in energy confinement, but that they are
also beneficial to energy confinement due to I'TB formation
and impurity concentration reduction.

Another promising result in this regime is that the
threshold heating power for ITB formation during the
application of RMPs is significantly lower than that with-
out RMP application. As shown in Fig. 4, the threshold for
ITB formation in EAST without RMPs requires a power
input of more than 3.5 MW and is consistent with the ITER
Tokamak Physics Activities (ITPA) scaling law [5,43,44].
The ITPA scaling law for the ion-ITB power threshold
is given by Py = 3.14n(1)'99a2'13k;:534(0.2 + 895)_0'153%23.
The units of the line-averaged electron density n, and
toroidal field By are 10'° m™3 and teslas, respectively. In
this expression, kg5 and Jgs represent the elongation and
triangularity of the plasma cross section at 95% of the
poloidal magnetic flux surface, and a denotes the tokamak
minor radius in meters. The power Py is calculated by
the equation Ploss = Pabs + Pon — dWwmnp/dt, where Py
is the absorbed heating power, Poy is the Ohmic heating
power, and dWypdt is the change rate of stored energy.
Because of the small differences in the injected power but
the large range of densities among these discharges, the
variation in P),s 1S minimal, while the range of Py is
wide.
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FIG. 4. Demonstration of beneficial effects from RMPs (red
diamonds) on lowering the threshold heating power for access-
ing the ITB regime, compared with cases without RMPs (blue
squares).
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The encouraging results shown by the red diamonds
indicate that the power threshold for ITB formation is sig-
nificantly reduced with RMP application. The minimum
power required for ITB formation with RMPs is approx-
imately 1.4 MW, which is less than half of the threshold
without RMP application or that from the ITPA prediction,
as shown in Fig. 4. A plausible explanation for this bene-
ficial effect is the significant reduction in core W impu-
rity concentration induced by RMPs [42]. These findings
illustrate the beneficial role of RMPs in facilitating ITB
formation.

III. UNDERSTANDING OF THE ITB FORMATION
TRIGGERED BY RMPS

The formation of the ion ITB induced by RMPs involves
complex nonlinear coupling between edge and core plasma
dynamics at different scales. A schematic overview of the
dynamic loop for ITB formation induced by RMPs is illus-
trated in Fig. 5. Because of the poor quality of the g
signal from discharge 91548, discharges 91471 and 91466,
which exhibit similar characteristics, are depicted in Fig. 5.
To further enhance the credibility of this process, dis-
charge 80640, from a different campaign, is also shown
in Figs. 5(d) and 5(e). The plasma conditions in discharges

Core ion-ITB
formation path

() o s e e e e ] s
: Low Z Edge
1 W w, |
I y 3D edge ¢
1
i
I
: Particle flux
1

FIG. 5.

91466 and 91471 are similar to those in discharge 91548,
except for the RMP configurations and the time of RMP
application. The current of n = 4 RMPs is fixed at 3 kA
with phase differences d¢yr, = 0° for discharge 91466 and
8¢ur = 180° for discharge 91471. The plasma density in
discharge 80640 is lower than that in discharge 91548,
and n = 3 RMPs with §¢yp = 0° are adopted. g9s and the
heating power of discharge 80640 are similar to those of
discharge 91548. There is a positive feedback loop, i.e.,
self-organization process, in the core plasma dynamics that
finally triggers the formation of an ITB with enhanced core
plasma confinement, as shown in Fig. 5(a). The change of
core confinement links strongly to the reduction of core W
concentration, which results mainly from the edge trans-
port effects due to the application of RMPs, as shown in
Fig. 5(b).

The ITB forms when the minimum safety factor
approaches unity with a weak reversed magnetic shear,
similar to previous observations in the other machines, in
which ITB formation has been found to be associated with
low-order rational surfaces [13,17,45—47]. After the appli-
cation of RMPs, as illustrated in Figs. 5(c)-5(e), there is
a significant reduction in W concentration in the plasma
core, which results in an increase of the core electron
temperature, and hence changes the current density profile

=i (c) 91471
| .
i 7 9 I 2.0
1 S & ! <
- —— 1y y7/1000 5 8
y 5-“;( = | o0 3-85(p~03) o
1 = 293 I
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Dynamic loop for (a) ITB formation in the plasma core and (b) transport effects induced by RMPs near the plasma edge.

(¢) Temporal evolution of the emission intensity of the tungsten unresolved transition array in the 4565 A wavelength range Iy ura
(black line), wy at p = 0.3 (blue square line), and core electron temperature 7, (red line) in EAST discharge 91471. Evolution of (d)
the safety factor at the axis go and (e) 7; near the plasma core in EAST discharges 91471 (red square line), 80640 (blue circle line),
and 91466 (black diamond line) after the application of RMPs at f,.r = 0.
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or equivalently safety factor profile as indicated in the
evolution of the safety factor at the magnetic axis, go.
There is a time delay for the ITB formation after the appli-
cation of RMPs, as shown in Figs. 5(e) and 2(d). The
duration of the delay is determined by the relaxation of
the plasma current until gy approaches 1, as shown in
Figs. 5(d) and 5(e). Among the three discharges, the higher
initial go requires a longer time delay to access the ITB
after the application of RMPs. After the formation of the
ITB, the appearance of fishbones, which are not neces-
sary for the ITB formation, also supports the view that the
minimum safety factor is approaching unity. The plasma
current relaxation and redistribution are caused by increas-
ing electron temperatures, resulting in increases in Ohmic
current, bootstrap current, and NBI-driven current in the
core region. The weak reversed magnetic shear near the
plasma core is mainly due to the bootstrap current and the
NBI-driven current during the application of RMPs, while
it is mainly due to the high core radiation associated with
W impurity accumulation in the plasma core in the phase
before the RMP application. The ITB foot in our cases is
near the minimal ¢, i.e., ¢ = | surface. After the enhance-
ment of core confinement, the increased 7; gradient can
further increase the shielding effects on the W impurity
from the outside. This positive feedback loop triggers the
formation of the ITB in the plasma core. The ion thermal
diffusivity x; in the core drops dramatically with the ITB
formation and is significantly lower than the neoclassical
level [14] [Fig. 2(g)].

The reduction of the core W impurity concentration,
which enables the plasma to enter the loop for ITB for-
mation, is due to the enhanced edge transport induced
by RMPs. Before the ITB formation, the plasma enters
a phase characterized by reduced core toroidal rotation
and low W impurity levels (phase 2 shown in Fig. 2).
The core W impurity accumulation is strongly correlated
with core plasma rotation, as shown in Fig. 5(c), because
of neoclassical impurity pinch effects [42,48]. Because of
the strong coupling between the W impurity and rotation
in the core region, both the additional torque and the W
particle flux induced by RMPs contribute to the reduc-
tion of the W impurity concentration [42]. As shown in
Fig. 6(a), the edge rotation decreases almost immediately
after application of the RMPs, whereas core rotation and
W concentration decrease after a short delay of several
hundred milliseconds. This observation is supported by
the simulations with NTVTOK [49], revealing that the neo-
classical toroidal viscosity (NTV) exerts its peak torque
and W flux predominantly in the edge region, as shown in
Fig. 6(b). This is a consequence of the three-dimensional
(3D) fields induced by the high-» RMPs being localized at
the edge. Here, the W flux induced by RMPs is mainly
on the low charge state one near the edge [41,42]. The
effective particle diffusion coefficient Dy is defined as
Der = al'N1y/nw, where a is the minor radius, [\ is

(@ 91471 n=4 RMP
80 5 -
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» —
3 \f\a/ﬁ $
g 50f b
= o
< 12 \E
3

20 L wo

3.4 3.6 3.8 4.0 4.2
Time (s)
®) o3 : : : : 0.3
— Total NTV torque
+
—— D ofW
NE 021 10.2 @
2 e
= e
o
'TZ 0.1} 01 Q
0.0 : : : : 0.0
0.0 0.2 0.4 0.6 0.8 1.0
)
FIG. 6. (a) Evolution of the rotation at different radii after the

application of RMPs. (b) Radial profile of the NTV torque and
effective particle diffusion coefficient Dy of W induced by
RMPs.

the NTV flux of W, and ny is the density of W. The 3D
transport effects induced by RMPs also provide a beneficial
condition for sustaining a stable ITB during the applica-
tion of RMPs. This result demonstrates a strong nonlinear
coupling between the core and edge plasma dynamics, in
which localized small perturbations at the edge can signif-
icantly modify the core confinement state via cross-scale
processes.

IV. ACTIVE CONTROL OF THE ITB USING RMPS

The ITB can not only be induced and maintained by
RMPs but can also be actively controlled by adjustment of
the RMP profile. The response of the ITB to different RMP
configurations is illustrated in Fig. 7. All of the n = 14
RMPs can be applied for triggering and sustaining ITBs. In
Fig. 7, q¢s in discharge 71217 is about 4, and other plasma
parameters are similar to those for discharge 91548. gos for
discharges 79024 and 79029 is slightly lower than that for
discharge 91548, and the NBI power for them is about 2.4
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MW. The density and NBI power are slightly higher for
discharge 102490 than for discharge 91548.

For the low-n (1, 2) RMPs, the ITB cannot form within
the core resonant RMP spectrum due to strong 3D fields
in the core region. Figure 7(a) illustrates the application of
n =1 RMPs with a two-period phasing 8¢y scan rang-
ing from 0 to 27, showing a clear dependence of the
ITBs on the RMP spectrum. The ITB is triggered at the
core nonresonant phasing (§¢y € [160°,310°]) and col-
lapses at the core resonant phasing (§¢yr € [—50°, 160°]),
which has a strong core harmonic, based on the modeling
results obtained with MARS-F [30]. Similar results are also
observed in the case of n = 2 RMPs. As shown in Fig. 7(c),
the ITB can be formed in discharge 79029 with the core
nonresonant spectrum §¢yr, = 0°. In the core resonant
spectrum case in discharge 79024 with ¢y = 180°, the
ITB also forms at about 4.7 s, while it is terminated when
the current of the n = 2 RMPs exceeds about 2 kA. This
means that one has to choose carefully the spectrum and

—8—p~0.05
p~03
min=2/1[]

71217 n=1 RMP with JOUL scanning

FIG. 7.

amplitude of low-n RMPs for triggering and sustaining
ITBs.

The 3D fields produced by high-n (3, 4) RMPs are gen-
erally localized in the edge region, which is beneficial for
ITB formation [Fig. 8(a)]. This is why ITBs form more
easily in experiments using high-n RMPs. As shown in
Fig. 7(d), the ITB fails to form during the initial » =2
RMP phase, but it forms and is sustained throughout the
phase with n =4 RMPs. In the final n = 2 phase, the
ITB begins to form, but collapses when the RMP cur-
rent exceeds a threshold for penetration of core resonant
harmonic perturbations. Reproducible ITB formation and
sustaining by use of » = 3 RMPs has also been achieved
in EAST, as shown in Fig. 7(e).

To further demonstrate the impact of different RMPs on
the ITB, the RMP profiles modeled by MARS-F are shown
in Fig. 8. For the » = 4 RMP and nonresonant low-n RMP,
the magnetic perturbations are localized in the edge region,
which is beneficial for ITB formation. However, the ITB

—] —8—79029 4o, = 0°  ——= Nn=2 lgyp 0f 79029 | 6

3.0 |—e—79024 55, =180°

n=2 lgyp of 79024

< 25} 4
%) [ - e =
= i L
=20 i
~ i 5 I
!
15
- : —lo
4 5 6
(d) '
R 201
>
[0)
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=
151
(e)
25}
o ke —
S R 1,
= S3
< 20} —Ti =
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11
15¢
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(a) Temporal evolution of the core T;(black squares), 7; outside the ITB (solid black line), and the m/n = 2/1 component

of the RMPs modeled by MARS-F, as well as (b) the phasing (dashed black line) and amplitude (solid red line) of the » = 1 RMP coil
current in EAST discharge 71217. (¢) Temporal evolution of the core 7; in EAST discharges 79029 (§¢yr, = 0°, black square line) and
79024 (§¢uL = 180°, blue circle line) with » = 2 RMP application. (d) Temporal evolution of the core 7; (black square line) in EAST
discharge 102490 with n = 2 (dashed blue line) and » = 2 (solid red line) RMPs applied at different time windows. (e) ITB formation

by application of #» = 3 RMPs in EAST discharge 80640.
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FIG. 8.

Modeled (a) n = 4 magnetic perturbation spectrum obtained with MARS-F for EAST discharge 91548 with d¢py. = 180° and

(b),(c) n = 1 magnetic perturbation spectra for discharge 71217 with (b) d¢pyr, = 80° and (c) ¢y = 260°. For the n = 1 RMPs, the

ion ITB cannot form in the core resonant phasing §¢yr = 80°.

cannot be formed in the presence of strong core magnetic
perturbations from RMPs, as shown in Fig. 8(b). These
results indicate that 3D fields in the core region are detri-
mental to the ITB, while the 3D fields localized in the edge
region are necessary for the formation and sustaining of
the ITB. Therefore, more edge-localized perturbations are
better for triggering and sustaining a reliable ITB. This
highlights the benefits of ELM control using high-n RMPs,
which may contribute to achieving enhanced plasma per-
formance by dealing with W accumulation in future fusion
devices, e.g., ITER.

The above findings also demonstrate that ITB formation
with the use of RMPs in this regime is insensitive to the ini-
tial state of the plasma. The spontaneous formation of an
ITB induced by RMPs here differs from the conventional
approach, which relies on substantial power injection at
low density [13] or preheating during the plasma current
ramp-up phase [14]. The periodic triggering and suppres-
sion of the ITB during the continuous RMP spectrum scan,
as shown in Fig. 7(a), demonstrate that the formation of
the ITB with the use of RMPs is highly robust and does
not appear to require specialized techniques to control the
initial profiles. The ITB can form repeatedly and reliably
with the use of RMPs, even after periods of disappear-
ance. This demonstrates another advantage of this method
by using RMPs to improve the core confinement with
W-plasma-facing components.

V. CONCLUSIONS

The new regime discussed in this paper may be appli-
cable for ITER, where the high-n RMPs will be applied
to control ELMs. Compared with previous results in other
machines, where RMPs often cause deterioration in plasma
confinement, the promising results in EAST indicate that
high-n RMPs may reliably improve plasma confinement

by avoiding W accumulation and forming the ITB dur-
ing RMP ELM suppression. More importantly, the ITB can
be formed with this method without special techniques to
control the initial profiles. This suggests that RMPs can
be a useful and adaptable method for integrated control of
both edge and core plasma performance in future tokamak
fusion devices. The further optimization of this scenario
at high By will be the focus of future studies for ITER
applications.

This work opens a new area of research on complex non-
linear dynamics of plasmas in tokamaks with 3D fields and
provides a new method for studying ITB physics.
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APPENDIX A: METHODS
1. EAST and RMP system

EAST is a medium-sized tokamak with a major radius
of 1.85 m and a minor radius of 0.5 m. The W divertor has
been installed, and the graphite guard limiters of the LHW
antenna have been replaced by W. The RMP system in
EAST has two arrays of coils with up and down symmetry
located at the upper and lower parts of the last closed flux
surface on the low-field side, as shown in Fig. 1. The RMP
coils are made of conventional copper conductors. They
can generate RMPs with toroidal mode numbers » up to 4,
which will be used for ELM control in ITER. Full ELM
suppression using » = 4 RMPs has been demonstrated in
EAST [39].

2. Experimental conditions

The experimental conditions for ITB formation are
much less strict with the specific RMPs. There is no
requirement for preheating during the plasma current
ramp-up phase, and the formation of the ion ITB in this
regime is insensitive to the timing of the RMP application.
Therefore, the formation of the ion ITB in this regime is
highly reproducible and predictable with the use of RMPs.
The plasma parameters of the discharges discussed in this
paper are presented in Table I. The new plasma regime
with the ion ITB has been realized across a wide range of
plasma conditions, including both upper and lower single
null configurations. The discharges discussed in this paper
are heated by co-current NBI and LHW. The line-averaged
density can currently reach up to 0.53n¢ (Greenwald den-
sity limit). The ion ITB can be formed within the gos
window from 3 to 4.5, and no clear dependence of the ion
ITB on ggs is observed within this window. Experiments
have shown that the windows can be widened with higher
injected power.

3. Description of experimental measurements

Throughout this work, the ion temperature and toroidal
rotation are measured by charge exchange recombination
spectroscopy (CXRS) measurements. The radial range of
ion temperature and toroidal rotation measured by CXRS
in these discharges is within p = 0.8. In these discharges,

the uncertainties associated with the measurements of rota-
tion and ion temperature by CXRS are less than +5%.
The evolution of the core electron temperature is deter-
mined through a combined analysis of electron cyclotron
emission and Thomson scattering; the profile of the elec-
tron temperature is obtained from Thomson scattering.
The density profiles are derived from a combined analysis
of reflectometer and polarimeter-interferometer data. The
density error of the reflectometer is £0.01 x 10" m=3.
The relative profiles of the W impurity are measured
by extreme ultraviolet (EUV) spectrometers. The space-
resolved EUV spectrometer covers a vertical range of
—8.5 cm < Z < 40 cm with a spatial resolution AZ of
2.5 cm and a temporal resolution of 20 ms per frame.
The temporal resolution of the fast EUV spectrometer is
5 ms per frame. In the calculation of the ITPA thresh-
old power of the ITB Py, the plasma parameters at the
selected moment should remain stable for at least 0.1 s,
which is approximately twice the energy confinement time.
The plasma parameters are averaged over this 0.1-s inter-
val. The error in calculation of Py 1s within 10%. It
should be noted that the data selected are from discharges
with an established ion ITB, rather than those near the for-
mation of an ion ITB. Therefore, the required power for
ion-ITB formation in this regime should be even lower
than Pjyss.

4. Determination of ITB formation

ITB formation in this regime is clear with many plasma
parameters changing abruptly at the time of the ITB tran-
sition. The ion temperature and toroidal rotation inside
the ITB increase abruptly, while they remain almost con-
stant outside the ITB. The core soft x-ray and absolute
extreme ultraviolet increase abruptly upon ITB formation.
The scale length of the ion temperature decreases upon ITB
formation, and the ion thermal diffusivity is reduced below
the neoclassical level [14].

5. Power balance analysis and equilibrium
reconstruction

The transport code ONETWO [50], incorporating NUBEAM
[51] and cQL3D [52] plus GENRAY [53], is used for power

TABLE I. Discharge parameters for ITB discharges with the use of RMPs described in the main text.
Discharge number Time (s) RMP configuration Heating power (MW) Br(T) qos ne (10 m™3)
91548 6.6 n=4,38¢y. = 180° Pnpr = 1.8, Prgw ~ 1 1.65 3.71 3.18
91471 6.5 n=4,38¢y. = 180° Pxpr ~ 1.8, PLpw ~ 1 1.65 3.71 3.42
91466 6.5 n=4, 8¢UL =0° Pnpr A~ 1.8, PLpyw ~ 1 1.65 3.73 3.65
102490 6.8 n=4,38¢y. = 180° Pnpr 2, Prpw ~ 1 1.72 343 3.51
80640 6.4 n=3,8¢yL =0° Pnpr ~ 2, PLpw =~ 0.8 1.65 3.73 24
79029 5.9 n=2, 8¢UL =0° Pnpr A~ 2.4, PLaw ~ 1 1.53 3.71 2.8
71217 4.65 n =1, 3¢y = 260° Pnpr = 175, Prpw ~ 1.4 1.65 3.95 3.35
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FIG. 9. Measured radial profiles of (a) Iwura, (b) electron density, and (c) electron temperature measured by Thomson scattering.
The impurity density is from discharge 80640, and the electron density and temperature are from discharge 91548. The edge data for
density are obtained from reflectometer measurements, and the core data are reconstructed with constraints from the polarimeter-
interferometer. Because of limitations in diagnostic resolution and uncertainties, combined with the minimal change in electron
temperature before and after ITB formation, the electron temperature profiles before and after ITB formation are not presented.

balance analysis. The current drive by NBI is calcu- 6. Modeling of plasma response and NTV

lated with NUBEAM [51], and the current drive by LHW
is calculated with CQL3D [52] plus GENRAY [53]. The
equilibrium is reconstructed by k-EFIT, constrained by
polarimeter-interferometer data and magnetic and pres-
sure profiles, and calibrated with sawtooth and fishbone

observations.
(@5
-------- without RMP
3.0t |—— with RMP without ITB
——— with RMP with ITB

0.0 0.2 0.4

The plasma response to the RMPs is modeled with the
use of MARS-F, a linear single-fluid resistive magnetohy-
drodynamics (MHD) model [30]. The NTV torque and
NTV flux of the W impurity are calculated by NTVTOK,
which solves the drift-kinetic equation [49].

0.00

FIG. 10. Plasma radial profiles in the case without RMPs (black), with RMPs but without an ITB (blue), and with RMPs and an ITB
(red). Radial profiles of (a) the safety factor ¢, (b) the plasma current, (c) the neutral beam current, (d) the bootstrap current, (e) the
lower hybrid current, and (f) the Ohmic current from equilibrium reconstruction and modeling using NUBEAM [51], ONETWO [50], and

CQL3D [52] plus GENRAY [53].
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APPENDIX B: EXTENDED PROFILES AND
COMPARISONS

The typical profiles of the W impurity, electron den-
sity, and electron temperature are shown in Fig. 9. Without
RMP application, the W impurities tend to accumulate
severely in the core during these discharges. It should be
noted that this is a relative distribution, and similar dis-
tributions have been observed for the W impurities with
charge states ranging from W2t to W4+ The RMPs
can suppress W impurity accumulation effectively, and
this suppression can be maintained during the ITB phase.
As shown in Fig. 9(c), the electron temperature in the
core region is very low without RMPs due to W impurity
accumulation, generally lower than 1 keV. With the reduc-
tion of W impurity concentration induced by RMPs, the
electron temperature can be significantly increased, gener-
ally reaching approximately 2 keV. The formation of the
ion ITB has minimal effect on the electron temperature.
The evolution of the electron density profile for discharge
91548 is shown in Fig. 9(b). With RMP application, the
density drops significantly before ITB formation but recov-
ers notably during the ITB phase. However, it is worth
noting that the density does not always recover during the
ITB phase.

The g profiles of discharge 91471, obtained from an
equilibrium reconstruction with polarimeter-interferometer
constraints and calibrated with use of the sawtooth and
fishbone phases, are shown in Fig. 10(c). It is clear that
the safety factor in the plasma core decreases with RMP
application and is characterized by slightly reversed shear.
The reconstructed ¢ and current profiles for multiple dis-
charges are similar. Calculations with NUBEAM [51], CQL3D
[52] plus GENRAY [53], and ONETWO [50] show that the
beam current and lower hybrid current drive increase with
the increase of the electron temperature. The efficiency of
NBI-driven current lye,y is proportional to T,/n.. With
RMP application, the density is reduced and the electron
temperature is increased. Therefore, lye,n increases with
RMP application. The central bootstrap current increases
in the phase with the ion ITB.

The effect of the core resonant and nonresonant n = 2
RMPs on the ITB is shown in Fig. 11. The difference
between these two discharges is the current and §¢yp of
the RMP. The RMP current of discharge 79029 is fixed
at 3.5 kA with §¢yL = 0°. The RMP current of discharge
79024 ramps up from 1.5 to 3 kA with §¢y. = 180°. For
discharge 79024 with core resonant » = 2 RMPs, the ion
ITB forms at around 4.7 s. However, it is disrupted when
the n = 2 RMPs penetrate the core region, as evidenced by
a sudden increase in the radial magnetic perturbations. In
contrast, the ITB can be triggered and sustained for core
nonresonant » = 2 RMPs even with a higher RMP current.
Before ITB formation, the ion temperature and rotation in
the core region are comparable for these two discharges.

3.0 | —=—79029 66, =0

—o—79024 56, =180"| _ A F

2.5

201

(c) 4 __l 79029 1, ——— 79024 Iy, =2 6B, (from 79024) I_._ 2
—_
< —
=< ©)
o 2r 1<
=
z 2
S

4.0 4.5 5.0 5.5 6.0
Time (s)

FIG. 11. Temporal evolution of (a) core ion temperature, (b)
core toroidal rotation, and (c) measured » = 2 radial magnetic
perturbations in EAST discharges 79029 (8¢yL = 0°, black line)
and 79024 (§¢uL = 180°, red line) with application of n = 2
RMPs.

Following ITB formation, however, the ion temperature
and rotation in the core region are much stronger for
discharge 79029 than for discharge 79024.
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