
PAPER • OPEN ACCESS

First observation of edge impurity behavior with n
= 1 RMP application in EAST L-mode plasma
To cite this article: Wenmin Zhang et al 2024 Nucl. Fusion 64 086004

 

View the article online for updates and enhancements.

You may also like
Integrated RMP-based ELM-crash-control
process for plasma performance
enhancement during ELM crash
suppression in KSTAR
Minwoo Kim, G. Shin, J. Lee et al.

-

Study of the spectrum effect on the
threshold of resonant magnetic
perturbation penetration on J-TEXT
Feiyue MAO,  , Nengchao WANG et al.

-

Results from radiating divertor
experiments with RMP ELM suppression
and mitigation
T.W. Petrie, T.E. Evans, N.H. Brooks et al.

-

This content was downloaded from IP address 210.73.19.137 on 19/06/2024 at 14:48

https://doi.org/10.1088/1741-4326/ad4ef4
/article/10.1088/1741-4326/ace460
/article/10.1088/1741-4326/ace460
/article/10.1088/1741-4326/ace460
/article/10.1088/1741-4326/ace460
/article/10.1088/2058-6272/ac9f2e
/article/10.1088/2058-6272/ac9f2e
/article/10.1088/2058-6272/ac9f2e
/article/10.1088/0029-5515/51/7/073003
/article/10.1088/0029-5515/51/7/073003
/article/10.1088/0029-5515/51/7/073003


International Atomic Energy Agency Nuclear Fusion

Nucl. Fusion 64 (2024) 086004 (13pp) https://doi.org/10.1088/1741-4326/ad4ef4

First observation of edge impurity
behavior with n = 1 RMP application
in EAST L-mode plasma

Wenmin Zhang1,2, Ling Zhang1,∗, Yunxin Cheng1, Shigeru Morita3, Hui Sheng1,
Darío Mitnik4, Youwen Sun1, Zhengxiong Wang5, Yuqi Chu6, Ailan Hu1,
Yinxian Jie1,∗ and Haiqing Liu1

1 Institute of Plasma Physics, Hefei Institutes of Physical Science. Chinese Academy of Sciences, Hefei
230031, China
2 University of Science and Technology of China, Hefei 230026, China
3 National Institute for Fusion Science, Toki 509-5292, Gifu, Japan
4 Instituto de Astronomía y Física del Espacio (CONICET-Universidad de Buenos Aires), Buenos Aires
1428, Argentina
5 Dalian University of Technology, Dalian 116024, China
6 University of California Los Angeles, Los Angeles, CA 90095, United States of America

E-mail: zhangling@ipp.ac.cn and yx_jie@ipp.ac.cn

Received 14 January 2024, revised 18 April 2024
Accepted for publication 22 May 2024
Published 18 June 2024

Abstract
High-Z impurity accumulation suppression and mitigation in core plasma is frequently observed
in EAST edge localized mode mitigation experiments by using resonant magnetic perturbations
(RMP) coils. To study the individual effects of the RMP field on impurity transport, based on
high-performance extreme ultraviolet impurity spectroscopic diagnostics, the effect of the n = 1
(n is the toroidal mode number) RMP field on the behavior of intrinsic impurity ions at the
plasma edge, e.g. He+, Li2+, C2+–C5+, O5+, Fe8+, Fe15+, Fe17+, Fe22+, Cu17+, Mo12+,
Mo13+ and W27+, is analyzed for the first time in L-mode discharges. Based on the evaluation
of the location of these impurity ions, it is found that with the increase in RMP current (IRMP),
an impurity screening layer inside the last closed flux surface is formed, e.g. at ρ = 0.74–0.96,
which is also the region that the RMP field affects. Outside this screening layer, the impurity ion
flux of He+, Li2+, C2+, C3+, O5+, Fe8+, Mo12+ and Mo13+ ions increases gradually, while
inside this screening layer, the impurity ion flux of C4+, C5+, Cu17+, W27+, Fe15+, Fe17+ and
Fe22+ ions decreases gradually. When IRMP is higher than a threshold value, RMP field
penetration occurs, accompanied with m/n = 2/1 mode locking, and the position of this
screening layer moves to the plasma core region, i.e. ρ = 0.66–0.76, close to the q = 2 surface,
and the opposite behavior of the impurity ion flux at two sides of the screening layer is
strengthened dramatically. As a result, significant decontamination effects in the plasma core
region, indicated by the factor of ((Γ Imp

Z+)w/o–(Γ Imp
Z+))/(Γ Imp

Z+)w/o (where
(Γ Imp

Z+)/(Γ Imp
Z+)w/o denotes the impurity ion flux ratio with and without RMP), is observed,

i.e. 30%–60% for heavy impurity (Fe, Cu, Mo, W), and ∼27% for light impurity of C. In
addition, the analysis of the decontamination effects of C and Fe impurities under four
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different RMP phase configurations shows that it may be related to the strength of the response
of the plasma to RMP. These results enhance the understanding of impurity accumulation
suppression by the n = 1 RMP field and demonstrate a candidate approach using RMP coils for
W control in magnetic confinement devices.

Keywords: EAST tokamak, impurity ion flux, resonant magnetic perturbations, screening layer

(Some figures may appear in colour only in the online journal)

1. Introduction

In current and future fusion devices, materials with high
atomic numbers are used as plasma-facing components (PFCs)
due to positive characteristics, i.e. high melting point, low
sputtering yield and low tritium retention [1, 2]. However,
impurities are inevitably introduced due to plasma–material
interactions in discharges. The presence of these impurities,
especially high-Z impurities (Mo and W), which are never
completely ionized in fusion devices, enhances the energy loss
through high radiation capability [3]. These effects lead to
degradation of the confinement properties of the plasma, or
even termination of the discharge [4, 5]. Therefore, it is essen-
tial to study and effectively control the source of these impur-
ities in the PFCs and its transport in the scrape-off layer (SOL)
and the confined plasma [6]. At present, the main methods
for reducing impurity concentration in magnetic confinement
devices typically involve the following. Firstly, the device wall
is cleaned prior to discharge to remove the impurity particles
attached to the wall [7]. Secondly, low-Z material wall coat-
ing and real-time injection of Li and B granules are performed
before or during experiments to adsorb and neutralize the
impurity and reduce edge fuel recycling [8–12]. Thirdly, on-
axis radio-frequency (RF) wave heating, including electron
cyclotron resonance heating (ECRH) [13–15], lower hybrid
wave (LHW) [16] and ion cyclotron resonance heating (ICRH)
[17, 18], is used to effectively mitigate impurity accumula-
tion. In addition, magnetohydrodynamic (MHD) activity in the
plasma, e.g. the sawtooth instability and edge localized mode
(ELM), can effectively eliminate impurities from the plasma
core region [19, 20].

In recent magnetic confinement experiments, it has been
found that the formation of an edge stochastic magnetic field,
caused by an ergodic magnetic limiter (EML) [21], an ergodic
divertor (ED) [22], a dynamic ergodic divertor (DED) [23] and
resonant magnetic perturbation (RMP) coils installed in mag-
netic confinement fusion devices [24–28], has also proved to
be an effectivemethod to reduce impurity concentrations in the
core region of confined plasmas. Previous studies of intrinsic
C and O impurities on TEXT plasma have shown that the util-
ization of the EML can significantly enhance the particle dif-
fusivity in the edge region of plasma, leading to a 20% reduc-
tion in low-Z impurities in the core of the plasma [21]. Similar
experimental results were observed on Tore Supra using the
ED configuration and TEXTOR operating in m/n = 3/1 (here,
m is the polarity mode number, and n is the toroidal mode
number) DED mode. Specifically, the screening effect of the

ergodic layer resulted in a significant reduction in the impur-
ity content of the confined plasma due to effective reduction
of the edge impurity confinement time (i.e. an increased peri-
pheral recycling flux) in Tore Supra plasma [29]. In TEXTOR
plasma, decontamination of highly ionized C ions (C4+ and
C5+) can be explained in terms of plasma flow along magnetic
field lines and frictional forces [30]. In recent years, experi-
mental results on RMPELM control in DIII-D and EAST have
demonstrated effective impurity exhaust during ELM suppres-
sion and mitigation [31, 32], with a clear reduction in the
impurity concentration in core plasma, and the effect is found
to be stronger for lower n (n = 1, 2) compared to higher n
(n= 3, 4) in EAST [33]. In addition, the results from LHD and
TEXTOR demonstrated that the induced magnetic island by
the RMP field in the plasma edge can enhance He ash exhaust
from the device by reducing the effective He confinement time
[34]. Simultaneously, investigations in DIII-D provide evid-
ence that future magnetically confined devices applying RMP
ELM suppression may meet or even exceed the He exhaust
provided by the ELMs themselves [35]. Furthermore, exper-
iments on DIII-D have demonstrated that RMP reduces the
impurity confinement time in the H-mode pedestal below that
of natural ELM plasmas, indicating that RMP fields are bene-
ficial for controlling the buildup of impurities in the pedes-
tal region of the plasma [31]. However, the physical mech-
anism underlying the impact of RMP on impurity transport
in magnetically confined devices remains unclear. Mitigation
and suppression of type-I ELM has been realized in H-mode
discharges dominated by pure RF and neutral beam injection
(NBI) heating in EAST plasma [27, 32, 36]. Meanwhile, the
impurity concentration in the core plasma region is obviously
reduced. This may be due to reduced impurity source genera-
tion during the application of RMP, offering effective mitiga-
tion of transient heat and particle flux loads on the PFCs [37].
Meanwhile, the edge magnetic topology induced by RMP also
improves impurity screening effects in the edge region [38].
However, it is difficult to isolate the effects of the RMP field
and ELM activity on impurity transport behavior in H-mode
discharges. Therefore, based on the temporal evolution and
spatial distribution observation of impurity line emission from
intrinsic low-Z (He, Li, O, C), medium-Z (Fe, Cu) and high-
Z (Mo, W) ions with different ionization stages [39–46], the
effects of RMP on the impurity transport in LHW heated L-
mode discharges are studied for the first time in EAST.

This paper is organized as follows. The experimental setup
and the high-performance extreme ultraviolet (EUV) impurity
spectroscopic diagnostics system are introduced in section 2.
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The impact of RMP on the impurity behavior in EAST experi-
ments is presented in section 3. The RMP effect on the impur-
ity behavior is discussed in section 4, followed by a summary
in section 5.

2. Experimental setup

After the recent upgrade in EAST, the upper and lower divertor
have been upgraded to be W divertors; the first wall is mainly
composed of Mo tiles, and the diagnostic protection shield,
radio frequency wave antennas and limiter are mainly Fe, Cu
and W materials. Graphite material is still used on the high-
field side first wall at ports A and D, where an NBI system is
installed. Additionally, several other low-Z impurity species
exist in EAST plasma intrinsically, e.g. He and Li originat-
ing from glow discharge and wall treatment with a Li coating,
while O is derived from adsorption on the main vacuum cham-
ber wall in the atmosphere [9, 43]. The total current drive and
heating source power, includingNBI, ICRH, ECRH and LHW,
have now exceeded 20MW. Therefore, control of the medium-
Z (Fe and Cu) and high-Z (Mo and W) impurity accumula-
tion, especially W impurities, is one of the key issues for sus-
taining long-pulse high-performance steady-state operation in
EAST [47]. In addition to on-axis ECRH and LHW, RMP is
one effective method for mitigation impurity accumulation in
the central region of the plasma.

A set of in-vessel flexible RMP coil systems for MHD
control and related three-dimensional physics research were
installed in EAST in 2014 [27]. The EAST vacuum vessel con-
sists toroidally of 16 ports, named as capital letters from A to
P counterclockwise from the top view. The mid-plane A port
points to the north direction. There, the RMP coil system con-
sists of two arrays of coils with up and down symmetry located
in the upper (U) and lower (L) parts of the last closed flux sur-
face in the low-field side. Each coil has four turns and covers
two ports. The absolute zero degree of the toroidal angle,Φ, is
defined as the location at the center of the first coil (U1 or L1),
and ∆ΦUL = ΦU − ΦL is the phase difference between upper
and lower coils. The RMP spectrum can be adjusted by chan-
ging the upper–lower coil phasing. The toroidal mode num-
ber, n, of the RMP generated by the coil system can be up to
n = 4 for static perturbation and n = 3 for rotating ones. For
a high toroidal mode of n = 3, 4 cases, the perturbation field
is mainly located in the plasma edge region compared with
the low n= 1, 2, which has less impact on the plasma confine-
ment performance. Furthermore, both DC andAC currents can
be produced, and connection parity could be changed between
odd (opposite-phase current waveform in the upper and lower
rows of coils) and even modes because every two coils with
180◦ toroidal separation in each array are paired with a switch.

Recently, the observation capability of lowly ionized
impurity ions at the plasma edge in the EAST device has
been largely enhanced by two newly developed sets of
5 ms/frame fast-time-response EUV spectrometers (called
EUV_Long_b, and EUV_Long_c) working at 20–500 Å
(scannable). The lines of sight (LOS) for these two fast-
time-response EUV spectrometers primarily cross through

Figure 1. The LOS of two pairs of space-resolved EUV
spectrometers: EUV_Long2_u (light blue lines) and EUV_Long2_d
(light red lines), and four fast-time-response EUV spectrometers:
EUV_Short (green line), EUV_Long_a (magenta line),
EUV_Long_c (cyan line) and EUV_Long_b (purple line). Six
shaded areas with gradient colors from orange to red indicate the
estimated distribution region of particular impurity ions of Fe8+

(151–234 eV), Mo12+ (230–279 eV), Mo13+ (279–302 eV), C5+

(392–490 eV), Cu17+ (552–632 eV) and W27+ (833–881 eV) in
EAST L-mode discharge at Te0 = 1.8 keV. The edge poloidal
plasma cross section denoted by a dark-green solid line indicates the
upper single-null (USN) divertor configuration of the EAST
tokamak.

the plasma edge region, as shown in figure 1. By com-
bining with the previously developed two spectrometers,
whose LOS mainly pass through the plasma central region
(EUV_Short and EUV_Long_a) [39, 41], where the LOS is
shown in figure 1, simultaneous observation of lowly–highly
ionized low-, medium- and high-Z impurity ions becomes pos-
sible, and the capability for study of the edge–core coup-
ling impurity transport is enhanced. In addition, a pair of
space-response EUV spectrometers (called EUV_Long2_u
and EUV_Long2_d), working at 30–520 Å (scannable) with
different radial observation ranges of −6 cm ⩽ Z ⩽ 44 cm
and −40 cm ⩽ Z ⩽ 10 cm at R = 1.9 m, have been upgraded
to extend the radial profile observation range (ρ ⩽ 0.7) of
the impurity line emission [40, 45]. The vertical observation
range is also indicated in figure 1. Therefore, it is effective
to monitor the density distribution of intrinsic impurity ions
and their spatiotemporal evolution behavior based on the EUV
impurity spectroscopic system, and to investigate transport in
the SOL and bulk plasma. For the discharges studied in this
work, the fast-time-response EUV spectrometers EUV_Short,
EUV_Long_a, EUV_Long_b and EUV_Long_c, are operated
at 5–50 Å, 40–180 Å, 245–500 Å and 160–385 Å, respect-
ively. The space-resolved EUV spectrometers are operated at
45–75 Å, 65–100 Å and 100–140 Å in three repeated dis-
charges, respectively. In addition, absolute intensity calibra-
tion has been performed on all the EUV spectrometers.

3



Nucl. Fusion 64 (2024) 086004 W. Zhang et al

The radial profiles of electron density (ne) are meas-
ured by a polarimeter interferometer (POINT) [48], and
radial profiles of electron temperature (Te) are provided by
a Thomson scattering (TS) diagnostic and 32-channel hetero-
dyne radiometer system of electron cyclotron emission (ECE)
[49]. Radiation power losses are measured by fast-response
bolometers (AXUV) [50]. The effective charge (Zeff) and dens-
ity fluctuation are measured using a visible bremsstrahlung
diagnostic and reflectometry [51, 52], respectively.

3. Effect of RMP on impurities’ behavior in L-mode
discharges

3.1. Time behavior

As a typical RMP current (IRMP) ramp-up experiment, dis-
charge #113745 is shown in figure 2, where the time inter-
val during the flat top of the plasma current is displayed. The
plasma current is Ip = 0.45 MA, the toroidal magnetic field is
BT =−2.5 T in the clockwise direction from the top view, the
safety factor at the surface with 95% of the normalized pol-
oidal flux, q95 = 5.2, and the central line-averaged density is
sustained at ne = 3 × 1019 m−3 by density feedback control
with supersonic molecular beam injection (SMBI). The LHW
power of PLHW = 1.0 MW at 4.6 GHz and an ICRH power
of 0.48 MW is injected during t = 1.0–7.4 s and t = 2.2–
6.1 s, respectively (see figure 2(a)), in which the injection of
ICRF power helps to increase the impurity level in this L-
mode discharge [53]. The IRMP is switched on at t = 3.0 s in
the n = 1 DC mode with even parity; it is then controlled to
slowly ramp up from 1.5 kA to 3.6 kA during t= 3.0–5.0 s (see
figure 2(b)), and it is sustained at 3.6 kA during t = 5.0–5.5 s)
and then switched off at t = 5.5 s. When the IRMP gradually
ramp ups from 1.5 kA to 3.6 kA during t = 3.0–4.8 s, there
is almost no significant change in the Br (n = 1 radial mag-
netic response perturbations), while the normalized intensity
of the core AXUV signal IAXUV slowly decreases. When IRMP

reaches 3.4 kA at t = 4.8 s, a sudden increase in the locked
mode (LM) signal Br (n = 1) is observed (see figure 2(c)),
indicating field penetration or mode penetration and, simultan-
eously, a large LM stimulation occurs. Subsequently, the core
IAXUV drop obviously until IRMP is switched off, as shown in
figure 2(e). When IRMP is switched off, the Mirnov signal in
figure 2(d) suddenly increases, indicating that LM is unlocked.
The structure of the excited mode is m/n= 2/1 based on mode
analysis, which is themajor resonant component of the applied
RMP field [54]. Once the island unlocks, the core IAXUV begin
to recover beyond their original values, as shown in figure 2(e).
In addition, during the application of the RMP field, it is found
that Zeff increases slowly, and when the RMP field penetrates,
Zeff increases significantly. Figure 2(g) shows the temporal
evolution of the power spectrum of the density fluctuations
measured by reflectometry [52]. Before RMP penetration, the
low-frequency turbulence in the plasma core is enhanced with
the increase in IRMP, compared with t = 5.8 s after RMP is
turned off, indicating that the enhancement of low-frequency
turbulence may be conducive to impurity removal. However,

Figure 2. Time evolution during EAST L-mode discharge of (a)
heating power of the LHW at 4.65 GHz (blue line) and ICRH (red
line), (b) static n = 1 RMP coil currents, IRMP, (c) n = 1 radial
magnetic response perturbations, Br, (d) the Mirnov signal, dBθ/dt,
(e) normalized radiation intensity along the chord passing through
core plasma, core IAXUV, and (f ) the effective charge (Zeff)
measured by a visible bremsstrahlung diagnostic, and (g) density
fluctuation measured by reflectometry. The timing at t = 2.8 s
without RMP, t = 4.8 s at onset of RMP penetration, t = 5.4 s with
m/n= 2/1 LM during field penetration, and t = 5.8 s with m/n= 2/1
tearing mode after RMP is switched off is indicated by vertical
dashed lines in blue, red, green and cyan, respectively.

after t = 4.8 s RMP penetration, it is seen that the impurity
radiation decreases more significantly with a wider broadband
fluctuation.

Figures 3(a) and (b) show the radial profile of R/Lne =
−R(dne/dr)/ne(R = 1.9 m) and ne measured by POINT, and
Te and R/LTe =−R(dTe/dr)/Te measured by TS, respect-
ively; here, polynomial fitting is applied to the Te in
figure 3(b), at four specific time points, represented by the
vertical dashed lines in figure 2, which indicate the timing of
t = 2.8 s without RMP (blue line), of t = 4.8 s at the onset
of RMP penetration (red line), of t = 5.4 s with m/n = 2/1
LM during field penetration (green line), and of t = 5.8 s
with m/n = 2/1 tearing mode (TM) after RMP is switched off
(cyan line). It is found that the ne is basically sustained due to
SMBI density compensation, but there is difference in R/Lne,
as shown in figure 3(a). However, as shown in figure 3(b),
with the RMP field application (see the red and green lines
in figure 3(b)), the decrease in Te can be observed, with Te0
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Figure 3. Radial profiles of (a) electron density and normalized
electron density gradient scale length (R/Lne, R = 1.9 m) measured
by the POINT system, (b) the electron temperature and the
normalized electron temperature gradient scale length (R/LTe)
measured by the TS system at four timings, and (c) the electron
temperature profile from ECE zoomed in for ρ = 0.4–0.8 at
t = 5.4 s in EAST discharge #113745.

decreasing by about 0.2 keV before RMP field penetration and
about 0.5 keV after RMPfield penetration. Once the RMPfield
is switched off, Te begins to recover and returns to the level
before RMP penetration (see the cyan line in figure 3(b)). It
is observed from the radial profile of Te measured by ECE
in figure 3(c) that the magnetic island formed by RMP penet-
ration on surface 2/1 causes a flattening of the Te around the
normalized radius ρ≈ 0.61–0.67, where the width of the mag-
netic islands can reach 5 cm and the uncertainty of the width
of the magnetic island is less than 2 cm (∆ρ < 0.025), lead-
ing to a significant decrease in the Te. The detailed determin-
ation of the width of the magnetic island can be found in [55].
However, there is no significant change in R/LTe.

In figure 4, the yellow shaded area indicates that the IRMP

is slowly ramped up from 1.5 kA to 3.4 kA during the time
period t = 3.0–4.8 s, while the green shaded area denotes that
field penetration occurs while the IRMP is continually ramped
up from 3.4 to 3.6 kA, after which it remains at 3.6 kA dur-
ing t = 5.0–5.5 s. Here, we present each impurity ion with
the form of ImpZ+ (Ei(Z − 1) − Ei(Z)), where Imp stands for

the impurity species, Z is the ionization stage of the impur-
ity ion, and Ei(Z − 1) and Ei(Z) are the ionization energy
required for previous and further ionization stages. During
the application of RMP, there is a significant difference in the
time-evolution behavior between the impurity ions in different
radial locations since the RMP field alters the edge magnetic
field topology. In this work, multiple emission lines emitted
from different impurity ions with low to high ionization energy
are chosen to study the local impurity transport change due
to RMP field application, i.e. He+ (24–54 eV) at 303.78 Å,
Li2+ (75–122 eV) at 135 Å, O5+ (113–138 eV) at 173.095 Å,
Fe8+ (151–234 eV) at 171.073 Å, Mo12+ (230–279 eV) at
340.909 Å, Mo13+ (279–302 eV) at 373.647 Å, C5+ (392–
490 eV) at 33.734 Å, Cu17+ (552–632 eV) at 234.199 Å, and
W27+ (833–881 eV) at 49.403 Å. Among them, the distri-
bution regions of particular impurity ions of Fe8+, Mo12+,
Mo13+, C5+, Cu17+ and W27+ are estimated at Te0 = 1.8 keV
(t = 4.8 s), as shown in figure 1, with six shaded areas with
gradient colors from orange to red. Since the impurity ion flux
in the outermost area of the plasma confinement region can
better indicate the impurity concentration in the confinement
region, the flux of impurity ions entering the plasma region can
be calculated. For a certain impurity element, A, the impur-
ity influx for q-times ionized ion, Aq+, is calculated using
Γ i = Iobs·S/XB (s−1·m−2) derived from the impurity transport
equation [56], where Γ i (ions s−1·m−2) is the impurity influx,
Iobs is the measured spectral line intensity (photons·s−1·m−2)
from passive spectroscopy, S is the electron-impact ionization
rate (s−1·m3), X is the electron-impact excitation rate (s−1·m3)
and B is the branching ratio. The ratio coefficient S/XB is
called the ‘inverse photon efficiency’, denoting the number
of ionization events per observed photon (ions/photon). The
S/XB values for He+, Li2+, O5+ and C5+ are taken from the
ADAS database [57], while S/XB values for Fe8+, Mo12+,
Mo13+, Cu17+ andW27+ are calculated using the atomic struc-
ture computational codes HULLAC (Hebrew University—
Lawrence Livermore Atomic Code) [58, 59]. As shown in
figures 4(b)–(e), the time evolution of impurity ion flux is illus-
trated from edge to core with increasing ionization energy.
When RMP is applied, it can also be observed that there is a
significant or slight increase in all impurity fluxes (t= 3–3.3 s)
due to the enhanced edge interaction caused by the instant-
aneous application of RMP. Moreover, the duration of the
increase varies due to the different confinement and transport
times of different impurity ions. During the IRMP ramp up and
before RMPfield penetration (t= 3.3–4.8 s), the time behavior
of impurity ion flux could be divided into two categories; one
category presents a slightly increased tendency, i.e. for He+,
Li2+, Fe8+, Mo12+ andMo13+ ions, which are located in more
peripheral regions (see figures 4(b)–(d)). By contrast, another
category presents a slightly decreased tendency, i.e. for C5+,
Cu17+ and W27+ ions, which are located in more core regions
(see figures 4(d)–(e)), and the decreased tendency becomes
stronger for the Cu17+ and W27+ ions located mostly in the
core region. After RMP field penetration (from 4.8 s to 5.5 s),
the time behavior of impurity ion flux can easily be divided
into three categories. In the first category, the flux of He+, Li2+

and O5+ significantly increases and sustains a saturated level
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Figure 4. Temporal evolution of (a) static n= 1 RMP coil currents, and intrinsic impurity ion flux of (b) He+ (24–54 eV) at 303.78 Å, Li2+

(75–122 eV) at 135 Å and O5+ (113–138 eV) at 173.095 Å, (c) Fe8+ (151–234 eV) at 171.073 Å and Mo12+ (230–279 eV) at 340.909 Å,
(d) Mo13+ (279–302 eV) at 373.647 Å and C5+ (392–490 eV) at 33.734 Å, and (e) Cu17+ (552–632 eV) at 234.199 Å and W27+

(833–881 eV) at 49.403 Å in EAST discharge #113745. The yellow shaded area indicates the time period before RMP penetration at
t = 3.0–4.8 s, while the green one denotes the time period during RMP penetration at t = 4.8–5.5 s.

during field penetration. In the second category, the flux of
Fe8+ and Mo12+ remains at the same level as before field pen-
etration. In the third category, the flux of Mo13+, C5+, Cu17+

and W27+ decreases dramatically and is also sustained to the
lowest level or even decreases further during field penetration.
After the RMP is turned off (t = 5.5–6.1 s), the edge magnetic
topology disappears, the flux of the edge impurity particles of
He+, Li2+, O5+, Fe8+ and Mo12+ decreases quickly, while
that of Mo13+, C5+, Cu17+ and W27+ increases rapidly and
soon arrives and is sustained at the highest level, which even
exceeds the radiation level before RMP application. It could
be found that the ions located more in the core region have
a longer delay time to the highest level. In addition, due to
the low concentration of heavy impurity in EAST plasma, Zeff

is mainly affected by light impurity [51]. By analyzing the
impurity behavior in the plasma during the application of the
RMP field (see figure 4), a significant increase in light impur-
ity in the plasma edge is observed, resulting in an increase in
Zeff, as shown in figure 2(f ).

The differences in time evolution of different impurity ions
during the periods of IRMP ramp-up before field penetration,
field penetration and RMP absent indicate that an effective

layer is formed due to n= 1 RMP application, which is the so-
called impurity screening layer. For the impurity ions located
in the region between the plasma core and the layer, their flux
decreases. However, for the impurity ions located between the
layer and the plasma SOL region, their flux increases. Before
field penetration, Mo13+ and C5+ ions are located at the edge
of this screening layer while, after field penetration, Fe8+ and
Mo12+ locate inside the screening layer. Since the radial distri-
bution of impurity ions in the L-mode discharge dominated by
RF heating is mainly determined by the ionization equilibra-
tion process, the ionization energy interval (Ei(Z− 1)−Ei(Z))
of the impurity ion (ImpZ+) can be used to roughly charac-
terize the distribution. Firstly, the Te range of the ImpZ+ is
determined based on the Ei(Z − 1) − Ei(Z), and then the
radial position (ρ) of the ImpZ+ is determined using the Te

profile (see figure 3(b)). Secondly, the spatial distribution of
the Mo31+ ion measured by the space-resolved EUV spectro-
meter is used as a reference (see figure 7(d)), while consider-
ing the time-evolution behavior of impurity ions. Finally, the
rough spatial distribution of each impurity species is obtained
using the spline interpolation method, as shown in figure 5.
Therefore, it can be found in figures 5(a) and (b) that the
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Figure 5. Radial profiles of the electron temperature (Te) and safety
factor (q) in the edge region (a) before RMP penetration (t = 4.8 s)
and (b) during RMP penetration (t = 5.4 s). The yellow shaded area
indicates the radial position where the RMP effect in both cases:
ρ = 0.74–0.96 before RMP penetration, and ρ = 0.66–0.76 with
RMP penetration.

screening layers of the impurity ions before and after RMP
field penetration are located in the ranges 150–310 eV and
150–280 eV, respectively, i.e. the ρ are 0.74–0.96 and 0.66–
0.76, respectively (see the yellow shaded areas in figures 5(a)
and (b)). The possible reasons behind the significant differ-
ences in the behavior of these impurities after RMPfield penet-
ration will be explained in the discussion section of this paper.

3.2. Medium- and high-Z impurity decontamination in
plasma core

Figure 6 analyzes the changes in the ratio of heavy
impurity ion flux with and without the RMP field,
(Γ Imp

Z+)/(Γ Imp
Z+)w/o, to study the decontamination effects

of RMP field strength on heavy impurities. And emission
lines from highly ionized ions for W32+ (1283–1335 eV)

Figure 6. The ratio of the impurity ion flux with the RMP field to
that without RMP field, (Γ Imp

Z+)/(Γ Imp
Z+)w/o, for medium-Z (Fe

and Cu) and high-Z (Mo and W) impurity ions in the core plasma,
i.e. W32+ (1283–1335 eV), Mo31+ (1730–1790 eV), Fe22+

(1798–1950 eV) and Cu25+ (2307–2479 eV), as a function of the
RMP coil current, IRMP.

at 52.200 Å, Mo31+ (1730–1790 eV) at 127.868 Å, Fe22+

(1798–1950 eV) at 132.906 Å and Cu25+ (2307–2479 eV)
at 111.186 Å are chosen. Initially, within 0.2 s of apply-
ing the RMP field (IRMP from 1.5 kA to 1.7 kA), a rapid
decrease in impurity ion flux is observed due to the changes in
plasma confinement. Subsequently, the confinement perform-
ance of the plasma returns to stability, and results in a slow
increase in ion flux (IRMP from 1.7 kA to 2.0 kA). When the
IRMP increases from 2.0 kA to 3.4 kA, there is a significant
decrease in impurity ion flux, leading to a decontamination
effect of 30%–60%. Once IRMP exceeds 3.4 kA, the decon-
tamination effect becomes more significant, up to 60%–90%.
The (Γ Imp

Z+)/(Γ Imp
Z+)w/o continues to decrease when IRMP

is sustained at 3.6 kA for 0.5 s. Among these impurities, the
decontamination effect of Mo impurity is the most significant,
followed by Fe and W impurities. This difference in decon-
tamination effects does not appear to be directly related to the
impurity atomic number.

3.3. Impurity density profiles

In addition, the vertical profiles of the chord-integrated line
intensity of Li2+ at 135 Å, C5+ at the second order of
33.734 Å, W32+ at 52.2 Å, Mo31+ at 127.868 Å, Fe22+ at
132.906 Å and Cu25+ at 111.186 Å are measured by a pair
of space-resolved EUV spectrometers [44, 45], as shown in
figure 7. Due to the limited wavelength coverage of 30 Å
for the space-resolved EUV spectrometer in one single dis-
charge, the profiles are observed in three repeated discharges
of #113745, #113746 and #113747 by wavelength scanning.
The four timings in figure 7 are chosen as the same as those in
figures 2 and 3, i.e. before RMP (t = 2.8 s), the onset of RMP
penetration (t = 4.8 s), m/n = 2/1 LM with RMP (t = 5.4 s),
and m/n = 2/1 tearing mode (TM) without RMP (t = 5.8 s),
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Figure 7. Vertical profiles of the chord-integrated line intensity of (a) Li2+ (75–122 eV) at 135 Å, (b) C5+ (392–490 eV) at the second-order
line of 33.734 Å, (c) W32+ (1283–1335 eV) at 52.2 Å, (d) Mo31+ (1730–1790 eV) at 127.878 Å and (e) Fe22+ (1798–1950 eV) at
132.906 Å, and (f ) Cu25+ (2307–2479 eV) at 111.186 Å. The timings of the measurements correspond to the timing before RMP
application (t = 2.8 s), at the onset of RMP field penetration (t = 4.8 s), during field penetration (t = 5.4 s) and post RMP (t = 5.8 s), as
indicated by the four vertical dashed lines in figure 2. The radial locations of ρ = 0 and ρ = 0.5 are indicated by vertical blue dotted lines.

respectively. And the radial locations of ρ = 0 and ρ = 0.5
are marked with blue vertical dotted lines. The results of these
impurity profile distributions are consistent with the time evol-
ution of impurity ion flux in figures 3 and 6, in which the spa-
tial profiles of Li2+ increase significantly during application of

the RMP field, while those of C5+, W32+, Mo31+, Fe22+ and
Cu22+ decrease and flatten, which is more particularly signi-
ficant during 2/1 LM with RMP (t = 5.4 s). It is noted that the
hydrogen-like lighter impurities Li2+ andC5+ can be observed
to peak at the edge region of the plasma, e.g. the peaks of Li2+
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Figure 8. Density profiles of the impurity ions of (a) W32+ (1283–1335 eV), (b) Mo31+ (1730–1790 eV), (c) Fe22+ (1798–1950 eV) and
(d) Cu25+ (2307–2479 eV). The radial locations of ρ = 0.5 are indicated by vertical blue dotted lines.

and C5+ are located at ρ > 0.7 and ρ = 0.58 after the RMP
is switched off, respectively. With the increase in the ioniz-
ation energy of the impurity ions (as shown in figures 7(a)–
(f )), the intensity profile of the impurity line emission changes
from hollow to peaking, e.g. hollow profiles with two peaks are
observed for C5+ at t = 4.8 s and 5.8 s, and W32+ at t = 2.8 s
and 5.8 s. The peak positions change at different timings.

Due to the influence of electron temperature and dens-
ity, the distribution of impurity ions differs from the vertical
intensity profile measured by space-resolved spectrometers.
Therefore, based on the vertical intensity profile of impurity
ion emission intensity measured by the space-resolved EUV
spectrometer, combined with the Abel inversion and magnetic
equilibrium fitting (EFIT) equilibrium code, the local emissiv-
ity of impurity ions can be reconstructed. The density distri-
bution of impurity ions in different ionized states can thus be
obtained by using the photon emission coefficient (PEC) of the
emission line from the ADAS database [57]. Further details on
impurity density calculations can be found in [44]. The dens-
ity profiles are analyzed forW32+, Mo31+, Fe22+ and Cu25+ at
t = 2.8 s, 4.8 s, 5.4 s and 5.8 s, as only the PEC data for these
four impurity ions are available in the ADAS ADF15 database
[52], as shown in figure 8. According to the density profile
analysis, before the RMP application, the W impurity exhibits
the highest concentrations, while the Mo, Fe and Cu impurit-
ies have similar concentrations. During the application of the

RMPfield, the decontamination effect ofMo is about 56% (see
figure 8(b)), for Fe andW it is around 50% (see figures 8(a) and
(c)), while for Cu it is∼33%. Thus, the density profile findings
are consistent with the results obtained from the impurity ion
flux evolution (see figure 6), further indicating that the decon-
tamination capability of RMP for heavy impurities does not
appear to be directly correlated to the atomic numbers of the
impurities.

3.4. The effect of ∆ΦUL

From the above analysis, it can be found that the ability of
RMP to decontaminate impurities is closely related to the
IRMP. Before RMP field penetration, with the increase in the
IRMP, the confinement performance of the plasma remains
mostly unaffected by the IRMP, while the decontamination
effect on the impurity increases significantly. Therefore, a
thorough analysis of the decontamination effects of RMP on
impurities under different phase configurations is carried out
to determine the effective range of RMP parameters that obtain
impurity decontamination without compromising plasma con-
finement performance. We compare four exemplary pulse
L-mode discharges with the same discharge conditions: (1)
∆ΦUL = 0◦ (#113745), (2) ∆ΦUL = 30◦ (#113751), (3)
∆ΦUL = 90◦ (#113749) and (4) ∆ΦUL = 270◦ (#113750).
Furthermore, to further study the impact of RMP on impurity
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Figure 9. The ratio of the C ion flux with the RMP field to that without the RMP field, (Γ C
Z+)/(Γ C

Z+)w/o, for (a) C2+ (24–48 eV) from the
line of 459.630 Å, (b) C3+ (48–64 eV) from the line of 384.180 Å, (c) C4+ (64–392 eV) from the line of 40.268 Å and (d) C5+

(392–490 eV) from the line of 33.734 Å, as a function of the RMP coil current IRMP. In four different RMP phases: ∆ΦUL = 0◦ with RMP
penetration (blue hollow circles), ∆ΦUL = 30◦ with RMP penetration (red squares), ∆ΦUL = 90◦ without RMP penetration (green
triangles) and ∆ΦUL = 270◦ without RMP resonance (magenta asterisks).

ions of different ionized states belonging to the same impur-
ity, four distinct ionized states of C and Fe impurities, C2+

(24–48 eV) at 459.630 Å, C3+ (48–64 eV) at 384.180 Å, C4+

(64–392 eV) at 40.268 Å, C5+ (392–490 eV) at 33.734 Å,
Fe8+ (151–234 eV) at 171.073 Å, Fe15+ (456–489 eV) at
360.758 Å, Fe17+ (1263–1358 eV) at 93.926 Å and Fe22+

(1798–1950 eV) at 132.906 Å, which are typical light and
heavy impurities, respectively, that are due to have stronger
spectral emission in the low-ionization and high-ionization
stages than other impurity species in this work, are chosen,
as shown in figures 9 and 10. According to the above study
results, after RMP field penetration, for the impurity ions loc-
ated in the region between the plasma core and the screen-
ing layer, their ion flux decreases abruptly. Meanwhile, for
the impurity ions located between the screening layer and the
plasma SOL region, their ion flux increases abruptly. The char-
acteristics of the impurity ion flux evolution with IRMP are
observed in figures 9 and 10, when the phase differences of
the RMP field are ∆ΦUL = 0◦ and 30◦, there is penetration
and penetration IRMP is 3.4 kA and 3.6 kA, respectively (see
the blue hollow circles and red squares in figures 9 and 10).
However, no penetration is observed at ∆ΦUL = 90◦, only

when the IRMP is less than 3.6 kA (see the green triangles in
figures 9 and 10). In addition, the C and Fe ions are almost
constant at ∆ΦUL = 270◦ and IRMP less than 3.6 kA, indic-
ating that this phase is a non-resonant phase under this con-
dition (see the blue magenta asterisks in figures 9 and 10).
With the RMP application below the excitation threshold of
them/n= 2/1 LM, (ΓC

Z+)/(ΓC
Z+)w/o and (Γ Fe

Z+)/(Γ Fe
Z+)w/o

increase slowly in the plasma edge region for C2+, C3+ and
Fe8+, but there is a reduction in the plasma central region
for C4+, C5+, Fe15+, Fe17+ and Fe22+ (see the blue hollow
circles, red squares and green triangles in figures 9 and 10).
The evolutionary behavior of these impurity ion fluxes is con-
sistent with figure 5(a). When m/n = 2/1, the LM becomes
excited, and the impurity behavior of (ΓC

Z+)/(ΓC
Z+)w/o and

(Γ Fe
Z+)/(Γ Fe

Z+)w/o at the edge and core is further ampli-
fied (see the blue hollow circles and red squares in figures 9
and 10), in which the decontamination effect of the Fe impur-
ity is about 80%, while that of C impurity is about 70%.
Therefore, when the RMP phase is between ∆ΦUL = 0◦ and
90◦, and the IRMP is lower than the penetration threshold, the
decontamination effect of RMP on impurities also increases
slowly with the increase in IRMP, and the decontamination
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Figure 10. The ratio of the Fe ion flux with the RMP field to that without the RMP field, (Γ Fe
Z+)/(Γ Fe

Z+)w/o, for (a) Fe8+ (151–234 eV) at
171.073 Å, (b) Fe15+ (456–489 eV) at 360.758 Å, (c) Fe17+ (1263–1358 eV) at 93.926 Å and (d) Fe22+ (1798–1950 eV) at 132.906 Å, as a
function of the RMP coil current IRMP. In four different RMP phases: ∆ΦUL = 0◦ with RMP penetration (blue hollow circles),
∆ΦUL = 30◦ with RMP penetration (red squares), ∆ΦUL = 90◦ without RMP penetration (green triangles) and ∆ΦUL = 270◦ without
RMP resonance (magenta asterisks).

effect of heavy impurities seems to be better than that of light
impurities.

4. Discussion

Based on the experimental results presented in figures 3, 4, 9
and 10, we observed that the Te drops rapidly by 0.2 keV after
RMP application, and subsequently remains stable. With the
IRMP increases, a distinct impurity screening layer is formed
inside the last closed flux surface (LCFS) due to the alteration
of the topology of the boundary magnetic field. This impur-
ity screening layer induces significant opposite behavior in the
impurity ion flux on both sides of the layer. After RMP field
penetration, magnetic islands form on the q= 2 surface, alter-
ing the magnetic field configuration and enhancing the impur-
ity transport in the plasma core [60]. This directly leads to a
reduction in impurity flux in the plasma core. As a result, the
impurity screening layer shifts toward the plasma core and its
width decreases, which leads to a decrease in the impurity ion
flux near the interior region of the original screening layer.
Therefore, we observed, in the experiment, that when the RMP
field penetrates, the impurity flux of the Mo13+ ion changes

from increasing to decreasing, and the increase in impurity
ion flux at the edge has a delay of about 1 s. Furthermore,
the impact of the impact of the neoclassical toroidal viscos-
ity (NTV) effect on impurity behavior before and after RMP
field penetration is analyzed [33, 61]. Modeling results with
NTVTOK suggest that after RMP field penetration, the impur-
ity ion flux of Li2+ increases, while the flux of C5+ decreases.
This indicates that NTV effects may be one of the main reas-
ons preventing impurity transport from the plasma edge to the
core. On the other hand, previously published experimental
results show that the impurity concentrations of C and Fe have
a significant reduction when the ELM is suppressed during H-
mode discharge, and simulations using EMC3 and STRAHL
show that the decrease in impurity ion concentration is attrib-
uted to the increased diffusion and the decreased convection
of impurity ions [62, 63].

According to the ionization energy of impurity ions, the
Te profile and the impurity ion flux changes in figure 4, the
region where the RMP field has an effect before and after RMP
field penetration can be determined in figures 5(a) and (b),
where the yellow shaded area is the screening layer region,
i.e. ρ = 0.74–0.96 and 0.66–0.76 before and during field
penetration, respectively. When the RMP field penetrates, it
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is found that a magnetic island is formed at the position of
ρ ∼ (0.61–0.67), while the impurity screening layer is locat-
ing in the ρ = 0.66–0.76 region, with about 40% overlap. Part
of the magnetic island is located within the screening layer,
which indicates that formation of the magnetic islandmay pro-
mote the movement of the impurity screening layer toward
the plasma core region. The estimated peak position of C5+

ion distribution is ρ ≈ 0.64 and 0.56, while it is measured
in figure 7(a) as 0.62 and 0.55, respectively. The difference
between the two is very small, indicating that the uncertainty
caused by impurity transport in this case can be ignored. In
addition, the changes in the flux of C and Fe impurity ions
in different ionized stages in figures 9 and 10 are consistent
with the RMP-affected region in figure 5. Therefore, the radial
region where the RMP field has an effect during the different
n RMP field applications in impurity decontamination exper-
iments in L-mode discharge can be determined by tracking
the evolution of abundant intrinsic impurity ion emissions in
EAST plasma. In L-mode discharge, when the n = 1 RMP
penetrates, it mainly occurs on the magnetic surface of q = 2,
where ρ is larger than 0.5. The radial magnetic response per-
turbations Br are closely related to the plasma parameters, i.e.
BT and q95 [54]. However, the inversion of impurity flux pre-
dominantly takes place near this position and is closely asso-
ciated with the width of the magnetic island. Although, in H-
mode discharge, it may be necessary to consider the impact
of the transport coefficient in the pedestal region on the dis-
tribution of impurity ions to determine the radial region range
of the RMP field, this information is still useful for evaluating
the suitable range of RMP parameters and ensures the smooth
progress of the experiment. Furthermore, W impurity lines are
being carefully identified in EAST; the radial position range
of the RMP response can thus be estimated using the evolu-
tion behavior of W impurity ion emission in different ionized
stages in H-mode discharges.

In addition, the evolution behavior of C and Fe impur-
ities under four different RMP phase difference configura-
tions demonstrates significant differences in the decontamin-
ation effects on impurity ions with respect to different RMP
phase configurations. This suggests that the response of the
RMP field (resonant and non-resonant components) in dif-
ferent RMP phase configurations plays a crucial role in the
decontamination effect [32]. To further analyze and under-
stand the impact of plasma response on impurity decontam-
ination under these four phase configurations, the RMP spec-
trum, taking into account plasma response, will be simulated
using the MARS-Q code in the future [64].

5. Summary

High-Z impurity accumulation suppression in core plasma is
frequently observed in EAST ELMmitigation experiments by
using RMP coils. To study the individual effects of the RMP
field on impurity transport, in this work, the edge intrinsic
impurity behavior with application of n = 1 RMP in EAST
L-mode plasma is experimentally studied for the first time.
The time-evolution behavior of the particle flux of He+, Li2+,

C2+–C5+, O5+, Fe8+, Fe15+, Fe17+, Fe22+, Cu17+, Mo12+,
Mo13+ and W27+ ions changes with increasing IRMP is clearly
observed. It is found that an impurity screening layer is formed
inside the last closed flux surface with the increase in IRMP,
and the impurity ion flux between this layer and the plasma
core decreases, e.g. C4+, C5+, Cu17+, W27+, Fe15+, Fe17+ and
Fe22+, while it increases in other regions, e.g. He+, Li2+, C2+,
C3+, O5+, Fe8+, Mo12+ and Mo13+. Based on the ionization
energy of impurity ions, the Te profile and the time-evolution
behavior of impurity ion flux, it can be determined that the
screening layer is mainly located at ρ = 0.74–0.96. When the
IRMP exceeds the penetration threshold, the screening layer
moves to ρ = 0.66–0.76, and this opposite impurity ion flux
behavior is further strengthened dramatically, in which the
impurity ion flux in the plasma edge region decreases with a
delay of about 1 s. Before RMP field penetration, the Te drops
slightly within 0.2 s at the initial RMP application and then
remains constant. Therefore, this change in impurity ion flux
is mainly due to the screening effect generated by the RMP
field at the edge. However, after RMP field penetration, impur-
ity transport in the core plasma is due to the formation of 2/1
LM on the q = 2 surface. Meanwhile, before RMP field pen-
etration, the decontamination effect of heavy impurities (Fe,
Cu, Mo and W) can reach 30% to 60%, of which Mo impur-
ities are the most significant, followed by Fe and W impur-
ities, and for light impurity, C is about 27%. During RMP
field penetration, the decontamination effect of heavy and light
impurity can be increased to 60%–90% and 70%, respectively.
This seems to indicate that the decontamination effect is not
significantly affected by the impurity atomic number, but the
decontamination effect of heavy impurity is better than that of
light impurity. Furthermore, the decontamination effects of C
and Fe impurities under four different RMP phase configur-
ations show that the decontamination effect of the RMP field
on impurity ions is closely related to the resonance effect and
the strength of the RMP field. Therefore, these results not only
extend the understanding that RMP reduces the concentration
of impurities in the plasma core, they show that the method
used in this work to determine the impurity screening layer
generated by the RMP field is critical for future impurity and
ELM control using RMP fields. In the near future, other poten-
tial physical mechanisms for the decontamination effects of
RMP will continue to be analyzed based on the experimental
results. Identification of low-ionizedW ions (W4+–W20+) will
be reconfirmed and utilized in the future analysis. In addi-
tion, a statistical study on the edge/pedestal light and heavy
impurity transport with the effects of RMP fields will be car-
ried out using a combination of high-performance edge impur-
ity diagnostics and a core–edge coupling impurity transport
study.
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