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Abstract 

ITER has selected tungsten (W) as the plasma-facing material. High-Z W impurities entering the plasma 
core degrade plasma confinement through enhanced radiation power. Understanding W transport across 
operational regimes and regulating impurity accumulation is therefore critical. On EAST, dedicated experiments 
combined with modeling are used to study W transport in the main confinement region for hybrid and fully 
non-inductive operation and identify the dominant mechanisms. Based on these mechanisms, effective control 
routes are identified, including on-axis ECRH, LHW, ICRH, and 3D RMPs. In NBI-dominated H-mode plasmas, 
the ELM type determines core tungsten concentrations (CW). Discharges exhibiting type-III ELMs maintain CW 
between 5.6×10-6 and 6.3×10-5, while type-I ELM discharges show higher CW ranging from 5.7×10-5 to 2.0×10-4. 
Analysis of type-I ELMs reveals two distinct cases, i.e., with and without impurity sputtering events. Without 
impurity sputtering, W and Mo content in the main confinement region oscillate between intra-ELM depletion and 
inter-ELM recovery due to SOL backflow, maintaining near-constant time-averaged levels. When sputtering 
occurs, impurities from both high-field and low-field sides penetrate into the plasma core during inter-ELM phases, 
increasing radiation power and degrading plasma confinement until subsequent ELM bursts effectively remove 
them. Increasing ELM frequency enhances impurity expulsion during intra-ELM while suppressing inter-ELM 
backflow, providing an effective control mechanism for core impurity accumulation. 

1. INTRODUCTION 

International Thermonuclear Experimental Reactor (ITER) will operate with all-tungsten plasma-facing 
components (PFCs), following the updated baseline that replaces beryllium with tungsten (W) as the 
first wall material [1]. Impurities significantly affect high-performance plasmas in magnetic 
confinement fusion, as radiation power loss and bulk ion dilution caused by impurity ions can rapidly 
degrade plasma performance. Radiation loss is well known to scale strongly with the atomic number (Z) 
of the impurity element. Experimental Advanced Superconducting Tokamak (EAST) has been 
equipped with upper and lower tungsten (W) divertors since 2014 and 2021, respectively. Therefore, 
the impact on plasma performance in its steady-state operation must be studied in detail as the highest 
priority issue in EAST in addition to the study of W transport. For this purpose, a complete set of 
tungsten spectroscopy diagnostic systems has been developed and installed on EAST, which consists of 
a visible (VIS) spectroscopy system [2, 3], fast-time-response [4, 5], and space-resolved extreme 
ultraviolet (EUV) spectroscopy systems [6, 7]. Fast-time-response EUV spectroscopy system includes 
four grazing-incidence flat-field spectrometers developed on EAST since 2014. One is working at 
5-138 Å [5], and the other three are working at 20-500 Å [4]. EUV spectra with high spectral resolution 
at the full range of 5-500 Å could be observed simultaneously in each discharge at a sampling rate of 5 
ms/frame. More than eight hundred emission lines from low-Z and high-Z impurity ions have been 
carefully identified from the EUV spectra as a fundamental work. Moreover, a database of EUV lines 
from multiple impurity elements in fusion plasma has been preliminarily built [8-10]. Based on this 
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database, machine learning has been applied to the wavelength calibration for EUV spectroscopy in 
EAST [11]. Space-resolved EUV spectroscopy system also includes four spectrometers [7], which have 
been installed successively since 2017. Two of them working at 5-138 Å provide the tungsten line 
intensity profiles in ρ≤0.3 with 15-50 ms/frame, and the other two working at 30-520 Å provide that in 
ρ≤0.7 with 50-200 ms/frame. Meanwhile, an integrated NEO+TGLF+STRAHL modelling for the 
simulation study on core W transport has been also developed under OMFIT framework [12]. The W 
transport characteristics at plasma core in hybrid [13] and fully non-inductive [14] discharge scenarios 
are explored by combining simulation and experimental studies. It was found that in EAST under 
hybrid discharges, the strong toroidal rotation and peaked bulk plasma density synergistically drive a 
significant neoclassical inward pinch of W, leading to W impurity accumulation [13]. In contrast, in 
improved high-performance fully non-inductive discharge, the electron temperature (Te) and its 
gradient are typically high, while the bulk plasma exhibits small toroidal rotation and weak density 
peaking. Here, the W turbulent diffusion coefficient is sufficiently large to offset the combined 
turbulent and neoclassical pinch, such that the W density profile remains weakly peaked under zero 
particle flux, suppressing impurity accumulation [14]. As a result, on-axis electron cyclotron resonance 
heating (ECRH) [14], 4.6GHz lower hybrid wave (LHW) [15] and ion cyclotron resonance heating 
(ICRH) [16] heating have proved to be effective to control the core W ions through enhanced radial 
transport. Specifically, ECRH and LHW both increase W turbulent diffusion by elevating the electron 
temperature and its gradient. LHW further mitigate neoclassical inward pinch by reducing toroidal 
rotation (Vt), a mechanism shared with ICRH. In addition, up/down poloidal asymmetry was observed 
for W ions in EAST for the first time. The Vt was found to play an essential role in enhancing the 
asymmetry. A strong asymmetric distribution was also found for ions existing in peripheral region.   

Based on the simulation study, turbulent W transport is predicted to be dominant over the neoclassical 
transport in plasma core region of conventional H-mode discharges in both ITER [17] and CFEDR [18] 
next-generation tokamaks. A more important point, however, is the control of W ions in the edge 
pedestal region. Unfortunately, the study on pedestal tungsten transport remained insufficient due to a 
lack of the line observation for weakly and moderately ionized W ions and the absence of transport 
modelling for the pedestal region. Recently, weekly and moderately ionized W4+-W20+ ions existing in 
the SOL-pedestal-edge regions including other metallic impurity ions have been observed and 
identified [8, 9] in the EAST plasma with edge-performance improved spectroscopy diagnostics. 
Benefiting from the observation, a diagnostic gap between divertor W source and core W behavior, i.e., 
a spectral gap between W atom and highly ionized W ions of W24+-W45+, can be adequately filled. A 
collision-radiative (CR) model has been built for such weekly ionized W ions, e.g. W5+-W7+, to 
calculate the photon ionization event (S/XB) for W influx evaluation [19]. Based on this model, the 
S/XB coefficients of weakly ionized states of other impurity ions on the EAST were calculated. 
Combined with the evolution characteristics of impurity ion influx, a study was carried out to 
investigate the effect of the edge impurity screening layer induced by resonant magnetic perturbations 
(RMPs) on impurity transport in the SOL-edge-core region [20, 21]. The position and width of the 
screening layer could be roughly estimated through the evolution characteristics of impurity ion influx 
combined with Te. Furthermore, It was found that the formation of the impurity screening layer not 
only effectively reduced the impurity ion concentration in the main confinement region but also 
indirectly improved plasma confinement performance by weakening the neoclassical inward pinch 
through the reduction of electron density peaking and toroidal rotation and by enhancing turbulent 
diffusion through the increase of electron temperature and its gradient, ultimately suppressing impurity 
accumulation effectively. Currently, a universal approach to calculate on the photon emissivity 
coefficient (PEC) of high-Z impurity ions with multiple ionization stages is being under development, 
which will contribute to significantly enhancing the ADAS database. Using this approach, PECs of 
molybdenum (Mo) and W ions across multiple ionization stages were obtained, and based on these 
PECs, the density profiles of Mo and W impurities in internal transport barrier (ITB) discharges were 
investigated [22]. Significant differences in impurity transport exist between the regions inside and 
outside the ITB, where the impurity density distribution from the ITB foot to the scrape-off layer (SOL) 
remains stable, while impurity behavior from the magnetic axis to the ITB foot varies significantly with 
ITB type. In ion temperature ITB (Ti-ITB), the ion temperature screening effect dominates and 
effectively suppresses impurity accumulation, whereas in electron density ITB (ne-ITB), the enhanced 
electron density gradient drives impurity accumulation.  

In natural ELM-free discharges and discharges with ELMs suppressed by radio frequency (RF) wave 
heating, damage to plasma-facing components (PFCs) caused by high transient heat and particle fluxes 
can be effectively avoided. However, impurity accumulation degrades overall performance, which is 
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detrimental to sustaining long-pulse steady-state high-confinement plasma. Therefore, balancing 
ELM-induced heat flux mitigation against impurity accumulation is critical for the operation of fusion 
devices. Very recently, considering the PFCs configuration of EAST with Mo first wall and W divertor, 
core-edge integrated Mo and W behavior study started to be carried out for H-mode discharges under 
distinct ELM activity regime particularly using Mo and W impurity sputtering events.  

2. EXPERIMENTAL RESULTA AND DISCUSSION 

Tungsten impurity accumulation and strong radiation loss in the plasma core are frequently observed in 
neutral beam injection (NBI)-dominated discharges on EAST. Simultaneously, as the discharges 
duration increases, the tungsten impurity concentration (CW) in the plasma core continues to increase. 
These effects are particularly pronounced during type-I ELM discharges. Fig. 1 presents the 
dependence of W concentration on ELM frequency (fELM) for discharges with plasma currents of 
350-550 kA, where the CW is evaluated with a combination of intensities of the W unresolved transition 
array (W-UTA: W24+-W45+) in 45-70 Å measured by fast-time-response EUV spectrometer 
(EUV_Long_a) and total radiation loss. The results show that the tungsten impurity concentration in 
pure type-I ELM discharges (fELM=10-100 Hz) is significantly higher than that in pure type-III ELM 
discharges (fELM=100-600 Hz), where CW ranges from 5.7×10-5 to 2.0×10-4 for type-I ELMs and from 
5.6×10-6 to 6.3×10-5 for type-III ELMs. However, previous experiments result on EAST indicated that 
H-L transitions and plasma disruptions are highly probable when the CW falls within the range of 
6.0×10-5<CW<3.0×10-4. In addition, as shown in Fig. 1, when type-III ELMs emerge during the 
inter-ELM phase of type-I ELM discharges, the CW can decrease to a level comparable to that in pure 
type-III ELM discharges. It is noted that the tolerance limit for tungsten impurity concentration in the 
pedestal top is on the order of 10-5 in ECRH-heated ITER plasmas [23].  

 
Fig. 1. Tungsten concentration in 
plasma core, CW, as function of 
ELM frequency, fELM, in EAST 
NBI-dominant heating H-mode 
discharges. Red solid triangles, 
green square, and blue solid circles 
denote type-I ELM, mixed type-I and 
type-III ELM, and type-III ELM 
discharges, respectively. 

 

 
Fig. 2. Dependence of impurity intensity variations, ΔIimp, against pure type-I ELM intermission interval, Δtinter-ELM: 
(a) molybdenum intensity variation, ΔIMo-UTA, and (b) tungsten intensity variation, ΔIW-UTA. 
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Experimental results from fusion devices indicate that the tungsten screening effect of the divertor can 
be very efficient, and the tungsten influx at the divertor is not necessarily the one that impacts the most 
the tungsten content in the confined plasmas in the presence of a full tungsten wall. Moreover, while 
the tungsten influx generated at the low-field side is the lowest, its influence on the tungsten 
concentration in the plasma core is more significant. For this reason, the statistical analysis of Mo 
impurity from the first wall and W impurity from the divertor during the inter-ELM interval (Δtinter-ELM) 
of type-I ELM on EAST is performed, as shown in Fig. 2. The data are selected from pure type-I ELM 
discharges, excluding transient impurity sputtering and core magnetohydrodynamic (MHD) events. 
The Mo-UTA emission in Fig. 2(a) primarily originates from Mo22+-Mo29+ at 70–95 Å. For 
Δtinter-ELM>0.15 s (fELM<7 Hz), core Mo and W intensities variation (ΔIMo-UTA and ΔIW-UTA) increase 
monotonically with interval duration. However, for Δtinter-ELM<0.15 s (fELM>7 Hz), both ΔIMo-UTA and 
ΔIW-UTA exhibit non-monotonic evolution. When Δtinter-ELM<0.06 s, the W-UTA intensity reduction 
(ΔIW-UTA<0) primarily results from ELM-induced impurity expulsion. Therefore, W and Mo impurity 
behavior is studied in a representative pure type-I ELM discharge with fELM~10 Hz. 

Fig. 3 illustrates a natural type-I ELM discharge (shot #152527, Ip=0.45 MA, Bt=–2.4 T, Te0=1.8 keV, 
ne=4.9×1019 m-3) under steady heating (PECRH=1.35 MW, PNBI=1.2 MW). The Dα signal (Fig. 3(a)) 
reveals non-uniform ELM frequency and amplitude. Each ELM burst causes abrupt drops in ne and 
WMHD due to pedestal collapse (see Figs. 3(b) and 3(c)), followed by rapid recovery during inter-ELM 
intervals. The lines-of-sights (LOS) of edge AXUV and SXR (Figs. 3(d) and 3(e)) mainly observes the 
SOL and pedestal region, respectively. A 12.5 μm thin film covering the SXR collimator restricts the 
photon energy response to 1-15 keV, which explains why no spike signals similar to those in Dα and 
edge AXUV appear in edge SXR. On the other hand, in this discharge, other high-Z impurities (i.e., Fe, 
Cu) exhibit significantly lower concentrations than W and Mo, leading to negligible radiative 
contributions. Therefore, variation in core ISXR better reflects Mo impurity behavior, while core IAXUV 
more clearly characterizes W impurities in EAST, due to their different detection ranges. As shown in 
Fig. 3(d) and 3(e), during t=6.0-8.5 s, the core IAXUV and ISXR show exclusively opposite trends between 
7.379-7.576 s (IAXUV significantly increases, ISXR decreases). Concurrently, edge IAXUV and ISXR exhibit 
small increases during t=7.379-7.418 s, suggesting W impurity likely bursts and penetrates the plasma 
core. This results in significant radiation losses and WMHD degradation until ELM expulsion enables 
recovery (see Fig. 3(c)). In addition, at t=7.829 s, the edge AXUV signal shows a transient radiation 
increase (green-shaded area). This event leads to significant increases in core and edge SXR radiation 
at t=7.829-7.975s that implicate Mo as the dominant sputtering impurity. A comprehensive analysis of 
W and Mo impurity dynamics during t=6.0–8.5 s will be presented subsequently.  

 

Fig. 3. Typical waveform of natural 
type-I ELM discharge with tungsten 
and molybdenum impurity sputtering 
during plasma current flat top: (a) 
normalized Dα intensity of lower 
divertor, (b) line-averaged electron 
density, ne, (c) plasma stored energy, 
WMHD, (d) normalized Core IAXUV and 
Edge IAXUV radiation power, and (e) 
normalized Core ISXR and Edge ISXR. 
Cyan-shaded (t=7.368-7.567 s) and 
green-shaded areas (t=7.856-7.993 s) 
indicate significant increase in core 
AXUV and SXR, respectively. 

 

During the discharge #152527, the fast-response spectrometers of EUV_Long_a, EUV_Long_c, and 
EUV_Long_b operate in the wavelength ranges of 20-150 Å, 130-330 Å, and 270-480 Å, respectively. 
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Meanwhile, the space-resolved EUV_Long2_u spectrometer operates in the wavelength range of 45-75 
Å, primarily used to measure the intensity distribution of W and Mo impurity ions. The evolution of 
low-Z impurity ions in EAST is shown in Fig. 4. The evolution characteristics of these impurity ions 
indicate that He+ at 303.780 Å and C3+ at 384.180 Å are primarily confined to the SOL region, where 
the increase in impurity emission is generally proportional to the strength of ELM events during the 
intra-ELM phase. In contrast, O5+ ions at 173.095 Å are mainly concentrated in the pedestal, in which 
no significant correlation is observed between intensity variations and the strength of the ELM bursts. 

  
Fig. 4. Time evolutions of low-Z impurities at the SOL 
and pedestal: (a) He II at 303.780 Å, (b) C IV at 
384.180 Å, and (c) O VI at 173.095 Å. The two shaded 
areas are defined in Fig. 3. 

Fig. 5. Time evolutions of molybdenum impurity ions 
from pedestal to plasma core: (a) Mo12+ at 340.909 Å, 
(b) Mo23+ at 71.175 Å and Mo24+ at 74.170 Å, and (c) 
Mo30+ at 115.999 Å and Mo31+ at 127.868 Å. The two 
shaded areas are defined in Fig. 3. 

 

 

Fig. 6. Time evolutions of tungsten 
impurity ions from SOL to plasma core: 
(a) W6+ at 216.219 Å, (b) W7+-W15+ at 
160-220 Å, (c) W26+ at 49.0 Å and W29+ 
at 49.938 Å, and (d) W32+ at 52.20 Å and 
W37+ at 56.880 Å. The two shaded areas 
are defined in Fig. 3. 

 
The evolution of high-Z impurity Mo and W ions is shown in Figs. 5 and 6. Based on previous studies, 
Mo12+ at 340.909 Å and Mo23+-Mo31+ ions (Mo23+ at 71.175 Å, Mo24+ at 74.170 Å, Mo30+ at 115.999 Å, 
Mo31+ at 127.868 Å) are located in the pedestal and main confinement region, respectively. W6+ at 
216.219 Å is found from the SOL to the foot of the pedestal, while the lowly ionized states W-UTA 
from W7+-W15+ at 170-220 Å are primarily in the pedestal to the edge region, and W26+-W37+ ions (W26+ 
at 49.0 Å, W29+ at 49.938 Å, W32+ at 52.20 Å, W37+ at 56.880 Å) are located in the main confinement 
region. Notably, Mo12+ ions are the lowest ionization state of Mo suitable for impurity transport studies 
in #152527 discharge. As shown in Fig. 5, the intensity of Mo12+ increases sharply during the 
intra-ELM phase, while Mo23+-Mo31+ ions decrease rapidly. During the inter-ELM phase, the emission 
of Mo12+ continues to decrease. However, the emission of Mo23+-Mo31+ decrease during the initial 
phase of inter-ELM, then increases with the duration of the inter-ELM. From t=6.0 s to t=7.8 s 
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(covering 18 ELM events), the total Mo radiation significantly decreases, indicating effective expulsion 
of Mo impurity ions with ELM bursts. In contrast, the W emission intensity in Fig. 6 fluctuates during 
t=6.0-7.4 s, but the baseline remains stable (CW~1.6×10-4). This difference is attributed to Mo impurity 
bursts at t=5.55 s and t=5.95s, which lead to a substantial transport of Mo impurities into the plasma 
core. In addition, based on the evolution of Mo and W impurity ions with multiple ionization states, it 
is confirmed that bursts of W and Mo sputtering events occurred during the time periods represented by 
the cyan and green shaded areas in Figs. 3, 5, and 6. A detailed analysis is provided in Fig. 7. 

 
Fig. 7. Time evolutions of normalized emission intensity: (a1) and (a2) Dα intensity and Edge AXUV intensity, (b1) 
and (b2) W6+ and Mo12+, (c1) W7+-W15+ and W32+, and (c2) Mo23+ and Mo31+. 
 

 
Fig. 8. Vertical intensity profiles of tungsten and molybdenum impurity ions measured by EUV_Long2_u 
spectrometer in EAST discharges #152527: (a) W26+ 49.0 Å, (b) W27+ 49.403 Å, (c) W29+ 49.938 Å, (d) W32+ 52.20 
Å, (e) Mo23+ 71.175 Å, and (f) Mo24+ 74.170 Å observed at three timings: t0=6.85 s, t1=7.45 s, and t2=7.85 s. 

 
Two W and two Mo impurity sputtering events demonstrate that type-I ELMevents effectively expel 
high-Z impurities from the main confinement region while preventing core penetration, helping 
maintain the high confinement steady-state plasma. As shown in Figs. 7(a1)-(c1), the first W sputtering 
event at t=6.939 s shows W6+ and W7+-W15+ emission increases but W32+ decrease, confirming 
ELM-induced impurity expulsion despite transport to the pedestal. The second W sputtering event at 
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t=7.379 s exhibits similar W7+-W15+ and W32+ evolution (t=7.418-7.576 s), resulting in significant 
energy loss (see Fig. 3(c)) until ELM clearance at t=7.567 s. Notably, absent W6+ and visible camera 
signatures suggest diagnostic viewing geometry effects, with EUV_Long_c (F-port) and visible camera 
(C-H ports) capturing different spatial regions. Figs. 7(a2)-(c2) show two Mo sputtering events that 
further corroborate these findings. The first event at t=7.809 s shows a significant increase in Mo 
radiation in both the pedestal and the core regions, demonstrating impurity penetration. The second 
event at t=7.899 s is characterized by extremely intense Mo12+ emission. An ELM burst 0.005 s later 
effectively prevents most impurities from penetrating the main confinement region. These observations 
indicate that multiple successive ELMs are required for complete impurity expulsion. Both Mo 
sputtering events originate near the low-field-side midplane, where transport into the plasma core is 
particularly efficient and can significantly increase central impurity concentrations. These results are 
consistent with observations on other tokamak devices. In addition, Fig. 8 shows vertical intensity 
profiles of Mo and W ions in the main confinement region at three characteristic times, i.e., t0=6.85 s 
for steady state without impurity influx surges, t1=7.45 s with enhanced W influx, and t2=7.85 s with 
enhanced Mo influx. The magnetic axis is at Z≈4.2 cm. During steady-state operation, profiles of 
W26+-W29+ and Mo23+-Mo24+ are clearly off-axis and hollow, indicating no core accumulation of high-Z 
impurities, even at CW≈1.6×10-4. This behavior is consistent with on-axis ECRH enhancing core 
turbulent transport and suppressing impurity accumulation. Although increased W or Mo influx 
enhances radiation power, the maintained hollow profiles demonstrate that sputtering events enhance 
core radiation power without significantly altering high-Z impurity transport. 

Based on experimental observations of impurity ions in the SOL-pedestal-core regions, the impurity 
transport process during type-I ELM cycles without sputtering events is as follows. During the 
intra-ELM phase, impurity ions near the pedestal are transported radially into the SOL and then rapidly 
reach the divertor target through parallel conduction along open field lines. This process significantly 
enhances recycling throughout the divertor. The recycled impurity ions are subsequently transported 
back toward the core region. After the ELM event ends, the reduced recycling source allows the 
impurity density in the SOL to recover to its initial level. Meanwhile, the impurity density from the 
pedestal to the core region then continues to increase slowly throughout the intra-ELM phase as 
impurity confinement continues to improve in this region [24]. However, due to the line-integral nature 
of the EUV spectrometer measurements in EAST, it is difficult to unambiguously resolve the detailed 
evolution process of impurity ions across the region from the pedestal foot to the SOL during the ELM 
cycle. 

3. SUMMARY 

A systematic analysis of tungsten impurity transport from the SOL to the main confinement region 
under different ELM regimes is presented for EAST and provides an experimental basis for impurity 
control and the sustainment of steady high-confinement plasmas. In NBI-dominated discharges, the 
core W concentration is 5.7×10−5 to 2.0×10−4 during type-I ELMs, and 5.6×10−6 to 6.3×10−5 during 
type-III ELMs. When type-III ELMs occur within the inter-ELM interval of type-I discharges, the core 
W concentration is dominated by these events. For type-I discharges, inter-ELM emission intensities of 
core W and Mo increase when fELM<7 Hz. In addition, during the intra-ELM phase, impurity expulsion 
limits penetration of wall-sputtered species and reduces impurity content in the pedestal and the main 
confinement region. During the inter-ELM phase, improved confinement and SOL backflow, together 
with sputtering from the high- and low-field sides, facilitate impurity entry and enhance the core W 
concentration. Consequently, increasing fELM enhances intra-ELM expulsion relative to inter-ELM 
backflow and is expected to lower core high-Z impurity concentration.  
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