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Abstract
Lithium granules gravitationally injected into the upper X-point region demonstrated
on-demand edge-localized modes (ELM) triggering in otherwise ELM-suppressed H-mode
plasmas on the Experimental Advanced Superconducting Tokamak. Sub-mm lithium granules
dropped into enhanced D-alpha H-mode plasmas achieved a high triggering efficiency, while
enabling ELM frequencies from several to hundreds of hertz. Core radiation from heavy
impurities, dominated by W, was reduced by up to 60%, and the normalized energy confinement
increased by up to 30%. At low injection frequencies, ELMs of substantially reduced size
compared to spontaneous type-I ELMs were observed. At high injection frequencies, a
transition to a mixed ELM phase occurred, characterized by intermittent larger ELMs and
suppression of the quasi-coherent mode, achieving the most significant W reduction and energy
confinement improvement. These results highlight a promising pathway for active W control via
controlled, small ELMs in long-pulse, high-performance scenarios.

a See Gong et al 2024 (https://doi.org/10.1088/1741-4326/ad4270) for the EAST Team.
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1. Introduction

The high-confinement mode (H-mode) is the standard operat-
ing scenario envisioned for future fusion reactors like ITER.
It is characterized by the formation of a steep pressure gradi-
ent, or pedestal, at the plasma edge, leading to signific-
antly enhanced energy confinement compared to the low-
confinement mode (L-mode). However, the H-mode pedes-
tal is often subject to periodic magnetohydrodynamic (MHD)
instabilities known as edge-localized modes (ELMs) [1].
These ELMs manifest as transient bursts of energy and
particles expelled from the plasma edge towards the plasma-
facing components (PFCs). While ELMs can be beneficial for
controlling plasma density and flushing impurities, particu-
larly high-Z impurities, from the plasma edge and core [2–
4], the large heat and particle fluxes associated with Type-I
ELMs pose a significant challenge for the lifetime of PFCs in
reactor-scale devices [5]. Consequently, substantial research
efforts worldwide are dedicated to developing ELM con-
trol strategies, including ELM suppression or mitigation [6–
9]. Several operational regimes have been discovered that
exhibit intrinsically small or absent ELMs, such as the quasi-
continuous exhaust (QCE) regime [10], the enhanced Dα

(EDA) H-mode [11–15], I-mode [16], and QH-mode [17].
While these regimes alleviate the concerns associated with
large ELM heat loads, the lack of periodic flushing mechan-
isms can potentially lead to the accumulation of impurities
within the plasma core, especially high-Z materials originat-
ing from PFCs [18–20]. Indeed, impurity accumulation, par-
ticularly of high-Z elements, represents a significant poten-
tial limitation for achieving stationary high-performance plas-
mas in ELM-free or ELM-suppressed regimes. For instance,
efforts to achieve high confinement via lithiumwall condition-
ing on NSTX encountered challenges with impurity accumu-
lation hindering steady-state operation [9, 21, 22]. Similarly,
experiments exploring WPQH-mode with a tungsten divertor
on DIII-D faced issues with tungsten penetration and accu-
mulation, potentially limiting the compatibility of this regime
with high-Z PFCs [23]. This underscores the critical need
for effective impurity control strategies in advanced tokamak
scenarios.

Tungsten (W) is a primary candidate material for PFCs,
particularly in the divertor region of future fusion devices,
owing to its high melting point, low sputtering yield, and low
tritium retention [24]. However, W is a heavy element, and
even trace amounts in the plasma core can lead to signific-
ant energy losses through line radiation, potentially degrad-
ing plasma performance and even causing radiative collapse
[25]. In ELM-absent or type-I ELMy H-mode regimes, the
neoclassical inward pinch often dominates W transport, lead-
ing to central accumulation, particularly when edge transport

barriers are strong and core turbulence is weak [26]. Recent
JET results show that an adequate ELM frequency is necessary
to avoid W accumulation, which can further decrease ELM
frequency and cause negative feedback on W expulsion [18].
While achieving favorable core temperature profiles (steep Ti

gradient) can, in principle, lead to neoclassical temperature
screening that counteracts the inward density pinch [27], reli-
ance solely on screening may not be sufficient. Maintaining
such profiles dynamically can be challenging, and source
variations or transient events can still lead to unacceptable
W levels. Therefore, active impurity expulsion mechanisms
remain highly desirable, even in scenarios where temperature
screening might be partially effective, to ensure robust W con-
trol during various plasma phases, including H-mode access
and sustainment.

The controlled expulsion of impurities via small, frequent
ELMs offers a potential solution. Such ELMs could provide
the necessary impurity flushing to maintain high plasma pur-
ity, which is often correlated with accessing and sustaining
high confinement levels without incurring the damaging heat
loads of large Type-I ELMs. An alternative and potentially
more flexible approach compared to passive regimes or RMP
pacing is to actively trigger ELMs ‘on-demand’ when needed
for impurity control. Pellet injection, typically used for fuel-
ing, has long been known to trigger ELMs [28]. Recent exper-
iments have focused on using smaller pellets or granules spe-
cifically for ELM pacing or triggering [7, 29–34]. Injecting
low-Z materials like lithium (Li) and boron (B) is particularly
attractive due to their being solid at room temperature and their
beneficial effects on wall conditioning [7]. Boron powder or
granules injection is considered a real-time wall conditioning
method for ITER [35, 36].

In this paper, we present experimental results from the
Experimental Advanced Superconducting Tokamak (EAST)
demonstrating a novel technique for active tungsten control
in ELM-absent EDA H-mode plasmas. We utilized an impur-
ity powder dropper (IPD) system to inject submillimeter-sized
lithium granules near the upper X-point. This method suc-
cessfully triggered controlled, typically small ELMs at fre-
quencies determined by the injection frequencies. We show
that this technique effectively reduces core tungsten concen-
tration and associated radiative losses, leading to a significant
improvement in energy confinement, without requiring large,
potentially damaging ELMs. Section 2 describes the exper-
imental setup, including the EAST device, key diagnostics,
the IPD system, and the target plasma scenario. Section 3
presents the detailed experimental results, focusing on ELM
triggering efficiency, the impact on W concentration and radi-
ation, confinement enhancement, and the characteristics of
the triggered ELMs. Section 4 discusses the potential mech-
anisms, compatibility with edge modes, and considers future
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prospects. Finally, section 5 provides a summary of the key
findings.

2. Experiment setup

2.1. EAST description

The experiments were performed on EAST, which is a fully
superconducting tokamak featuring a flexible poloidal field
coil system enabling various plasma shapes, including upper-
single null (USN), lower-single null (LSN), and double-null
configurations. It is designed for long-pulse operation and
high-performance H-mode studies relevant to ITER. EAST
has a major radius R≈ 1.85 m and a minor radius a≈ 0.45 m.
It can achieve a toroidal magnetic field (Bt) up to 3.5 T and a
plasma current (Ip) up to 1 MA. The device is equipped with
an ITER-like tungsten (W) divertor in the upper part and a
graphite lower divertor (during the campaign reported here),
allowing studies of plasma-material interactions with reactor-
relevant materials. Heating and current drive systems include
neutral beam injection (NBI, co- and counter-current capable),
lower hybrid wave (LHW, at 2.45 GHz and 4.6 GHz), electron
cyclotron heating (ECH, at 140 GHz), and ion cyclotron range
of frequencies heating [37].

2.2. Diagnostics

A comprehensive suite of diagnostics was employed to mon-
itor the plasma response to Li granule injection (figure 1).
ELM activity was primarily monitored using fast mag-
netic pickup (Mirnov) coils distributed toroidally and pol-
oidally to detect MHD precursors and crashes (dB/dt sig-
nals). Filter-scope arrays measuring Dα (656.3 nm) emis-
sion from the upper and lower divertor targets provided high
time-resolution measurements of particle fluxes associated
with ELMs. Langmuir probe arrays embedded in the upper
and lower divertor targets measured the saturated ion current
(Jsat), providing another indicator of particle expulsion during
ELMs. The ELM size is often characterized by the peak amp-
litude of the Dα or Jsat spike during an ELM, relative to the
baseline level between ELMs. The ablation of injected lithium
granules was monitored using the same filter-scope system,
specifically tracking Li-II emission at 548.5 nm, sharing the
line-of-sight (LOS) with the Dα channels viewing the upper
divertor region (e.g. U1, U13 in figure 1). Additionally, a fast
visible-light camera provided qualitative images of the granule
trajectory and ablation dynamics. Electron temperature (Te)
profiles were measured by a vertical Thomson scattering (TS)
system. Due to calibration challenges during this campaign,
density profiles (ne) were obtained from a fast frequency-
sweeping reflectometer covering the edge and core regions.
Relative changes in Te were also inferred from amulti-channel
electron cyclotron emission (ECE) system, which is particu-
larly useful for tracking fast temperature fluctuations during
ELMs, though interpretation can be complex due to potential
non-thermal electron populations generated by LHW heating.

Ion temperature (T i) and toroidal rotation profiles were meas-
ured using core charge exchange recombination spectroscopy
(CXRS) based on intrinsic carbon impurity emission. Total
radiated power (Prad) and line-integrated radiation profiles
were measured by a horizontal multi-LOS AXUV (Absolute
eXtreme UltraViolet) bolometer system covering the entire
poloidal cross-section (64 channels shown in figure 1, right).
A vertical AXUV array was also available but had limited cov-
erage. Tungsten behavior was investigated using an integrated
suite comprising passive visible spectroscopy monitoring W-
I emission (400.9 nm) from the upper W divertor outer tar-
get plate [38], two flat-field grazing incidence extreme ultra-
violet (EUV) spectrometers (covering 1–13 nm and 2–50 nm)
with fast- time response and 5 ms resolution [39], and a space-
resolved EUV spectrometer (3–52 nm) measuring radial emis-
sion profiles of coreW ions (e.g.W26+ toW45+) over the range
Z = −23.4 cm to +23.8 cm with ∼200 ms resolution [40].
The volume-averaged tungsten concentration (cW = nW/ne)
presented in this paper was estimated using a robust method
that relates the total radiated power from tungsten to the bright-
ness of the unresolved transition array (W-UTA). This tech-
nique is preferred for tungsten analysis in EAST as it over-
comes the significant limitations of themore traditional single-
emission-line approach. The standard method, which relies on
the intensity of a single, isolated line and its photon emissivity
coefficient, is highly effective for impurities likemolybdenum,
which possess strong, well-isolated lines. However, for tung-
sten, the strong, isolated lines from high charge states (e.g. W
XLIV, W XLVI) are only bright in high-temperature plasmas
(Te > 2.0–2.5 keV), while the lines from lower charge states
are blended into the broad W-UTA feature, making them dif-
ficult to resolve accurately. Instead, our methodology lever-
ages two key findings. First, during transient impurity events
(e.g. Unidentified FlyingObject-UFO), a strong and consistent
empirical linear relationship is observed between the increase
in total radiated power (∆Prad), measured by the bolometer,
and the increase in the W-UTA intensity (∆IW-UTA), measured
by the EUV spectrometer (PW ≈ 110 ∗ IW−UTA). This relation-
ship was calibrated across numerous EAST discharges with
core temperatures ranging from 1 to over 4 keV, thereby inher-
ently accounting for the temperature-dependent emissivity of
the W-UTA. Second, this empirical result is equated with the
theoretical definition of radiated power from the tungsten cool-
ing rate, L(Te), where PW = ∫cWn2eL(Te)dV. By equating the
empirical measurement with the theoretical definition, a dir-
ect formula is derived to calculate the volume-averaged tung-
sten concentration: cW = 110IW−UTA/(ne2∫L(Te)dV). While
impurity transport coefficients (D and V) significantly alter the
shape of the cW profile, simulations confirm that their effect
on the volume-averaged concentration is much weaker. This
makes the method less sensitive to the unknown shot-to-shot
transport details and ideal for fast, reliable, and quasi-real-
time monitoring of the overall tungsten content. More inform-
ation on this methodology is documented in the [41], and a
similar technique is employed at ASDEX-Upgrade [42]. The
W-UTA itself remains a prominent spectral feature even in
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Figure 1. Schematic of the impurity powder dropper (IPD) and primary diagnostics employed in the experiments. The vertical red arrow
highlights the path of falling Li granules from the IPD. The left side shows reconstructed equilibrium from discharge #85014@4 s,
superimposed by monitor region from one visible W-I spectrometer, three flat-field EUV spectrometers, multiple Dα array labeled (e.g. U1,
U13), Thomson scattering chords (TS), reflectometry (Refl.). The right side shows reconstructed equilibrium from discharge
#85 018@3.6 s, overlaid by viewing lines of horizontal (labeled 64–1 from top to bottom) and vertical AXUV arrays.

high-temperature EAST plasmas, as shown in figure 3 of the
[43].

2.3. Actuator setup: impurity powder dropper (IPD)

The key actuator for these experiments was the IPD [44] sys-
tem installed on EAST. This system allows controlled deliv-
ery of various granular or powder materials into the plasma
edge. For this study, Li granules with a nominal diameter of
0.7 ± 0.1 mm (corresponding to approximately 2.5 × 1019

electrons per granule if fully ionized) were used. The IPD was
mounted on a top port (J-port) and utilized a vertical guiding
tube (central location R= 1.57m, diameter= 25mm) to direct
the granules towards the upper X-point region in the USN con-
figuration employed. The granules fall primarily under gravity,
reaching estimated velocities of ∼10 m s−1 near the plasma
edge. The outflow rate is controlled by applying a voltage to
piezoelectric elements that induce vibrations in the granule
reservoir and trough. A modification involving a thin baffle
welded onto the trough edge enabled operation in two distinct
modes, depending on the driving voltage waveform applied to
the piezoelectric actuators (figure 2).

In the discrete mode, achieved at lower or pulsed drive
voltages, individual Li granules are dispensed sequentially,
allowing for paced ELM triggering. Each granule enters the
plasma, ablates, and produces a distinct, localized interac-
tion. This is visualized as bright streaks in fast camera images

(figure 2(a)) and corresponds to sharp, well-separated peaks in
the Li-II emission signal measured by filter scopes viewing the
ablation region (figure 2(e)). While the average injection fre-
quency can be controlled, the release of individual granules in
this mode is not strictly periodic due to the stochastic nature
of granule flow at the baffle edge. In the continuous mode,
achieved at higher sustained drive voltages, the granule flow
rate increases significantly, resembling a powder flow and res-
ulting in a more elevated, continuous Li-II signal (figure 2(f )).
The visible camera shows a broader, more persistent ablation
cloud (figures 2(c) and (d)). This flexibility allowed testing the
plasma response to both isolated perturbations (discrete mode)
and more sustained edge perturbations (continuous mode).

Previous work on EAST explored ELM triggering and mit-
igation with Li granules injected from the midplane locations
[31–33, 45] and the X-point [7], providing valuable context
for optimizing the injection location and granule size used
here. Injecting near the X-point was chosen to maximize the
perturbation effect from magnetic flux expansion in the ped-
estal foot/separatrix region while minimizing deep core pen-
etration. We suppose the localized ablation cloud effectively
creates a perturbation that is ‘stretched’ poloidally along the
separatrix. This large-scale perturbation, situated directly at
the plasma boundary, might be more effective at destabilizing
ballooning modes compared to a more localized perturbation
higher up on the pedestal shoulder introduced via midplane
injection [34, 46].
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Figure 2. Visible true-color camera images of discrete (a), (b) and continuous (c), (d) Li granule injection from the upper divertor, together
with the corresponding Li-II signals (e), (f ). In discrete mode, each granule is clearly identifiable and produces distinct peaks in Li-II
emission, whereas, in continuous mode, Li flows in a ‘powder-like’ manner, causing a continuous ablation profile and leveraged Li-II signal.

2.4. Plasma scenario

The experiments were conducted in USN H-mode discharges
with the ion grad-B drift directed upwards, corresponding to
the ‘favorable’ configuration for H-mode access with a lower
L-H power threshold on EAST. The target regime was an
EDA H-mode [11, 13], which is typically ELM-absent or
exhibits only very small, high-frequency grassy ELMs [47].
EDA H-mode is characterized by relatively high edge dens-
ity and the presence of a quasi-coherent mode (QCM) loc-
ated in the pedestal region, which is believed to provide suffi-
cient particle transport to prevent uncontrolled density rise [12,
48]. However, in EAST EDA H-modes with the W divertor
[14], significant W accumulation is frequently observed in the
absence of large ELMs and sufficient gas puff. The primary
objective of these experiments was to utilize Li granule injec-
tion to systematically trigger ELMs in this otherwise ELM-
absent EDA scenario to actively control and reduce W accu-
mulation. Typical discharge parameters were: plasma current
Ip ≈ 0.5 MA, toroidal magnetic field Bt ≈ 2.4 T on axis,
safety factor at the 95% flux surface q95 ≈ 5.5, plasma elong-
ation κ ≈ 1.67, and averaged triangularity δ ≈ 0.41. The
total auxiliary heating power was maintained at approximately
5.2 MW, comprising 2.2 MW LHW @ 4.6 GHz, 0.8 MW
LHW @ 2.45 GHz, 1.4 MW co-current NBI (beam NBI1L),
and 0.8 MW ECH (140 GHz, centrally deposited). The line-
averaged density, controlled via gas puff feedback, was typic-
ally around neL ≈ 4.0 × 1019 m−3.

3. Experimental results

This section details the experimental observations demonstrat-
ing the effectiveness of Li granule injection for triggering

ELMs and controlling tungsten accumulation in EDAH-mode
plasmas on EAST.

3.1. Induces ELMs, reduces radiation, and improves
confinement in EDA H-mode

A clear demonstration of the technique’s impact is provided
by comparing a reference ELM-absent EDA H-mode dis-
charge (#85014) with a discharge featuring Li granule injec-
tion (#85018), shown in figure 3. Both discharges maintained
matched operational parameters like plasma current (Ip, panel
a) and total auxiliary heating power (Ptotal, panel (b) with
NBI from t = 3 s to 7 s. The reference discharge #85014
displays typical EDA characteristics for the period t ≈ 3 s
to approximately 6.5 s: stationary line-averaged density (neL,
panel (d), stored energy (WMHD, panel (e), and bulk radiation
(Prad-bulk, panel (c). However, during this ELM-absent phase,
the tungsten concentration (cW, panel (g), estimated fromEUV
spectroscopy, shows a gradual increase, signaling detrimental
impurity accumulation. The radiation power from bulk plasma
takes over∼50%–60% of the absorbed heating power. The Dα

emission signal (panel (h), blue) is elevated after the L-H trans-
ition at t ≈ 2.15 s and relatively quiescent, lacking the large
spikes characteristic of Type-I ELMs. Cross-spectrogram ana-
lysis of density and temperature fluctuations (panel l) confirms
the presence of the signature EDA QCM during this period.
Later in the discharge (t > 6.5 s), spontaneous mixed ELMs
appear in #85014, correlating with a reduction in W concen-
tration and an obvious improvement in confinement (panel f).
The QCM amplitude was reduced just before the mixed ELM
phase, which was accompanied by the appearance of small
ELMs.

In sharp contrast, Li granule injection was initiated in dis-
charge #85018 at t ≈ 3.6 s. The plasma response evolved
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Figure 3. Time traces comparing the no-Li reference (#85014 blue) EDA H-mode to a discharge with Li granule injection (#85018 orange):
(a) plasma current, (b) total auxiliary power (dashed line) and control voltage of gas fueling, (c) radiation power from the bulk plasma, (d)
line-averaged density, (e) stored energy from EFIT, (f) H98(y,2) factor, (g) estimated core W concentration (from EUV UTA), (h) Dα
emission (upper divertor) and Li-III by EUV for #85014, (i) Dα emission (upper divertor) and Li-III for #85018, (j) W-I emission from the
upper outer target, and cross-power spectrograms between ECE channel#03 and He-BES channel Hed#15 for these discharges without (l)
and with (k) Li injection, showing the QCM.

through distinct phases determined by the injection mode. The
pre-injection Phase I (t < 3.6 s) mirrored the reference dis-
charge, exhibiting W accumulation (panel g) and a baseline
confinement factor H98(y,2) ≈ 0.87 (panel f). Upon initi-
ation of Phase II (t ≈ 3.6 s–4.7 s), characterized by discrete
granule injection (distinct Li-III spikes in panel i, red), small
ELMs were reliably triggered with nearly 100% efficiency,
as evidenced by the tightly correlated Dα spikes (panel i,
orange). Notably, during this phase, the triggered small ELMs
appeared to coexist with the QCM. The rate of W accumula-
tion ceased, and CW began to decline moderately (panel g).
Correspondingly, core radiation decreased (panel c), and both
stored energy and the H98 factor started to increase (panels
e, f). The average ELM frequency, dictated by the injection
rate, was approximately 50 Hz. A transition occurred around
t ≈ 4.7 s to Phase III (t ≈ 4.7 s–7.0 s), where the injection
mode was switched to continuous delivery. This resulted in a
significant increase in ELM frequency and a shift to a ‘mixed
ELM’ regime, comprising a background of small ELMs inter-
spersed with larger, irregular ELM events (panel i). A striking
change during this phase was the strong mitigation or com-
plete disappearance of the QCM (panel (k). Concurrently, the
W concentration experienced a dramatic reduction, dropping
by up to 60% from its peak value (panel (g), accompanied by
a substantial decrease in core radiated power (panel (c). This
reduction in radiative losses fueled a significant rise in stored
energy (panel e) and a remarkable enhancement in energy con-
finement, with H98(y,2) reaching a sustained level of approx-
imately 1.12 (panel (f ). The substantial improvement in H98
strongly correlates with the decrease in Prad, suggesting that
mitigating core radiation is the dominant factor behind the

confinement enhancement. Throughout Phases II and III, the
line-averaged plasma density shows a slight decrease of about
7% compared to the pre-injection level (panel (d), remaining
stable. This lack of density increase suggests that the particle
source from the ablating granules is effectively balanced or
exceeded by the particle expulsion from the triggered ELMs,
indicating minimal net fueling from the injection, a point fur-
ther discussed later. Interestingly, the averaged W-I emission
monitoring the outer divertor source (panel (j) showed an
increase during Phase III, implying that the more intense ELM
activity might enhance gross W sputtering at the attached tar-
get with the peak electron temperature ∼40–45 eV. Though
Li ions can follow the magnetic field lines and deposit on the
target to shield it from sputtering caused by incoming ions.

3.2. Reproducible ELM triggering and tungsten control

The effectiveness and reproducibility of the Li granule injec-
tion technique were confirmed across multiple discharges, as
shown in figure 4. Discharge #85013 (panels (a1)–(a2)) and its
repeat #85022 (panels (f1)–(f2)) without Li injection consist-
ently showed initial W accumulation followed by large spon-
taneous ELMs or mixed ELMs. Another reference discharge,
#85021 (panels (e1)–(e2)), reproduced the ELM-absent EDA
behavior seen in #85014 (omitted in figure 4). These baseline
discharges confirm the underlying plasma behavior and estab-
lish that the ELM triggering and subsequent W control
observed in other discharges are direct consequences of the
Li granule injection. Discharges employing discrete Li injec-
tion throughout the analyzed period, like #85017 (panels (b1)–
(b2)) and #85016 (shown later in figure 9), demonstrated
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Figure 4. Discharge-to-discharge reproducibility of Li granule injection for ELM triggering. The left panels (1) display the evolutions of
estimated W concentration (black) and Li-III emission (red, arbitrary units). The right panels (2) show Dα signals from the upper divertor
(red), revealing ELM occurrence, and the plasma stored energy (black). Each row tracks a different discharge. (a) #85013: No Li injection,
W build-up, then spontaneous large ELMs. (b) #85017: Discrete Li injection, pacing small ELMs. (c) #85018: Discrete then continuous Li
injection (∼4.7 s transition). (d) #85019: Discrete then earlier continuous Li injection (∼4.2 s transition), causing earlier mixed ELM phase
onset. (e) #85021: No Li injection, ELM-absent EDA (similar to #85014). (f ) #85022: Repeat of #85013 without Li injection, showing
similar behavior. Note: #85016 (discrete injection) is shown in figure 9.

the successful pacing of small ELMs. In these cases, regu-
lar Dα spikes (e.g. panel (b2), black) are clearly synchron-
ized with the Li-II ablation signals (panel (b1), red), result-
ing in sustained operation with moderately low W concen-
tration (panel (b1), blue) and good stored energy (panel b2,
orange), crucially avoiding the large ELM excursions seen
in the baseline discharges. The causality between the injec-
tion parameters and plasma response is further highlighted
by comparing #85018 (panels (c1)–(c2)) and #85019 (pan-
els (d1)–(d2)). Both discharges transitioned from discrete to
continuous Li injection, but this transition was initiated earlier
in #85019 (∼4.2 s) compared to #85018 (∼4.7 s). As a dir-
ect result, the onset of the mixed ELM phase (panel (d2)
vs (c2)) and the associated rapid decrease in W concentra-
tion (panel (d1) vs (c1)) occurred correspondingly earlier in
#85019. This demonstrates a clear control linkage: adjusting
the Li injection mode and timing directly determines the evol-
ution of the ELM regime and the effectiveness ofW expulsion.
Collectively, these comparisons across multiple discharges
underscore that Li granule injection near the X-point provides
a robust and reproducible means to trigger ELMs, where the
frequency, size, and resulting impurity control level can be act-
ively manipulated by tailoring the injection rate and mode.

3.3. Comparison of tungsten concentration between
ELM-absent and induced ELM phases

The reduction in tungsten concentration was confirmed
by space-resolved EUV diagnostics. Figure 5 compares
radial profiles of line-integrated radiation (from horizontal

AXUV) and emission brightness of specific W ions (from
EUV spectrometer) between the ELM-absent phase (#85018,
t = 3.6–3.75 s, red) and the Li-triggered mixed ELM phase
(#85018, t = 5.0–5.15 s, blue). The AXUV radiation profiles
(figure 5(a)) clearly show reduced emission across the cross-
section except for chords viewing through the upper X-point,
consistent with impurity removal from the main plasma and Li
injection from the X-point. The space-resolved EUV spectro-
meter data providemore direct evidence by tracking individual
W charge states. The radial locations of these charge states
are primarily determined by the local electron temperature, a
relationship illustrated by the fractional abundance calculation
shown in figure 5(e). This distribution was calculated assum-
ing coronal equilibrium using ionization and recombination
rate coefficients from the ADAS database [49]. Specifically,
the calculation utilizes the ionization coefficients from Loch
et al. [50] (ADAS data type ‘ADF11’, file ‘scd50_w.dat’) and
recombination coefficients from Pütterich et al [51] (ADAS
data type ‘ADF11’, file ‘acd50_w.dat’). The resulting frac-
tional abundances align well with previous benchmark studies
by Fujii et al [52] and Oishi et al [53], providing confidence
in this theoretical mapping of ion locations. It is worth noting
that while this calculation shows a somewhat broader radial
distribution for the lower charge states (e.g. W26+, W27+),
the fundamental spatial grouping of ions remains robust and
is supported by direct experimental measurements of W ion
distributions under similar plasma conditions [43]. Note that
the distribution serves as a rough indicator since the calcu-
lation excludes effects such as transport, rotation, and other
factors.
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Figure 5. (a) Line-integrated radiation profiles from horizontal AXUV bolometry during the ELM-absent phase (#85018, t = 3.6–3.75 s,
blue) and the induced mixed ELM phase (#85018, t = 5.0–5.15 s, red). (b)–(d) Radial profiles of emission intensity for representative
ionized tungsten charge states (e.g. grouped by core W43+–W45+, mid-radius W29+–W42+, outer-region W26+–W27+) measured by the
EUV spectrometer during the same time windows. (e) Example calculation of W ion fractional abundance distribution based on the
measured Te profile (from figure 6) using ADAS (assuming coronal equilibrium, no transport). (f ) Reduction percentage of
density-normalized W emission intensity for various charge states from the ELM-absent phase to the mixed ELM phase, highlighting
significant W expulsion across multiple radial locations. The figure is a standard box plot where the central red line indicates the median, the
blue box represents the interquartile range (25th to 75th percentiles), and the black dashed error bars (whiskers) show the extent of the
non-outlier data.

Significant reductions in emission brightness (normalized
with the line averaged density) during the mixed ELM phase
(blue traces) compared to the ELM-absent phase (red traces)
are observed for representative W ions residing in the core
(W43+–W45+, panel d), mid-radius (W29+–W42+, panel b),
and outer regions (W26+–W27+, panel c). To quantify this,
figure 5(f ) shows the reduction percentage of the density-
normalized W emission intensity for various charge states.
The box plots take data from all chords of the space-resolved
EUV spectrometer (figure 1(a)). Substantial reductions, ran-
ging from approximately 35% to 75%, are seen across the
measured spectrum. This confirms that the ELM activity
induced by Li granule injection effectively flushes tungsten
not only from the edge but also from the pedestal and deep
core regionswhere it poses the greatest threat through radiative
losses.

3.4. Plasma profile changes associated with tungsten
reduction

The expulsion of tungsten and the associated decrease in radi-
ative power loss led to notable modifications in the plasma kin-
etic profiles, as shown in figure 6. This figure compares pro-
files from the ELM-absent phase (phase I) with those from
the Li-triggered mixed ELM phase (phase III). Note that the
induced mixed ELM phase shares similarities with the spon-
taneous mixed ELM phase. Panel (a) displays the electron

density profiles measured by reflectometry. During the mixed
ELM phase (red), the pedestal density (ρ > ∼0.8) is notably
lower (∼8%–10%) compared to the ELM-absent phase (blue).
The reflectometer measurement for the red profile did not fully
penetrate to the deep core (ρ < ∼0.3) in this specific time
slice. Panel (b) depicts the Te profile. Core Te data is from
TS, and checked against ECE. Due to an optical issue, edge
TS channels were unavailable; the edge/pedestal Te profile
is reconstructed using an assumed value near the last closed
flux surface (Te@LCFS ≈ 90 eV) and the measured pedes-
tal top temperature from reliable TS/ECE channels. The pro-
file shows a substantial increase in core Te (by ∼50% cent-
rally) during the mixed ELM phase (blue). Panel (c) shows
the ion temperature (T i) profile measured by core CXRS. Only
core data (ρ < ∼0.4) is available. The edge T i (dashed line) is
assumed to be similar to the reconstructed Te profile. A signi-
ficant increase in core T i (by 20–40%) is observed during the
mixed ELM phase (blue). These profile changes—higher core
Te and T i, and lower pedestal ne—are consistent with reduced
radiative cooling due to W expulsion, allowing auxiliary heat-
ing power tomore effectively heat the plasma rather than being
radiated away.

Furthermore, the observed pedestal profile changes—
specifically the combination of steeper pedestal temperat-
ure gradients and reduced pedestal density—are theoretically
favorable for mitigating high-Z impurity from SOL or diver-
tor to the pedestal region via neoclassical transport effects,
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Figure 6. Electron temperature and density profiles from reference and Li granule injection discharges; blue and red colors represent
ELM-absent and mixed ELM phases, respectively. The solid or dashed lines are fitted from scattered data or are assumed. Plasma profiles
comparing the ELM-absent phase (blue, #85014@4 s) and the Li-triggered mixed ELM phase (red, #85018@5 s). (a) Electron density (ne)
from reflectometry (note limited core penetration for red profile). (b) Electron temperature (Te) from TS (core) and ECE check; edge TS
data omitted, pedestal fitted using LCFS value and measured top (dashed lines). (c) Ion temperature (Ti) from core CXRS; edge assumed
same as Te (dashed lines). Profiles show increased core Te & Ti and reduced pedestal ne during the mixed ELM phase. Solid/dashed lines
are fits/interpolations/assumptions based on available data points (markers).

VNC ∝ Zq2 (R/2LTi− R/Lne) [54]. Neoclassical transport the-
ory predicts an inward pinch velocity for heavy impurities that
is driven by the main ion density gradient and counteracted
by the temperature gradient (via the thermal screening effect).
The profile changes potentially create a positive feedback loop
that complements the direct ELM flushing.

The observed mitigation of the QCM during the mixed
ELM phase (figure 3(k)) also suggests a change in the under-
lying transport dynamics. QCMs are typically associated with
particle transport and can be sensitive to changes in the edge
density and temperature profiles [14]. Replacing this continu-
ous transport channel with the intermittent transport bursts
from ELMs leads to the observed lower pedestal density.
However, the evolution of pedestal density and temperature
profiles can induce ELM appearance.

3.5. Characteristics of triggered ELMs: size, frequency, and
dynamics

A crucial aspect of this technique is the ability to generate
ELMs with characteristics distinct from spontaneous Type-I
ELMs. Figure 7 displays the ELM size, represented by the

peak Dα amplitude increase, versus the instantaneous ELM
frequency (inverse time between ELMs). ELMs triggered dur-
ing the discrete injection phases (#85016, #85017, #85018
Phase II, orange symbols) are distributed at a wide range of
frequencies up to transient bursts near 250 Hz and possess
significantly smaller amplitudes compared to typical spontan-
eous Type-I ELMs. In contrast, the larger ELMs observed dur-
ing the induced mixed ELM phase (#85018 Phase III, green
stars) exhibit amplitudes closer to spontaneous ELMs but are
interspersed within the high-frequency background of smal-
ler events. This clearly demonstrates that the Li granule injec-
tion rate provides direct, external control over the ELM fre-
quency, enabling operation in a regime of frequent, small
ELMs. Notably, the triggered ELM amplitude in the pacing
regime remains small, offering a potentially benign mechan-
ism for impurity control. The paced small ELMcombinedwith
QCM allows the decoupling of the ELM frequency from the
size, moving away from the typical scaling observed for spon-
taneous ELMs. This external control is a key advantage of
the technique. Note that the ELM sizes calculated from the
Dα peak and baseline are consistent with the ion saturated
current, the drop percentage of pedestal ECE, and the total
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Figure 7. ELM size (relative D-alpha amplitude) versus instantaneous ELM frequency for different experimental discharges and phases.
Orange symbols represent synced small ELMs triggered by discrete Li injection (from #85016, #85017, #85018 Phase II). Green stars
represent the larger ELMs observed during the induced mixed ELM phase (from #85018 Phase III). High frequencies (>50 Hz) are
achieved with small triggered ELMs.

stored energy. For the larger ELM, the stored energy drops
6%–10%, with a small ELM drop of less than 2%. In this con-
text, ‘synced’ ELMs refer to events during the discrete injec-
tion phase where a clear one-to-one causal link exists between
a single granule and a triggered ELM. ‘Induced’ ELMs, in
contrast, refer to the ELMs observed during the continuous
injection phase. Here, the plasma edge is modified by the con-
stant stream of granules, which induces a state of frequent
ELMing, but individual ELMs cannot be correlated with indi-
vidual granules.

The dynamics of the triggering process are revealed in the
zoomed-in time traces of figure 8. A successfully triggered
small ELM (#85016@5.903s, orange lines in left panels)
shows a rapid sequence: line-integrated radiation viewing
through the X-point (#57) rises as the granule is ionized
(panel a1), followed within approximately 4 ms by a dis-
tinct spike in the magnetic perturbation (panel (b1)), simultan-
eous increases in divertor D-alpha (panel (d1)) and Langmuir
probe Jsat (panel (e1)), and measurable drops in stored energy
(panel (c1)) and edge/core electron temperature (panel (f1),
ECE). Critically, this ELM event correlates with a small but
noticeable drop in the W concentration (g). Conversely, an
instance where a granule injection failed to trigger an ELM
(#85016@5.789s, left panels) shows the Li-II ablation signal
but lacks the subsequent MHD activity andW expulsion. Such
failed triggers were rare (<5%) and associated with smaller Li
emissions (figure 9(a)). A reasonable explanation is that the
granule size was not perfectly screened. In this case, despite
the Li ablation, there are no corresponding spikes in dB/dt,

D-alpha, or Jsat and no drops in WMHD, ECE, or W concentra-
tion. The second rapid rise in D-alpha at t ≈ 1 ms and the
AXUV at t ≈ −0.5 ms is commonly seen in the triggered
ELM, identifying it as the start time of the ELM crash. The
AXUV channel (#57) shows the fastest response to the gran-
ule ablation, even a few microseconds earlier than Li-II emis-
sion pointing to the upper divertor, possibly due to the tor-
oidal locations of IPD, Filterscope, and bolometer. Before the
nonlinear crash, the observed rise in AXUV, Dα, and Jsat can
result from granule ablation. Assuming a granule velocity of
∼10 m s−1 in the path, an approximate 4-ms interaction time
suggests the granule penetrates∼4 cm into the plasma scrape-
off layer or edge pedestal before triggering the ELM. The trig-
gering suggests rapid destabilization near the edge. For com-
parison, a spontaneous small ELM with ∼20% smaller size
from the reference discharge (#85014@6.156s, right panels)
exhibits similar plasma parameter excursions (dB/dt, WMHD,
ECE, Dα, Jsat), but no significant AXUV and Li-II emission
spikes. It also produces an obvious single-event drop in W
concentration.

3.6. Impact of ELM frequency and size on tungsten expulsion

The effectiveness of ELMs in controlling tungsten accumu-
lation depends on both their size (how much W is expelled
per ELM) and their frequency (how often expulsion occurs).
Figure 9 focuses on discharge #85016, which operated in
the small-ELM pacing regime. Panel (a) shows the Li-II sig-
nal (black), indicating discrete granule injections, and the
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Figure 8. Zoomed-in time traces around single Li granule injection events. Left orange: Successful triggering of a small ELM in #85016
(t ≈ 5.903 s). Left black: A granule injection event in #85016 (t ≈ 5.789 s) that failed to trigger an ELM. Right: A spontaneous large ELM
in the reference discharge #85014 (t ≈ 6.156 s) for comparison. Panels show: (a) AXUV signal viewing ablation region (channel #57 from
figure 1); (b) Mirnov probe signal (dB/dt); (c) Plasma stored energy (WMHD); (d) Divertor D-alpha emission; (e) Divertor Langmuir probe
ion saturation current (Jsat); (f ) ECE signal indicating Te near ρ ≈ 0.65; (g) Estimated W concentration. Note the prompt ELM crash
(∼4 ms after AXUV rise) and W drop in the successfully triggered case (left). The Y-axis scales are consistent across the left and right
panels for each row.

plasma stored energy (orange). Panel (b) shows an AXUV
signal viewing the low-field side plasma (black), the estim-
ated W concentration (orange), and also Molybdenum (Mo)
concentration (yellow, another intrinsic impurity). Nearly
every significant Li-II spike is followed by a small drop in
stored energy (a) and a clear dip in the W concentration
(b, orange). This demonstrates the direct correlation: each
triggered small ELM expels a measurable amount of tungsten.
The two instances where small Li-II spikes did not trigger an
ELM (t≈ 5.19 s and 5.78 s, corresponding to the failed trigger
event in figure 8, black lines) show no corresponding dip in W
concentration, reinforcing that the ELM itself is necessary for
the expulsion. While each small ELM only removes a small
amount of W, its high frequency prevents the accumulation
seen in ELM-absent phases. For comparison, three naturally
occurring large ELMs that occur spontaneously at t ≈ 6.88 s,
t ≈ 6.91 s, and t ≈ 6.98 s expel more W per event but dis-
rupt the plasma more significantly (larger WMHD drop, ∼7%
versus <2%) and occur less frequently. The Mo concentra-
tion (intrinsic from other PFCs) also shows a similar expulsion
behavior to that correlated with ELMs.

Figure 10 further explores the relationship between ELM
characteristics, W control, and confinement across multiple
discharges and conditions. Panel (a) plots the fractional W
reduction per ELM versus ELM size (D-alpha amplitude).
While there is significant scatter, a general trend emerges:
larger ELMs (blue markers: natural; green markers: induced
large) tend to expel a larger fraction of W per event compared
to the triggered small ELMs (orange markers). However, the
more critical factor for overall impurity control appears to
be frequency. Panel (b) plots the estimated W concentration
achieved against the average ELM frequency. A clear inverse
relationship is observed—higher ELM frequencies consist-
ently lead to lower W levels. This strongly indicates that
maintaining a sufficiently high ELM frequency (above ≈ 50–
100 Hz in these experiments) is essential for effective Wman-
agement. The W influx (or recovery) between two triggered
ELMs is observed in figure 9. Although the time-averaged
W influx between ELMs increases with ELM frequency, it
is saturated around 40 Hz from discharge #85016, #85017,
and #85018. The triggered small ELMs (orange), despite
their lower per-event efficiency (panel a), achieve excellent W
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Figure 9. Time traces of (a) Li-II ablation emission (black) and plasma stored energy (orange), (b) AXUV pointing to low field side plasma
(black), tungsten concentration (orange), and Mo concentration (yellow). Each Li granule injection triggers a small ELM, except for two
small Li-II spikes at times≈ 5.19 s and≈ 5.78 s. Each ELM correlates with a dip in tungsten concentration. Natural large ELMs occur from
time ≈ 6.88 s without substantial Li-II emission.

control due to their high repetition rate. This highlights the
potential to tune the coreW level simply by adjusting the gran-
ule pacing frequency. The success of this strategy is exempli-
fied by discharge #85019, shown in panels (c)–(e). Continuous
pacing with discrete Li injection (panel (c)) maintained high-
frequency (∼100–500 Hz) small ELMs (panel (d)), resulting
in a sustained low level of W concentration (panel (e), orange)
and, consequently, high energy confinement (panel (e), black,
H98≈ 1.0–1.1). This demonstrates that a sufficient frequency
of small, relatively benign ELMs can effectively replicate or
even surpass the impurity control function of infrequent large
ELMs.

3.7. Core W expulsion via triggered small ELMs

A critical factor determining the effectiveness of core impur-
ity control is the radial penetration depth of the ELM per-
turbation. Figure 11 investigates this by examining the time
evolution of density-normalized emission brightness for vari-
ous W charge states (measured by fast EUV) following dif-
ferent ELM events. The impact of the ELMs is most clear

and prompt on W ions residing in the pedestal and outer mid-
radius regions. As shown in panels (b)–(d), single-triggered
small ELMs (thin vertical orange lines) cause immediate and
distinct reductions in the emission from W26+ through W32+.
These small ELMs also induce a noticeable, albeit more mod-
est, reduction in emission from mid-radius ions such as W38+

(panels (e)–(g)). For the core-localized W ions (W43+ to
W45+, panels (h)–(j)), the immediate response to a single,
small ELM can be obscured by measurement noise. However,
the underlying trend, made clearer by applying a Savitzky-
Golay smoothing filter to the data (overlaid in the figure),
reveals an appreciable reduction in core W ion concentra-
tions. This effect is most pronounced following the cluster of
ELMs at t≈ 6.68 s (thick orange vertical line). While the drop
after a single triggered ELM is modest, further evidence for
the deep penetration of these events comes from other dis-
charges. For instance, a triggered ELM in discharge #85018
(t ≈ 4.2 s, figure 12) leads to a relatively clear and straight-
forward drop for the highly-charged W ions (W41+, W42+,
W43+). Taken together, these observations provide compelling
evidence that these triggered small ELMs, despite their modest
Dα size, induce perturbations that penetrate sufficiently deep
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Figure 10. Impact of ELM frequency and size on tungsten concentration and H98 factor. Orange markers indicate Li-triggered small ELMs
(#85016, #85017, #85018 Phase II). Blue markers correspond to natural large ELM discharges (#85013, #85022). Green marker indicates
induced large ELMs in the mixed phase of #85018. (a) Fractional W concentration drop per ELM versus ELM size (D-alpha amplitude). (b)
Average W concentration versus average ELM frequency, showing effective W control at high frequency. (c)–(e) Time traces from discharge
#85016: (c) Li-II signal, (d) D-alpha signal showing high-frequency small ELMs, (e) Resulting in low W concentration (orange) and high
H98 factor (black). The vertical pink dotted line in panels (c)–(e) indicates the time of the first large ELM appearance in discharge #85019,
marking the transition to the mixed ELM regime. Li injection in this discharge begins at t ∼ 3.62 s, corresponding to the first Li-II spike
shown in panel (c).

Figure 11. Time evolution of density-normalized tungsten ion emission brightness following different ELM events. Thin vertical orange
lines: single-triggered small ELMs. Thick vertical orange line: a cluster of triggered small ELMs. Dashed vertical blue lines: single
spontaneous large ELMs. (a) Li-II and Dalpha emissions identify injection and ELMs. (b)–(j) Normalized emission intensity for different W
charge states, grouped approximately by location: inner pedestal or outer mid-radius (b), mid-radius (c)–(g), core (h)–(j). To clarify the
underlying trends in the presence of noise, dashed red lines obtained by a standard Savitzky-Golay smoothing filter are superimposed on the
core ion data in panels (f )–(j).
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Figure 12. Time evolution of density-normalized tungsten ion emission brightness following different ELM events in discharge 85018. The
vertical blue lines represent single-triggered small ELMs. The vertical orange lines indicate a cluster of triggered small ELMs. (a) Li-II and
Dalpha emissions identify injection and ELMs. (b)–(j) Normalized emission intensity for different W charge states.

(at least to ρ ≈ 0.3–0.5) to directly influence W transport well
inside the pedestal top. This capability for core interaction
is fundamental to their success in alleviating core W accu-
mulation. It is important to distinguish the observations in
figure 11 from those in figure 5(d). Figure 11 illustrates the
small, instantaneous impact of discrete ELMs on the core ions
within a given plasma state. In contrast, figure 5(d) shows that
the large, time-averaged, cumulative effect during continuous
injection has significantly modified the background plasma
profiles (e.g. higher core Te and lower pedestal ne), leading
to a much larger and more sustained reduction in core tung-
sten. The two figures thus represent different temporal aspects
of the same underlying physical process: the immediate, small
effect of a single ELM versus the large, integrated effect of
many ELMs.

Complementary evidence comes from fast profile dia-
gnostics shown in figure 13, tracking Te (ECE) and ne (reflec-
tometry) evolution following three triggered small ELMs. The
ECE data (panels (a)–(e)) reveal prompt (<1ms) drops in elec-
tron temperature that clearly penetrate deep into the plasma,
being readily observable down to ρ ≈ 0.4 (panel (a)). The
reflectometry data (panels (f )–(j)) show distinct density drops
associatedwith the ELM in the pedestal and SOL regions (pan-
els (h)–(j)). While resolving density perturbations deeper in
the core (e.g. panel (f ), ρ ≈ 0.57) is challenging due to dia-
gnostic limitations, the observed drops at the edge are consist-
ent with particle expulsion. The lack of any density increase
following the granule injection further supports the idea of
minimal net fueling. Taken together, the prompt core Te per-
turbation seen in ECE and the reduction ofmid-radius and core

W ion populations seen in EUV spectroscopy provide compel-
ling evidence that these triggered small ELMs, despite their
modest Dα signature, induce perturbations that penetrate suf-
ficiently deep (at least to ρ ≈ 0.3–0.5) to directly influence W
transport well inside the pedestal top. This capability for core
interaction is fundamental to their success in alleviating core
W accumulation.

4. Discussion

4.1. Triggering mechanism and role of X-point injection

The underlying mechanism for ELM triggering by granules
involves the creation of a strong, localized perturbation by
the ablating material [46, 55]. When this occurs in the steep
gradient region of the pedestal, it can locally destabilize
MHD modes, primarily by exceeding the peeling–ballooning
stability boundary. The rapid triggering (∼4 ms, figure 8)
suggests a fast MHD destabilization. The choice of injec-
tion near the X-point appears particularly advantageous. The
significant magnetic flux expansion in this region amplifies
the poloidal extent of the perturbation caused by the radially
shallow granule penetration. This effectively creates a larger-
scale disturbance along the sensitive separatrix and pedestal
foot region compared to what a similar granule might pro-
duce if injected at the midplane. Perturbations localized near
the separatrix, particularly on the low-field side, may effi-
ciently drive ballooning-type instabilities or turbulence due to
unfavorable curvature and strong gradients. Recent nonlinear
MHD simulations using BOUT++ indeed suggest that the
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Figure 13. Evolution of electron temperature (from ECE) and density (from reflectometry) at different normalized minor radius locations
(ρ) following three triggered small ELMs (indicated by vertical lines). (a)–(e) ECE raw data showing Te evolution from core (ρ ≈ 0.4) to
pedestal top (ρ ≈ 0.96), indicating deep thermal perturbation. (f )–(j) Density evolution from mid-radius (ρ ≈ 0.57) to SOL (ρ ≈ 1.06),
showing density expulsion at the edge/SOL, consistent with minimal net fueling from the granule.

pressure perturbation near the separatrix plays a key role in
destabilizing edgemodes and triggering ELM-like events [56].

4.2. Compatibility, control, and comparison with the QCE

The experiments revealed different modes of interaction with
the baseline EDAH-mode. During the discrete injection phase
(Phase II), triggered small ELMs coexisted with the QCM,
suggesting that this technique can supplement existing trans-
port mechanisms to enhance impurity control without neces-
sarily disrupting the underlying plasma regime. In contrast, the
transition to continuous injection and mixed ELMs (Phase III)
led to suppression of the QCM, likely due to the significant
profile modifications (lower ne, higher Te) resulting from the
more intense ELM activity. This highlights a potential path-
way to transition from a QCM-dominated transport regime to
an ELM-controlled one.

The observed lack of significant plasma density increase
during Li injection (figures 3(d) and 6(a)), coupled with
density drops following individual ELMs (figures 12(f )–(j)),
strongly indicates minimal net fueling. This is attributed to the
combination of shallow particle deposition near the X-point
and the efficient expulsion by the promptly triggered ELM.
This minimizes potential complications from unwanted dens-
ity rises [28, 32, 57] and also implies negligible fuel dilution
from the injected lithium, as the Li ions are largely expelled
before significant core accumulation can occur. An interest-
ing aspect is the observed deep penetration of the triggered
small ELM’s effects (Te to ρ≈ 0.4, W ions to ρ≈ 0.5–0.6), as
shown in section 3.7. The connection between edge and core
needs to be explored in the future.

The nature of the triggered small ELMs invites compar-
ison with the QCE regime [10]. Both scenarios achieve effect-
ive particle and impurity exhaust via small, frequent transport
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events, avoiding large Type-I ELMs. QCE is understood to
arise from the plasma edge self-regulating near the local ideal
ballooning limit, leading to intrinsic high-frequency modes or
filaments. The triggered small ELMs induced here are due to
the external perturbation from the granule injection.

4.3. Optimized operation and future prospects

Future work should focus on refining the IPD technology
for more precise control over granule timing and velocity to
enable sophisticated feedback algorithms. Assessing the long-
term effects of Li (or alternative low-Z materials like B) on
PFCs and fuel retention in sustained scenarios is necessary.
Minimizing the associated increase in gross divertor sputter-
ing (observed in Phase III) through optimization of ELM fre-
quency and size requires further study. Extending the tech-
nique to other ELM-suppressed regimes, particularly QH-
mode where impurity accumulation can be limiting [23], is a
critical next step to evaluate its broader applicability and com-
patibility with modes like the EHO. Integrating real-time W
diagnostics with the IPD offers the prospect of adaptive impur-
ity control, triggering ELMs only when necessary.

5. Summary

This manuscript reports the successful demonstration of on-
demand ELM triggering for active tungsten control in ELM-
absent EDA H-mode plasmas on EAST using submillimeter
lithium granule injection near the X-point. The key findings
are:

1. Robust & controllable triggering: X-point Li granule
injection reliably triggered ELMs (∼100% efficiency) with
frequency controlled by the injection rate (5–250 Hz).

2. Small ELM pacing regime: Discrete injection paced small
ELMs at high frequency (up to 500 Hz), effectively con-
trolling W accumulation with minimal plasma perturbation
and negligible net fueling or dilution.

3. Compatibility & transition: Triggered small ELMs coex-
isted with the EDAH-mode’s QCM. Higher frequency/con-
tinuous injection suppressed the QCM and induced mixed
ELMs, providing stronger W expulsion but with larger
events.

4. Tungsten expulsion & confinement: Triggered ELMs sig-
nificantly reduced W concentration (up to 60%) and radi-
ated power, leading to increased core temperatures (Te up
by ∼40%, T i up by 20%–40%) and improved energy con-
finement (H98(y,2) from ∼0.87 to ∼1.12).

5. Core penetration: Triggered small ELMs induced prompt
perturbations deep into the core (Te at ρ ≈ 0.4, W ions at
ρ ≈ 0.5–0.6), crucial for flushing core-accumulated W.

6. Optimized operation: High-frequency small ELM pacing
emerges as an attractive scenario, offering sufficientW con-
trol via controllable, benign ELMs, leading to improved
plasma performance without large ELM drawbacks or sig-
nificant fueling effects.

These results demonstrate that externally paced, small
ELMs triggered by Li granule injection offer a promising
and flexible method for managing impurity accumulation in
ELM-suppressed H-mode scenarios. This technique provides
a pathway to simultaneously achieve good energy confine-
ment and acceptable core impurity levels, which is critical for
sustained high-performance operation in NSTX-U and future
fusion reactors like ITER.
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