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Abstract

A novel approach for simultaneous power exhaust and edge-localized mode (ELM) control is
presented in the Experimental Advanced Superconducting Tokamak discharges, which utilize an
ITER-like tungsten divertor. Real-time injection of boron (B) powder and neon (Ne) gas overcomes
their limitations encountered when used separately. Pure Ne seeding leads to a narrow
operational window constrained by core impurity accumulation and H-mode to L-mode back
transitions, while pure solid B powder injection (SBI) is insufficient for effective divertor cooling.
In comparison, their combined use achieves a stable, stationary, ELM-suppressed H-mode with
adequate power exhaust. This synergistic scenario features partial energy detachment at the
outer divertor while maintaining good plasma confinement (Hgg ~ 1) with minimal degradation.
Two key features of this scenario are: 1) the SBI triggers a persistent Edge Harmonic Mode (EHM),
which provides a crucial continuous particle transport channel, preventing Ne and tungsten/
molybdenum accumulation without flushing out by ELM, and 2) the B+Ne mixture allows for
active optimization of the radiated power profile. Core radiation can be reduced by substituting
a portion of the Ne with B, leveraging their complementary non-coronal equilibrium radiation
efficiencies. This combined B+Ne injection scheme presents a promising pathway toward
integrated core-edge scenarios, offering the potential to minimize total impurity throughput
while leveraging an actuator (powder injection) already being considered for ITER.
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Boron, Neon, ELM, detachment, core edge integration

The successful operation of next-generation tokamak experiments, such as ITER, is
critically dependent on the development of robust plasma scenarios that can simultaneously
handle two major core-edge integration challenges: mitigating the intense, steady-state heat to
the divertor targets, and suppressing or mitigating large, transient heat loads from Type-| edge-
localized modes (ELMs) [1-3].

Divertor power exhaust management typically relies on inducing a state of partial or full
thermal plasma detachment through impurity line radiation. Neon (Ne) and Argon (Ar), in
particular, are attractive radiators for ITER due to their high radiation efficiency and chemical
inertness [4-6]. Indeed, Ne seeding has demonstrated the capability to robustly reduce inter-ELM
divertor heat flux via partial detachment across multiple major tokamaks. When operated within
the right window of heating power, density, and Ne dose, this can be achieved while maintaining,
or in some cases even improving, core plasma performance [7-9]. Recent integrated scenarios
have shown good progress: JET has demonstrated scenarios with Ne that simultaneously enable
high divertor radiation, the absence of large ELMs, and acceptable normalized performance (e.g.,
normalized confinement factor Heg = 0.9, normalized beta By = 2.2 at high power with Ne
concentration Cne = 1-2%) [8,10,11]. Similarly, EAST has achieved sustained ELM suppression and
stable partial detachment, with the strike point temperature falling from >40 eV to <5 eV and the
stationary heat flux reduced by >90% in the ELM-free phase, all while maintaining Hog>1 [9].
In DIII-D high-Bp plasmas, careful Ne optimization has led to deep detachment together with
complete ELM suppression, where the H-mode pedestal degradation was offset by a strong
internal transport barrier (ITB), preserving high global performance (Bn = 2.8) [7].

However, despite these successes, these multi-machine experiments have consistently
revealed fundamental limitations that create a narrow and precarious operational window. A
primary challenge occurs when heating power is too low, or the Ne rate is too high, leading to
excessive drops in the H-mode pedestal temperature. This can lower the power crossing the
separatrix (Psol) relative to the L-H transition power threshold, triggering M-mode dithering [12]
or net H-L transitions, a phenomenon observed at JET at moderate heating power with high Ne
radiative fractions [13]. A more pervasive issue is excessive core radiation and fuel dilution. In DIlI-
D high-B, plasmas, for example, Ne injection often leads to non-stationary density evolution and
high Zest (up to ~5), requiring further development of impurity or density control techniques [14].
As observed in ASDEX-Upgrade, altering the pedestal with impurity seeding to suppress ELMs can,
in turn, reduce the impurity flushing mechanism provided by ELMs, leading to a tendency toward



impurity accumulation and potential disruption [15]. Finally, operational constraints, such as re-
ionization heat loads on limiters in JET D-T experiments, can further narrow the already tight
window for successful Ne integration [8].

Boron (B), injected as a powder, has shown excellent real-time wall conditioning effects
on multiple devices [ ]. Recognizing these benefits and with its plan to operate with a full
tungsten wall, ITER is now considering solid B injection (SBI) as a primary tool for oxygen gettering
[22,23]. Furthermore, B has been shown to be an effective tool for ELM suppression [ 1. B
also has favorable radiative properties at relatively low electron temperature (Te), typical of
approaching detached divertor conditions [19,29,30]. However, its own capability as a radiator is
insufficient for significant outer divertor cooling in the hotter scrape-off layer (SOL) [6,29]. While
real-time boron powder injection offers significant advantages for ELM suppression and wall
conditioning, its application in steady-state fusion reactors requires careful consideration of the
material lifecycle. Unlike gaseous impurities that are pumped out, solid boron eventually migrates
from plasma-wetted surfaces to magnetically shadowed regions, such as the inner divertor baffles
[3,21]. Ina D-T reactor environment, these accumulated boron layers can co-deposit with tritium,
potentially impacting the in-vessel fuel inventory. Consequently, the implementation of this
technique in future devices must be coupled with established fuel recovery strategies—such as
lon Cyclotron Wall Conditioning (ICWC), localized surface heating (e.g., strike-point sweeping), or
physical slag removal [32]—to mitigate tritium retention in the shadowed regions [33].

This paper presents a novel approach that overcomes these limitations by synergistically
injecting solid B and Ne gas. The proposed scheme aims to leverage the strengths of both species
while mitigating their weaknesses, operating through two interconnected mechanisms. We will
show that a B-induced Edge Harmonic Mode (EHM) provides a critical, continuous impurity
exhaust channel, fundamentally addressing the core contamination and stability issues that
plague pure-Ne scenarios. Following the experimental setup, the results demonstrating this dual
mechanism will be presented, followed by a discussion of the implications in the context of
international research, and a summary and outlook.



The experiments were conducted on the EAST device with a tungsten divertor [34] in an
upper-single-null (USN) magnetic configuration, with the ion BxVB drift directed toward the active
X-point ("favorable" configuration). The plasma parameters were maintained with plasma current
lob ~ 0.5 MA, toroidal magnetic field By ~ 2.4 T, safety factor qos ~ 5.3, lower triangularity 6. ~ 0.6,
and upper triangularity du ~ 0.32. The plasmas were heated with ~ 3.5 MW of combined lower
hybrid wave (LHW ~ 2.6 MW) and electron cyclotron resonance heating (ECH ~ 0.9 MW) at the
axis, sustaining them in the H-mode from t ~ 2.6 s. The |, flattop phase is from 2.4s to 7.5s, and
the strike point is fixed during the flattop phase.

Two independent impurity injection systems were employed (Figure 1). SBI of crystalline B
powder (>99.9% purity, ~70 um grain size) was performed using an Impurity Powder Dropper (IPD)
[35] located at a top port, at rates of ~1-12x10%° B atoms/s. Ne gas (50% Ne, 50% D,) was injected
through a piezoelectric valve at the upper outer (UO) divertor target, with total particle injection
rates of 1.0-1.4x10%° atom s™". The distance of the Ne inlet to the divertor corner (X) is 11.35cm.
The IPD powder drop rate is calibrated offline versus the applied control voltage and cross-
validated using an optical flowmeter and the injector vibration amplitude measured by an
accelerometer. During operation, the powder flow is monitored in real time by the flowmeter (=5%
accuracy) and checked using the accelerometer signal; the resulting SBI rate is typically controlled
within =5-10%. The neon piezo-valve injection rate is calibrated offline versus the command
voltage and monitored/calibrated using the gas-tank pressure-drop method (PV = nRT), yielding
=1-2% calibration accuracy. IPD-based wall-conditioning feedback and neon-based divertor-
detachment feedback control have been successfully applied on EAST [36,37].



A series of discharges was conducted to systematically investigate these effects. The key
parameters and injection schemes for the discharges discussed in this paper are summarized
in Table 1, which serves as a reference for the following sections.

Table 1 Summary of key experimental discharges. (Table header describes the columns: discharge number, B flow
rate, SBI start time to end time, Ne injection rate, Ne injection duration, key control actions, and observed plasma
response.)

SBI Ne time
Discharge B rate (1£20 . Ne rate Key control action Plasma response
atom/s) time (s) (1E20 atom/s) (s)
OSP shifted near Ne ELM suppression
93185 - - 1.1 4.5-6.32 inlet, X =9.5 cm to Te@OSP ~ 16eV
Div. corner H-L@7.4s
0SP shifted to Di ELM mitigation
93186 . - 1.1 4.5-6.32 shifted to Div. Te@OSP ~ 21 eV
corner, X=6.5cm
Hog1.2 2 1.1
Increased first two ELM mitigation
93187 - - 1.15 4.5-5.97 pulses, short Te@OSP ~ 25 eV
duration w ramp-up
ELM suppression
93188 - - 1.2 4.5-6.32 Increased Ne rate Te@OSP ~ 9 eV
H-L@6.5s
PRI ELM suppression
ed B to Ne rate
93191 5 3-6.5 1.2 5-6.85 of #93188 Te@OSP ~ 16 eV
Heg 1.2 2 1.06
ELM suppression
Decreased B,
93192 3.9 3-6.5 14 5-6.9 ) Te@OSP ~ 5.5 eV
increased Ne
Hog 1.3 2 0.95
. ded B d ) ELM sup. from L-H
t ti
93193 5 2-8.5 1.3 5-6.87 |~ cndedsauration, Te@OSP ~ 8 eV
decreased Ne
Hog 1.05 = 0.95
Time sequence Avoided H-L
93194 5 4-8.5 1.3 3.5-6.38 reversal: Ne first, B Te@OSP ~ 5.5 eV
later Hes 1.22 2 0.92

A suite of diagnostics was employed to monitor the plasma response to impurity injection

24], asillustrated in Figure 1. The poloidal layout shows key measurements relative to the plasma
equilibrium. A 64-channel absolute extreme ultraviolet (AXUV) photodiode array measures the
plasma radiation profiles [38]. Two flat-field grazing incidence extreme ultraviolet (EUV)
spectrometers monitor the intensity of highly-ionized impurity emission, including B-V (A = 4.098
nm), Ne-IX (1.355nm), and W-UTA (unresolved transition array) for tungsten [39]. Divertor
conditions are monitored by triple Langmuir probe (LP) arrays on the inner and outer target plates,
providing ion saturation current and Te [40]. A filter-scope system measures Da emission, and a
multichannel visible spectroscopy diagnostic views the outer target to monitor neutrals and low-



Z impurities. Two poloidal visible bremsstrahlung sighting lines are used to calculate the line-
averaged effective ion charge, Zes, with input of Te and n. at the tangential magnetic surface [41].
The uncertainty of the Zes calculation is ~ 30%. Two neutral pressure gauges (Pfeiffer PRK251) are
located at the top and midplane of the vessel.
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Figure 1 Poloidal layouts of primary diagnostics for upper-single-null discharges. The reconstructed equilibria for
discharge #93192 and #93186 at t = 6 s are shown. (Left panel) Locations of the Ne gas inlet, divertor Langmuir probes
(LP), upper & lower Da arrays, EUV spectrometer sightline, 11-channel polarimeter-interferometer (POINT), x-ray
imaging crystal spectrometer(XCS), and two neutral pressure gauges. (Right panel) Sightlines for the 64-channel
AXUV bolometer array, multi-channel middle-plane electron cyclotron emission (ECE), and divertor visible
spectroscopy. The orange arrow indicates the downward trajectory of injected B powder from the IPD.

The fundamental physics motivating the mixed-radiator approach is illustrated by the
impurity cooling factor curves shown in Figure 2. In the high-density, low-temperature plasma
typical of a divertor, impurities do not reach coronal equilibrium (CE) due to their short residence
times (). This non-coronal equilibrium (NCE) state significantly alters their radiative properties.
The parameter n.t (electron density x residence time) characterizes the deviation from CE (solid
lines). For the NCE conditions expected in the plasma edge (lower n.t values), B's radiation
efficiency (L;) is strongly enhanced compared to its CE value. For instance, considering a proxy
transit time t of 0.2ms (estimated from the connection length and ion sound speed in the SOL),
the NCE radiation curve (solid red line) shows that B's L, is not only enhanced but also extends its
effective radiating range to higher temperatures, up to ~20 eV, where it can exceed that of Ne,
under the right conditions. Scenarios with particle recycling or oscillation could lead to even
shorter residence times. Conditions with even shorter residence times (e.g., T = 0.01ms, dashed



lines) show that B's radiation capability can be stronger than Ne's up to Te ~ 500 eV. ASDEX-
Upgrade reports that the deposited B is the contributor to the missed power loss via the SOLPS
simulation [30]. This atomic physics behavior is key: under realistic edge conditions, B becomes a
much more potent radiator than CE predictions suggest. This provides a rationale with concurrent
B and Ne injection, as the enhanced radiation from B can take on a significant portion of the
cooling burden.
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Figure 2 ADAS-calculated [42] cooling factors L, (T.) for B and Ne. The curves show the radiation efficiency under
coronal equilibrium (CE, solid lines) and non-coronal equilibrium (NCE, dot and dashed lines) conditions for different
values of the parameter n.t. Under NCE, B's radiation is significantly enhanced and extended to higher temperatures.



3. Experimental Results

3.1. Independent Injection of B and Ne: Operational Limits

First, to establish a baseline for the synergistic experiments and to demonstrate their
individual limitations, the effects of injecting B powder and Ne gas independently were
characterized. The results show that while SBI can effectively suppress ELMs and the plasma
exhibits a high tolerance to it, its capability for achieving divertor radiative cooling is limited.

Figure 3 illustrates the plasma response to SBI alone. The left-hand side panels compare
three discharges: no B (#93154), low-rate SBI (#93159, ~2.5mg/s-1.4x10%° atom/s), and high-rate
SBI (#93179, ~15mg/s-8.4x10%° atom/s). Panel (a), showing the B-V emission, and panel (b),
showing the Da signal, clearly indicate that ELMs are fully suppressed with a sufficient SBI rate. A
key finding is that a low SBI rate (#93159) was sufficient to maintain ELM suppression while
preserving a high confinement factor (Hog) nearly identical to the no-B case, as seen in panel (c).
When the SBI rate was increased 6 times relative to #93159 (in discharge #93179), the plasma
remained in H-mode, albeit with a noticeable decrease in Hgg and an increase in ne. This
demonstrates a wide operational window of B rate and high plasma tolerance for B powder. The
wide range is beneficial for control. The continuous SBI also improved wall conditions, as
evidenced by the decrease in the O-VIII impurity proxy in panel (e), a behavior similar to that
observed for tungsten and molybdenum impurities.

The right-hand side panels reveal further details of the SBI effects. Panel (f) shows the
cross-power spectrogram of AXUV and Da signals for the low-rate case (#93159), which clearly
indicates the presence of an EHM [24,25,27,43]. Multiple edge low-frequency fluctuations are
known to occur in inner or both targets detached divertor conditions[43]; here, we use ‘EHM’ as
an operational label for the SBI-correlated low-frequency band relevant to impurity control in this
dataset, but disentangling and classifying these modes is beyond the scope of this work. The key
trends reported here are unchanged when the EHM metric is evaluated over a broader low-
frequency band. Panel (g) plots the ratio of two AXUV chord signals for all three discharges: a
chord viewing the plasma edge near the upstream separatrix (AXUV #7, see Figure 1) and another
viewing slightly deeper into the core (AXUV #10). Each AXUV channel measures a line integral of
emissivity over its line-of-sight (LOS) and spectral response, which can be expressed as

Si@®) = [, Raxov D) [, €(r, A, ) dA dl = [ LOS; wi(r) Praq(r, t) dl,
where w; absorbs optics and response factors, and Py, (1) = n2Chrem(T.) + X, nenz Ly (T,) is
the local radiated power density. Using fixed-view AXUV chords on EAST, the ratio increased
during SBI while B-V visible emission rose, indicating a preferential increase of chord-integrated
emissivity in the near-separatrix/SOL region emphasized by chord #7; the lack of further rise in
between low and high injection rates is consistent with saturation of edge-localized radiative
losses approaching the geometric weighting limit of the chords; given the cooling factor of B



peaks at a few—10 eV, these observations are consistent with SOL-localized radiation rather than
core radiation. This strongly suggests that B's radiative contribution is predominantly localized at
the edge region, near the separatrix, or in the SOL. This could imply that B ions are also potentially
confined to the edge region, but it does not support the view that they are mainly located there
and avoid significant core fuel dilution. Unfortunately, the B concentration is not available to
confirm core dilution. ASDEX-upgrade shows that B-ion density profiles vary from very hollow to
flat or peak at mid-radius in H-mode discharges with SBI or modulated heating using the B-coated
antennas [20,44]. With EAST plasma parameters, SOLPS-ITER simulations show Zes increases from
~3% at 2cm inside the midplane separatrix to ~25% at the midplane separatrix [45,46]. Despite
these positive effects, B's capability for power exhaust is limited. The panels for the high-rate
discharge #93179 (panels h, i, and j) show that while SBI drove the inner divertor target into
particle detachment (significant ion saturated current (Jsat) reduction in panel h), the outer target
remained attached (panel i). The outer target temperature (panel j) was only modestly reduced
from ~65 eV to ~45 eV, far from the conditions required for energy detachment.
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Figure 3 ELM suppression by SBI alone and its limited effect on outer target cooling. Left panels compare
discharges with no B (#93154), low-rate SBI (#93159), and high-rate SBI (#93179); (a) B-V emission; (b) Da emission;
(c) Heg confinement factor; (d) Line-averaged density; (e) O-VIIl impurity proxy. Right panels show further details: (f)
cross-power spectrogram of AXUV #57 and Do #U6 for #93159, showing the EHM, (g) Ratio of AXUV channels #7
(around tangential separatrix) and #10 (through pedestal) for all three discharges, indicating edge-localized radiation;
(h, i) Jsat 0N the inner and outer targets for #93179, showing inner-target particle detachment; (j) T. at the strike points
for #93179.

Experiments with Ne injection alone for power exhaust control identified a narrow and
difficult-to-control operational window, as the plasma is highly sensitive to the injection rate. In a
representative case (#93186, Figure 4), a small Ne injection rate of 1.1x10%° atom/s led to ELM



mitigation but not full suppression. While the outer strike point Te was reduced, it was not low
enough to achieve energy detachment. It was also observed (though not shown in a figure) that
the tungsten concentration gradually increased with Ne injection.

When the injection rate was increased by only 9% to 1.2x10%° atom/s in discharge #93188,
the plasma response changed dramatically. This slightly higher rate was sufficient to trigger outer
target detachment but was unsustainable. The discharge experienced significant particle
accumulation, a continuous drop in stored energy, and ultimately underwent an H-L back-
transition at t~6.5s. Another discharge (#93185), despite having a lower injection rate than
#93186, resulted in a similar H-L transition (see Table 1), due to the strike point being closer to
the gas inlet valve, leading to more ionization [47]. Together, discharges #93188 and #93185
provide strong evidence that pure Ne injection is prone to performance degradation and plasma
collapse due to either global accumulation or local "self-poisoning." These representative results
highlight the significant challenge of using Ne alone for simultaneous ELM control and divertor
detachment.

3.2. Synergistic ELM Suppression and Divertor Detachment with
Simultaneous B and Ne

The central result of this work is that the combined, synergistic injection of B and Ne
overcomes their individual limitations. Figure 4 directly compares discharges to illustrate this
synergy. The left side (#93191 vs #93186) shows that at a lower Ne rate, adding B achieved
complete ELM suppression and a lower divertor temperature, a state inaccessible to the Ne-only
case. The right side (#93192 vs #93188) shows that at a higher Ne rate, adding B prevented the
H-L back-transition and uncontrolled density rise seen in the Ne-only case, achieving a stable,
stationary operating point. It is noteworthy that while #93191 and #93188 have the same total
Ne injection rate, their outcomes are drastically different, underscoring the stabilizing role of B.
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Figure 4 Comparison of discharges preliminary demonstrating the expanded operational window with SBI+Ne.
Left side: #93191 orange vs #93186 blue; right side: #93192 magenta vs #93188 black; (a) left-Y: midplane Ne-1X/n.,
right-Y: control voltage wave for the piezoelectric valve; (b) B-V emission intensity; (c) Do emission; (d) plasma stored
energy given by EFIT; (e) line-averaged density; (f) electron temperature measured by LP near the outer strike point.

This synergistic scheme not only stabilizes the plasma edge but also maintains core performance
well, in stark contrast to the degradation observed with pure Ne injection. Figure 5 presents a
comparison of plasma profiles at several time slices for the unstable pure Ne discharge (#93188)
and the stable synergistic discharge (#93192). Unfortunately, Thomson Scattering data were
unavailable, so the density profiles were constructed by combining data from the POINT
(POlarimeter-INTerferometer) system, an 11-channel diagnostic measuring line-integrated
density, and an edge reflectometer. Te profiles are from ECE (Electron Cyclotron Emission), but
the data in the pedestal region are unreliable due to insufficient optical thickness and are
therefore not shown. The T; data is limited to the core from XCS (X-ray Crystal Spectrometer)
measurements, which have relatively large error bars. Despite these limitations, the profile
comparison reveals key physical differences. Panel (a) shows that during the cooling phase of the
pure Ne discharge (#93188 at 6.4s), the density profile tends to rise across the board. In contrast,
the density is more controllable in the stable, detached phase of the B+Ne case (#93192 at 6.7s).
Both B and Ne injection lead to a decrease in core T (panel b), which is an expected consequence
of the density rise. However, a remarkable result is seen in the core Ti (panel c): in the stable B+Ne
phase, Ti not only avoids degradation but actually increases. This ability to maintain or even
improve core Tiis a significant advantage of the synergistic approach. Since the auxiliary heating
is predominantly RF electron heating and T; < T, in these discharges, the increase of core T; is
consistent with enhanced electron-ion collisional energy transfer as the density and collisionality
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rise during the seeded stationary phase (P,; < n2(T, — Ti)Te_3/2). While impurity seeding may
also contribute to ion heat transport reduction through turbulence stabilization, as discussed in

prior modeling [48,49], the decrease in core T, is not the typical signature of turbulence suppression.
Quantifying the relative contributions of equipartition versus transport requires dedicated power-
balance analysis, which is left for future work.
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Figure 5 Plasma profiles for Ne alone (#93188) and synergistic B+Ne (#93192) discharges. Time slices are shown
for before SBI or Ne seeding (3.2s), during SBI before Ne injection (#93192 at 4.5s), during Ne seeding before collapse
(#93188 at 6.4s), and during stationary synergistic operation (#93192 at 6.7s). (a) ne profiles from POINT and
reflectometry. (b) T. profiles from ECE. (c) T; profiles from XCS.

Successful core and edge integration occurred via B+Ne injection. Figure 6 provides a
detailed, multi-diagnostic showcase of the successful synergistic discharge #93192, confirming a
state of partial energy detachment without particle detachment [50,51]. Panel (a) shows the
steady impurity injection. The Langmuir probes in panel (b) indicate a drop near the outer strike
point Te to below 10 eV, while the far SOL remains hotter, signifying localized cooling. This is
independently supported by the spectroscopic measurement in panel (c), which shows the
intensity ratio of two deuterium Balmer lines (Dg, n=7->2 at 396.90 nm to D§, n=6—>2, at 410.06
nm). This ratio is sensitive to Te in the recombination-dominated regime below ~5 eV; a sharp
increase in the De/Dé ratio is a signature of a cooling, recombining plasma [52]. This energy
dissipation provides effective target protection, as shown by the IR thermography in panel (d),
where the peak surface temperature drops from ~300°C to ~100°C. However, the Jst profile
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in panel (e) shows that the particle flux increases after Ne injection and remains attached,
confirming this as a state of energy detachment, not particle detachment. Furthermore, panel
(f) shows a significant increase in the ratio of divertor to mid-plane neutral pressure (the
compression ratio), which is an accompanying feature of detachment, indicating enhanced
recycling and neutral density in the divertor.

Throughout this detached phase, core performance is well maintained. Core Te decreases
but core Ti increases (panels g, h), consistent with the profile data in Figure 5. Panels
(i) and (j) provide crucial information on fuel ion dilution. Zes, calculated from line-integrated
visible bremsstrahlung, increases with B and Ne injection. Panel (i) shows two Zes measurements:
one from a central chord (VB core) and one from a chord viewing the plasma edge (VB edge,
see Figure 1). A central Zer increased from ~1.4 to ~2.5 directly implies that impurity ions are
displacing the primary fuel ions (deuterium). Notably, the edge Z.s rises more significantly,
suggesting a higher concentration of impurities in the plasma edge region compared to the deep
core. However, despite this increase in Zef, the neutron rate measured by both the 3He detector
and the #3°U fission chamber, a proxy for fusion performance, not only avoids a decrease but
actually increases (panel j).

A careful interpretation is required. A simple estimation can be made: assuming the Zes
from the central chord increases from 1.4 to 2.0, it is solely due to B. Assuming the Zes rise is
entirely due to fully stripped B, the Deuterium fraction,n,/n, = 1 — Zg(ng/n,) withng/n, =
(Zesr — 1)/(Z2 — Zg) = 2%, drops from = 90% at Zet =~ 1.4 to np/ne = 75% at Zew = 2.0,
corresponding to about 17% relative fuel dilution and a B fraction ng/ne increasing from =2% to
= 5%. Assuming the further increase to 2.5 is solely due to Ne, the added Ne fraction is ny,/n, =
(25-2)/(Z3, — Zy.) = 0.56%, and the fuel-ion fraction (np/n, = 1 — Zy.(ny./n.)) drops
from 75% to 69.4%, i.e., an extra 5.6% absolute (7.4% relative) dilution on top of the B case. Note
that the Zefr is a chord-weighted quantity, so these results represent LOS-averaged dilution. This
yields bounds: if the entire rise from 1.4 to 2.0 is edge-only, core dilution is minimal; if the rise is
uniform, np core/Ne = 70%, implying ~20% relative core dilution. The higher values measured
by the edge-viewing chord suggest that dilution is likely more pronounced at the edge than in the
core. The neutron rate is proportional to the square of the deuterium density and the fusion
reactivity, which is a function of Ti. In this case, the increases in both n. and T; are expected to
significantly boost the neutron rate, likely overwhelming any negative effect from fuel dilution.
Therefore, although neutron data alone cannot confirm the absence of core fuel dilution, the
combination of a smaller increase in core Zes, rising Ti, and a steady neutron rate strongly suggests
that the synergistic injection scheme did not cause significant core fuel ion dilution and effectively
contained the negative effects of impurities.
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Figure 6 Detailed characterization of a successful synergistic B+Ne discharge (#93192). (a) B-V and Ne-1V emission.
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viewing (VB edge) visible bremsstrahlung chord. (j) uncalibrated neutron rate by 3He detector.

3.3. Role of EHM in Impurity Transport and Radiation Control

To uncover the physical mechanisms sustaining this stable, synergistic effect, we
investigated the impurity transport and radiation distribution. The experimental evidence points
to two interconnected core mechanisms. First, an EHM triggered by SBI provides a continuous
outward particle transport channel for core impurity control; second, the synergistic injection
actively reshapes the plasma's radiation profile, relocating radiation from the core to the plasma
boundary.

The key to achieving stable high confinement lies in the effective control of core Ne
content provided by the synergistic scheme. Figure 7 compares the pure Ne case (#93188, black)
with two synergistic B+Ne discharges (#93191, orange; #93192, magenta), plotting key
parameters as a function of the outer strike point temperature (Te@OSP). Panel (a) shows the
Ne-Il emission, measured by visible spectroscopy viewing the divertor target, while panel
(b) displays a proxy for the upstream Ne content within the closed flux surfaces (Ne-I1X/ne) [39].
Coronal equilibrium indicates Ne-IX exists in the Te range of ~ 20 — 1000 eV, and the abundance
fraction of Ne®* peaks at ~ 100 eV. A compelling trend emerges: the synergistic discharges, which
exhibit higher Ne-Il [53] radiation in the divertor (panel a), simultaneously maintain a lower and
more controlled level of upstream Ne content (panel b). In contrast, the pure Ne discharge,
despite having lower divertor Ne-ll radiation, suffers from a continuous rise in upstream Ne as it
cools, culminating in an unsustainable H-L transition, as shown by the Hog collapse in panel (c).
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This result strongly suggests that the presence of B helps to confine Ne more effectively in the
divertor region for radiation while simultaneously suppressing or expelling it from migrating
upstream into the core. This stable Hos response facilitates future feedback control systems,
targeting the recovery of stored energy loss with finer or adaptive control of B and Ne injection,
as reported in the literature [37]. The right panels (d—f) then provide the mechanistic link by
showing cross-power spectrograms (cross-FFT) between Da fluctuations at the upper divertor
and AXUV fluctuations viewing the upper X-point region, isolating coherent fluctuation activity
and identifying the EHM band as a persistent feature during SBI phases. Comparing #93188 (pure
Ne) with #93191/#93192 (B+Ne), the EHM band is only observed when SBI is present, and it
persists through the ELM-suppressed detached phase, demonstrating that the EHM coexists with
Ne injection and detachment in the synergistic scenario.
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Figure 7 sBI-triggered EHM enables enhanced divertor Ne emissivity with reduced upstream Ne content proxy
during synergistic B+Ne operation. Left: Parametric comparison of pure-Ne discharge #93188 (black) and synergistic
B+Ne discharges #93191 (orange) and #93192 (magenta) plotted versus outer strike-point temperature T, at the
outer strike point (OSP): (a) Ne-1l emission at the outer target (divertor radiation proxy), (b) Ne-IX/n, at the midplane
(upstream/core-near proxy), and (c) confinement factor Hqg. Right: cross-power spectrograms (cross-FFT) between
Da fluctuations at the upper divertor and AXUV radiation fluctuations viewing the upper X-point region for (d) #93188,
(e) #93191, and (f) #93192; a persistent EHM band is observed only when SBl is applied, and remains during the ELM-
suppressed detached phase of #93192.

Because full profile-based transport inference is not available for all discharges, the
impurity exhaust capability is additionally quantified using compact “effective” relaxation metrics
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(Figure 8), while explicitly acknowledging that line-integrated proxies can be influenced by
emissivity and charge-state balance. First, an effective Ne removal time is estimated from the
decay of the Ne-IX/n, proxy following valve shutoff, yielding a modest but measurable reduction
of the effective decay time in the EHM/ELM-suppressed case (#93194 7y, = 2394ms) relative to
an ELMing case without EHM (#93187 7y, = 2696ms). This comparison is conservative because
#93187 contains ELMs (panel g), which would normally provide intermittent flushing; therefore,
observing a slightly longer effective decay time in the ELMing case implies that the EHM/ELM-
suppressed phase is not transport-starved and is consistent with a continuous outward exhaust
channel when ELM flushing is absent. To reduce the possibility that changes in atomic physics
dominate the Ne-IX proxy, we also checked that pedestal T, (ECE at p ~ 0.8) variation is negligible.

Second, an effective high-Z removal time is extracted from W-UTA relaxation following
impulsive UFO events, where the fit is started after the emission peak to exclude the source phase.
The W-UTA signal is then fitted with a single-exponential-plus-offset form, y = Aexp (—(t —
ts)/Tw) + C, yielding Ty, as the effective high-Z removal timescale for that event. In Figure 8 (a—
b), discharge #93186 shows a UFO event followed by a W-UTA decay with 7y, ~ 107 ms, while in
Figure 8 (c—d), discharge #93191 shows a UFO event with a faster W-UTA decay, T, ~ 70 ms. The
two discharges are executed with similar global settings (e.g., plasma shape and comparable
heating/programming), and both are in attached conditions (target Te ~ 20eV) during the
respective UFO windows; however, the edge regime differs (#93186 is ELMing/mitigated whereas
#93191 is EHM/ELM-absent), so we interpret the different 7, values as an edge-regime-
dependent effective W removal time. This difference is consistent with enhanced impurity
exhaust in the EHM case, but we avoid claiming a unique transport coefficient because we have
limited numbers of impulsive events and because emissivity/charge-state effects can contribute
to the apparent W-UTA decay.
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Figure 8 Proxy-based effective impurity removal times with and without EHM and ELMs. Left: Examples of W-UTA
relaxation following an impulsive ‘UFO’ event for (a—b) #93186 and (c—d) #93191, where the fit is started after the
peak and the decay is fitted with a single exponential to extract an effective W-UTA decay time (ty,). Right: (e) semilog
plot of the Ne-IX/ne proxy after valve-off for an EHM/ELM-suppressed discharge (#93194) and an ELMing discharge
without EHM (#93187), showing approximately linear semilog behavior over the selected fitting windows and yielding
an effective neon-proxy decay time (ty,); (f—h) accompanying time traces (Ne-1X/ne, Do, and EHM power) are shown
to document the edge regime.

A sequence-reversal experiment is used to separate “screening” from active impurity
reduction and to demonstrate simultaneous radiation reshaping. In discharge #93194, Ne was
injected first, followed by B powder. Panel (a & c) in Figure 9 shows that after Ne injection att ~
3.5s, and then after SBI started at 4s, ELMs were suppressed and an EHM was initiated at t ~ 4.2s.
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The EHM signal is quantified by integrating the fluctuation power of an AXUV chord in the 2-20
kHz band (shown as ‘EHM power’). During the Ne-only phase with suppressed ELM flushing,
impurity accumulation (both seeded Ne and intrinsic high-Z species) is expected to be a key risk
as #93185 and #93188: once ELMs are removed, the plasma can no longer rely on ELM losses to
expel impurities, so sustained outward transport is required to avoid progressive core
contamination and radiative degradation. Figure 9 shows that after SBI onset, the EHM power
rises and remains present through the energy detached (Te@OSP < 10eV) and ELM-suppressed
phase spanning ~4.5 - 6.6 s (bounded by the vertical dashed lines), while the Ne proxy (Ne-I1X/n,)
and the volume-averaged Molybdenum content, Cy,,, stop rising and later decrease, and the
estimated Cy, is rapidly reduced and remains controlled. The tungsten signal can decrease simply
because the divertor tungsten source decreases as the target temperature is reduced, and
therefore a reduction of Cj, during Ne-driven cooling cannot by itself demonstrate ‘tungsten
pump-out’. Mo, as a complementary high-Z indicator (Figure 9 (e)), is associated with midplane
plasma—wall interaction rather than divertor-target sputtering, and C,;, decreases during the
EHM phase in #93194 while it ramps up in the non-EHM reference #93188. Taken together, these
time-correlated trends are consistent with the interpretation that SBI-triggered EHM provides a
continuous outward impurity transport channel that can prevent impurity accumulation when
ELM flushing is absent. This experiment clearly distinguishes between impurity "screening"
(preventing entry) and "pump-out" (active expulsion). Since the core impurities were already
present and subsequently reduced after the EHM appeared, this suggests that the EHM provided
an active outward transport, or "pump-out," mechanism. Further supporting this, Figure 9
(c) shows that in discharge #93193 (with early SBI), the rise of the Ne proxy was much slower than
in #93194 (late SBI), indicating that an early, persistent EHM provided both screening and pump-
out, which is key to achieving the steady-state impurity control necessary for stationary operation.
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Figure 9 Evidence of EHM onset and subsequent multi-impurity control in discharge #93194. (a) B-V (black) and
B-Il (orange) emission indicating the SBlI phase evolution. (b) ELM indicator and outer strike-point
temperature T, @OSP, with the blue dashed horizontal line marking T, @OSP = 10 eV as a reference for the
onset/maintenance of a low-temperature divertor condition. (c) Ne-1X/n, proxy (solid, #93194) compared with 93193
(dotted, time-shifted by -1.6 s to align the Ne injection timing), overlaid with the EHM intensity metric (‘EHM power’)
obtained by integrating the AXUV fluctuation power in the 2—-20 kHz band. (d) Core line-averaged density and a core
temperature. (e) Volume-averaged W and Mo concentrations Cy, and Cy,, (with #93188 C,,, shown for comparison).
The first two vertical dashed lines mark the time slices for the SXR tomography; the last one indicates termination of
Ne injection.

The radiation redistribution is quantified by AXUV and independently confirmed by SXR
tomography, as detailed in Figure 10. Panel (a) shows the time evolution of the AXUV (Figure 1)
line-integrated radiation power. The four vertical dashed lines represent the time slices for
detailed comparison in panels (b & c). Initially, Ne injection (from t=3.5s to 4.2s, black squares
in panel (c)) increased the radiation in both the core (Ch# 30-48) and the edge (Ch# 55-63), but
with a larger relative increase in the core (130-220%) compared to the edge (100-180%). However,
after B was added, and B & Ne injection continued (from t ~ 4.7s to 6.4s, purple stars in panel (c)),
the situation reversed: the core channel (Ch# 30-42) radiation was reduced by ~15%, while the
edge channels near the X-point (Ch# 59-61) exhibited an increase of ~15%, indicating a shift of
radiated power from the hot region toward the boundary.

The 2D tomographic profiles from the soft X-ray (SXR) arrays [54], shown in panels (d-f),
provide corroborating evidence, a more geometry-robust confirmation of reduced core radiation.
The SXR diagnostic is insensitive to photons with energy <lkeV and thus primarily reflects
radiation from the hotter region inside the pedestal. The SXR reduction from t=4.7s to t=6.4s is
strongest in the core (~¥30%, peak around p~0) and decreases toward the outer radii (to ~12%
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near the edge of the SXR sensitivity region), consistent with the core reduction inferred from
AXUV.

Since fixed-view AXUV chords—especially those intersecting the X-point region—can be
sensitive to radiation weight and modest equilibrium shifts, an EFIT-based geometry check using
EFIT reconstructions at representative times (4.7 s and 6.4 s) shows that the upstream separatrix
position is essentially unchanged while the X-point shifts only modestly. AXUV Ch# 6 (Figure 1),
which traverses the upstream SOL and is approximately tangential to the upstream separatrix,
exhibits a clear increase over 4.7-6.4 s, consistent with an increase of edge/SOL radiation in this
interval. In addition, divertor-visible B emission (B-Il) increases during the same interval (Figure 9
a), supporting the idea that the increase in edge/SOL radiation is not solely an artifact of
equilibrium variation. B-ll emission increases significantly due to (i) Boron distribution in plasma
and on targets with a continuous constant injection has not reached a balance; (ii) Neon induced
low temperature near the target boosts the Boron radiation, which is consistent with B-Il decay
as the target Te ramps up after t ~ 6.6s due to the Neon injection termination.

Taken together, the cross-FFT identification of a persistent EHM, the proxy-based
relaxation times, and the sequence-reversal radiation/impurity evolution support the conclusion
that SBI-triggered EHM provides a continuous outward exhaust channel that enables sustained
neon seeding and energy detachment without the impurity accumulation that limits pure-Ne
operation.
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Figure 10 Synergistic B+Ne injection reshapes the radiation profile from core to edge in discharge #93194. (a)
Time evolution of the AXUV line-integrated radiation profile, with vertical white lines indicating time slices. (b) AXUV
power of all chords in the upper part for the four time slices. (c) Relative change of the radiation profile between time
slices. (d), (e), (f) are 2D reconstructions of the soft X-ray emissivity, showing a hollowing of the core emission after
SBI.

3.4 Complementary Radiative Cooling Effects of the B+Ne Mixture

Beyond altering transport via the EHM, a second synergistic mechanism is the
optimization of radiative cooling efficiency by tuning the B:Ne mixture. To investigate this, we
compare discharge #93192 (lower B, higher Ne rate) with #93193 (higher B, lower Ne rate). While
both achieved ELM suppression, #93193 did not reach the same deeply detached state (8 eV
versus 5.5 eV) due to its lower Ne rate, which is a more effective radiator in the hotter upstream
SOL-pedestal regions.

To facilitate a physically meaningful comparison, Figure 11 plots key parameters as a
function of the outer strike point temperature (T.@OSP). This approach directly links the divertor
condition (T.@OSP) to the corresponding upstream plasma state. In the crucial overlapping
operational window of 8 eV < T.@OSP < 12 eV, a trend emerges. The high-B discharge (#93193,
magenta) exhibited significantly lower core Ne content (Ne-IX proxy, panel (a)) and consequently
lower core radiation (AXUV core, panel (c)) compared to the high-Ne discharge (#93192, green).
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This experimental result is a compelling manifestation of the non-coronal equilibrium
(NCE) atomic physics illustrated in Figure 2. In this low-temperature divertor regime, B's NCE
radiation efficiency is strongly enhanced. The increased B in #93193 thus effectively substitutes
for a portion of the Ne in providing radiative cooling. This allows a similar level of cooling to be
achieved with less Ne, directly reducing core contamination. While based on a direct comparison
of two discharges, the strong consistency between this observation and fundamental atomic
physics principles suggests that the B:Ne ratio can be used as a tool to actively optimize the
radiation profile, minimizing core radiation beyond what is achievable by transport effects alone.

However, the higher-B/lower-Ne discharge #93193 also exhibits a modest reduction in
global confinement compared to #93192 over much of the evolution. The reduction is evident
even before the Ne-seeding transition, suggesting a confinement cost associated with the
stronger SBI operating point. In the deep energy-detached regime ( T, @OSP < 8.5 eV), the Hog
in #93192 and #93193 become comparable; this convergence should be interpreted as a result of
the specific actuator settings rather than a fundamental limit.
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Figure 11 Comparison of discharges with different B:Ne ratios (#93192 vs #93193) plotted versus T.@OSP. (a) Ne-
IX emission (proxy for upstream Ne); (b) B-V emission (proxy for SBl); (c) Core AXUV radiation; (d) AXUV radiation
around X-point; (e) Hss factor. In the overlapping T.@OSP range of 8-12 eV, the higher-B, lower-Ne discharge (#93193,
green) shows lower core Ne emission and core radiation for a given divertor temperature, at nearly identical
confinement.
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The experimental results support the concept of a synergistic B+Ne scenario, which
operates via a twofold physics mechanism. First, B and Ne act as complementary radiators, with
their effectiveness enhanced under the non-coronal equilibrium conditions of the divertor (Figure
2). Second, and most critically, SBI triggers a persistent EHM, which drives a continuous outward
particle flux essential for impurity exhaust. This EHM-driven transport prevents the accumulation
of Ne in the core and fundamentally changes the transport regime of the plasma edge to one that
is compatible with robust impurity seeding.

The excitation of the EHM is likely understood to be a consequence of the modified edge
plasma state rather than a unique intrinsic property of the boron atom itself. The injection acts
as a localized actuator, introducing a particle and radiation source near the X-point, which
modifies density gradients and alters local resistivity. Two primary drive mechanisms are
proposed: (1) the localized density perturbation from powder ablation breaking poloidal
symmetry to excite a Geodesic Acoustic Mode (GAM)-like instability [27], or (2) a radiative
condensation instability driven by the negative temperature dependence of the impurity cooling
rate (dL,/dT, < 0) [55]. Boron is particularly effective here because its non-coronal radiation
efficiency peaks within the specific temperature range of the EAST pedestal and X-point region,
maximizing the drive for these instabilities.

This dual-mechanism synergy provides a substantial advantage over pure Ne seeding
scenarios explored on other machines[11,56,57]. While experiments on JET and DIII-D have
achieved detached or ELM-suppressed states with Ne, they often report a narrow operational
window, precariously balanced against core radiation limits or H-L back-transitions[7,8,11,13,14].
The B+Ne scenario presented here breaks that paradigm. The EHM, actively driven by SBI,
provides a reliable, continuous impurity exhaust channel that is absent in pure Ne scenarios once
ELMs are suppressed. This allows for stable operation in a much wider parameter space, as
demonstrated by the prevention of the H-L transition compared to the pure Ne case in Figure 4,
and enables control of core impurities even after they have entered the plasma and stabilized the
pedestal, as shown in the sequence-reversal experiment of Figure 9.

Interestingly, the underlying physics of this solution bears a strong resemblance to the
ELM-free EDA H-mode explored on ASDEX Upgrade with Ar seeding [2,5]. In the EDA H-mode, a
naturally occurring Quasi-Coherent Mode (QCM), much like our EHM, provides the necessary
particle transport to prevent impurity accumulation. The injection of Ar in that scenario primarily
serves to reduce the pedestal pressure to maintain the plasma within the stable EDA regime. Our
approach can be considered an 'engineered' analogue to this physics: where a QCM is not
naturally present, we use SBI as an actuator to reliably trigger an EHM, thereby creating the
necessary transport conditions to enable stable operation with a radiative impurity. This positions
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our work within a more universal framework for advanced tokamak scenarios, based on the
principle of replacing intermittent ELM transport with a continuous, benign edge mode.

This insight also opens a promising avenue for future research: a synergistic B+Ar scenario.
As reported from ASDEX Upgrade, Ar exhibits a significantly higher divertor enrichment than Ne,
meaning less impurity is required in the core for the same divertor radiation [6]. However, Ar's
higher atomic number also makes it a more dangerous core radiator if it does accumulate. A B+Ar
scheme could be highly advantageous, combining the superior radiative and retention properties
of Ar with the EHM-driven "safety valve" for impurity control provided by SBI.

Finally, this work provides a practical demonstration of an integrated scenario with
significant implications for ITER. The observed EHM is analogous to the QH-mode regimes[1],
while traditional EHOs are driven by rotational shear (kink-peeling), the Boron-induced EHM is
likely driven by collisionality and radiation gradients. Given that real-time powder injection is an
increasingly mature technology [36] and SBI is already being considered for ITER for other
purposes (e.g., oxygen gettering) [23], our results show this same system could be a primary
actuator for a robust, integrated core-edge solution.

This paper has presented the first successful demonstration of simultaneous ELM
suppression and partial divertor detachment through the synergistic use of SBI and Ne gas
injection in the EAST tokamak. The solution overcomes the limitations of using either impurity
alone by employing a dual synergistic mechanism. The combined injection of B and Ne establishes
a stationary, ELM-suppressed H-mode with an energy-detached outer divertor (T. < 10 eV), good
confinement (Heg ~ 1), and a significantly expanded operational window compared to pure Ne
seeding. The success of the scenario is underpinned by two key physics mechanisms acting in
concert: (1) SBI reliably triggers a persistent EHM. This mode provides a continuous outward
particle transport channel that is critical for preventing core Ne accumulation, accompanied by
high-Z impurity pinch, a fundamental problem in pure Ne and Ar seeding scenarios; (2) The B+Ne
mixture leverages the complementary, non-coronal equilibrium radiation characteristics of the
two species. Experimental evidence shows that an optimized B:Ne ratio can reduce core radiation
by substituting a portion of the Ne with B for low-temperature cooling. This scenario leads to
favorable radiation redistribution, including a ~15% reduction in AXUV core chords in the
sequence-reversal discharge after SBI/EHM onset, with a consistent ~12-30% reduction in SXR
core emissivity. Although line-integrated Zef increases during impurity seeding, the neutron rate
does not decrease in the demonstrated stationary phase, suggesting that any dilution is not
performance-limiting in the demonstrated stationary phase. Quantifying core dilution more
definitively requires dedicated profile-resolved measurements and analysis.
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These results demonstrate a practical pathway toward integrated core-edge operation
relevant to ITER by combining an SBI-triggered EHM with active tailoring of the radiated-power
distribution using mixed impurities. Future work will map the operational window and portability
by scanning injection location (X-point vs upstream/midplane), duty cycle, and powder species
(B/BN/Li)[16,58,59], while measuring the mode structure to clarify whether the observed EHM is
best interpreted as an impurity-driven low-n X-point mode, a GAM-like response, or a QH/EHO-
like branch[1]. In parallel, predictive edge/SOL modeling, e.g., SOLPS-ITER, Hermes-3 with
localized impurity sources and non-coronal radiation will be pursued, along with extension to
other radiators (e.g., Ar) and development of real-time feedback control that regulates both
transport and radiation. Finally, reactor-relevant open issues—boron inventory buildup,
migration to shadowed regions, and potential tritium co-deposition—must be quantified and
mitigated with integrated fuel-recovery and material-lifecycle strategies.
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